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Abstract Laser surface treatment of aluminium alloy
6013 was conducted with the aim of improving the alloy’s
resistance to pitting corrosion fatigue. The study showed
that laser melting using a high power Nd:YAG laser
increased the resistance of the alloy to pitting corrosion and
pitting corrosion fatigue. As corrosion pits are favourable
sites for the initiation of fatigue cracks, and the process of
crack initiation often takes up most of the fatigue life,
especially at low stress levels, a high pitting corrosion
resistance resulted from the laser treatment improved
fatigue crack initiation resistance. With regard to fatigue
crack propagation, although interdendritic boundaries are
vulnerable to corrosion attacks due to the presence of
second phase particles, nonetheless, due to the nature of the
rough and undulating fracture surface, fatigue growth
would be retarded. Under the present experimental condi-
tions, the improvement in corrosion resistance brought
about by laser surface melting was found to prevail over
the adverse effect caused by the residual stresses induced
by laser melting.

Introduction

High-strength aluminium alloys (HSAL) are widely used in
aircraft and other heavy stress-bearing engineering struc-
tures due to their high specific mechanical properties.
However, these alloys are susceptible to stress-related
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corrosion, such as stress corrosion cracking and corrosion
fatigue, particularly in the presence of chloride-containing
media [1, 2]. Thus, in service, the combined effect of
corrosion and loading on a high strength aluminium alloy
structure can dramatically decrease its service life. The
degradation of these materials caused by the interactions of
corrosion and mechanical stress is a matter of major con-
cern, particularly because many structural parts are
inaccessible for inspection and cannot be monitored. In the
case of corrosion fatigue, the corrosion defect(s) may reach
a critical length for fatigue cracks to develop and result in
catastrophic failures. In fact, fatigue life can be markedly
reduced by accelerated crack initiation from corrosion
features such as pits that act as stress raisers. Since cor-
rosion fatigue is a conjoint effect of an active environment
and cyclic loading, it is inevitably influenced by the nature
of the loading as well as the type of corrosion. Indeed,
many previous studies have shown that pitting corrosion
can cause a dramatic reduction in the fatigue life of HSAL
[3, 4].

During the past few decades, owing to the combined
efforts of material scientists and engineers, the problems
of stress-related corrosion have largely been contained.
Advances made in surface treatments and coatings have
overcome some forms of stress-related corrosion. Cur-
rently, the corrosion of HSAL is mainly prevented by the
application of corrosion protective systems, including
inhibitors, anodising, conversion coatings, primers, and
paint finishes. However, these remedial methods are not
without penalties and have their own limitations. For
instance, the presence of defects in the anodized coating
[5] and the low yield strength of the clad layer are pos-
sible reasons for causing a lowering of fatigue resistance.
Thus, it is clear that, not withstanding the excellent
achievements that scientists and engineers have had in
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combating the problems of stress-related corrosion in
HSAL, it is necessary to search continuously for further
solutions.

In the search for alternative methods to combat the
various corrosion problems of HSAL, laser surface melt-
ing (LSM), has attracted growing interest in recent years.
However, much attention has been given to the study of
the effect of LSM on the electrochemical behaviour of
aluminium alloys when tested under the no external loads
condition [6-8]. With regard to the problems of stress-
related corrosion, our knowledge on the ability of LSM
for improving the resistance to pitting corrosion fatigue is
still limited. The problem of corrosion fatigue in HSAL
has received considerable attention during the past
50 years. Although, the fundamental problem of corrosion
fatigue is thought to be the continuous destruction of
dislocation barriers and solute atoms within the crystals
themselves (anodic slip-band cracking), however, for
HSAL, the particular problem of pitting corrosion fatigue
is one of the main topics of concern. This is due to the
high susceptibility of HSAL to pitting corrosion. Pao [9]
found that the presence of pre-existing corrosion pits in
the 7075 aluminium alloy, shortened the fatigue crack
initiation life of the alloy by a factor of two to three and
decreased the fatigue crack initiation threshold by about
50%. Recognizing this problem, the present research study
aims to employ LSM to tackle a specific corrosion initi-
ated fatigue problem, namely, pitting corrosion fatigue in
HSAL.

