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Abstract: Aluminum Conductors Steel-Reinforced (ACSR) conductors are typically used in
overhead transmission lines. Corrosion is an important degradation mechanisms that might
affect the lifetime of this essential electricity network component. Considering the com-
plexity of conductors, it is difficult to predict the damage of these conductors in corrosive
environments. The objective of this paper is to evaluate the effect of grease and conductor
geometry on the mechanical properties of aluminum strand composing the envelope of
ASCR conductors. Thus, ACSR wires and strands have been evaluated in corrosion by the
mean of accelerated corrosion tests. Tensile, fatigue and torsion test results are presented
to examine the effect of corrosion on aluminum strands. The influence of corrosion on
mechanical characteristics is established by a decrease in ductility, maximum elongation
and tensile strength for the longest exposition (336 days). This significant reduction in the
internal layer of ungreased wires confirms the importance of the galvanic corrosion mecha-
nism of aluminum wires. This evolution concerns only aluminum wires of non-greased
conductors, confirming the crucial role of grease as protection against corrosion.

Keywords: ACSR conductors; corrosion; overhead transmission lines; steel and aluminum
wires; zinc coating; galvanic corrosion; cable degradation

1. Introduction

For overhead transmission lines, specific cables are used. They are aluminum con-
ductors of different types, mainly all-aluminum alloy conductors (AAAC) or aluminum
conductors reinforced with steel wires (ACSR), despite the emergence of new types of
conductors and coatings [1-5]. More specifically, Aluminum Conductor Steel-Reinforced
(ACSR) are conductors composed of a central core of steel strand surrounded by layers
of aluminum wires [5]. The steel core provides mechanical strength, while the aluminum
wires offer excellent conductivity. The steel strands are typically protected against corrosion
with a galvanization layer.

Despite their durability, conductors can experience degradation over time due to
various factors that can considerably affect their lifetime. Main damage mechanisms are
identified as corrosion, wear and fretting fatigue from in situ expertise or laboratory stud-
ies [6~14]. Corrosion damage is an important phenomenon of degradation of conductors
with multiple consequences on their mechanical, physicochemical and electrical properties.
Different types of corrosion can be present at the surface of the wires. The uniform corrosion
consists of a global reduction in sections of wires. This mainly concerns the galvanizing
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layer of steel wires and the inner layer of aluminum wires, as reported by several authors in
the most aggressive atmospheres [15-19]. Pitting corrosion appears locally at the contacts
between the wires. This form of corrosion is more dangerous than uniform corrosion,
with growth in depth of the pits in the wire leading to a rapid decrease in mechanical
resistance [20]. The occurrence and time-dependent severity of pitting depends on several
parameters of the conductor [21]. In observations on aged conductors made by Kreislova
et al.,, the average depth of a pit is 50 um and can reach between 150 and 200 pum for
aluminum in corrosive conditions [6].

When the galvanization layer has been damaged, direct contact exists between alu-
minum and steel wires at interwire zones that leads to the degradation of aluminum. This
galvanic corrosion particularly concerns the aluminum wires of the internal layer, which
are more degraded than those of the external layer, as observed by Kim et al. [22]. The
influence of galvanic corrosion was also highlighted by Forrest et al. with a significant loss
of section of aluminum wires in contact with steel wires in marine environments [14]. In
this study, the inner aluminum wires corrode much faster than the outer aluminum wires.

This type of corrosion is more damaging compared to uniform corrosion in the case of
bimetallic electrical conductors. According to studies conducted on this type of cable, it is
difficult to predict the damage of these conductors in corrosive environments, given the
different mechanisms and the complexity of these cables. Several results in the literature
on a priori similar cables are contradictory in terms of corrosion and other results highlight
durability in contradiction with the severity of the climatic environments to which the
samples were exposed [23,24]. Some cable/wire parameters appear to be not fully taken
into account or even improperly weighted with regard to corrosion. Considering the
different mechanisms present and their possible coupling, the concept of the study is to
better understand and quantify the influence of the major parameters, studied separately,
on corrosion degradation.

