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ABSTRACT
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The influence of equal channel angular pressing (ECAP) on the corrosion fatigue behaviour of an Al-Mg-Si alloy
was studied. Preliminary fatigue tests in air showed an increase in fatigue lifetime for ECAP samples, as com-
pared to as-received samples, related to the ECAP-induced grain refinement. After pre-corrosion, the fatigue
lifetime was lower for ECAP samples than for as-received samples, because the fragmentation of coarse inter-
metallics during ECAP led to an increase in the density of corrosion defects. Corrosion fatigue tests demonstrated

a synergy between cyclic mechanical loading and corrosion processes for all samples; a deleterious effect of

ECAP was also noted.

1. Introduction

Electrical conductors are found in most of technological systems
such as high voltage lines, cars and aircrafts. In the automobiles, the
electrical distribution system can reach almost 5 km in length, which
represents a significant part of the total vehicle weight. Presently, Cu
and Cu alloys comprise most wiring because of their high electrical
conductivity. However, lighter and cheaper alternatives exist. Indeed,
in high voltage lines for example, Al-Mg-Si alloys are increasingly used
instead of Cu alloys, because of their low weight, relatively high con-
ductivity (50-60% International Annealed Cu Standard), good me-
chanical properties and high corrosion resistance. Therefore, car man-
ufacturers are currently evaluating the replacement of Cu wires by Al-
based wires in order to reduce the weight and cost of next-generation
vehicles. Automotive wiring must resist degradation due to corrosion
and fatigue embrittlement, to which Al alloys are known to be sus-
ceptible [1,2]. In the case of a combination of vibrations and corrosive
fluids, Al wires may experience corrosion fatigue embrittlement which
is known to be very critical. Furthermore, car manufacturers are
looking into new ways to improve the electrical conductivity and the
mechanical properties of Al wires. Severe plastic deformation processes
(SPD) such as equal-channel angular pressing (ECAP) have already
proven to be effective in this matter [3]. Therefore, ECAP could be of
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great interest for Al wires; however, before replacing Cu wires by 6xxx
Al wires in automotive vehicles, it is necessary to measure the influence
of ECAP on the corrosion fatigue resistance of Al-Mg-Si alloys.
Corrosion fatigue embrittlement includes both corrosion processes
and a cyclic mechanical stress. The influence of SPD on the fatigue
behaviour of Al alloys has already been studied in the literature and it is
generally known that the fine grains obtained with SPD are beneficial in
terms of fatigue life [4]. However, this general conclusion must be
qualified taking into account the numerous cyclic plasticity mechan-
isms that are likely to occur in relation to the alloy metallurgical states,
the SPD parameters, and the operating environment. For instance,
Murashkin et al. studied the fatigue behaviour of a 6061 aluminium
alloy (AA6061) processed by high-pressure torsion (HPT) [5]. They
observed that the endurance limit was improved by a factor of two due
to the formation of a very homogeneous ultrafine-grained (UFG) mi-
crostructure with homogeneous resistance to fatigue crack initiation in
the high cycle fatigue (HCF, > 10° cycles) regime. In the low cycle
fatigue (LCF, < 10° cycles) regime, the UFG alloy showed somewhat
lower fatigue resistance due to its lower strain hardening ability. The
corresponding fracture surfaces showed ductile striations in the stage of
stable crack propagation in the coarse-grained (CG) T6-treated alloy,
whereas brittle striations seemed to dominate on the fatigue fracture
surface of the UFG alloy. The final fracture presented dimples in both



C. Rochet, et al.

material conditions, but with a smaller size for the UFG alloy. Similarly,
Chung et al. studied the HCF life of an AA6061 processed by ECAP [4].
They observed a large enhancement in fatigue lifetime by a factor of
about 10 after only one single pass of ECAP as compared to con-
ventionally processed AA6061-T6, and for both low and high cycle
regimes contrary to Murashkin et al. [5]. Similar conclusions about the
improvement of fatigue lifetime in the two regimes after ECAP were
obtained by Esmaeili et al. for an AA7075 processed by ECAP [6].

Concerning the corrosion behaviour of conventional Al-Mg-Si al-
loys, literature is abundant, and published works have shown that the
corrosion resistance in chloride media of these alloys is strongly related
to their microstructure and mainly controlled by the precipitation state
[7-12]. In this sense, many authors showed a significant influence of
ECAP processes on the corrosion behaviour, in particular, pitting cor-
rosion of these alloys related to the fragmentation of coarse precipitates
[13] and to the decrease in grain size [14].