Experimental
Material

Aluminium alloy 6013, a material widely used in the
fuselages of aircraft is used for this investigation. Al-alloy
6013 is a high-strength aluminium alloy developed by
Alcoa to replace the traditional alloy 2024-T3 [10]. When
compared to 2024-T3, 6013-T6 has 12% higher tensile
strength, 30% higher compression yield strength, 3% lower
density, and a similar level of fracture toughness. More-
over, it is claimed that the alloy is virtually immune to
exfoliation cracking. However, this alloy is susceptible to
pitting and intergranular corrosion [11, 12]. The material
used in this investigation was supplied by Alcoa in the
form of 40 mm thick plates, which were produced by
rolling to a cold finished surface. The chemical composi-
tion of 6013-T651 is given in Table 1. The T651 condition
involved heat treatment at a solution temperature of
475 °C for 1 h, then quenching with water to room tem-
perature, followed by a 2% stretch, and an aging treatment
of 24 h at 120 °C.

Laser surface melting

Laser surface melting was undertaken using a continuous
wave (CW) high-power Nd:YAG laser system (Lumonics
MW 2000). One of the advantages of using a Nd:YAG
laser instead of a CO, laser is that aluminium alloys have a
higher absorption coefficient at a radiation wavelength of
1.06 pm (Nd:YAG) compared to 10.6 pm (CO,). The laser
beam was transmitted by means of an optical fibre and
focused onto the specimen by a BK-7 glass lens with a
focal length of 80 mm. Pure nitrogen was used as shielding
gas with a flow rate of 25 L/min passing through a glove
box. After a number of trials, the processing parameters
were chosen: power energy of 700 W, scanning velocity of
25 mm/min, defocusing distance of 3 mm, and 50% track
overlapping. These conditions were selected as they can
produce a relatively smooth and crack free re-solidified
surface. In the treating of the fatigue specimen, the laser
tracks are running parallel to longitudinal axis of the
specimen. Prior to laser treatment, all the specimens were
sand-blasted using Al,O5; particles for increasing the
absorption of laser irradiation.

Microstructure characterization

The surface morphology, chemical composition, phases,
and the characteristics of the laser-treated specimens were
analysed by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The
microstructure of the laser-treated zone was studied in
detail by cross-sectional TEM. To prepare for the TEM
examination, two specimens were glued together using
epoxy resin, with the two laser-treated surfaces facing each
other. The glued pieces were mechanically ground and
polished along the cross-sectional plane to a thickness of
about 10 um. This was followed by ion milling, which was
performed by Ar" bombardment at 5 keV. Initially, the
angle of ion milling was set at 10°; at the final stage, an
angle of 7° was used and processing was performed at
3 keV to guarantee a large enough thin area.

Residual stress measurement

The residual stress at the surface of the corrosion fatigue
specimen was measured in order to identify whether
residual stresses might have a significant effect on the
corrosion fatigue properties. In fact, any substantial resid-
ual tensile stresses present at the surface of the specimen
might lower the fatigue strength. The residual stress
induced by laser treatment was measured by the Sin*y
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Table 1 Chemical composition Si Fe Cu

Mn Mg Cr Zn Ti Other Al

of aluminium alloy 6013
wt%  0.6-1.0 0.5

0.6-1.1

0.2-0.8 0.8-1.2 0.1 0.25 0.1 0.15 Balance

method, making use of the diffraction peak of (311) at
20 = 78.227° of aluminium. Crystalline planes at higher
diffraction angles were not chosen due to the equipment
limit on the scanning range. XRD spectra were collected by
an X-ray diffractometer, scanning from 74° to 82°, using a
step size of 0.02°.

Electrochemical tests

The potentiodynamic polarization test is a fairly simple and
highly effective method for determining corrosion perfor-
mance, such as pitting potential and corrosion current
density, of aluminium alloys. However, the measured
current response primarily reflects the corrosion activities of
the vulnerable corrosion sites on the surface of the specimen
and does not provide enough information of the resistance of
the surface film/coating as a whole. Given this constraint, it is
considered that electrochemical impedance spectroscopy
(EIS), which is capable of characterizing the properties of a
wide range of films and coatings against corrosion, should
also be used to supplement the deficiency of the polarization
test. The potentiodynamic test was conducted in a 3.5%
neutral aerated NaCl solution. In the experiment, a classical
electrochemical cell consisting of three electrodes was used:
aworking electrode, two counter electrodes made of graphite
and a reference electrode (a saturated calomel electrode
(SCE)). The exposed area of the working electrode was
1 cm?; and an initial delay time of 3,600 s was employed for
the specimen to reach a stable condition. The polarization
scan commenced at —110 mV below the steady open-circuit
potential (OCP) at a scanning rate of 0.2 mV/s. For the EIS
measurements, a sinusoidal voltage of 5 mV and a frequency
range of 3 x 10°-10"2 Hz were used.