Thus, ACSR wires and strands have been evaluated in corrosion by the mean of
accelerated corrosion tests. This made it possible to obtain corrosion damage for ACSR
conductors with acceptable test durations. The specific objective of this paper is to evaluate
the effect of grease and conductor geometry on the mechanical properties of aluminum
strands composing the envelope of ACSR conductors. The materials and methods are first
introduced, and then the results concerning microstructural and corrosion products are
presented. Finally, tensile, fatigue and torsion test results are presented to examine the
effect of corrosion on aluminum strands.

2. Materials and Experimental Procedures

The conductors studied for corrosion were greased and ungreased ACSR strands with
a diameter of 19.6 mm. They were made up of a central steel core of 2.8 mm in diameter, a
layer of 6 steel wires of 2.8 mm in diameter and two layers of aluminum wires (12 and 18) of
2.8 mm in diameter. For selected strands, the grease (OCG 4500) fully covered the steel core
wires and partially covered the internal layer of aluminum wires. Two types of aluminum
wires, those coming from a full strand and others being single wires (1350 series), have been
tested for corrosion. The elemental chemical composition of aluminum wires is provided
in Table 1.

Table 1. Chemical composition of aluminum wires (wt%).

Al Fe Si Va Na Other
99.9123 0.0394 0.0267 0.0089 0.0034 0.0093
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The length of strands and wires samples is 500 mm. A collar is placed at each end
of the strand to prevent untwisting. The specimens are protected at their ends with a
cap filled with anti-corrosion gel (Figure 1). This prevents corrosion from initiating at the
sample ends.

Figure 1. Test specimens (strands, wires) for corrosion.

Corrosion tests were carried out using an ASCOTT CC1000iP (Ascott Analytical,
Tamworth, UK) salt spray chamber. This equipment makes it possible to simulate a saline
environment for accelerated corrosion tests with control of the temperature, humidity level
and injection rate of the saline solution. Each sample was spaced at least 20 mm from the
edges of the chamber and from other samples.

Based on ISO 9227 and ISO 16701 standards, the corrosive medium chosen was a 5%
mass NaCl solution with a pH of 6.9 [25,26]. The temperature was kept constant at 50 °C
during the tests, and the humidity level varied cyclically between 50% RH and 95% RH.
The accelerated corrosion procedure uses the repetition of two basic cycles in sequence, as
defined in Figure 2. The basic cycle A includes three saline spray periods of 15 min. Then
the basic cycle B without spray is performed six times to form a global cycle of 84 h. This
global 84 h cycle was repeated until the end of the test. Different durations were fixed: 42,
84, 168, 210, 252 and 336 days.
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Figure 2. Variation in relative humidity during a global cycle (cycle A and 6 cycles B) lasting 84 h.

After the corrosion test, the samples were cut and prepared for the evaluation of
microstructural surface and profile; RAMAN analysis for chemical corrosion products;
and mechanical properties. Wires for microstructural observations and RAMAN are cut
into samples of 10 mm £ 1 mm. The samples are hot-mounted by compression using a
phenolic compound. After the mounting step, the samples are polished to a mirror finish
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(oxide polishing suspension of 0.03 micrometer) to achieve the desired surface finish for
metallographic observations and analyses.

The test samples were observed using a Hitachi SUS000FEG SEM coupled with EDS
analysis (Hitachi High-Tech Europe, Meudon la Foret, France) on longitudinal and trans-
verse sections. RAMAN analyses were carried out on these samples using a Horiba Jobin
Yvon LabRAM HR Evolution spectrometer (HORIBA FRANCE SAS, Vénissieux, France)
equipped with a microscope Olympus BX41 (Olympus Corporation, Tokyo, Japan) and a
Peltier-based cooled charge-coupled detector (CCD). A solid-state diode-pumped green
laser (532 nm, 17 mW power) was selected with variable acquisition time adjusted between
30 and 80 s to optimize the signal-to-noise ratio. A long Working Distance 50x objective,

1 was used.

with a spectral resolution estimated at 0.5 cm™

The mechanical tests concerned non-corroded (as-received) and corroded wires, either
individual single or extracted from the strand. The tensile tests were performed on a
hydraulic press with flat jaws and at a rate of 1 mm/min until rupture. The tension force
on aluminum wires was measured by a 5.0 kN load-cell, and the elongation was measured
by an extensometer clipped on the wires with an initial gauge length of 25 mm.