On the contrary, very few works focused on the influence of SPD on
the corrosion fatigue behaviour of Al-Mg-Si alloys, where multiple
works about conventionally processed alloys have shown a decrease in
fatigue lifetime due to premature crack initiation on corrosion defects
[15-20]. The plastic deformation localisation around the corrosion
defects and hydrogen embrittlement at defect/crack tip are the
common mechanisms mentioned to explain this decrease in fatigue
lifetime under corrosion fatigue conditions [21,22]. Some authors
proposed a synergistic effect of corrosion and cyclic stress. Indeed,
cyclic stress might enable an enhancement of oxide film embrittlement
[23], the dissolution of the matrix surrounding metallurgical defects
[24] and hydrogen penetration and trapping at the crack tip
[20,25,26]. As stated above, the influence of SPD, and in particular
ECAP, on such mechanisms is still not well documented at this time.
Laurino et al. studied the corrosion fatigue behaviour and fracture
mechanisms of an AA6101-T9 obtained by a two-step cold drawing
process [15]. In the T9 metallurgical state, very elongated grains were
observed in the wire drawing direction with a 500-nm width in the
transverse plane. For this metallurgical state, no difference in fatigue
lifetime was observed for corrosion fatigue tests as compared to fatigue
tests performed on non-corroded and pre-corroded samples. In addi-
tion, similar to fatigue tests performed for pre-corroded samples, the
crack initiation was localised on corrosion defects and a mainly inter-
granular fracture mode was observed in the propagation zone for
samples tested under corrosion fatigue conditions. Sharma et al. studied
the corrosion fatigue behaviour of UFG AA5083 obtained by a combi-
nation of cryomilling and hot isostatic pressing [27]. The UFG alloy
presented a higher fatigue limit than the conventional alloy in air. In a
marine environment, the UFG alloy was found to be more susceptible to
corrosion fatigue embrittlement. The experimental results suggested
that at high stress ranges, slip-enhanced dissolution and hydrogen
embrittlement were the dominant mechanisms for fracture in the UFG
alloy. Conversely, at lower applied maximum stress values, pitting and
crack closure were the prevailing mechanisms that led to crack initia-
tion and ultimate fracture.

In this framework, the present paper deals with the influence of
ECAP on the corrosion fatigue behaviour of an Al-Mg-Si alloy. Fatigue
tests were first performed in air for samples before and after ECAP, on
both non-corroded and pre-corroded samples; the results obtained with
non-corroded samples were considered as reference data, whereas those
on pre-corroded samples allowed the effect of corrosion defects on the
fatigue behaviour to be evaluated. Both sets of results were useful in
analysing the data obtained after corrosion fatigue tests. To complete
the results, fracture surfaces were analysed by scanning electron mi-
croscopy to characterise fatigue and corrosion fatigue fracture modes.
Comparison of all the results was helpful to distinguish between the
influence of corrosion and cyclic mechanical loading on the corrosion
fatigue behaviour of the alloy, and to determine whether a synergy
occurred between these two parameters, i.e. corrosion and mechanical
loading. Furthermore, the influence of ECAP on these mechanisms was

analysed.

2. Material and experimental techniques
2.1. Material

The study focused on an Al-Mg-Si alloy with the following chemical
composition (wt. %, Al balance): Mg 0.57, Si 0.37, Fe 0.10, Mn 0.04, Cu
0.01, others 0.10. The as-received condition, considered as the re-
ference metallurgical state, was provided as extruded 9.5 mm rods. As-
received samples were ECAP-processed under two different conditions,
referred to as ECAP-RR and ECAP-RH.

1. ECAP-RR samples were submitted to two passes in an ECAP-
Conform machine (120° die angle) [28] at room temperature with a
rotation of 90° between passes [29]. For both passes, the displace-
ment rate was 2.04 mm s~ to impart a total effective strain € =
1.34.

2. For ECAP-RH samples, the same machine was used, but the first pass
was performed at room temperature and the second one at
135-155 °C. There was also a rotation of 90° between passes, and for
both passes, the displacement rate was 2.04 mm s~ to impart a
total effective strain e = 1.34.

2.2. Experimental techniques

2.2.1. Mechanical tes®

To determine the influence of ECAP on the corrosion fatigue be-
haviour of the alloy, preliminary tensile tests were performed using an
MTS testing machine equipped with a 30 kN load cell, to evaluate the
yield strength (YS) and the ultimate tensile strength (UTS) of both the
as-received and ECAP-processed samples. Cylindrical tensile samples,
with a gauge length of 24 mm and a 4-mm diameter, were used. Tests
were all performed at room temperature under a constant strain rate of
1073 57 using a 20-mm extensometer to record sample deformation
during testing. In order to assess the reproducibility of the mechanical
response, at least three tensile samples were tested for each condition.

Then, fatigue tests were performed in laboratory air on both the as-
received and ECAP-processed samples to obtain reference data. Fatigue
tests were performed for non-corroded samples and pre-corroded
samples, so that it was then possible, by comparison to the results ob-
tained during corrosion fatigue tests, to evaluate the synergy between
the corrosion mechanisms and the mechanical loading during corrosion
fatigue tests. Tests were carried out by using an Electroforce 3300
machine from TA instruments equipped with a 3.3 kN load cell. They
were all performed at a frequency of 50 Hz with a load ratio
R= 5.'"",‘,2 = 0.1 under a sinusoidal stress loading. Those testing condi-
tions were chosen in agreement with standard vibration tests performed
at LEONI Wiring Systems. Cylindrical samples with a gauge length of
28 mm and a minimum diameter of 2.5 mm were used (Fig. 1). Prior to
fatigue tests, samples were ground using SiC abrasive paper to P4000
(per the ISO 6344 standard designation of abrasives) and then polished
using diamond paste to 0.25 pum. For the fatigue tests on pre-corroded
samples, Silicone (CAF1) was used to mask the cylindrical sample, ex-
cept for 1 cm of the gauge length, which was exposed to the corrosive
medium after polishing. Two different pre-corrosion tests were con-
sidered:

1. PC72h: immersion during 72 h in 0.5 M NaCl at the corrosion po-
tential (Ecorr)-
2. PC1h30: immersion during 1 h 30 min in 0.5 M NaCl at Ecoy.