Corrosion fatigue test

The corrosion fatigue test was conducted under the pull-
pull loading condition using a direct stress fatigue machine.
The fatigue specimens were extracted from the plate along
the rolling direction, and were in the form of a cylindrical
dog-bone with a minimum diameter of 3.4 mm. The
specimens were tested in a corrosion cell comprising a
graphite counter electrode and a saturated calomel refer-
ence electrode. The current/time response of the specimen
was recorded during fatigue testing. This information is
very valuable for assessing the integrity of the surface film,
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which is closely related to the corrosion damage of the
surface. The fatigue specimen was prepared under the
guidelines of ASTM E466. The fatigue test was conducted
with a stress ratio R = 0.5 at a maximum stress of 65 MPa,
and at a frequency of 400 cycle/min. The idea of using
such a relatively low testing frequency is to provide a
favourable environment to allow the effect of pitting
corrosion on fatigue strength to be revealed.

Results and discussion
Microstructure and residual stress

Figure 1 shows the microstructure of a cross section of a
laser-treated specimen, in which a crack-free melt layer of
thickness in the order of 500 um formed at the surface. The
layer consists of a fine dendritic structure, which unlike the
untreated material, has no coarse constituent particles and
only fine interdendritic phases were present (Fig. 2).
Compared to the constituent particles in the untreated zone,
which commonly have sizes of over 10 pum (Fig. 3), the
interdendritic phases in the laser-melted layer were much
smaller, normally less than 1 pm. This is caused by the
extremely fast solidification rate resulting from the
quenching action of the substrate. Regarding the untreated
wrought alloy, since it was formed by continuous casting in
thick sections, coarse intermetallics were expected and
they could not be readily taken into solution even after heat
treatment.

The solidification of the molten pool began with epi-
taxial growth at the fusion boundary (Fig. la). This also
happened in boundaries between two passes of laser
melting (Fig. 1b). It is apparent that columnar crystal
growth had dominated the initial solidification process, and
equiaxed crystal growth was experienced towards the
centre of the melt pool. This is considered to be related to
the melt pool’s thermal gradient in relation to the condition
of columnar-to-equiaxed transition (CET). In laser melting,
the temperature gradient is highest when solidification is
first initiated, then decreases as solidification approaches
the melt pool’s surface. Such conditions would facilitate
CET towards the surface of the molten pool [13]. It is
considered that if the entire re-melt layer comprises
columnar crystals, it would be detrimental to the corrosion
resistance of the material, since corrosion attacks could
follow the rather straight path of the boundary of columnar
grains. The compositions of some interdendritic phases
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Fig. 1 Microstructure of a laser-treated specimen: (a) overall view;
(b) enlarged view of the fusion boundary between two laser passes,
showing epitaxial growth of crystals

Fig. 2 Backscattered electron image of the fusion zone, showing fine
interdendritic phases

were analysed by EDX, and the results revealed that they
are primarily enriched in Cu, Mn, and Fe. The enrichment
of alloying elements was considered to be the result of non-
equilibrium solidification, with high solidification rates. It
has been reported that AI-Cu—Mn-Fe phases are cathodic

Fig. 3 Microstructure of untreated aluminium alloy 6013-T651
showing the presence of coarse constituent particles in the matrix

as compared to the surrounding aluminium matrix [14].
The galvanic coupling between interdendritic phases and
the matrix material could cause the dissolution of the
anodic phase.

The TEM analysis indicated that after Nd:YAG laser
treatment, a film about 1 pum thick formed at the surface of
the specimens (Fig. 4). Since the results of the XRD anal-
ysis detected an AIN phase at the surface of laser-melted
zone (Fig. 5), it is believed that this film primarily consists
of AIN, which has a grain size of the order of 50 nm
(Fig. 6). This is much larger than that formed in excimer
laser treatment [15], where the grain size of the surface film
is of the order of 10 nm. The reason for the difference in
grain size is believed to be caused by a much higher cooling
rate experienced in the case of excimer melting. The
formation of this film was the result of the reaction of the
laser-excited active nitrogen ions with the solidified surface.
It is envisaged that the AIN phase formed by Nd:YAG laser
treatment would enhance the corrosion resistance of the
alloy. The AIN phase that formed in the surface, which is
normally considered an electrical insulator, behaves as a
barrier to prevent the flow of electrons, and would thus
reduce the rate of chemical reaction.

On the basis of the XRD results, the residual stress at the
surface of the laser-treated specimen was determined
(Table 2). It is apparent that tensile residual stresses were
created at the surface of the specimen. The residual stresses
produced were much lower than those measured on single
laser-melted tracks of aluminium alloy 2014 [16]. This is
probably attributed to the post-heating effect as a result of a
large percentage of track overlapping.