A specific test bench was used for the fatigue test in which the test wire is fixed
between two hydraulic jacks. For fatigue tests, one jack produces alternating tension while
the position of the second jack is locked. The average tension load for the fatigue test,
T0 = 449 N, is the tension in an aluminum wire when the complete ACSR strand is loaded
at 25% of its tensile resistance. The alternating load, AT = 247 N, was determined from
several preliminary fatigue tests on undamaged wires aiming for a lifetime of a few million
cycles (A. Rondineau [27]). The fatigue loading was a sine waveform with peaks at TO &= AT
(202 N and 696 N) at 24 Hz up to failure or to 5 million cycles.

The torsion test procedure is based on the International Standard ISO 7800-2012, but
the tests were performed in a vertical position [28]. The upper end is connected to a rotating
arm, allowing the twisting of the sample, and the lower end is connected to a 1.3 kg mass
and is locked in rotation. The number of turns before failure is used to estimate the torsional
ductility of the sample.

3. Microstructural Evolution After Corrosion
3.1. Single Wires

When comparing as-received (Figure 3a) and corroded individual wires, no corrosion
is noted at the surface of the wires for up to 252 days (Figure 3b). However, for the longest
duration, 336 days, two pits are observed attesting to the beginning of corrosion (Figure 3c).
The depth and width of these pits are, respectively, 22.51 pm and 56.67 um. They are
located in the upper part of the section, the most exposed to corrosion.

(b) (c)

Figure 3. Cross-sections of single wires: (a) as-received, (b) 252 days and (c) 336 days.



Corros. Mater. Degrad. 2025, 6, 25

50f 15

3.2. Influence of the Location of the Wires Layer in the Strand

The corrosion behavior of the ungreased wires of the internal and external layers is
different. In the external layer, corrosion only appears after 252 days, with the appearance
of a few corrosion pits (Figure 4b). These pits may correspond to an aluminum-aluminum
contact between the two layers of aluminum. At 336 days, the top of the wire has more
corrosion defects with an average pitting depth of 100 pm (Figure 4c). This local corrosion
may correspond to uniform corrosion of the aluminum since this area is directly exposed
to chlorides.

(b) (©)

Figure 4. Cross-sections of wires extracted from external layer of an ungreased strand: (a) as-received,
(b) 252 days and (c) 336 days.

In the internal layer, pitting corrosion appears on the surface of the wires at the contact
zones between aluminum layers at 168 days, then develops widely over the next durations
(Figure 5a). At 252 days and 336 days, a new type of localized corrosion is evidenced
that corresponds to the loss of the galvanization layer on the surface of the steel wires
(Figure 5b,c). Indeed, observations on the galvanized steel wires during this corrosion test
exhibited a complete degradation of the zinc coating for the ungreased steel wires [29].
Thus, the internal aluminum wires are exposed to galvanic corrosion by direct contact
between aluminum and steel.

(b) (c)

Figure 5. Cross-sections of wires extracted from internal layer of an ungreased strand: (a) 168 days,
(b) 252 days and (c) 336 days.

These two types of localized corrosion have different dimensions, as illustrated in
Figure 5c. Galvanic corrosion generates larger defects in depth and surface with an average
pitting depth of 250 um.
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3.3. Influence of the Grease on Wire Corrosion

In the presence of grease in the strand, the aluminum wires of the internal and external
layers are not corroded regardless of the test duration (Figure 6). This confirms a high
resistance to corrosion up to at least 336 days of exposure to accelerated corrosion conditions
when the wires are greased.

(a) (b)

Figure 6. Absence of corrosion on aluminum wire cross-sections at 336 days: (a) external layer;
(b) internal layer.

This protection provided by grease was also observed by I. Ito et al. for ACSR conduc-
tors exposed to accelerated corrosion [30]. The authors deliberately degraded the properties
of the grease inside the conductors, which were then exposed to corrosion. They found
that the strand begins to corrode when the oil content of the grease decreases to about 50%
mass, losing its protective effect.