In 0.5 M NaCl solution, E., was about — 0.72 Vgcg for both as-
received and ECAP-processed samples [30]. All immersions were done
at a controlled temperature of 25 °C; the electrolyte was stirred by using
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Fig. 1. Fatigue sample geometry (NF EN ISO 11782-1).

the same device as used for the corrosion fatigue tests.

Corrosion fatigue tests were performed on both as-received and
ECAP-processed samples by using a corrosion cell directly mounted on
the Electroforce fatigue machine. The electrolyte was a 0.5 M NaCl
solution, at a controlled temperature of 25 °C, as for the pre-corrosion
conditions described before. It was maintained at a constant flow rate
by means of a peristaltic pump. Corrosion fatigue tests were all per-
formed at E.,,,. For reproducibility, fatigue tests and corrosion fatigue
tests were repeated at least three times.

2.2.2. Characterisation of the microstructure and analysis of the fracture
surfaces

The microstructure of the as-received, ECAP-RR and ECAP-RH
samples was described in detail in a previous paper [30]. Only major
results are reproduced here. First, electron backscatter diffraction
(EBSD) analysis showed a significant decrease in area-weighted average
grain size from 24 pm for the as-received sample to 16 pm and 4 pm for
ECAP-RR and ECAP-RH samples, respectively. This was associated with
an increase in high-angle grain boundaries (HAGBs) density and a de-
crease in the global texture of the samples after ECAP. Additionally, an
image analysis based on scanning electron microscope (SEM) observa-
tions enabled a full characterisation of the precipitation state of the
alloy before and after ECAP. SEM observations combined with an en-
ergy dispersive spectroscopy (EDS) analysis highlighted the presence of
numerous Fe-rich coarse intermetallic (IMC) precipitates inside the
matrix. The IMCs fraction of surface area was found to decrease from
0.53% for the as-received samples to 0.32% and 0.34% for ECAP-RR
and ECAP-RH samples, respectively. This was most likely related to
fragmentation of the IMCs during ECAP, which resulted in a higher
amount of small IMCs not detectable during image analysis [30]. This
particular effect was also observed by other authors [14,31]. No B”, B’
and -Mg,Si precipitates formed during ECAP processes.

A Quanta 450 SEM manufactured by FEI was also used to observe
fracture surfaces and characterise crack initiation sites on fatigue
samples.

2.2.3. Characterisation of corrosion defects

The corrosion defects morphology was analysed using a Sensofar S
Neox-confocal microscope set in interferometry mode (vertical resolu-
tion of 0.1-1 nm). The depth, diameter and fraction of surface area of
corrosion defects after pre-corrosion and corrosion fatigue tests were
determined using Gwyddion Analysis software. To obtain re-
presentative values of the corrosion defect morphology, 25 images per
sample were analysed. Only corrosion defects deeper than 0.1 um were
considered, which allowed an average of 100 defects per image
(351 pm X 264 pm) to be characterised.

3. Results and discussion
3.1. Influence of ECAP on the fatigue behaviour of non-corroded samples

To determine the influence of ECAP processes on the corrosion fa-
tigue resistance of the Al-Mg-Si alloy, fatigue tests were first carried out
in laboratory air on non-corroded samples, to be used as reference tests.
It is of major importance to note that laboratory air is not a well-con-
trolled or inert environment; it can be responsible for embrittlement of
materials during fatigue due to the adsorption and penetration of hy-
drogen present in water vapor. Some models were proposed to describe
the influence of a gaseous environment such as moist air on crack
propagation. Lynch’s model of Adsorption Induced Dislocation
Emission (AIDE) shows that the adsorption of aggressive species such as
hydrogen at a crack tip could promote dislocations emission by a de-
crease in surface energy [32]. Therefore, such species mainly influence
crack propagation rather than crack initiation during fatigue tests.
Since crack initiation is the main mechanism influencing the fatigue
lifetime in the present work, the effect of hydrogen from air moisture
during endurance tests carried out in laboratory air was neglected.
However, for fatigue tests performed on pre-corroded samples and
corrosion fatigue tests, hydrogen could be produced by corrosion me-
chanisms around corrosion defects and then at the crack tip [15]; in
that sense, an H effect was likely to be present.

Fatigue tests were performed for different stress levels. Considering
the differences in mechanical properties between all samples, the stress
levels for a given sample were chosen to correspond to various per-
centages of the UTS measured for this sample. Therefore, in order to
determine YS and UTS values of the as-received, ECAP-RR and ECAP-
RH samples, preliminary tensile tests were performed at 25 °C and 103
s~ in air.

