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Abstract: Single Al wires from unused AAAC (A50) cables were studied after laboratory fatigue
testing, which simulated processes arising in these wires during their operation in the cables of
overhead power lines (OPLs) and are valuable for predicting the lifespan of cables of OPLs. These
wires, which were either fractured during testing (maximum loads—149.4-155.9 MPa; number
of cycles till rupture—83,656-280,863) or remained intact, were examined by X-ray diffraction,
electron backscatter diffraction, densitometry, and acoustic methods. An analysis of the structural,
microstructural, and elastic-microplastic properties of the wires revealed common characteristics
inherent in the samples after operation in OPLs and after fatigue tests, namely a decrease in the
integral and near-surface layer (NSL) densities of the wires, a decrease in their Young’s modulus and
microplastic stress, and an increase in the decrement. However, the tests did not fully reproduce the
environmental influence, since in contrast to the natural conditions, no aluminum-oxide crystallites
were formed in NSLs in tests and the microstructure was different. A comparison of the characteristics
of the broken and unbroken wires allows us to suggest that the fastening locations of the wires are
crucial for their possible failure.

Keywords: aluminum wires; overhead power transmission lines; fatigue test; XRD; EBSD;
densitometry; elastic-microplastic properties; density; microstructure

1. Introduction

Predicting the duration of operation of Al wires of overhead power lines (OPLs)
is one of the most important issues from a practical point of view. To understand the
peculiarities of destruction, laboratory studies are required that imitate the processes
occurring de facto during the operation of OPLs. It is known that wires in real conditions
are subjected to various types of mechanical loads, such as tension, vibration, and friction
during vibration. Most high-voltage power lines are operated with relatively low tension,
about 20% of the nominal strength value [1], which should ensure their long-term operation
in accordance with regulatory documents. Nevertheless, a wide range of studies are
aimed precisely at establishing the causes of the premature destruction of wires and
the possibility of predicting their “lifetime”. For these purposes, numerous and diverse
experimental mechanical fatigue (for example, [2-15]) and wear ([16,17]) tests were carried
out and theoretical modeling of crack trajectories and wire endurance during the fatigue
tests was performed (for example, [6,10,12,18,19]), taking into account various factors
simulating the impact on the wire in real OPLs leading to a wire fracture (average pre-
load tensile stress [2—4,10,19], amplitude of the bend and the type of conductor-clamp
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connection [5-9,12], presence of steel core [9], the chemical composition of the aluminum
wires in the cables [8], geometric discontinuities of the wires [18]).

For fatigue tests and theoretical modeling, both entire aluminum cables
(conductors) [2-9,11,14,16,17] of the All Aluminum Alloy Conductor (AAAC) [6-9,16,20]
and Aluminum Conductor Steel Reinforced (ACSR) [2,11,13,14,16,17,19] types of differ-
ent modifications, used in the real OPLs and prepared from the Al of different grade
of purity, were taken, as well as single aluminum wires from the AAAC [15,18] and
ACSR [13] conductors or two single aluminum wires crossed at an angle of 29-30° from
the ACSR cables [10,12]. Finite element analysis and other related methods [6,10,12,18,20],
in addition to a study utilizing artificial neural networks [19] and several analytical ap-
proaches [2,3,6,10,20], were concurrently used to model the fatigue process in the wires
and its results and to predict the lifetime of the wires during fatigue tests.

One of the main tasks of fatigue testing is obtaining of the Wohler curve, which is
constructed after conducting fatigue tests on a large number of samples with different
maximum values omax of the alternating (cyclic) load applied to the sample during the tests
(see examples in [2-10,12-15,18]). The Wohler curve is also often referred to as the S-N
curve, where S is the maximum load omax applied to the sample during cyclic fatigue tests,
and N is the number of load cycles before the sample (wire or entire cable) fractures. The
construction of the S-N curve allows us to estimate the value of the conditional endurance
limit Se of the sample, above which the value omax should not rise, as well as to estimate
the number of cycles N during fatigue tests before the destruction of the sample at a given
value of the maximum cyclic load omax. In other words, the construction of the Wohler
curve fulfils the main task of fatigue testing to predict the “service life” of the sample during
fatigue tests. However, it should be noted here that the strain of individual wires in the
ACSR cable was measured during fatigue tests conducted in [11], and it was concluded that
the alternating (cyclic) stresses, which are equal to traction loading, are not ideal fatigue
indicators due to weak correlation with the experimental results.

So, part of the research is aimed at obtaining an experimental dependence of the num-
ber of cycles and stress to build calculation models in order to predict fatigue
life [2,3,6,10,18]. Other studies present optical [2,5-7,10,12,16] and scanning
electron [4,5,9,12,16,17] microscopy (OM and SEM) images for crack growth
analysis [4,5,9,12] and fractographic analysis of the fracture surface of wires [2,4,5,7,9,10,12].
It should be noted that these OM and SEM and fractography data are mainly the qualitative
data concerning the classification of the fracture surface type and mode of fracture. For
example, for aluminum wires from cables types such as AAAC [4,7,9] and ACSR [2,5,10,12]
of various modifications, three types of fracture surfaces are observed, having the form of
a chip at 45° [2,4,5,7,9,10], V-like type [2,4,5] and quasi-smooth (quasi-planar [2] or quasi-
normal [9]) [2,5,7,9]. The dominant part of the fracture surface is dependent on the type of
cables, the location of the wire in the cable during fatigue testing (for the entire cables under
the tests), and loading history of the samples. Two distinct zones were detected in [5] for
Al wires from the ACSR cable after fatigue tests, showing a flat and fibrous microstructure
with faint striation marks in the flat fracture surface.

In addition, Al wires from cables of AAAC [4] and ACSR [5] types after fatigue tests
were studied by energy dispersive X-ray spectroscopy (EDS), which showed increased
oxygen content in the areas with traces of fretting, with the possible formation of Al,Os3 [4]
and SiO; [4,5] particles at the micro-slip zones.

Thus, the investigation of the properties of the Al wires after fatigue tests (and Al
wires from cables after fatigue tests) was limited only by qualitative methods of studying
their microstructure by OM and SEM methods and their chemical composition by the EDS
method. Studies of the structure and elastic-microplastic properties of the wires after the
fatigue tests have not been conducted.

Previously [21-23], we have studied changes in the structure, microstructure, and
elastic-microplastic properties of individual Al wires from AAAC (A50) and ACSR (AC50/8)
cables of different service lifespans, from 0 to 20 years (for AC50/8) and to 62 years (A50), in
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OPLs in the Volgograd region of Russia (designations A50 and AC50/8 are according to the
Interstate Technical Standard GOST 839-2019 [1]; the AC50/8 cable, shortened hereafter to
AC50, is similar to A50 but with a steel core instead of the central Al wire and with a larger
nominal diameter of the component wires, 3.2 mm, in comparison to 3.0 mm for the A50
cable). Those studies were carried out using X-ray diffraction (XRD), electron backscatter
diffraction (EBSD), densitometry, and the acoustic method of a composite resonator.

Similar to the Al wires from the cables after exploitation in the OPLs in natural envi-
ronmental conditions, it is expected that the Al wires after laboratory fatigue tests will be
characterized by modified structural, microstructural, and elastic-microplastic properties.

To prove this assumption, to make up for the lack of quantitative information about
modifications in the structural, microstructural, and elastic-microplastic properties of Al
wires after fatigue testing, and to compare the natural changes found in Al wires of OPL
cables under environmental operating conditions, with the changes observed in wires after
laboratory fatigue tests, in the current work, the same methods (XRD, EBSD, densitometry,
and acoustic method) are applied to wires from unused AAAC A50 cables after laboratory
tests [15] in fatigue mode. The loading frequency in [15] was chosen to be about 3 Hz.
It is this kind of vibration that leads to the greatest cable fatigue [2] when added to the
static tension of a cable. Only the impact in the mode of fatigue loading causes further
cable fracturing.

In addition to the structural, microstructural, and acoustic characterization of the wires
after the low-frequency fatigue testing, this study also attempts to determine the area of the
premature cable fraction based on the analysis of changes in the structural, microstructural,
and elastic-microplastic characteristics of aluminum wire samples (depending on the
location along the length of a tested sample).

2. Materials and Methods
2.1. Samples

According to [1], an AAAC stranded cable, referred to as A50, consists of six Al wires
with a nominal diameter of 3.00 mm, which are wound around a central Al wire of the
same diameter, giving the wire a cross-sectional area of 49.5 mm? ~ 50 mm? (hence the
designation “A50”). Confirmation with an optical microscope showed that the actual
diameter of the wires studied was 2.97-3.00 mm; see Table S1 in Supplementary Materials.

For the convenience of further use of the data and due to the importance of a detailed
description of the history of the samples used for the current study, let us first briefly
describe the fatigue tests of these samples conducted in [15]. To perform fatigue test in the
cyclic tensile-relaxation mode [15], the outer Al wires were taken from a strand of a new
A50 cable (sample N5-2 in [21-23]). Eleven samples were taken from one wire for fatigue
testing. Specimens were made in the form of wire pieces with a total length of 200 mm and a
working-part length of 100 mm. As in the case of actually operated wires, no special surface
preparation was carried out before the fatigue test. Optical microscopy (OM) photographs
of unused wires (Figure S1 in the Supplementary Materials as an example) demonstrate
that the surface of the samples is not perfectly smooth. All the wires have surface defects,
as well as those that were actually used for cables in OPLs. Obviously, this is due to both
the manufacturing process of individual wires and cables and transportation. Nevertheless,
the spread of experimental points on the obtained Wohler curve was insignificant (see the
results of fatigue tests given in [15]). To study the structural, microstructural, and elastic-
microplastic properties, three samples were selected from these eleven specimens, which
underwent cyclic tensile fatigue tests at room temperature under various maximum loads
Omax. Two of these wires were brought to destruction during testing (i.e., these wires were
used for the construction of the Wohler curve in [15]) and one did not break. In addition,
for comparison, one wire was examined in its original condition before fatigue tests.

In the fatigue tests, wire was rigidly fixed in the clamps and mounted on the testing
machine Instron 8850 250 kN (Instron, Norwood, MA, USA) in the grips (holders) in
such a way that the grip installed in the bottom part of the testing machine (Figure S2
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of Supplementary Materials) was firmly fixed and did not move, while the grip in the
upper part of the machine was able to move vertically. A variable load was applied to
the wire through a clamp fixed in a movable grip. Hereafter, the upper grip with the
ability to move (together with the wire clamp) is referred to as “movable” or “non-fixed”
and, accordingly, the bottom grip (clamping the other end of the wire) is referred to as
“immovable” or “fixed”.

The change in the tensile load on the sample according to the “Loading-Relaxation”
scheme was carried out according to a sinusoidal law with a frequency of 3 Hz and the
asymmetry coefficient R = 0.1 at maximum loads omax close to the conditional endurance
limit of Se = 158 + 4 MPa, determined in [15] for one of the Al wires of the A50 cable,
N5-2. Test conditions (number of cycles N, maximum load 0 max, maximum force Fmay, and
cycle load range Ac) are given in Table 1, as well as the visual results of the fatigue tests:
destruction (rupture) of two samples marked as C7 and C8 and no visible damage of the
sample C10. The C7 and C8 wires broke in areas near one of the clamps (the one that was
fixed in the movable grip), which is shown as an example in the Supplementary Materials
Figure S2c, and schematically in Figure 1, where this clamp is indicated by the number 1,
and the clamp in the fixed grip, respectively, by the number 2.