4. Analysis of Corrosion Products

The aluminum wires were first analyzed in energy dispersive X-ray spectroscopy
(EDS) through Scanning Electron Microscopy (SEM) to obtain qualitative information about
chemical elements present on the surface of aluminum wires.

Figure 7a corresponds to a magnification of a metallographic section of a wire cor-
roded for 210 days. We observe the presence of a first layer of 30 um average thickness
on the surface of the aluminum wire as well as a second layer of average thickness of
10 pm internal to the metal substrate. In that same area, EDS analyses were carried
out. A first concentration of oxygen is observed on the surface of the wire (Figure 7c). A
second concentration is visible, combining oxygen and aluminum as chemical elements
(oxides/hydroxides) (Figure 7b,c). The chlorine element is very little present and only in
the outer corrosion layer of the sample. T.E. Graedel et al. have identified a three-layer
microstructure composed of aluminum that is oxidized, then a corrosion layer and a surface
contamination layer [31]. Chloride-containing species can be localized in the corrosion
layer (Figure 7d).

In addition, a RAMAN spectroscopy analysis is carried out on the same wire to obtain
information on the nature of the corrosion products formed on the aluminum wires. In
order to avoid excessive heating of the corrosion products during analysis, the laser power
was limited to 2.5% of the maximum (thus ~0.5 mW). With this precaution, no local heating
effects have been observed.

Longitudinal and transverse cross-sections were analyzed to obtain a comprehensive
analysis of all products formed on aluminum.
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Figure 7. EDS cartography of a 210 days corroded aluminum wire: (a) SEM; (b) aluminum; (c) oxygen;
(d) chlorine.

Several corrosion products are identified (characteristic peaks) on the surface of the
wires, such as alumina (Al,O3) and aluminum hydroxide (Al(OH)3), as can be seen in
Figure 8. RAMAN spectra were acquired by varying the laser power, 2.5 and 5 mW, for
better identification of corrosion products. These corrosion products were also detected by

XPS spectroscopy by Peng et al. on samples of pure AA1060 aluminum exposed in a marine

atmospheric zone [32]. The authors explain by a description of the reaction mechanisms
that the main corrosion products formed are (Al,O3) and (Al(OH)3), which are the expected
corrosion products of aluminum.

Intensity (a.u)

40,000 210 days
AI(OH), (530 \
AI(OH), (334) (0K} (530) Smv
35,000 [ Al,Cl; (425) MV Y
30,000
AlL0, (581 ; 609)
25,000 ‘
| 210 davs
20,000 ) = 2.5mV
AICI, (345)
15,000 J
10,000
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0
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RAMAN shift (cm?)

Figure 8. RAMAN spectra of an aluminum wire corroded during 210 days (2.5 and 5 mV).
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Ultimate Tensile Forece (N)

Pitting corrosion is induced by the presence of C1~ ions that can penetrate through
the oxide film [33]. The chloride ions substitute for the hydroxide ions of AI(OH)3 to form
AlCl; of which we find the oxidized forms AICl;~ and Al,Cl;~ on the RAMAN spectrum
as observed by A.A. Mazhar [34]. The corrosion products are therefore aluminum ox-
ides/hydroxides associated with aluminum—chlorine species. They are well representative
of corrosion of aluminum in salt spray.

5. Influence of Corrosion on Mechanical Properties
5.1. Tensile Test Results

The results of tensile tests obtained on corroded aluminum wires after different du-
rations of exposure to salt spray are presented in Figure 9. These are mean values on at
least 3 wires tested for each condition. The single wires and those from the internal and
external layers of greased strand have an unchanged mechanical resistance value from 0 to
336 days of corrosion taking into account the experimental dispersion. We deduce that the
properties of the grease present within the conductors are still effective at 336 days. On the
other hand, the wires from the internal and external layers of ungreased conductors see
their mechanical resistance decrease after 336 days. The presence of grease in the strand
facilitates the protection of the aluminum wires from corrosion and thus maintains their
mechanical properties.