Fig. 2 shows the tensile curves obtained for the as-received, ECAP-
RR and ECAP-RH samples at 103 s~%. An increase in both UTS and
YSo.» was observed as well as a decrease in the elongation to failure, for
both ECAP samples as compared to the as-received sample. This evo-
lution was mostly related to the significant grain refinement induced by
ECAP. Results also showed that the mechanical properties of ECAP-RH
sample, with the smallest grain size, i.e. 4 um, were lower than those of
ECAP-RR sample, with a grain size of 16 pm. This was explained by the
observation of an incomplete recrystallisation process for the ECAP-RR
sample, whereas a complete recrystallization occurred for the ECAP-RH
sample [30,33]. Indeed, the increase in processing temperature for
ECAP-RH during the second pass led to a complete recrystallisation
process, and then to a decrease in the deformation stored in grains,
which induced a slight softening of the alloy.

Another point of interest of these tests was the decrease in l% ratio
after both ECAP-RR and ECAP-RH processes (Table 1) essentially due to
a significant increase in the yield stress. Such a result suggested a de-
crease in the plastic zone radius at the tip of a propagating crack so that
the plastically deformed volume might be smaller than the re-
presentative elementary volume (REV) of the material and finally very
sensitive to size and distribution of heterogeneities in terms of fatigue
crack propagation rate. This point is important to consider in analysing
the influence of ECAP on the fatigue behaviour of the alloy. As a
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Fig. 2. Tensile curves plotted for the as-received, ECAP-RR and ECAP-RH
samples at 1073571,

reminder, it was shown previously, for the as-received sample, that the
microstructure was characterised by a heterogeneous grain structure
(with an average grain size of 24 um) and the presence of IMCs [30].
Both ECAP-RR and ECAP-RH processes were found to induce a sig-
nificant grain refinement (associated with an increase in HAGB density)
and a slight breakdown of IMCs. As discussed in the introduction, these
microstructural heterogeneities influence the fatigue behaviour of Al
alloys. Considering that ECAP induced an increase in the density of such
heterogeneities, i.e. an increase in grain boundaries and IMC density, it
was assumed that the plastically deformed volume will remain re-
presentative of the microstructure during fatigue tests, even for ECAP-
RR and ECAP-RH samples. This assumption is based on consideration of
the decrease in the plastically deformed volume through a decrease in
the microstructural scale.

Fig. 3 thus shows S-N curves obtained for the as-received, ECAP-RR
and ECAP-RH samples at 93%, 90% and 80% of the UTS. The fatigue
limit (fixed arbitrarily at 107 cycles in this work) was reached for the as-
received, ECAP-RR and ECAP-RH samples as soon as the applied max-
imum stress was lower than 90% of the UTS. This clearly showed that it
was necessary to reach a very high stress level (> 90% of the UTS
and > YSy 5) to induce a fracture whatever the samples. At 93% of the
UTS, the numbers of cycles to failure were very close for all samples.
However, this stress level (expressed as a percentage of UTS) corre-
sponded to a higher effective stress level (expressed in MPa) for ECAP-
RH sample, and particularly for ECAP-RR sample. This was related to
the enhancement of mechanical properties already observed on tensile
curves, and was explained by the grain refinement induced by the SPD
process. Indeed, the increase in HAGBs density could create efficient
barriers to crack propagation. This should be responsible for a decrease
in the cumulated plastic deformation during the first cycles, and should
lead to a delay in the crack initiation for ECAP samples. In addition,
during fatigue tests, this should induce a decrease in the dislocation

density in persistent slip bands leading to a less pronounced extrusion/
intrusion phenomenon at the sample surface resulting in a further delay
in the crack initiation for ECAP-RR and ECAP-RH samples [4]. Fur-
thermore, as explained previously, the increase in ECAP processing
temperature for ECAP-RH sample, leading to a complete recrystallisa-
tion process, induced a slight softening of the alloy. This could explain
the differences observed between the two ECAP-processes samples.

Fig. 4 shows SEM observations of the fracture surfaces of as-re-
ceived, ECAP-RR and ECAP-RH samples after fatigue tests performed at
93% of the UTS. No difference in fracture modes was observed between
the as-received, ECAP-RR and ECAP-RH samples. For all samples, the
fracture surfaces showed a single initiation site localised on the sample
surface (Fig. 5a). Crack initiation site was most likely associated with
the presence of IMCs (Fig. 5¢) or extrusion/intrusion zones. The crack
propagation zone was characterised by a granular aspect (Fig. 5d),
which was consistent with the grain size of as-received, ECAP-RR and
ECAP-RH samples measured in a previous study [30]. Therefore, it was
considered that the crack propagated by intergranular fracture. No
striations were observed for all samples along this intergranular crack
propagation zone; this could suggest an unsteady crack propagation,
which did not progress at each cycle. This type of fracture had already
been observed in previous work [15] and by Esmaeili et al. for AA7075
[6]. The numerous grain boundaries observed in ECAP-processed
samples, in relation to the decrease in grain size due to the deformation
process, acted as microstructural barriers, which finally promoted an
intergranular fracture. Finally, it was observed that the final fracture
zone was classically ductile and showed a high density of dimples
(Fig. 5b) for all samples.