Table 1. Cyclic fatigue test conditions for Al wires of A50 cables.

Load o'max, Cycle Load
Sample N, Cycles MPa Force Fiax, kKN Range Ac, MPa Remark
5-2 0 0 0 0 unused sample
C7 280,863 149.4 1.049 128.7 broken during testing
C8 83,656 150.7 1.058 127.7 broken during testing
C10 114,648 155.9 1.095 133.9 undamaged during testing
fracture
- V44 -
clamping 2 c7-2 | C/-1 \\ clamping 1
V44
fracture
. II .
clamping 2 82 | cs1 [\ clamping 1
77
clamping 2 C10-3 | C10-2 | C10-1 clampingl

Figure 1. A diagram of the wires (Table 1) from which samples were cut out for XRD and acoustic
measurements (Supplementary Materials Table S1) after cyclic tests.

Sample 5-2 in Table 1 represents the initial state of an Al wire before testing. Samples
C7 and C8 were tested for fatigue at different maximum loads, omax = 149.4 MPa and
150.7 MPa, respectively, and withstood a different number of cycles before failure. Sample
C10 tested at omax = 155.9 MPPa was not led to failure and was chosen for studies as an
intermediate state between the initial sample and those that failed during fatigue testing.

The parts marked in Figure 1 as C7-1 and C8-1 are the wire fragments that are as close
as possible to the area of destruction (rupture) that occurred near the movable grip 1. Parts
C7-2 and C8-2 are wire fragments more remote from the area of destruction and closer to
the grips of the test facility, near which no destruction was observed. Sample C10 was not
led to failure and the working part of the wire was divided into three parts, where C10-2
is the central fragment of the wire and C10-1 and C10-3 are the parts located closer to the
grips of the test setup (C10-1 near the movable (non-fixed) grip 1 and C10-3 near the fixed
(immovable) grip 2). A detailed layout of the different parts is shown in Figure 1.
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To study the wires by the densitometry method, long pieces of wires with lengths of
61-80 mm were cut from the longer part of the working area of the destroyed samples (i.e.,
parts C7-1 and C7-2 in one uncut piece for sample C7 and parts C8-1 and C8-2 in one uncut
piece for sample C8). For densitometric measurements of the uninjured sample C10, the
entire working part 100 mm long was used cut from the wire after fatigue testing (parts
C10-1, C10-2, and C10-3 in one piece together).

After measuring the integral density of the wires by densitometry, to study the elastic
and microplastic properties by acoustic methods as well as for XRD measurements, samples
of smaller length ~25 mm were cut off from these long samples; that is, from the areas
indicated in Figure 1 as C7-1, C7-2, C8-1, C8-2, C10-1, C10-2 and C10-2. The exact lengths
I and diameters d of the samples of Al wires studied by acoustic and XRD methods are
given in Supplementary Materials Table S1. Facets of the cross sections of the samples were
prepared to perform the EBSD studies.

2.2. Experimental Details of Measurements

The experimental details of all measurements by OM, densitometry, XRD, EXD, SEM,
and EBSD methods, as well as by the acoustic-resonance method of a composite piezoelec-
tric resonator, are described in detail in [21-23]. The main details of the measurements and
analysis are briefly given in Supplementary Materials Section S2, including the names of
the manufacturers of the devices on which the measurements were carried out. Here, only
the main peculiarities related to the measurements are given very briefly.

Due to the design features of the desktop X-ray powder diffractometer (D2 Phaser
(Bruker AXS, Karlsruhe, Germany)) used in the current study, the temperature in the sample
chamber during XRD measurements was equal to 314 &+ 1 K. All other measurements (OM,
densitometry, EDX, SEM, EBSD, and acoustic) were carried out at the room temperature.

Since the XRD patterns were measured from the long side of the Al wire samples
in the form of a cylinder with the length of ~25 mm, the diffracted X-ray signal came
mainly from the penetration depth limited by the X-ray absorption in the Al material of
the wires. According to the estimates made in [21-23], as well as shown in Supplementary
Materials Section S2, the maximum penetration depth achieved by Cu-K X-ray radiation
corresponds to the Al reflection with the maximum observed Bragg angle of 26 ~ 137.3°
(reflection of Al with Miller indices Ikl = 224 registered in this study) and is Tpen ~ 36 pm.
Thus, the mean structural and microstructural parameters obtained in the current XRD
investigations are averaged over all observed Al reflections and characterize the Al-wire
near-surface layer (NSL) with a thickness of T} ~ 36 um only. XRD gives for this NSL the
values of the average parameter a of the cubic unit cell of the Al material and the mass
density px calculated from this parameter (see Formula 54 in Supplementary Materials), as
well as the average sizes D of coherent X-ray scattering areas (crystallites) and microstrains
& in them. All these characteristics are obtained from analysis of the XRD reflections
diffracted from atomic planes parallel to the wire surface, i.e., they correspond to the
characteristics of the Al material in the direction perpendicular to the wire surface but not
in the longitudinal direction.

The EBSD maps were taken at the centers of the cross-sections of the wires and at
~150 pum from the outer surface of the wires. The first EBSD maps correspond, obviously,
to the bulk of the wire, and the second ones give information about NSL at a depth of
~150 pm from the wire surface. The analysis of EBSD maps leads to different characteristics
of grains in the wire material, i.e., particles that, as a rule, contain several crystallites. These
characteristics include individual and average (Dgrain) grain size, grain misorientation
angles @n;s, relative areas Sy occupied by grains, and grain aspect ratios. It should be
emphasized once again that all the parameters obtained in the current EBSD study are
characteristics of the cross-section of the wires (but not the longitudinal one). In addition,
in the SEM investigation of the wires ruptured during the fatigue tests, the SEM images
were obtained from the edges at the ends of the broken wires. Therefore, EBSD and SEM
are methods that investigate the sample surface. Nevertheless, with appropriate sample
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preparation (cross sections for EBSD or the end of the rupture site for SEM), these methods
allow data to be obtained on both the bulk and NSL of the wire

Unlike XRD, SEM, or EBSD, densitometry and acoustic methods characterize the entire
volume of the wire, including both the volume part and the NSL.

3. Results
3.1. Densitometry Results

The density of the parts of each wire after cyclic fatigue tests was determined by the
hydrostatic (densitometry) method. The results are shown in Figure 2 and Supplementary
Materials Table S1. It was found that, for samples C7 and C8 which were destroyed during
fatigue testing, the density of parts C7-1 and C8-1 of these samples, those parts located near
the fracture areas, is noticeably lower than the density of parts C7-2 and C8-2 far from them.

Joo
2700 | ¢ _
B
{-0.1
2697 | ¢ |
9 O PDF-2 i 7 > 1 <
[} Y Y
< " 52 19023
v C7-1,C81 -
28% 1 o 72 C82
v C10-1 -
o C10-2 ) {-03
A C10-3 Y -
2.691||||||||/1||||||||||||||||||-
00 01 148 150 152 154 156

o, MPa

max

Figure 2. Integral mass density p of samples according to densitometric measurements depending on
the maximum load omax of cyclic fatigue tests. The density defect Ap/p was calculated taking the inte-
gral density of the initial sample 5-2 as pg to calculate the difference Ap = p — pg. The value indicated
as PDF-2 in the Figure corresponds to the data by [24], Powder Diffraction File-2 (PDF-2) [25] card
01-071-4008 at a temperature T = 298 K close to the room temperature of densitometric measurements.

Compared to the initial state (sample 5-2), the value of the decrease in mass density
Ap/p for the samples C7-1 and C8-1 cut from the regions of wires near the fracture was
—0.32(1)% and —0.19(1)%, respectively, and —0.19(1)% and —0.11(1)%, correspondingly;
for samples C7-2 and C8-2 from the regions far from the fracture.

For the C10 sample, it was found that closer to the C10-1 and C10-3 clamps, only a
slight decrease in density appeared relative to its central part C10-2 (Ap/p = —0.19(1)%,
—0.17(1)%, and —0.16(1)%, respectively). So, densitometric measurements of different
parts of the C10 sample, which was not destroyed during fatigue tests, revealed a different
decrease in the mass densities of the parts, although with the difference between them
being within one or two estimated standard deviations (e.s.d.s) only.

3.2. XRD Results
Manifesting the polycrystalline nature of the wires, all studied aluminum wires before
and after fatigue tests are characterized by similar radiographs, which contain all possible

reflections of Al (space group F mgm(ZZS), a =4.04932(2) A at 298 K [24] and a = 4.050694 A
at temperature T = 312.3 K [26], which is close to the temperature of XRD measurements,
T = 314 K), as proved by X-ray phase analysis using the program EVA [27]. As an example,
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Figure 3 shows an XRD pattern of one of the samples. For the remaining samples, the XRD
patterns are presented in Figure S3 of the Supplementary Materials.

- 5 - PDF-2card |
[ 2 750 01-071-4008
40 - 2 o
i < 500 S
2 30} N e | N =33 3
[§) F > = o O‘_O o~
. B N - I
= 20 40 60 80 100 120
o 26,°
g 20| e '
s -
10
0 YR SN TN NN TN TN SN TN (NN NN TN SN TN Y SN Y SN S Y T T

20 40 60 80 100 120
20,

Figure 3. XRD patterns from sample C7-1. Miller indices Kkl of Al reflections are indicated. The inset
shows the XRD pattern of the Al phase according to PDF-2 card 01-071-4008 [26] at a temperature
T =312.3 K, which is close to the temperature of XRD measurements, T = 314 + 1 K.

Visual inspection of XRD patterns of various Al wire samples before and after the
fatigue test (Figures 3 and S3) indicates that the intensities of Al reflections are clearly
influenced by the effects of preferential orientation along the crystallographic direction of
Al [011]. The presence of this preferential [011] orientation is expressed in the XRD patterns
from the samples by the increased intensity of reflection with the Miller indices hkl = 022
compared to the Al XRD pattern from the PDF-2 powder database (compare the inset in
Figure 3 with the XRD patterns from the samples). Moreover, the analysis of changes in
the maximum intensities I;nax of Al reflections shows that with an increase in load value ¢
during cyclic fatigue tests and depending on the location of the sample in the tested wire
(Figure 1), the effect of preferential orientation along [011] is systematically enhanced (see
Figure 4, Table S2 and a more detailed discussion in Supplementary Materials Section S2).