----&-- Single Al wire

1450 —@— Greased internal layer wire
-#--- Ungreased internal layer wire
©— Greased external layer wire
1350 Ungreased external layer wire
......... Ao
Y L A
1250
Q== /9\@\8,,401_/—9
1150 A
1050
950
0 50 100 150 200 250 300 350 400

Corrosion exposition (days)

Figure 9. Ultimate tensile strength (mean value) according to test duration in corrosion for single
wires or extracted from greased /ungreased strands.

This degradation of ungreased wires was observed by I. Ito et al. by measuring the
residual tensile stress of aluminum wires of ungreased ACSR and ACSR-AC conductors [31].
We note, for the case of the ACSR conductor, that the loss of mechanical strength of 40% in
the work of Ito et al. at 0.8 months is faster than that observed during our tests (11 months),
this being attributed to a more severe accelerated corrosion procedure than that used in
this article.

This reduction in mechanical resistance of wires from ungreased strands probably
comes from galvanic corrosion occurring within the strand, particularly at the steel-
aluminum interfaces. At this stage of corrosion (336 days), it should be remembered
that the galvanizing layer on the surface of the steel wires has completely disappeared,
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5,0kV 31,8mm x30 SE(L)

(a)

leading to unfavorable galvanic corrosion of the aluminum wires [29]. The ductility of wires
from ungreased conductors is also affected by exposure to corrosion, as can be observed in
the tensile curves at 336 days (Figure 10), with a reduction of approximately 50% of the
elongation at failure for the most damaged wires.

1400
1200
z
o 1000
3]
(]
1™
o
'S
o 800
)
&
=
600
—Single Al wire
400 —Greased internal layer wire
—Greased external layer wire
200 ——Ungreased internal layer wire
—Ungreased external layer wire

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Elongation (mm)

Figure 10. Tensile test curves obtained on aluminum single wires or extracted from greased and
ungreased strands after a corrosion test of 336 days.

Localized defects such as pits created on the surface of aluminum wires act as crack
initiation sites during mechanical testing. Observations of fracture surfaces after tensile test
by optical microscopy and SEM confirm the mechanical behavior of the aluminum wires.
Thus, for a wire from the internal layer of a greased strand exposed to 42 days of corrosion,
the fracture is completely ductile (cup and cone type aspect) with significant necking and
numerous dimples on the fracture surfaces (Figure 11).

Figure 11. Fracture surface of a wire from the internal layer of a greased strand and exposed to

corrosion for 42 days: (a) full section cup and cone type aspect; (b) presence of numerous dimples
located in the central zone.

This type of ductile mechanical behavior was determined by Lequien et al. on alu-
minum wires from a greased ASCR conductor in service for 60 years [35]. The mechanical
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5,0kV 12,0mm x35 SE(L)

properties obtained after tensile tests (UTS, elongation) and the fracture surfaces (significant
necking presence of dimples) are similar between both studies, highlighting the influence
of the grease on the durability of the wires.

The fracture surface of a wire from the inner layer of an ungreased strand corroded
for 336 days is significantly different. It has a semi-fragile appearance with the presence of
numerous cleavage-like areas (Figure 12).

-
[ P o g o = i
1,00mm

@) | T b)

Figure 12. Fracture surface of a wire from the internal layer of an ungreased strand and exposed to
corrosion for 336 days: (a) semi-fragile appearance; (b) cleavage-like aspect of the surface.

5.2. Fatigue Test Results

The fatigue tests were carried out only on the aluminum wires coming from the ACSR
strands. The results obtained are presented in Figure 13. These are the mean number of
cycles for each condition. Usually, three tests were performed for each condition. The
fatigue test was interrupted at 5 million cycles without failure of the wire for several cases
as-received and after 84 days of accelerated corrosion. Individual results can be found
in [27].

Despite a large dispersion of the results, a reduction in the number of cycles to failure
for wires from ungreased strands is observed. This behavior appears for the longest
duration in corrosion (336 days). Grease protects wires from corrosion, as highlighted
previously in the article. The inner layer wires have a lower number of cycles to failure than
those in the external layer for both greased and ungreased strands. The ungreased wires of
the inner layer that are in direct contact with the steel wires are more damaged than the
wires of the external layer (Figures 4 and 5), even though the latter are directly exposed to
pollutants. These internal wires are subject to an additional corrosion mechanism, galvanic
corrosion. This is due to the loss of the galvanizing layer and direct contact between
aluminum and steel wire [29].