Therefore, it was concluded that due to a significant grain refine-
ment during ECAP, both ECAP-RR and ECAP-RH samples showed a
better fatigue resistance than the as-received sample. Then, for a better
understanding of corrosion fatigue behaviour of ECAP-processed sam-
ples, the effects of corrosion and cyclic mechanical loading were con-
sidered separately in a first approach. For that reason, in the following
part, the influence of pre-corrosion on fatigue lifetime in air was ex-
amined.

3.2. Effect of pre-corrosion on the fatigue lifetime in air

Fig. 6 shows S-N curves obtained in laboratory air at 90% and 80%
of the UTS, for the as-received, ECAP-RR and ECAP-RH samples after a
pre-corrosion step of 72 h in 0.5 M NaCl at E.o. Results from tests
performed without pre-corrosion were reported for comparison (grey
areas). At 90% of the UTS, a decrease in fatigue lifetime was observed
for pre-corroded samples for both the as-received and ECAP-processed
samples. The ratio Npczon/Nair (Where Npczon and Ny, were the average
numbers of cycles to failure for the tests performed on pre-corroded and
non-corroded samples, respectively) decreased from 0.07 + 0.03 for
the as-received sample to 0.05 + 0.02 and 0.02 + 0.01 for the ECAP-
RR and ECAP-RH samples, respectively. At 80% of the UTS, all pre-
corroded as-received samples reached the fatigue limit, whereas pre-
corroded ECAP-RR and ECAP-RH samples both exhibited premature
fractures (< 10° cycles).

The corresponding fracture surfaces are reported in Fig. 7. Contrary
to non-corroded samples, crack initiation sites were systematically re-
lated to corrosion surface defects (Fig. 7g, h and i). SEM observations of
the samples revealed that those defects were homogeneously

Table 1
Tensile properties of as-received, ECAP-RR and ECAP-RH samples.
YS (MPa) YSp.2 (MPa)
As-received 171 = 3 175 = 3
ECAP-RR 233 = 1 243 + 3
ECAP-RH 214 £ 1 222 + 3

UTS (MPa) A% (%) urs

Ys
218 + 2 139 * 0.6 1.27 + 0.03
253 + 1 114 + 0.7 111 * 0.01
238 + 5 132 * 0.9 1.09 * 0.02
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Fig. 3. S-N curves (maximum stress (in % UTS or in MPa) vs. number of cycles
to failure) plotted for the as-received, ECAP-RR and ECAP-RH samples. The
fatigue tests were performed in laboratory air for non-corroded samples at 25 °C
(f = 50 Hz, R = 0.1, sinusoidal stress loading). Black arrows refer to non-
broken samples.

distributed on the surface of the fatigue test samples after pre-corrosion
during 72 h, according to a previous study performed on flat samples
[30]. These corrosion defects corresponded to the dissolution of the
matrix surrounding Fe-rich IMCs, in agreement with the common cor-
rosion behaviour observed for Al-Mg-Si alloys during immersion in
NaCl [8,30,34]. To characterise these corrosion defects, i.e. their depth,
their diameter, their density, and the corresponding corroded surface
ratio (ratio between the surface area of the corroded zone and the total
surface area), a confocal microscope set in interferometry mode was
used.

A 3D profile of a corrosion defect formed after the 72-h immersion
in NaCl, and the corresponding 2D profile, obtained with the confocal
microscope are shown in Fig. 8a and 8b, respectively. The dissolved
areas had a crevice-like shape with a diameter depending on the size of
the IMC around which the dissolution initiated. Statistical analysis
performed on about 100 corrosion defects for each sample showed that
the corrosion defects were slightly larger and deeper for the as-received
sample (2.72 pm / 1.76 um), as compared to ECAP-RR (2.05 pm /
1.21 pm) and ECAP-RH (2.38 pm / 1.54 pm) samples (Table 2).
Moreover, the density of corrosion defects (the corroded surface ratio)
was found to increase from 1.71 10% mm =2 (0.91%) for the as-received
sample to 5.36 10° mm~2 (1.38%) and 3.52 10°> mm ™2 (1.44%) for
ECAP-RR and ECAP-RH samples, respectively.

As already stated, the decrease in fatigue lifetime for pre-corroded
samples could be related to corrosion defects acting as stress con-
centrator sites [35-37]. The decrease in Npcy2n/Nai; ratio for ECAP-RR
and ECAP-RH samples, as compared to the as-received sample, sug-
gested that ECAP induced a higher susceptibility to the pre-corrosion
step. Results shown above (Table 2) with less deep and fewer large
defects for ECAP-processed samples did not seem consistent with this
hypothesis. Indeed, it is generally expected that deeper and larger de-
fects are responsible for a higher contribution to stress concentration
phenomenon [34]. Many studies, focused on the effect of pitting cor-
rosion on fatigue crack initiation, indicated that pit depth and diameter
were critical parameters [38—42]. Rokhlin et al. developed an empirical
relation predicting fatigue life of AA2024-T3 after pre-corrosion, and
showed that the deeper the corrosion pits, the lower the fatigue life of
the sample [40]. In the present study, from this consideration, the as-
received sample should present the highest susceptibility to the pre-
corrosion step. However, Burns et al. pointed out that pit depth and
width were not the only parameters controlling fatigue crack initiation
[25]. Defect shape and defect surface density are also critical para-
meters in this regard. In agreement with this last statement, the slight
increase in both density of corrosion defects and corroded surface ratio
for ECAP-RR and ECAP-RH samples could explain the decrease in fa-
tigue lifetime for those samples. This should be associated with the
fragmentation of Fe-rich IMCs during ECAP processes [14,30], those
particles acting as preferential corrosion sites [33]. The presence of a
higher amount of cathodic sites led to the formation of a higher number
of corrosion defects at the sample surface and to premature crack in-
itiation in the case of ECAP samples. A similar result was already ob-
served by Korchef et al. [14].