Previously [21-23], a similar enhancement of preferential orientation along the [011]
direction has been also noted in Al wires of the cables of the A50 and AC50 types with
a service life of up to 62 and 20 years, respectively. At the same time, for external Al
wire from an ACSR type stranded cable that has operated in OPL for 40 years [28], the
intensity of Al reflections did not show the effect of preferential orientation (according to
the XRD pattern given in [28], the ratio of maximum reflection intensities Imax?? / Imax 11
and Imax?%? /I max%%? is & 24% and ~ 200%, which is close to the corresponding values
23.9% and 190.8% in Al powder [24], free from preferential orientation). Additionally,
in contrast to OPL cables of AAAC and ACSR types, which were used under natural
environmental conditions, where XRD studies showed the formation of weak reflections
assigned to aluminum oxides (8- and/or 5*-Al,O3) [21-23] or a-Al,O3 and «-SiO; [26], no
reflections of either aluminum oxides or other impurity phases were found after laboratory
fatigue testing by cyclic loading of unused A50 wires. Probably, the observed difference
in the preferential orientation of Al reflections and the difference in the impurity phases
for wires in the current work and in [21-23] compared to [28] is due to the difference
in the manufacture of wires and environmental conditions of their use (respectively, the
Volgograd region of Russia and North Bohemia region of Czech Republic).
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Figure 4. Dependence of the ratio of the maximum intensities (a) Imax"22 /Imax 11 of reflections 022
and 111 and (b) Imax®% / Imax%?? of reflections 002 and 022 on the load ¢ during cyclic loading of
the samples. The designation “PDF-2" corresponds to the data of the powder database map PDF-2
01-071-4008 [26] at a temperature T = 312.3 K, which is close to the temperature of XRD measurements,
T=314+1K

A comparison of reflections with the same Miller indices in the measured XRD patterns
showed that the Bragg angles 263 of reflections from samples after different stages of fatigue
testing and from different locations in relation to the sites of grip and destruction differed
only for wires with a different service life in power lines [21,23]. An illustration of the
shift of reflections in XRD patterns along the diffraction angle 26 is shown in Figure S4
of the Supplementary Materials using the Al reflection with Miller indices ikl = 133 as an
example. This shift in the angular positions of the XRD reflections indicates a change in the
parameter a of the cubic unit cell of Al wires after fatigue tests.

The parameters a of the cubic unit cell of the Al material of the wire samples after
different stages of cyclic loading are shown in Figure 5a and in Supplementary Materials
Table S2. They were calculated using the Celsiz [29] program, which applies the least-
squares method and works with the observed Bragg angles 20y after making the necessary
angular corrections. Figure 5b shows mass densities px (hereinafter referred to as “XRD
mass densities”, “XRD densities”, or “X-ray densities”) recalculated from volume Vg = a°
and the mass of the unit cell of the crystalline aluminum; see the recalculation formula and
conversion coefficient of atomic mass units to grams [30] in [21-23] and in Supplementary
Materials Section S2. As noted in Section 2.2, the XRD densities px in the case of the Al
wires and used Cu-K, X-ray radiation are a characteristic of the wire NSL with a thickness
of T =~ 36 um.



Metals 2023, 13, 298 9 of 35
7
. PDF2
4053 U PDF2 s m 52 1%1
i v
o Joos v C7-1,C8-1
v C7-1,C81 T e i
e C72C82 C10-1
L & clo4 ] : v ]
s c10-2 T 4004 26971 " o C10-2 0.0
L C103 1 o . = . C10-3 <
< 2 I D\. e E o >
o o O 3 =
2 Jom3 >
4.051 < = Jo1 2_
" T o604t .
' 40,00 . T
4050 | ] g
Y 1-02
L L L L L . L 0691 bt vty e s 1
00 (0A 148 50 082 A 456 00 01 148 150 152 154 156
v’ MPa T MPa
(@) (b)

Figure 5. (a) Average parameter a of the cubic unit cell and (b) average XRD mass density px of the
Al material of the near-surface layer with a thickness of ~36 pm of the samples after cyclic loading as
a function of the applied maximum load o'max. The right ordinates show the values of (a) the defect
Aa/a of the unit cell parameter and (b) the defect of the XRD density Apx/px, where Aa =a—aq
and Apx = px—pxo, 49 and pxp are, respectively, the unit cell parameter and XRD density of unused
sample 5-2 not subjected to cyclic loading. The designation “PDF-2” in (a,b) corresponds to the data
of the powder database map PDF-2 01-071-4008 [26] at a temperature T = 312.3 K, which is close to
the XRD-measurement temperature T =314 + 1 K.

In a new, unused sample 5-2, the parameter ag of the unit cell (hereinafter, the index
“0” means the value referring to the unused sample 5-2 not subjected to cyclic loading or
operation in OPLs) is a bit smaller, and, accordingly, the X-ray density pxo is somewhat
higher than that in Al powder, borrowed from the PDF-2 powder database (at approxi-
mately the same temperature of measurements as in the present experiment). The integral
mass density p of the unused Al wire N5-2, measured by the densitometric method, is
also somewhat higher than the density borrowed from PDF-2 (Table S2 of Supplementary
Materials and Figures 2 and 5b, density defects for Al from PDF-2 Ap/p = —0.050(1)% and
Apx/px = —0.033(7)% in the case of mass density measured with the densitometric method
and calculated from XRD data, respectively, if density defects are assumed to be zero in
the initial sample 5-2). As was previously noted [23], this difference could be explained
by a small admixture of contaminating elements with a smaller Slater radius, such as Si,
which are present in the wire material according to the passport nominal composition and
EDX results.

Since px ~ 1/V 11, the tendencies of change in both a4 and px with the change in the
magnitude of the cyclic load are opposite, i.e., lattice stretching (an increase in the unit-cell
volume V) of Al material of the wires corresponds to a decrease in the density px of this
material. Thus, it is sufficient to consider trends in only one quantity, either px or a.

The cyclic loading of previously unused A50 wires leads to a decrease in the XRD
mass density px of Al-wire NSLs with a thickness of ~36 pm. In addition, the drop in px
is greater for wire samples C7-1 (Apx/px = —0.20(1)%) and C8-1 (Apx/px = —0.15(2)%),
which were cut from sites near the grips (Figure 5b), where as a result of cyclic loading, the
initially-long wires were destroyed. At the same time, samples C7-2 and C8-2 cut far from
the capture region show a smaller decrease in density (Apx/px = —0.05(2)% and —0.08(1)%,
respectively). So, with an increase in the maximum cyclic load from omax = 149.7 MPa
(samples C7-1 and C7-2) to 0max = 150.7 MPa (C8-1 and C8-2), the difference in densities
between the samples cut at the grips (destruction region) and far from them declines.

This observation is in a good agreement with the results obtained for samples C10-1,
C10-2, and C10-3 after cyclic loading with an even higher load omax = 155.9 MPa, which,
however, did not lead to failure. Analogously to the samples after cyclic loading with
lower loads, a decrease in the density px is observed. However, the difference in the
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XRD densities of samples from the regions near captures (Apx/px = —0.057(21)% and
—0.064(14)% in C10-1 and C10-3, respectively) and far from them (Apx/px = —0.053 (17)%
in C10-2) is noticeably less than for samples C7-1 and C8-1 and matches that in C7-2 and
C8-2 for both wires failed as a result of cyclic loading at lower loads. Moreover, as can be
seen, although within the standard deviation (e.s.d.), in area far from the captures (C10-2),
the same tendency is observed of a decrease in px, which is smaller than near the captures
(C10-1 and C10-3), just as in wires, led to destruction.

Comparing the results of the measurements, it was found that the XRD values of the
densities px of the wires are close to the integral densities measured by the densitometric
method, p, but, as a rule, somewhat less (cf. Supplementary Materials Tables S1 and S2
and Figures 2 and 5b). This observation can be obviously explained by the fact that,
as mentioned above, the XRD mass density px is the average density of a NSL, with a
thickness of ~36 um, while the integral mass density p measured by densitometry is the
value averaged over the entire volume of the sample. In NSL during cyclic loading (as
well as during use in natural conditions in OPLs), a greater number of defects of a void
nature can form and a greater lattice stretch occurs due to defects compared to the bulk
of the wire, which leads to a smaller density px in comparison to integral density p. The
observed deviations for both ways are possible due to the individual characteristics of the
wire samples and their cyclic loading (for example, due to the presence of defects in the
initial sample).

Despite some difference in the values of p and px, the trends discussed above for the X-
ray density px hold true for the density p measured by densitometry (cf. Figures 2 and 5b).
Changes in p with a change in load omax during fatigue tests do not occur as smoothly as
in the case of px, which can probably be explained by either experimental errors during
measurements or the individual characteristics of the samples.

Upon comparing the Al reflection with Miller indices hkl = 111 in the insets to Sup-
plementary Materials Figure S3a—g and the Al 133 reflection in Supplementary Materials
Figure 54, one can see that the reflection profiles before and after different stages of cyclic
loading are characterized by different FWHM. This difference indicates a change in the
parameters of the microstructure of the wires because of their fatigue modification due to
cyclic loading.

The average crystallite sizes Dy calculated in the model with zero microstrain
(es = 0) show a decrease from Dy ~ 110 nm in in the unused sample 5-2 and in samples C7-1
and C7-2 to ~60-94 nm in samples C10-1, C10-2 and C10-3 when the maximum load omax
increases from 144.9 MPa up to 155.9 MPa (see Table 52 and Figure S5 in Supplementary
Materials Section S3).

However, using the graphical analysis of XRD-reflection profiles, namely the
Williamson-Hall plot (WHP) [31] and Size-Strain plot (SSP) [32], it has been found re-
cently [21,23] that in wires from A50- and AC50-type cables of air power transmission lines,
characterized initially by the absence of microstrains (g5 = 0), microstrains are formed after
use of the wires in natural conditions for a period of 8 years or more. Due to the presence
of a stabilizing steel core, there are slightly less microstrains in AC50 wires (g5 ~ 0.025%)
compared to A50 wires (g ~ 0.032%).

In order to verify the presence of local microstrains in Al wires from A50-type cables
after cyclic-loading-fatigue testing, a profile analysis of the observed Al reflections was
carried out for all the samples studied. The plotted WHP and SSP plots for all fatigue-test
specimens from Table 1 are shown in Figures S6-5S8 of Supplementary Materials (for the
unused new specimen 5-2, WHP and SSP plots can be found in [21]). All calculations of
microstructural parameters from the XRD reflection profiles by the WHP and SSP methods
were performed using the SizeCr [33] program in accordance with the procedures for pV
type reflections, which were observed in the XRD patterns of the samples (for the samples,
the criterion determining the type of reflection showed the values FWHM/ Bint = 0.74(3)—
0.83(4), which are typical to pV reflections [34], where Bint = [int/Imax is the integral width
of a reflection with integral intensity I,y and maximum intensity Imax). The quantitative
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results of WHP and SSP on the obtained microstructure parameters (average crystallite
size D and absolute value of the average microstrain &) are summarized in Table S2 of the

Supplementary Materials and graphically in Figure 6.
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Figure 6. Microstructure parameters (average sizes D of crystallites of Al material of wires and
absolute average values of microstrains & in them) for samples subjected to cyclic loading with
different magnitudes of maximum load omax, according to the results of calculations by methods of
(a) WHP and (b) SSP.

A comparison of the results obtained by the WHP and SSP methods (Supplementary
Materials Table S2 and Figure 6a,b) shows that both methods give close results confirming
each other. Yet, the WHP technique is more illustrative, since the negative or zero slope of
the approximating straight line in the case of a WHP of a sample with & = 0 is immediately
visible. In contrast to WHP, the approximating straight line of the SSP graph in the case
of &5 = 0 has a zero or negative intersection with the abscissa; however, with a very small
absolute value, as a rule, that is difficult to detect visually. Nevertheless, in most cases, the
SSP plots are characterized by a much smaller spread of points around the approximating
straight line (see Figures S6-S8 of Supplementary Materials). As a result, in the case
of SSP, the value of the determination coefficient R.,q [31,33], which characterizes this
spread, is closer to 100%. For example, the value of R4 is not lower than 97.44% for the
SSP plots of all studied samples, while in the case of WHP, R4 varies from 1.68-30.58%
for samples 5-2, C8-2, and C8-1 to rather high values R.,q = 73.12-91.29% for the other
samples (Supplementary Materials Figures S6-S8 and Table S2). Not only the e.s.d.s of the
parameters obtained by the WHP method at low R.,4 values are higher, i.e., the precision
of WHP calculations in this case is lower, but also the reliability (accuracy) is lower. In
some cases, WHP is not sensitive to the presence of microstrains [32]. Since the SSP results
are more precise and accurate and are close to the WHP results within e.s.d.s, only the SSP
results will be considered in the discussion below.