In order to study the influence of the test duration on the evolution of the fracture
surface, two durations of 42 days and 336 days of exposure for wires from the internal layer
of an ungreased strand were chosen. They represent low and high corrosion damage. These
two wires fail at 3.80 x 10° cycles and 1.26 x 10* cycles, respectively. The appearance of
the fracture surface at 42 days is characterized by ductile initiation and propagation phases
until failure with the presence of dimples (Figure 14).
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Figure 13. Fatigue lifetime according to test duration in corrosion for single wires or extracted from
greased /ungreased strands.

5,0kV 31,3mm x25 SE(E)

Figure 14. Fracture surface of a wire from the internal layer of an ungreased strand exposed to
corrosion for 42 days: (a) initiation of necking; (b) presence of numerous dimples located in the
initiation zone.

At 336 days, the fracture surface presents a more irregular surface and a reduction in
necking, highlighting the loss of ductility in association with corrosion (Figure 15). Large
cleavage-like zones are also present at the surface. According to these results, the lifetime
of fatigue of aluminum wires changes depending on the presence of grease and the location
of the wires between internal/external layers.
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Figure 15. Fracture surface of a wire from the internal layer of an ungreased strand and exposed to

corrosion for 336 days. (a) Quasi absence of necking; (b) cleavage-like aspect at the initiation zone.

5.3. Torsion Test

Torsion tests were performed on wires from both greased and ungreased strands and
on single wires. Havard et al. evaluated this test as relevant in the characterization of
damage and ductility of steel and aluminum wires of ACSR conductors [36]. The results of
the torsion tests are presented in Figure 16. These are the mean number of turns to reach
failure on wires tested for each condition.

*

-- Single Al wire

@ Greased internal layer wire
Ungreased internal layer wire

©— Greased external layer wire

Ungreased external layer wire

50 100 150 200 250 300 350 400

Corrosion exposition (days)

Figure 16. Number of turns to failure according to test duration in corrosion for single wires or
extracted from greased /ungreased strands.

The results denote a reduction in the number of turns to failure for wires from un-
greased strands at 336 days compared to greased wires and single wires. This signifies a
reduction in the ductility of the ungreased wires, particularly the internal layer of wires.
The galvanic corrosion mechanism within the strand could explain this behavior. The me-
chanical torsion tests lead to the same conclusions as those of tension and fatigue, although
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this torsion test investigates more the ductility of the test specimens. This provides further
confirmation of the parameters governing the mechanical life of aluminum wires.

6. Conclusions

In this article, the atmospheric corrosion of aluminum wires from ACSR conductors
was studied using accelerated corrosion tests. A salt spray corrosion test was selected.
Several durations were chosen in order to observe the evolution of the corrosion damage of
the wires. For the longer exposition durations, significant changes in the microstructure
and mechanical behavior can be noticed for wires extracted from non-greased ACSR
strands. After exposition to corrosion, these wires exhibit pitting and galvanic corrosion,
the latter originating from contacts at steel-aluminum interfaces. Corrosion products that
are identified at the surface of wires are Al,O3 and Al(OH)3 with chlorine species as AICl; ~
and Al,Cl;~. The influence of corrosion on mechanical characteristics is established by a
decrease in ductility, maximum elongation, and tensile strength for the longest exposition
(336 days). This significant reduction in the internal layer of ungreased wires confirms
the importance of the galvanic corrosion mechanism of aluminum wires. This evolution
concerns only aluminum wires of non-greased conductors. For single wires or for wires
from a greased ACSR strand layer, the mechanical characteristics do not change compared
to received wires. The crucial role of grease as protection against corrosion is demonstrated
in this study. It prevents different forms of corrosion from developing or at least significantly
delays them. The question of greasing after a certain service life is very interesting from
a scientific point of view and can be relevant in the case of a life extension depending on
the operational impacts of such greasing operations on power lines. Further accelerated
corrosion tests and observations on aged conductors from overhead transmission lines are
needed to develop a predictive model of corrosion aging and loss of mechanical properties
for conductors subject to different environments.
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