Therefore, the results clearly demonstrated that the corrosion defect
density was the most significant parameter to explain the deleterious
effect of ECAP on the crack initiation step and finally on fatigue life-
time, for the pre-corrosion conditions used. However, during in-service
use, corrosion mechanisms and cyclic mechanical loading affect the
fatigue behaviour of the wire concurrently. Therefore, the influence of
ECAP on the corrosion fatigue behaviour of the Al-Mg-Si alloy had to be
examined.

3.3. Influence of ECAP on the corrosion fatigue behaviour
Fig. 9 shows S-N curves obtained for the as-received, ECAP-RR and

ECAP-RH samples tested at 90% and 80% of the UTS in 0.5 M NaCl at
Ecorr- Previous results obtained for non-corroded and PC72h pre-
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Fig. 4. SEM observations of the fracture surfaces of (a), (d) and (g) as-received sample; (b), (e) and (h) ECAP-RR sample; (c), (f) and (i) ECAP-RH sample tested at
93% of the UTS. The fatigue tests were performed in laboratory air for non-corroded samples at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress loading).

Fig. 5. Fracture surfaces of ECAP-RH sample tested at 93% of the UTS: (a) Initiation/propagation zones; (b) ductile finale fracture zone; (c) Initiation defect and (d)
intergranular propagation zone. The same observations were done for ECAP-RR and as-received samples. The fatigue tests were performed in laboratory air for non-

corroded samples at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress loading).

corroded samples are reported for comparison. Ngc/Na;, ratios at 90%
of the UTS were evaluated around 0.09 * 0.04, 0.04 + 0.02 and
0.02 + 0.01 for as-received, ECAP-RR and ECAP-RH samples, re-
spectively. These values first showed that ECAP samples were more

susceptible to corrosion fatigue than the as-received samples. Then,
comparison with Npc72n/Najr ratios also suggested that the decrease in
fatigue lifetime during corrosion fatigue tests was similar to that with
PC72h pre-corrosion. However, if attention was paid to the immersion
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Fig. 6. S-N curves of (a) as-received, (b) ECAP-RR and (c) ECAP-RH samples
obtained after pre-corrosion in 0.5 M NaCl at Eco,r during 72 h. Grey areas refer
to previous fatigue results obtained without pre-corrosion. The fatigue tests
were performed in laboratory air at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress
loading). Arrows refer to non-broken samples.

time of pre-corrosion tests and to corrosion fatigue test durations, i.e.
72 h vs. around 1 h 30 min, corrosion fatigue tests were undoubtedly
significantly more damaging than fatigue tests on PC72h pre-corroded
samples. At 80% of the UTS, similar conclusions could be done except
for ECAP-RH sample that was less susceptible to a fatigue lifetime de-
crease under corrosion fatigue conditions.

Fracture surfaces observed after corrosion fatigue tests are reported
in Fig. 10. The fracture modes were identical to those observed for non-
corroded and PC72h pre-corroded samples. As for PC72h pre-corroded
samples, crack initiation was always localised on corrosion defects
(Fig. 10g, h and i), i.e. dissolution areas surrounding Fe-rich IMCs. No
pits were observed for corrosion fatigue samples, which was consistent
with the fact that these tests were performed at Ecor.

Previous results, showing a similar number of cycles to failure for
both corrosion fatigue tests and fatigue tests on PC72h pre-corroded
samples, but corresponding to shorter immersion times for corrosion
fatigue tests, suggested a synergy between cyclic mechanical loading
and corrosion processes. This had already been observed in previous
studies on Al alloys [15,20,38]. To confirm this assertion, fatigue tests
were performed at 90% of the UTS on samples pre-corroded during 1 h
30 min, i.e. approximatively the corrosion fatigue test duration for as-
received, ECAP-RR and ECAP-RH samples at 90% of the UTS. Results
showed that, for this pre-corrosion duration, all samples reached a
number of cycles to failure significantly higher than for corrosion fa-
tigue tests (Fig. 11). This demonstrated that, for the same immersion
time in 0.5 M NaCl (at E,), the interaction between the cyclic me-
chanical loading and the corrosion processes led to a stronger decrease
in fatigue lifetime of the alloy: a synergy effect between corrosion
processes and the cyclic mechanical loading was clearly showed. As
previously said, this synergy effect seemed to be more efficient for
ECAP-processed samples.