As one can see from Supplementary Materials Table S2 and Figure 6 (when compared
with Supplementary Materials Figure S5), taking into account the presence of microstrains
leads to the fact that no noticeable reduction in the size of crystallites D is observed for
samples C7-1, C7-2, C8-1, C8-2, and C10-3 compared with the initial sample, as is for
the Dg value in the model with zero microstrain. Since part of the broadening of reflec-
tions is already described by the presence of microstrain &5 (via the Wilson-Stokes [35]
equation), the remaining broadening is already smaller in the FWHM magnitude than in
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the case of zero microstrain. As a result, the D values in the presence of & are approx-
imately the same (within two to three e.s.d.s) as in the initial sample 5-2 (according to
SSP, D =90(3)-106.4(9) nm in samples C8-1, C8-2, and C10-3 at &5 = 0.022(6)-0.034(3)%
compared to Dy = 109(16) nm in the sample 5-2 with & = 0). The crystallite-size value
in samples C7-1 and C7-2 is even higher, D = 145(10)-179(13) nm at approximately the
same microstrain value (gs = 0.029(4)-0.033(3)%)). Let us recall (Figure 1 and Table 1) that
samples C7-1 and C8-1 were cut from the wire regions near the fault that had occurred
near one of the grips of wires C7 and C8 as a result of cyclic loading with maximum loads
Omax = 149.4 MPa and 150.7 MPa, respectively. In turn, specimens C7-2 and C8-2 were
cut from areas near the 2nd grip, far from the break points of these wires. As for the
sample C10-3, it was obtained from the region near one of the grips of wire C10, which
was not brought to fracture after cyclic fatigue tests with a higher load omax = 155.9 MPa.
For sample C10-1 from the region near the second grip of the same unbroken wire, SSP
calculations also indicate a tendency to form microstrains, &5 ~ 0.007%, but the obtained
e.s.d. is too large, an order of magnitude larger than &;. Here, the size of crystallites also
decreased, D = 57(3) nm, as in the model &5 = 0. In the C10-2 sample from the middle of the
wire not destroyed during cyclic loading, both methods, WHP and SSP, confidently detect
the absence of microstrains (es = 0 at high R.og = 90.06-99.96% in the case of WHP and SSP,
respectively) and a decrease in the average crystallite size to D = 68(12) nm.

3.3. EBSD Results

XRD studies of A50 wires after cyclic fatigue tests (Section 3.2) showed a drop in the
average mass density in the wires’ NSL (near-surface layer) with a thickness of ~ 36 um,
which was also accompanied by a decrease in the integral mass density determined from
densitometric measurements. Recently, the studies in [22,23] have investigated the Al
wires from the AC50- and A50-type cables and concluded that a defective NSL is formed
in the wires after operation in power lines, this NSL having a reduced mass density
compared both to that in NSL of a new, unused wire and to the bulk of the wire. The
characteristic values of the thickness of this layer, Tye; and Tlayersat, are ~36-39 um and up
to ~160 um, respectively. The former of these characteristic quantities, Tayer, corresponds
to the thickness of the layer in which the main decrease in NSL density occurs, ~70% of
the total drop from the bulk value. The T)ay,, value practically coincides with the NSL's
thickness T; which the XRD reflections are recorded from. The latter characteristic thickness,
Tlayersat, corresponds to NSL, in which ~99.99% of the total decrease in density from its
value in the bulk occurs. In [21-23], EBSD studies showed that after a long-term operation
of 8 years or more, at the edges of the wire cross-section at a distance of ~150 pm from
the surface, the number of low-angle boundaries (with misorientation angle ¢,is < 15°)
increases and the number of high-angle boundaries (¢m,is = 50-60°) decreases, showing a
tendency for the grains to align along a common direction. A similar trend with increasing
service life is also observed far from the surface of the wires, although noticeably weaker. At
the same time, with an increase in the service life, an increase in the number of large grains
(>3 um) becomes notable while the aspect ratio of grain sizes, i.e., their shape, remains
virtually unchanged.

To find out what happens to the microstructure of Al wires after fatigue testing, we
studied the cross-sections of these wires in the center and at the edge at a distance of
~150 pm from the wire surface; that is, in regions corresponding to the bulk and to NSL
with a thickness of Tlayersat, in which ~99.99% of the total decrease in density occurs [22,23].

Obtained SEM images of the surface of the cross-sections of the samples showed the
suitability of the samples for obtaining the EDX spectra and EBSD maps. The results of the
EDX microanalysis for all samples are the same, showing ~99 wt.% of Al and, in accordance
with the manufacturer’s data sheet [36], ~0.26 wt.% of Fe and ~0.10 wt.% of Si as the main
impurity elements, alike the EDX spectrum of unused Al wire from the AC50 cable [21].

Figure 7 presents the obtained EBSD maps of the distribution of Euler angles (the
angles of intrinsic rotation ¢;, nutation @, and precession ¢,) [37] for the cross-sections
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of samples of all parts of the wire C7. EBSD maps for all parts of samples C8 and C10
are shown in Supplementary Materials Figures S9 and S10, respectively. On the EBSD
maps, the boundaries are highlighted for the grains which were taken as areas with an
internal misorientation of the crystal structure of no more than 2°. The orientation of the
crystal lattice in each grain (hereinafter “grain orientation”) is described by a combination
of Euler angles depicted in different colors. So, if the orientation of the crystal lattice of
neighboring grains is very different (hereof, very different grain colors), then the EBSD map
has a mottled appearance. However, if there are clusters of grains with a similar orientation,
then areas with similar colors appear on the EBSD map and one can declare a tendency
for grains to align along one direction. Thus, a simple visual appearance of the EBSD map
allows one to draw qualitative conclusions about the grain orientation in the sample as
well as about their size and shape.

In order to obtain quantitative characteristics of the microstructure of wires, an analysis
of EBSD maps was carried out, which gave the number of grains of different sizes, the area
occupied by grains of different sizes, and the number of grains with different misorientation
angles between them.

For all samples of the C7 and C10 wires, Figures 8-11 present the grain-size-distribution
histograms (Figure 8), dependences of the relative area occupied by grains on their size
(Figure 9), grain-aspect-ratio distribution histograms (Figure 10), and grain-boundary
misorientation-angle distribution histograms (Figure 11) obtained from the analysis of
EBSD maps. For samples C8-1 and C8-2, which are cut from the C8 wire destroyed un-
der cyclic loading, the corresponding Figures are moved to Supplementary Materials
(Figures 511-513) since the histograms for these samples are qualitatively similar to the
results obtained for the C7 wire (Figures 8a,b, 9a,b, 10a,b and 11a,b) also failed during
fatigue testing. For easier comparison, all histograms and plots in Figures 8-11 and Figures
511-513 are shown at the same scale. For the unused sample 5-2 from the A50 type cable
and its AC50 counterpart, EBSD maps and data of their analysis are given in [21-23].

One can see from the comparison of the plotted grain-size-distribution histograms
(Figure 8 and Supplementary Materials Figure S11) with those for the unused sample before
cyclic fatigue testing [21,22] that in all parts of all (C7, C8, and C10) wires, a slight increase
is observed (from ~1% to ~5%) in the number of grains with a small size of ~1.5 um and less
and of a corresponding decrease in the number of grains of a larger size. Compared to wires
after operation for 10 years or more, in wires after fatigue testing under different loads,
there is a noticeable growth of grains with sizes less than ~3 um, by ~1-15% for different
grain sizes and samples, accompanied by a corresponding decrease in the number of large
grains. As a rule, for wires after fatigue tests, the number of grains with sizes ~1.5 um is
noticeably larger at the edges compared with the centers of the cross-sections. The largest
difference of ~18% between the edge and the center is observed for the C10-3 sample cut
from the area near the 2nd (fixed) clamp of the wire not failed during testing. On the
contrary, in the wires after operation [22], the edges and centers of the cross-sections differ
little in grain size. Moreover, unlike the case of wires from cables after operation, grains
larger than ~3.5 pm generally disappear at the edges of all samples after cyclic testing,
although remaining in smaller quantities in the centers of their cross-sections. As a result,
after fatigue testing, the grains have sizes of ~0.5-5.5 um in the center and ~0.5-3.5 um in
the region of the edge of the wire cross-section.



Metals 2023, 13, 298 14 of 35

(e)

Figure 7. Distribution maps of the Euler angles ¢1, @, and ¢, of samples (a,b) C7-1 (near the C7 wire

fracture region) and (c,d) C7-2 (far from the fracture region) in the center (a,c) and near the edge (b,d)
of the cross-section. Euler angle legends and scales are shown in (e) with the same range of change in
@ and ¢;.
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Figure 8. Grain-size distribution histograms in the central and edge areas of samples: (a) C7-1 (near
the C7 wire fracture region), (b) C7-2 (far from the fracture region), (c) C10-1 (from the region of the
C10 wire near the 1st clamp), (d) C10-2 (from the center of the C10 wire), and (e) C10-3 (from the
region of the C10 wire near the 2nd clamp). For better visualization, the histograms are shifted along
the abscissa axis by the width of the base of the histogram columns to the left and right relative to the

true position.
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Figure 9. Dependences of the relative area occupied by grains on their size in the central and edge
regions of samples (a) C7-1 (near the region of destruction of the wire C7), (b) C7-2 (far from the
region of destruction), (c) C10-1 (from the area of the C10 wire near the 1st clamp), (d) C10-2 (from
the center of the C10 wire), and (e) C10-3 (from the area of the C10 wire near the 2nd clamp).
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Figure 10. Histograms of the distribution of the aspect ratios of grains in the region of the center and
edge of samples (a) C7-1 (near the region of destruction of the wire C7), (b) C7-2 (far from the region
of destruction), (c) C10-1 (from the region of the C10 wire near the 1st clamp), (d) C10-2 (from the
region of the center of the C10 wire), and (e) C10-3 (from the region of the C10 wire near the 2nd
clamp). For better visualization, the histograms are shifted along the abscissa axis by the width of the
base of the histogram columns to the left and right relative to the true position.
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Figure 11. Histograms of grain-boundary misorientation-angle distribution in the region of the center
and edge of samples (a) C7-1 (near the C7 wire fracture region), (b) C7-2 (far from the fracture region),
(c) C10-1 (from the region of the C10 wire near the 1st clamp), (d) C10-2 (from the region of the
center of the C10 wire), and (e) C10-3 (from the region of the C10 wire near the 2nd clamp). For
better visualization, the histograms are shifted along the abscissa axis by the width of the base of the
histogram columns to the left and right relative to the true position.