To explain this result, the corrosion defects formed during the cor-
rosion fatigue tests and during the PC1h30 pre-corrosion tests were
characterised by using interferometric microscopy. The results are
shown in Fig. 12. In order to have a statistical approach, results were
presented using the boxplot representation. Each box encloses 50% of
the data set with the median value displayed as a straight line. The top
and the bottom of each box mark the limits of + 25% of the data set
(upper and lower quartiles respectively). The whiskers for each box
refer to the minimum and maximum values from the data set that fall
within an acceptable range. Any value outside of this range is re-
presented by a circle. First, a decrease in both depth and diameter of
corrosion defects when the immersion time decreased was observed for
all samples when results obtained after a pre-corrosion of 72 h were
compared to those obtained after a pre-corrosion of 1 h 30 min (Fig. 12a
and b). Moreover, no significant difference in depth and diameter was
observed between corrosion defects formed during corrosion fatigue
tests and those formed during PC1h30 tests. This observation showed
that a cyclic mechanical loading influenced neither the type nor the
morphology of corrosion defects since previous observations of the
fracture surfaces showed that, for corrosion fatigue tests, the corrosion
defects corresponded to the dissolution of the matrix around IMCs as for
PC72h and PC1h30 samples. In addition, no significant effect of ECAP
on the depth of the corrosion defects formed during corrosion fatigue
tests was observed; a slight increase in the diameter of the corrosion
defects for ECAP-processed samples could be noticed by comparison to
the as-received samples. This was also true for samples pre-corroded
during 1 h 30 min. On the contrary, as previously noted, significantly
shallower corrosion defects were observed on ECAP samples pre-cor-
roded during 72 h as compared to the as-received samples. All these
results were in perfect agreement with the conclusions drawn in a
previous paper [30] stating that the influence of ECAP on corrosion
defects morphology was only observed when defects reached critical
dimensions. However, the main result here was that an increase in both
the density and the corroded surface ratio was observed for corrosion
fatigue samples by comparison to PC1h30 samples (Fig. 12c and d).
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Fig. 7. SEM observations of the fracture surface of (a), (d) and (g) as-received sample; (b), (¢) and (h) ECAP-RR sample; (c), (f) and (i) ECAP-RH sample tested at 90%
of the UTS after pre-corrosion during 72 h in 0.5 M NaCl at E,,,. White arrows (j), (k) and (1) indicate corrosion defects acting as crack initiation sites. The fatigue
tests were performed in laboratory air at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress loading).
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Fig. 8. (a) 3D profile of a dissolved area observed on the surface of a PC72h pre-corroded sample and (b) corresponding 2D profile.

Table 2

Average depth, diameter, density of corrosion defects and corroded surface
ratio (corroded surface / non-corroded surface ratio) determined for as-re-
ceived, ECAP-RR and ECAP-RH samples after pre-corrosion in 0.5 M NaCl
during 72 h at Ecory.

As-received ECAP-RR ECAP-RH
Depth (um) 1.76 = 0.12 1.21 %= 0.07 1.54 = 0.08
Diameter (um) 272 = 0.25 2.05 + 0.09 2.38 = 0.11
Density (10° mm™2) 171 * 0.05 5.36 = 0.05 3.52 + 0.05
Corroded Surface Ratio (%) 091 + 0.21 1.38 = 0.22 1.44 = 0.21

Comparison of Fig. 12b, ¢ and d showed that the increase in the cor-
roded surface ratio for corrosion fatigue tests as compared to fatigue
tests on PC1h30 pre-corroded samples was mainly due to an increase in

the corrosion defect density, with no significant effect of the cyclic
mechanical loading on the diameter of the corrosion defects, as ob-
served above. Similar analyses were performed after fatigue tests at
80% of the UTS on samples pre-corroded during 16 h in 0.5 M NaCl by
comparison with corrosion fatigue tests performed at 80% of the UTS
(the mean duration of these tests was about 16 h). For brevity, these
results are not reported in this paper but the conclusions were very
similar, even if the differences observed between corrosion fatigue tests
and fatigue tests on pre-corroded samples were less pronounced than
for tests performed at 90% of the UTS. Therefore, these results con-
firmed that an interaction occurred between the cyclic mechanical
loading and the corrosion processes leading to an increase in the density
of corrosion defects. Several mechanisms had been proposed in the
literature to explain this synergy effect. The ones of interest in our case
are those describing the influence of cyclic mechanical loading on oxide
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Fig. 9. S-N curves of as-received, ECAP-RR and ECAP-RH samples plotted fol-
lowing corrosion fatigue tests performed at 25 °C (f = 50 Hz, R = 0.1, sinu-
soidal stress loading) in 0.5 M NaCl at E,,,. Plain and outlined grey areas refer
to previous results obtained without pre-corrosion and with pre-corrosion
during 72 h at Ecoy, respectively. Arrows refer to non-broken samples.