In terms of average grain sizes Dgrain, the following changes are observed as illus-
trated in Supplementary Materials Figure S15. Yet, it should be noted in advance that the
difference in Dgyain values between the new sample and the samples after fatigue tests is
not impressive, since fatigue tests lead to a small change (1-15%) in the number of grains
with small (<3 microns) and large sizes, and averaging occurs over all grains with sizes
from 0.5 microns to 5.5 microns. Nevertheless, some systematic changes in the average
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grain sizes are seen. After fatigue tests for wires fractured during testing, samples C7-1,
C8-1 and C7-2, C8-2 cut from places both near and far from the break show the larger
values of Dgpain (1.88-2.00 pum) in the centers of the wire cross sections and smaller Dgyain
at the edges (1.72-1.76 um). It is similar to the new sample 5-2 (1.92 ym and 1.78 pm,
respectively) but with a slightly larger spread between the Dgyain values in the centers and
at the edges, which is larger for the samples C8-1 and C8-2 tested with a larger maximum
load omax = 150.7 MPa. On the contrary, in the wires after operation, the Dgrain values in
the centers and at the edges are practically the same as estimations show (1.98 um both in
the center and at the edge for wire from A50 type cable after 10 years of exploitation in
OPLs (sample N8 in [21-23]) and 1.75 pm in the center and 1.76 pum at the edge for the wire
after 20 years operation in an OPL cable of AC50 type (sample N6 from [22]). For wires
not brought to fracture during fatigue testing, sample C10-3, cut from a position near a
fixed clamp, shows markedly different values of Dgain in the center of the cross section
and at the edge (1.88 um and 1.75 pm, correspondingly), similar to the samples cut from
fractured wires. At the same time, samples C10-1 (cut from the area near the moving clamp)
and C10-2 (from the middle of the wire far from the clamps) showed close Dgyin values
in the centers of the cross-sections and at the edges (respectively, 1.89 pm and 1.87 pm
for C10-1 and 1.85 um and 1.84 um for C10-2), similar to how it was observed for wires
after operation.

The relative area S, occupied by grains for samples after cyclic fatigue testing with
different loads (Figures 9 and 512 (Supplementary Materials)) shows a maximum at grain
sizes of ~2.0-2.5 um, reaching ~18-27.5% and ~27.5-34% for edges and centers of cross-
sections, respectively. The difference in the maximum value of S, at the edges and in the
center ranges from ~5% (sample C10-2 from the middle of unbroken wire) to ~18% (for
sample C10-3 from the area near the 2nd clamp of unbroken wire). An unused sample and
wires from A50-type cables after operation without a short circuit for 10-62 years also show
a maximum S, at grain sizes of ~2.0-2.5 um with a value of ~26% and ~18-20% for the
centers of the cross-sections of the samples [21,23], i.e., ~1.3-1.9 times less than for wires
after fatigue tests.

The aspect ratio for all samples has a value from 1 to 5. Its general appearance for an
unused sample and wires after operation in OPLs [23], as well as after cyclic tests at different
loads, changes slightly in the center and at the edges of the cross-section (Figures 10 and
513 (Supplementary Materials)). There are some exceptions, e.g., scattered deviations of
~1-2% of the relative-frequency value in the center and at the edge of the samples after
operation and after fatigue tests for some aspect ratios less than the value equal to 2. The
greatest difference is once again shown by samples C10-3 from the region near the 2nd
clamp of unfractured wire, in which the relative frequency of grains with the aspect ratio
of 1.6 and 1.7 is ~4% higher at the edge than at the center. Nevertheless, the similarity of
the shapes of aspect-ratio histograms in the center and at the edges of the cross-sections of
the samples before and after fatigue tests and after operation in power transmission lines
indicates the invariability of the grain shape, at least in the first approximation.

In the distributions of misorientation angles @5 of grain boundaries in the center of
samples after fatigue testing (Figures 11 and S14 (Supplementary Materials)), low-angle
(¢mis < 15°) boundaries dominate, characterized by a bell-shaped distribution function of
@mis With a maximum at ¢p,is = 2°, and a local bell-shaped maximum is observed in the
region of @mis = 50-60°. The same form of distribution of the misorientation angle of grain
boundaries in the region of the center and edge of the cross-sections of the wires, although
with different numerical characteristics, is typical for the sample before testing and for
the wires after use in cables of power transmission lines [22,23]. The relative frequency of
repeatability of low-angle (value at maximum at @5 = 2°) and high-angle boundaries at
@mis = 50-60° in samples after fatigue testing is ~26-34% and ~0.5-2.0%, respectively, in
comparison with ~22% and ~2.5% for the sample before testing [22,23]. A similar increase
in the number of low-angle boundaries up to ~28-31%, accompanied by a decrease in the
number of high-angle boundaries down to ~0.4-1.2% at the centers of wire cross-sections
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after operation in A50 cables during 10-62 years, was associated in [21-23] with a tendency
for the orientation of crystal lattices of grains to align along a common direction. Such a
tendency to equalize the grain orientations along a common direction also takes place in
wires after fatigue tests.

In Al wires from used A50-type cables, the tendency to align the grain orientations is
the same throughout the wire but is more pronounced at the edges of the wire cross-sections
than at the centers. However, in contrast, in the region of the edge of the samples after
fatigue testing, the distribution has a uniform character in the form of an almost horizontal
line at all misorientation angles @mnis, with a relative frequency of about 3—4% without
pronounced maxima, except for a delta-shaped peak with a relative frequency of ~15-25%
at @mjs = 2°. Probably, such a distribution of misorientation angle @ of grain boundaries
is the result of a specific grain distribution, when about 15-25% of neighboring grains at the
edge of the wires after fatigue tests lined up rather well along a direction, forming clusters
of grains of similar colors on EBSD maps (Figures 7 and S9 and S10 of Supplementary
Materials), while the rest of the grains are randomly and uniformly misoriented relative to
the grains in these clusters.

Thus, the EBSD study of Al wires from A50 (AAAC)-type cables after cyclic fatigue
tests shows that the microstructure of these wires differs from the microstructure of Al
wires from A50 cables that served without a short circuit in OPLs under natural conditions.

3.4. Results of Fractographic Analysis of the Samples C7 and C8 Ruptured during Cyclic
Fatigue Tests

Finishing the characterization of the microstructure of the samples, in order to obtain
information about the type of fracture surface and the mode of fracture of aluminum wires
during fatigue tests, let us consider the results of fractographic analysis of samples C7 and
C8 that were ruptured as a result of fatigue tests.

Fractographic analysis performed using SEM images (Figure 12a,b) shows that the
fracture surface of sample C7 has a V-shaped type, whereas for sample C8, it is quasi-planar.
Both types of the fracture surface have been recently observed [2,4,5,7,10] for Al wires from
AAAC and ACSR cables after the fatigue tests.

Another feature revealed during the fractographic examination is the formation of
three different zones on the fracture surface, indicated in Figures 12¢,d and S16a,b (Sup-
plementary Materials) by numbers. The cut zone 3 near the edge of the rupture is rather
smooth and small. At the same time, the radial zone 2 contains radial scar formations
corresponding to propagation of fatigue cracks. It is difficult to determine where zone 3
ends and zone 2 begins as there is no distinct border. However, the scar traces characteristic
of the radial zone found upon careful examination of the SEM images seem to indicate
that zone 2 is larger than zone 3 in both samples. Probably due to the significantly greater
number of tensile-relaxation cycles for the C7 sample during fatigue testing (Table 1), this
sample is characterized by a significantly (~10 times) larger area of fibrous zone 1 compared
to the C8 sample (cf. Figure 12¢,d). The radial zone 2 of the fracture surface in the wire C7
is correspondingly smaller than in C8.

SEM images in Figure 12e,f show the fibrous zone 1 on a larger scale (slightly larger
scales are shown in Supplementary Materials Figure S16¢c—f). The fibrous zone 1 contains fi-
brous formations (fatigue striation marks), as well as dimples (with pores) characteristic of a
quasi-viscous fracture regime, as indicated in [38], where a similar microstructure (dimples
with pores) of the fracture surface was found for a microcrystalline aluminum alloy.
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Figure 12. SEM images of the Al-wire samples (a,c,e) C7 and (b,d,f) C8 in the place of their rupture
after the fatigue tests, taken laterally and frontally. Fractographic analysis of SEM images reveals
different zones indicated in (c,d) by numbers, corresponding to, respectively, fibrous (1), radial (2),
and cut (3) zones of the fracture surface. White spots on (d) are contamination on the surface.

3.5. Elastic and Microplastic Properties

The elastic and microplastic properties of aluminum wires were determined by the
resonance method of a composite piezoelectric vibrator. Figure 13 shows the amplitude
dependences of Young’s modulus E(e) and decrement J(¢) for samples after fatigue testing.
Here, ¢ is the amplitude of the vibrational deformation of the sample, which is a measurable
quantity alike the decrement 6. Young’s modulus (modulus of elasticity) was obtained
according to [39] (see Supplementary Materials Section S2). The dependences E(¢) and J(¢)
were measured with an increase and subsequent decrease in the amplitude e.
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Figure 13. Amplitude dependences of Young’s modulus E, and decrement § of aluminum wires after
fatigue tests for samples (a) C7-1 and C7-2, (b) C8-1 and C8-2, and (c) C10-1, C10-2, and C10-3. The
measurements were made at the room temperature.

Figure 14 shows acoustic-strain diagrams o(e4) for specimens after fatigue testing, plot-
ted using the dependences E(¢) and d(¢) of Figure 13, taken with the increase in amplitude ¢,
which was carried out first. Along the ordinate axis in Figure 14, the vibrational-stress am-
plitude o (obtained from Hooke’s law, see Supplementary Materials Section S2) is plotted,
and along the abscissa axis, the non-linear inelastic deformation g4 is given. The values
of E (= E;), é;, and conditional micro-flow strain ¢ for sample 5-2 before testing [21] are
given in Table 2, which also contains these quantitative parameters for all specimens after
fatigue testing.
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Figure 14. Diagrams of microplastic deformation of aluminum wires after fatigue testing for samples
(a) C7-1 and C7-2, (b) C8-1 and C8-2, and (c) C10-1, C10-2, and C10-3. The measurements were made
at the room temperature.

Table 2. Young’s modulus E, amplitude-independent decrement J;, and conditional micro-flow strain
0 at inelastic deformation eq = 1.0 x 1077,

Sample E, GPa 6;,10—5 s, MPa

5-2 72.78 23 18
C7-1 7217 23 19
C7-2 72.00 48 10
C8-1 72.41 22 18
C8-2 72.38 32 19
C10-1 72.59 26 21
C10-2 71.83 26 20
C10-3 73.00 23 22
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The change in elastic and microplastic properties after fatigue tests relative to the
initial sample (sample 5-2) seems natural. Obviously, during cyclic loading, the dislocation
density in the wires increases; according to the theory of internal friction, this leads to a
decrease in the Young’s modulus E and an increase in the decrement ¢;. In addition, the
densitometry measurement of the integral density p of wire samples showed that after
fatigue tests, a negative density defect Ap/p (decrease in density, see Figure 2) is formed in
the samples relative to the initial sample 5-2, and it also leads to a decrease in the modulus.
Thus, in sum, the decrease in the modulus for samples C7 and C8 is natural. For the
specimen C10 not brought to failure during fatigue testing, the elastic modulus E increases
or decreases relative to the initial state (depending on the specific part of the specimen), as
can be seen from Figure 13c. Its smallest value E = 71.83 GPa corresponds to the central
part of the C10 wire (C10-2 sample), far from both clamps. Note that in the initial state
(before testing), Young’s modulus E was 72.78 GPa (Table 2).