film resistance and metal dissolution [43]. During corrosion fatigue
tests, a continuous breakdown of the surface oxide layer should occur,
preferentially around surface defects, i.e. IMCs, that act as stress con-
centrator sites. This should promote the exposure of these particles to
the corrosive solution, and thus the formation of corrosion defects
[29,44]. This assumption could explain the increase in the corrosion
defect density for corrosion fatigue tests as compared to fatigue tests on
PC1h30 pre-corroded samples, and thus the highest damaging effect of
corrosion fatigue tests. With this analysis, the lifetime of the samples
would be analysed by considering once more the density of the corro-
sion defects, more than their depth. Moreover, Fig. 12d also showed
that the corrosion defect density for corrosion fatigue tests was higher
for ECAP-processed samples as compared to the as-received samples,
with even higher values for ECAP-RH samples. Such an observation
could be related to the fragmentation of the Fe-rich IMCs during ECAP.
Indeed, by considering the previous mechanism associated with the
breakdown of the passive film around the IMCs due to the cyclic me-
chanical loading, it could be assumed that the more numerous the IMCs
the more numerous the corrosion defects. However, the relationship
between the density of corrosion defects and the fatigue lifetime was
not trivial. Indeed, the differences in the susceptibility to corrosion
fatigue between ECAP-processed samples and the as-received samples
was explained by considering the density of corrosion defects. Never-
theless, it remained difficult to explain the differences observed be-
tween ECAP-RR and ECAP-RH samples, both showing a similar number
of cycles to failure during corrosion fatigue tests, but significant dif-
ferences in the density of corrosion defects. This last observation sug-
gested that, in addition to the effect of the cyclic mechanical loading on
the passive film breakdown, other mechanisms had to be considered to
explain all the results. Even if it was not the scope of this manuscript to
analyse in detail such mechanisms, it could be useful to remind them.
The first mechanism focused on crack initiation phenomenon, but other
mechanisms, related to the crack propagation step, could be discussed
to understand the possible interaction between fatigue and corrosion
depending on the samples. Indeed, as soon as a crack initiates on a
corrosion defect and starts to propagate, a non-passivated surface is
created at the crack tip due to the localisation of the deformation and
the emergence of slip bands. The slip dissolution model is generally
used to describe the competition between plasticity and re-passivation
at the crack tip [43]. If the re-passivation rate is lower than strain rate,
crack propagation may carry on. But crack arrests may also occur by tip
blunting depending on the dissolution rate at the crack tip. If the re-
passivation rate is higher than strain rate, crack propagation will stop
[43]. Also, Jones et al. showed that anodic dissolution at crack tip was
promoted by the electrochemical coupling effect existing between the
tip and the edges of the crack that act as cathodic sites [45]. It could be
assumed that the differences in microstructure shown in our previous
paper [30] between the as-received sample and ECAP-processed sam-
ples, but also between ECAP-RR and ECAP-RH samples, should con-
tribute to explain some differences related to the crack propagation
rate. Those differences of microstructure should also explain differences
in the susceptibility to hydrogen embrittlement. Indeed, another me-
chanism which may be cited here is based on hydrogen-assisted crack
propagation processes during corrosion fatigue tests or during corrosion
defect propagation under cyclic thermal exposures [46,47]. Preliminary
tests on hydrogen embrittlement (HE) susceptibility of the Al alloy
considered in this study suggested that HE was not a predominant da-
mage mechanism. However, it is necessary to keep in mind that the
process zone at a fatigue crack tip is very small and that an effect of
hydrogen in this area is still possible but very difficult to detect.

4. Conclusions
The influence of ECAP processes on the resistance to corrosion fa-

tigue of an Al-Mg-Si alloy was investigated. The main conclusions, in
relation to previous studies performed on the same alloy [30], are the
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Fig. 10. SEM observations of the fracture surfaces of (a), (d) and (g) as-received sample; (b), (e) and (h) ECAP-RR sample; (c), (f) and (i) ECAP-RH sample tested at
90% of the UTS in 0.5 M NaCl at Ec,;. The corrosion fatigue tests were performed at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress loading).
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Fig. 11. Comparison of the number of cycles to failure determined for the as-
received, ECAP-RR and ECAP-RH samples after corrosion fatigue tests and
PC1h30 tests. Results obtained for PC72h tests are reported for comparison.
Both corrosion fatigue tests and fatigue tests on pre-corroded samples were
performed at 25 °C (f = 50 Hz, R = 0.1, sinusoidal stress loading).

following:

1. Preliminary fatigue tests performed in laboratory air showed an
increase in fatigue lifetime at high stress levels for ECAP-RR and

2.

3.

ECAP-RH samples, as compared to the as-received samples. This was
attributed to the decrease in grain size induced by ECAP processes
leading to a delay in crack initiation.

In agreement with the literature, corrosion defects formed during
pre-corrosion at Ecg, i.e dissolution of the matrix around Fe-rich
IMCs, acted as stress concentrator sites resulting in a noticeable
decrease in fatigue lifetime for both the as-received and ECAP-pro-
cessed samples. Moreover, results also showed that the depth of the
corrosion defects was not sufficient to explain the differences in
fatigue lifetime. Rather, fatigue lifetime correlated with the density
of corrosion defects. This resulted in a more damaging effect of pre-
corrosion for ECAP-RR and ECAP-RH samples, as compared to the
as-received samples, due to the fragmentation of IMCs during ECAP.
Corrosion fatigue tests showed the synergy between the cyclic me-
chanical loading and the corrosion processes. This was attributed to
an increase in the density of corrosion defects during corrosion fa-
tigue tests, which may be related to cyclic oxide film damage. The
influence of ECAP on corrosion fatigue susceptibility was similar to
what was observed for pre-corroded samples, with an increase in the
corrosion defects density for ECAP samples.
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