One can see from Figure 13a,b that the patterns of the dependences E(¢) and 4(¢) for
both samples of C7 and C8 wires failed during cyclic loading are identical. There are
only differences in the absolute values of the elastic-plastic characteristics of the samples
(cf. Table 2) and they are most likely due to the different deformation prehistory of these
samples. For the Young’s modulus E(¢) and the decrement é(¢) in the samples of C7 and C8
wires brought to failure, amplitude hysteresis is observed, i.e., the E(¢) and J(¢) curves taken
with an increase and subsequent decrease in the amplitude do not coincide. Furthermore,
for samples C7-1 and C8-1 located closer to the area of destruction, which occurred at
a distance of ~15-20 mm from the movable clamp 1 (Figure 1), the values of Young’s
modulus E are higher, and the decrement ¢ is lower than for samples C7-2 and C8-2 cut
from a remote undamaged area near another clamp. For sample C7-1, the value of the
modulus E is higher although the integral mass density p is noticeably lower according
to the densitometric measurements of this part of the wire (by 0.13% relative to C7-2, see
Figure 2 and Supplementary Materials Table S1), which should lead to a lower value of the
modulus E. When analyzing the data, it is important to take into account that the value of
the elastic modulus E is also affected by long-range fields of high internal strains. Thus,
the density of dislocations obviously increases in the process of plastic deformation under
cyclic loading. The local accumulation of dislocations becomes possible, which in turn
can lead to the formation of long-range internal-strain fields and, as a result, to a higher
Young’s modulus E. It is also obvious that such local formations (their higher concentration
as sources of internal strain) are the most probable just in the region near the future fracture;
that is why the Young’s modulus E of sample C7-1 cut from the region near fracture is
somewhat higher than in the case of sample C7-2 from a part of the wire remote from the
destruction region. A similar behavior is also observed for samples C8-1 and C8-2; that is,
parts of the C8 wire near and far from the fracture region, respectively. The assumption
about high internal-strain fields is consistent with a rather high value of microstrains &
detected by the WHP and SSP methods when analyzing the broadening of XRD reflections
for samples of C7 and C8 wires brought to failure (Supplementary Materials Table S2,
Figure 6).

The amplitude-independent decrement d; is proportional to the density of dislocations
(the higher the dislocation density, the higher the total decrement §). According to the
obtained data (Table 2 and Figure 13a,b), the decrement in the areas near the fracture sites
(samples C7-1 and C8-1) is lower than in the other parts of the wires, C7-2 and C8-2. To
understand the reason for this, let us turn to the EBSD microstructural data on grain size
distributions for the initial, unused sample 5-2 [21,22] and samples C7-1 and C8-1 from
areas near the wire fracture after fatigue testing (Figures 8a and S11a). Since the qualitative
data for both samples after cyclic fatigue tests with different maximum loads are the same,
let us take for certainty the data for the sample C7-1 with maximum cyclic load omax =
149.4 MPa. It follows from the obtained distributions that after fatigue testing, the number
of grains with sizes up to 1 pm increases from ~5% in the original sample to ~10% in the
center of sample C7-1, whereas the proportion of grains with sizes 1-2 um decreases from
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~58% to ~54%. Smaller grains (subgrains) can indeed be formed during plastic deformation
in the course of cyclic tests in the area located near the fracture. They contain quite a few
dislocations inside, and it causes a decrease in the average dislocation density. Sample C8-1,
which is also cut from an area near the fracture site, shows similar changes in grain sizes
after cyclic fatigue testing with a higher load omax = 150.7 MPa, though with somewhat
different quantitative values, namely the number of grains in the center of the sample with
sizes up to 1 um is ~7% and the proportion of grains with sizes 1-2 um is ~51%. Apparently,
it is exactly such structural changes in grain sizes that lead to a decrease in the decrement
0; in C7-1 and C8-1 in this case.

For wire C10, which was not brought to a fracture during cyclic fatigue testing at the
even higher load 0max = 155.9 MPa, the values of the amplitude-independent decrement J;
differ insignificantly depending on the place of sample cutting (Table 2), even coinciding
for samples C10-1 and C10-2, which may indicate approximately the same structural state
(dislocation density, grain size, etc.). In addition, for these C10-1 and C10-2 samples, one
can note the presence of small maxima of the total decrement § with an increase in the
amplitude of vibrational deformation ¢ and their absence with a successive decrease in this
deformation (Figure 13c). Such a behavior of the decrement may be due to the presence
of any stoppers (defects, dispersed particles, etc.). At the same time, Young’s modulus
E shows (see Figure 13c, Table 2) the greatest difference among the samples cut from
different locations of the C10 wire. This modulus E is maximum for sample C10-3 from
the region near the fixed clamp 2 (Figure 1), somewhat less for sample C10-1 from the
region near the other clamp (clamp 1, movable during fatigue test), and minimum for
sample C10-2 from the area of the middle of the wire far from both clamps (respectively,
E =73.00 MPa, 72.59 MPa, and 71.83 MPa compared to 72.80 MPa for the initial sample 5-2
before fatigue testing).

Let us next analyze the diagrams of plastic deformation o(eq) shown in Figure 14.
The strongest difference can be noted between samples C7-1 and C7-2, the values of the
conditional micro-flow strain ¢ differing almost twice (Table 2). In addition, an analysis of
the o(eq) dependences for C7-1 and C8-1 shown in Figure 14a,b, respectively, reveals that
the micro-flow strain increases as the fracture area is approached. As noted above, a certain
decrease in the average grain size is observed in the fracture area due to the formation of
subgrains inside the grains, which causes the higher value of 0. Another hardening factor
is a significant increase in the dislocation density during long-term tests in the fatigue
loading mode. Note that the highest value of the conditional micro-flow strain among all
the studied samples is observed in the C10-3 sample from the area of the fixed clamp 2,
namely o = 23 MPa compared to 21 MPa for the C10-1 sample near the movable clamp 1
and 20 MPa for the sample cut from the middle of the wire away from both clamps.

4. Discussion

Our studies of single wires of AAAC cables (A50 type) after laboratory cyclic fatigue
tests, which were carried out by densitometry, XRD, EBSD, and with acoustic measurements,
have revealed not only the parameters of their structure, microstructure, and elastic-plastic
properties, which change in a way similar to that after the operation of these wires in cables
of OPLs in natural conditions, but also the parameters with different a response.

4.1. Mass Density of Al Wires after Fatigue Testing According to Densitometry and
XRD Investigations

Densitometric measurements (Section 3.1) and XRD studies (Section 3.2) have shown
that after fatigue tests, as well as after the use of wires in the OPL cables [21-23], there is a
decrease in both the integral mass density of the wires p and in the XRD mass density px of
their NSL with a thickness of ~36 um (Figures 2 and 5b), probably due to the formation
of defects of a void nature in the wires, first and foremost in their NSL. Moreover, this
decrease in p and py is different for different parts of the wires, namely the drop of both
densities is stronger for the wire parts close to destruction positions near the grips holding
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the wires during cyclic fatigue testing. The drop in the XRD mass density, px, is caused
by the lattice expansion (increase in the parameter a of the cubic unit cell (Figure 5a)) of
the Al material of wires, apparently due to the stretching of the wires during cyclic fatigue
tests by loading-relaxation according to a sinusoidal law and, as suggested above, owing to
the formation of defects of the void nature in NSL. Probably, the same reasons lead to a
decrease in the integral density p of the tested wires, though to a lesser extent, that is why
the values of p are close to the values of the XRD density px, although slightly smaller. In
addition, aluminum oxides are not formed in NSL of wires after fatigue tests, whereas these
oxides with a higher mass density than that of pure Al were detected in [21,23] by means
of XRD studies of NSL of wires from OPL cables with different service lives in natural
conditions. As a result, there is no increase in the value of the integral density p of the
entire wire due to the absence of more dense Al oxides in NSL of tested wires.

4.2. Effective Service Life of Al Wires after Fatigue Testing

Upon studying the wires from A50-type cables of OPLs with a service life of up to
20 years, it has been found out by [23] that the parameter a of the cubic unit cell of the
Al material of the NSL of wires with a thickness of ~36 um linearly increases at a rate of
Deor = 1.26(4) A /year, and its X-ray mass density py, correspondingly, linearly decreases at
a rate of veor =2.52(8) g/ cm3/ year (Ucor is called “corrosion rate” in [23]). Table S2 in the
Supplementary Materials presents the values of the effective service life to¢ of the samples,
estimated from their XRD density px as fef = ‘OXUZ%, where pxg is XRD mass density of
unused sample 5-2 (the analogous estimates of f.¢ from the parameter a do not differ up to
values after the decimal separator). For ease of comparison, the values of the effective life
ter of the samples are also shown graphically in Figure 15 as a function of px. The exactly
linear decline of f.¢(px) is simply the result of using a model of linear X-ray-density drop
as service life increases, as described above.
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Figure 15. Effective service life o of wire samples C7, C8, and C10 after fatigue testing and that of a
new sample 5-2 before testing as a function of the density px of the samples, estimated from XRD.

It should be noted that the “effective life” t.4 of the wires is not the real service life,
but one to which the state of the wire corresponds (according to the previous calibration)
as a result of operation. The value of to can obviously differ for different parts of the same
wire, with “older” parts of the wire being the candidates for earlier destruction.

The C7-1 and C8-1 samples, cut from regions near the positions where the wires
failed (regions near non-fixed grip 1), show large values of tq ~21 years and ~16 years,
respectively, in comparison with t.¢ ~5.5 years and ~9 years for samples C7-2 and C8-2
from regions far from the sites of destruction; that is to say, the difference between the
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effective service lives of the parts of wires broken during testing decreases from ~15.5 years
to ~5 years with an increase in the maximum load omay of cyclic fatigue tests from 149.4 MPa
to 150.7 MPa (see Table 1). In other words, for wires that failed during testing at a lower
load of cyclic tests, parts of the wires near and far from the fracture region are farther in
terms of effective service life (in terms of “age”) than under higher loads. to put this in
simpler terms, the effective service lives (“ages”) of different parts of the failed wire far and
near the fracture area converge with an increase in the load of cyclic tests.

The sample C7-1 from the region near the wire break after cyclic testing with the
lowest applied load omax = 149.4 MPa shows the maximum estimated value of to¢, which
is equivalent to ~21 years of service. This effective lifetime is less than half the expected
lifetime of the A50-type cable, which is 45 years according to its datasheet [1]. The decrease
in effective service life is obviously due to the fact that individual outer wires from the cable
were subjected to fatigue tests but not the entire cable. For the C10 wire, which did not fail
during cyclic fatigue testing, samples C10-1 and C10-3 from the regions near the grips and
sample C10-2 from the middle of the wire far from the grips are characterized by only a
small difference in fo (6.2(2.2), 6.9(1.5), and 5.7(1.8) years, respectively), nevertheless, the
C10-2 sample from a location on the wire far from the grips does show the smallest value
of tug.

4.3. Preferential Orientation of Crystallites (from XRD) and Grain Orientation Alignment (from
EBSD) in Al Wires after Fatigue Testing

In addition to lattice expansion and the corresponding decrease in XRD density in
NSL of wires, there is also an increase in the preferential orientation along the [011]
crystallographic direction of the Al crystal lattice (Figure 4) in wires after fatigue tests
(more correctly, in their NSL with a thickness of ~36 um, which is tested by means of XRD),
alike that in wires from OPL cables with different service lives [21-23]. The increase in
the preferential orientation of the crystal structure of the wires correlates with the increase
in the tendency to equalize the orientation of the crystal structures of the grains along a
common direction, which was observed in the study of EBSD maps from the cross sections
of the samples after the operation of the wires in OPL cables in natural conditions [21-23]
and after fatigue tests (Section 3.3). Moreover, after operation in OPLs, this tendency of
grain-orientation alignment along one direction is observed not only in the center but also
at the edges of the cross-section of the samples, even though it is stronger at the edges, “the
edge”, meaning the position of ~150 um from the wire surface. It is important to recall
that as a result of this observed trend in grain alignment, misorientation-angle histograms
showed a gradual nonlinear increase in the number of low-angle grain boundaries with
@Pmis < 15° and with a maximum at ¢n,js = 2°, as well as a decrease in the number of
high-angle boundaries in the region ¢,,;; = 50-60°, where there was a local wide maximum
on the histogram.

Meanwhile, a similar picture as described above from the wires exploited in OPLs
observed after fatigue testing in the center of the cross-sections of all samples (Figures 11
and S14 (Supplementary Materials)), whereas at the edge of the cross-section of all wires
after fatigue tests, the alignment of the grain orientation was almost complete. In the edges
of all samples after fatigue tests, about 20-25% of grains had a very small misorientation
of ~2°, while the rest were uniformly and randomly misoriented in all possible angles.
As a result, the histograms of misorientation angles at the edge of the samples show a
delta-shaped peak at ¢p,is = 2° and a low number of grains uniformly distributed over all
other ¢p,is. Such a difference between the samples after operation in natural conditions and
after laboratory cyclic fatigue tests is perhaps due to the fact that the load under natural
conditions does not vary uniformly over time; there are different types and directions of
wires’” oscillations and vibrations depending on the wind strength, and, in addition, there
is the influence of the changing temperature and humidity of the surrounding atmosphere,
as well as that of electric current. Because of these influences, the grain alignment is not
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as ideal as in the case of laboratory tests with a constant sinusoidal law of loading and
relaxation of the wires.

4.4. Size of Crystallites and Microstrains in Them (from XRD) and Size of Grains (from EBSD) in
Al Wires after Fatigue Testing

An important difference between wires after natural service and after fatigue testing
in the laboratory is the size of their crystallites (obtained from XRD studies) and grains
(from EBSD). Crystallites (regions of coherent X-ray scattering) are regions of parallel
atomic planes without misorientation. Their sizes are determined from the analysis of XRD
reflection profiles (for example, by WHP or SSP methods, as in Section 3.2) and usually
range from 2-5 nm to 200-300 nm, i.e., XRD characterizes microstructures with sizes under
~0.3 pm. EBSD, on the contrary, characterizes the sizes of large microstructure objects,
namely from ~0.5 um to tens—-hundreds of microns, which are called grains. The crystal
structure of these grains is not as ideal as that of crystallites. Grains can contain many
crystallites, the crystal lattices of which are slightly misoriented relative to each other. In the
present study, for example, regions were considered as grains when their crystal structure
was misoriented by less than 2°.

Previously [21,22], it has been found for wires made of A50 cables of AAAC type with
different service lives that, after operation in OPLs for 10 years or more, the crystallite sizes
D increase from ~110 nm in unused Al wire to ~250-300 nm in a wire after operation, with
microstrains in them simultaneously appearing, &5 ~ 0.030-0.034%. At the same time, the
analysis of EBSD maps shows that in the center and at the edges of the wire cross-sections,
the number of small grains with sizes of less 3 pm decreases while the number of large
grains with sizes 3.5-5.5 um increases. As a result, the average grain size Dgy,in in the
centers and at the edges become almost the same (for example, ~1.98 um in the wire from
the A50 cable after 10 years of operation in OPL (sample N8 in [21-23])), unlike the new
unused sample (Supplementary Materials Figure 515).

On the contrary, for wires after cyclic fatigue tests, the pattern of changes in the
microstructure is different on both scales. Microstrains in crystallites after fatigue testing
are at approximately the same level (g5 ~ 0.022-0.034%) as for wires after operation in OPLs
and are formed in all parts of the wires broken during fatigue testing as well as in parts
of the intact C10 wire close to grips, or at least to fixed grip 2 (Figure 1). The crystallite
sizes show an increase to lesser values D ~145-180 nm and only for parts of the failed C7
wire (Supplementary Materials Table S2) subjected to cyclic fatigue testing with the lowest
maximum load omax = 149.4 MPa. At higher loads, the crystallite sizes, on the contrary,
sequentially decrease to D ~90-100 nm and ~60-106 nm at max = 150.7 MPa (samples
C8-1 and C8-2) and omax = 155.9 MPa (samples C10-1, C10-2, and C10-3), respectively. In
the center and at the edges of samples after fatigue testing, in contrast to samples after
operation, the number of small grains (<3 pm; and, in particular, the number of smaller
grains with sizes of <1.5 pm) increases and the number of large grains with sizes of >3.5 ym
decreases in centers of the cross sections of the samples and completely disappears at the
edges. As a result, for the samples after fatigue tests, the average grain size Dgyain in the
centers changes in the limits of about —2—4% (1.88-2.00 um), and at the edges decreased
by ~1-2% down to 1.72-1.76 um compared to the corresponding values of 1.92 um and
1.78 um in the new sample (Supplementary Materials Figure S15).

Thus, for samples that served under natural environmental conditions, there is the
size enlargement of microstructure objects, both on size scales less than 0.3 um (crystallites,
according to XRD results) and on large scales (grains). In contrast to natural conditions, a
reduction in size of the crystallites and grains was observed in laboratory fatigue tests. The
difference is again probably due to the difference in conditions in nature and in laboratory
tests. The formation of subgrains (an increase in the number of grains of small size)
was observed during plastic deformation of wires as a consequence of laboratory cyclic
fatigue tests by loading-relaxation of the wires according to a sinusoidal law, remaining
invariable during the tests. In natural operating conditions, it is necessary to take into
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account the temperature (current flow through the conductor, atmospheric conditions). For
aluminum wire (for the manufacture of which A7E grade aluminum is used of technical
purity 99.70 wt.% Al [35]), this temperature is sufficient for the process of grain increase of
Al wires to occur during a typical exploitation time (decades) of OPLs’ cables.

In OPLs, the main mechanical load on the wires in exploiting OPLs is due to fretting
and bending of cables under the influence of wind. In this case, the friction energy of the
wires against each other or the friction of microstructural elements inside the wire (grains,
subgrains, i.e., crystallites as well) is converted into internal energy, which leads to energy
dissipation and local heating. Crystallites fuse together thus increasing in size, D ~110 nm
to D ~250-300 nm. The same thing happens with grains. The number of small grains
with sizes of less 3 um decreases while the number of large grains with sizes 3.5-5.5 um
increases. The misorientation of the grains naturally decreases in this case.

Another possible reason for the growth of crystallites and grains in the Al wires
after operation in OPLs is recrystallization due to influence of an electrical current in the
conductor cables of OPLs under high voltage. The thickness of the NSL through which
the current mainly flows is from ~0.057 mm to 0.18 mm [22]. Because of this, EBSD shows
both an increase in the number of large grains with sizes 3.5-5.5 um mainly in the edge
region (i.e., in NSL) of the cross-sections of the wires after operation in OPLs [22,23] and
the absence of large grains in NSL wires after fatigue tests that were not operated in
high-voltage OPLs.

In fatigue tests, loading-relaxation is again converted into heat due to the scattering of
collective vibrations of atoms on structural inhomogeneities. The test load o max ~150 MPa
at Young’s modulus of aluminum E ~ 70 GPa = 70,000 MPa gives the maximum strain in
crystallites &s max = 150/70,000 ~ 0.002 = 0.2% (residual microstrain & determined from
XRD data is an order of magnitude less). This quite high, and the heated microstructural
elements (grains) begin to “melt” and become pulled apart by the applied force, crushed
into smaller sizes such as drops, i.e., the size of the grains here, on the contrary, decreases.
Thus, due to the absence of fretting and the effect of the electric current, large grains (and
crystallites) are not formed after fatigue tests but small grains appear, caused by the effects
of tensile loading-relaxation cycles.

4.5. Elastic-Plastic Properties of Al Wires after Fatigue Testing

The elastic-plastic properties of Al wires of A50 cables after operation in OPLs [21-23]
and Al wires of A50 cables that failed after cyclic fatigue tests (Section 3.5) show a quali-
tatively identical change for Young’s modulus E and amplitude-independent decrement
Jd;, namely there is a decrease in the values E and increase in the J; in comparison with the
unused wire (see Table 2).

As stated in Section 3.5, higher values of Young’s modulus E of the C7-1 and C8-1
samples from close-to-fracture regions of the relevant wires compared to samples taken far
from the fracture region (C7-2 and C8-2) can be explained by the occurrence of fields of high
internal strains, which arise due to the accumulation of dislocations formed during plastic
deformation of the wires under cyclic loading, mostly in the regions near the fracture of
the wires. This assumption is consistent with the formation of microstrains in crystallites,
which was detected by the WHP and SSP methods from the analysis of the broadening of
the XRD reflections. The decrease in the decrement J; in samples C7-1 and C8-1 compared,
respectively, to C7-2 and C8-2 can be explained by a lower dislocation concentration due
to the fact that, according to EBSD studies, smaller grains with sizes less than 1 um, in
which there are fewer dislocations, are formed predominantly in regions near the fracture
positions (Figures 8a,b and S11 in Supplementary Material).

A decrease in the average size of grains (and of crystallites) and an increase in the
dislocation density also lead to an increase in the conditional micro-flow strain o of the
wire material for most samples compared to the unused sample (from 18 MPa in the unused
5-2 sample to 19-22 MPa in other samples, see Table 2), i.e., to the opposite effect compared
to the influence of the operation of wires in natural conditions, where a decrease in 05 is
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observed (down to 2.3-13.1 MPa for Al wires from A50 cables with a service life of 10 to
62 years [21]). It is possible that the C10 wire, which did not fail after fatigue test with the
highest maximum load o'max = 155.9 MPa, remained intact because this wire is characterized
by an increased number of grains with small grain size < 1 pm and smaller crystallite size
compared to other wires tested with lower loads (Figure 8 and Supplementary Materials
Table S2). For the same reason, the value os = 20-22 MPa is higher for its parts than that
for other samples. Sample C7-2 (the C7-wire part far from the fracture site) is an exception
in terms of change in the conditional micro-flow strain ¢s. The ¢ value in this sample
drops down to 10 MPa, which is explained by the fact that in this sample, the number of
small grains with sizes < 1 um practically does not change in comparison with the unused
sample (compare Figure 8b and Ref. [21]). In the C8-2 sample (the C8-wire part far from
the fracture region), the number of small grains with sizes < 1 um is approximately the
same as in C7-2 (~5-6% in the center and at the edges of the cross-section); however, in
comparison with C7-2, the number of grains of likewise small though slightly larger, with a
size of ~2.5 um, increases (from ~37% in C8-2 compared to ~34% in C7-2 for the centers of
cross-sections). As a result, for sample C8-2, the value of o5 increases to 19 MPa.

4.6. Prediction of the Location of a Break in an Al Wire That has Not been Brought to a Rupture
during a Fatigue Testing

Let us now compare the characteristics of different parts of the C10 wire not brought
to failure during fatigue testing and parts of the C7 and C8 wires that failed (broke)
during testing.

Samples C7-2 (after fatigue testing with a maximum load o max = 149.4 MPa) and C8-2
(0max = 150.7 MPa) from regions of the wires remote from the rupture positions show some
common characteristics that distinguish them from the samples from the rupture regions,
C7-1 and C8-1, respectively. For example, samples C7-2 and C8-2 are characterized by larger
integral and XRD densities (cf. mass densities p and px in Supplementary Materials Tables
51 and S2 and Figures 2 and 5b), a smaller Al cubic-unit-cell parameter a (Supplementary
Materials Table S2 and Figure 5a), larger crystallite size D for sample C7-2 and comparable
though slightly smaller (within e.s.d.) size D for C8-2, and almost the same (C7-2 vs. C7-1)
or smaller (C8-2 vs. C8-1) microstrain value & (Supplementary Materials Table S2 and
Figure 6a,b). The effective service life tog of these samples, C7-2 and C8-2, is noticeably less
than that of samples from regions close to the fracture positions (Supplementary Materials
Table S2 and Figure 15). In addition, the C7-2 and C8-2 samples (from regions of the wire
far from the rupture) compared to C7-1 and C8-1 (from regions near the rupture) show
a greater influence of the effects of preferential orientation along the Al [011] direction
(Supplementary Materials Table S2 and Figure 4). Samples C7-2 and C8-2 at the cross-
section center show fewer small grains with sizes < 1 um compared to samples C7-1 and
C8-1 (Figures 8a,b and S11) and a smaller difference between the values of S, (relative
areas occupied by ~2 um grains) at the center of the wire cross-section and at its edge
(Figures 9a,b and S12 (Supplementary Materials)). In terms of elastic-plastic characteristics,
samples C7-2 and C8-2 compared to samples C7-1 and C8-1 are characterized by a lower
Young’s modulus E and a larger value of the amplitude-independent decrement 4; (Table 2).
As for the value of the conditional micro-flow strain o, it is, as noted above, a characteristic
that depends on the parameters of the microstructure, and, depending on them, can take
on both larger and smaller values.

The C10-2 sample from the center of the intact C10 wire compared to the C10-1
and C10-3 samples from the regions near the clamps is characterized by slightly lower
mass densities p and px and, accordingly, by a somewhat larger parameter a of the Al
cubic unit cell (Supplementary Materials Tables S1 and S2 and Figures 2 and 5a). The
effective service life to of sample C10-2 is less than that of samples C10-1 and C10-3
(Supplementary Materials Table S2 and Figure 15). Although the difference between these
characteristics is quite small (within one-two e.s.d.s), it can be considered as an indication
of the trend of decreasing p and px, smaller f., and increasing parameter a in the case of
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C10-2 compared to C10-1 and C10-3. As for the average crystallite size D, sample C10-2
shows its greater (within e.s.d.) value compared to C10-1 but noticeably smaller than
in C10-3 (Supplementary Materials Table S2 and Figure 6a,b). Unlike C10-1 and C10-3,
there are no microstrains in C10-2 (g5 = 0) as in the initial unused sample 5-2. The effect
of preferential orientation of Al crystallites along [011] is greater in C10-2 than in C10-1
but less than in C10-3 (Supplementary Materials Table S2 and Figure 4). The C10-2 sample
in the center of the cross-section, just as samples C7-2 and C8-2 from regions far from the
fracture site, compared to C7-1 and C8-1 from regions near the fracture, is characterized
by a smaller number of small grains with sizes <1 pm in comparison with samples C10-1
and C10-3 from the areas near the clamps (Figure 8c-e) and by the smallest difference
between S, the relative areas occupied by ~2-um grains, in the center of the wire cross
section and at its edge (Figure 9c—e). As for the elastic-plastic characteristics (Table 2), the
amplitude-independent decrement §; of sample C10-2 appeared to be the same as J; of
sample C10-1 but less than that of C10-3.

For most of the above parameters, sample C10-2 from the middle of the unbroken C10
wire, compared to samples from C10-1 and C10-3 from areas near the clamps, shows trends
which are similar to those in samples C7-2 and C8-2 from areas far from the ruptures of
corresponding wires. Perhaps, in the middle of the wire between the clamps, wherefrom
sample C10-2 was cut, a break is less probable compared to the areas near the clamps.

Sample C10-3 from the region near clamp 2 fixed during fatigue testing, shows the
longest effective service life o = 6.9(1.5) years (Supplementary Materials Table 52 and
Figure 15), the highest crystallite size D = 106.4(9) pm and microstrain &5 = 0.034(3)% (accord-
ing to SSP, Supplementary Materials Table S2 and Figure 6a,b) compared to ¢ = 6.2(2.2)
years, D = 57(3) um, and &5 = 0.007(64)% in C10-1. The effect of preferential orientation
of Al crystallites along [011] in sample C10-3 is also the largest (Supplementary Materials
Table S2 and Figure 4). Furthermore, for C10-3, the maximum among all C10 samples
numbers of small grains with sizes < 1 pm in the center of the cross-section and with sizes
~2.5 um at the edge of the cross-section are observed; the maximum number of large grains
with sizes >4.5 um is also detected in the center of the cross-section of C10-3 (Figure 8c—e).
Unlike samples C10-1 and C10-2, the average grain sizes Dgyain in the center and at the edge
of the cross section of the sample C10-3 show, respectively, values 1.88 pm and 1.75 um
close to the observed Dgain values in samples cut from wires that were fractured during
fatigue tests (Supplementary Materials Figure S15). Additionally, the largest difference
between the relative areas S, occupied by grains with a size of ~2 pm in the center of the
wire cross-section and at its edge (Figure 9c—e) was found for sample C10-3. Sample C10-3
is characterized by the largest Young’s modulus E = 73.00 MPa and the smallest decrement
d; = 23 compared to E = 72.59 MPa and ¢; = 26 for C10-1.

The most likely location for sample C10 failure is located in the C10-3 part of the wire,
near the rigidly fixed clamp 2. This is suggested, in general, by the analysis of the change
in Young’s modulus E, decrement J;, and conditional micro-flow strain o (from acoustic
measurements), combined with densitometric data on a decrease in the total mass density
p of wire samples, structural data (from XRD), an increase in the preferential orientation,
an increase in the parameter a of the cubic unit cell, and an accompanying decrease in
the X-ray mass density px of the near-surface layer of the Al material of the wire with a
thickness of ~36 pm. Furthermore, it is also revealed by microstructural data on the change
in the grain size in wires (from EBSD), on change in crystallite sizes D, and in the formation
of local microstrains &5 in crystallites (from XRD) after cyclic fatigue testing.

However, wires C7 and C8 failed in the area of the non-fixed clamp 1. Furthermore,
in favor of a more likely wire break near the movable clamp, to which the load is applied,
the propagation of phonons (collective displacements of atoms) along the wire is not
instantaneous. As a result, the average displacements of the atoms are greater at a non-
fixed clamp where a tensile load is applied, and it can lead to a break in the wire near this
clamp. So, since the C10 wire was not brought to failure during fatigue testing, and its
parameters might change as a result of further cyclic loading, a fracture is not excluded
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in the C10-1 position near the movable clamp 1 where the load was applied. Similarly,
in [2,5,7,9], fatigue tests of cables have led to the conclusion that at the fatigue mark caused
by small relative movement between the adjacent wires in the cable or between the cable
and the clamp, cracks often occur, the formation of which can be reinforced by abrasive
particles present in the clamps [5].

So, as a practical application of the results of the current experiments, the consideration
of the structural, microstructural, and elastic-plastic properties of aluminum wires after
fatigue tests leads us to the conclusion that in the wires of OPLs, the areas near the clamps
are crucial for fracture. This cruciality of the areas near the clamps seems to be enhanced
by the phenomenon of fretting when the cable oscillates, sways, or vibrates due to wind.
Fretting was absent during fatigue tests in the current investigation, since they were carried
out on single wires, rather than the whole cable.

5. Conclusions

Thus, according to the results of fractographic analysis, aluminum wires broken during
single-wire tensile fatigue testing are fractured in a quasi-viscous mode.

Summing up, a comparison of the structural, microstructural, and elastic-plastic
characteristics of Al wires from A50 AAAC-type cables shows that laboratory cyclic fatigue
tests of single Al wires lead to qualitatively the same trends in parameter changes compared
to the natural operation in OPL cables in the case of integral (p) and XRD (px) mass densities
determined by densitometry and XRD methods, respectively. A decrease in p and px is
observed due to both the stretching of the wires during either operation or testing and
the formation of void defects, primarily in the NSL (near-surface layer) of wires with
a thickness of about 36 um. In accordance with the decrease in px, an increase in the
parameter a of the cubic lattice of the Al material of wires was observed (XRD data). In
addition, in laboratory tests just as during natural use, the preferential orientation of
aluminum crystallites along the crystallographic direction [011] of the cubic Al lattice was
enhanced (XRD), with microstrain ¢ appearing in the crystallites (XRD). Aspect ratios
of grains, i.e., their shapes, practically do not change (EBSD data), with the relative area
Srel Occupied by grains (EBSD) also qualitatively remaining the same. In addition, after
operation and after fatigue tests, qualitatively the same general trends of a decrease in
Young’s modulus E and an increase in the amplitude-independent decrement J; were
observed (in acoustic measurements), the magnitude of which, however, is significantly
affected by the parameters of the microstructure of the samples.

The effective service life f ¢ of the wire parts near the positions of rupture after fatigue
tests, estimated from the XRD value of the mass density px of the wire NSL, was larger
than for the wire parts away from the rupture regions. With an increase in the value of the
maximum load o max, the difference between the effective service life of different parts of a
wire is reduced.

The operation of Al wires from A50 AAAC-type cables under natural conditions in
OPLs and laboratory fatigue tests lead to significantly different wire microstructures, both
at the scale of ~0.05-0.3 um and at the scale of ~0.5-6 pm. After operation, enlargement of
crystallites in Al wires occurs on a small scale, and an increase in the average grain size
happens on a large scale [21-23]. After fatigue testing, the crystallite sizes either increase
less or even decrease. On a large scale, this is accompanied by a decrease in the average
grain size, caused by a noticeable increase in the number of small grains, probably as a
result of plastic deformation of the wire during fatigue testing.

The microstructure at the center of the wire cross-sections and at their edges (at a
distance of ~150 um from the outer surface of the wires) differs after operation in OPLs
and after fatigue tests. In wires after fatigue testing, the tendency of grain-orientation
alignment in the centers of cross-sections is the same as either in the centers or at edges of
cross-sections of the wires after operation in OPLs (by means of forming the grain clusters
with a gradual non-linear increase in the number of grains as the misorientation angle
@mis decreases from 15° to 2°), whereas at the edges, most grains (~25-35%) form clusters
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with a very small misorientation angle ¢n,;s = 2°, while grains with all other misorientation
angles @i are evenly and randomly distributed within these clusters. It is possible that
such a type of microstructure is formed in wires during fatigue testing with a fixed cyclic
sinusoidal law of wire loading and in the absence of random changes in the ambient
atmosphere and temperature, as well as the absence of the influence of an electrical current.

Furthermore, the formation of aluminum oxides is not observed in the wires after lab-
oratory cyclic fatigue tests, as happens after operation in OPL cables in natural conditions.

A comparison of the characteristics of parts of the wires after fatigue tests, which
originated from areas near the fracture positions and far from it, with those of parts of the
wire that did not fail during testing (near the clamps and far from them), has led us to the
assumption that the properties of the wire parts near either of the wire clamps are crucial
with respect to possible failure during fatigue testing.
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