Pitting corrosion behaviour

The typical polarization curves of the untreated and the
laser-treated specimens tested in 3.5% NaCl solution are
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Fig. 4 TEM micrograph showing a film structure formed at the
surface of the laser-treated specimen
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Fig. 5 XRD spectrum of the laser-treated specimen

Fig. 6 Dark field image of the grain structure of the surface film
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presented in Fig. 7. Similar to most aluminium alloys, the
untreated 6013 alloy exhibited an active anodic dissolution
in the entire range of the anodic potentials, i.e. the pitting
potential was virtually the same as the corrosion potential.
This strongly indicates the low pitting resistance of the
alloy in the 3.5% NaCl solution. In contrast, the corrosion
potential of the laser-treated specimen shifted to a more
positive direction (from —710 mV to —690 mV), and the
pitting potential was also uplifted to —643 mV. In addition,
a low corrosion current density was obtained, which was
one order lower in magnitude than that of the untreated
specimen.

The results of the potentiodynamic polarization test
showed that the pitting resistance of the alloy was
improved by LSM. Blanc [17] and Guillaumin [18]
reported that coarse intermetallic particles present in the
6056 alloy (the French equivalent to the 6013 alloy) were
the major sources for the nucleation of pits, subsequently
leading to intergranular cracking. Thus, the improvement
in pitting resistance of 6013 could be attributed to the
elimination of the coarse particles in the as-received
material, as well as the forming of the AIN surface film.
The AIN phase, which acts as an insulator provides a
barrier to inhibit electrochemical attack to the re-melt layer
underneath. However, an examination of the laser-treated
specimen which had been subjected to the potentiodynamic
polarization test (Fig. 8) showed that preferential dissolu-
tion of the dendrite cores generally occurred in the YAG
laser-treated specimen, in which most of the second phase
particles behaved as cathodic sites and the dendrite cells as
anodic sites. So it appears that although the AIN film
produced at the surface of the laser-treated specimen would
no doubt increase the initial corrosion resistance of the
material, it is also evident that the microstructure of the
re-melt layer underneath plays an important role in gov-
erning the overall corrosion behaviour of the laser-treated
material. This is of particular importance after prolonged
corrosion attack where the surface film of AIN had been
corroded away.

The results of the TEM analysis showed that a 500 pm
thick re-melted layer with a thin surface nitride film formed
after the laser treatment. To understand the degradation
behaviour of the surface film and the re-melted layer, EIS
measurements were taken at different immersion times of
0.5, 2, and 6 h. Figure 9 depicts the time dependence of the
EIS results, which shows that the impedance spectra for
both the untreated and the laser-treated specimens com-
prises of two semicircles. As the immersion time increased,
the radii of the semicircles gradually decreased, indicating
a decrease in impedance. By comparing the radii of the
semicircles, the laser-treated specimens were found to
possess much higher impedance, up to five times higher
than that of the untreated specimens. Even after 6 hours of
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Fig. 8 Corroded surface of a laser-treated specimen after the
potentiodynamic polarization test

immersion, the radius of the first semicircle of the laser-
treated specimen was still higher than that of the untreated
specimen.

According to the microstructure of the laser-treated
specimens, where the laser-treated layer can be broadly
divided into two layers, i.e. the surface AIN film and the re-
solidified dendritic layer, a two-constant equivalent circuit
(Fig. 10) was proposed to simulate the electrochemical
corrosion reactions at the surface of the specimen. This is
coherent with the results of the impedance measurements,
where two semicircles occurred within the measuring fre-
quencies. It is assumed that each semicircle corresponds to

Z'/ ohm cm?®

Fig. 9 Nyquist plots of (a) the untreated specimen; (b) laser-treated
specimen

one kind of electrochemical reaction; the one that appeared
at high frequencies was associated with the reaction of the
film, while the one that appeared at low frequencies was
related to the reaction of the re-melted layer. In the present
study, a constant phase element (CPE) instead of a pure
capacitor was used to represent the non-ideal capacitive
behaviour of the corrosion system, because the surface
under investigation was not entirely homogeneous, and the
lack of homogeneity and the consequently induced dis-
persion effects were better modelled with a CPE [19]. The
impedance of the CPE is given by Zcpg = Yo 1(jco)f",
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Fig. 10 Equivalent circuit model for the untreated and laser-treated
specimens: Ry, resistance of the solution; Ry, polarization resistance of
the passive surface; CPE,, capacitance of the passive surface; Ry,
polarization resistance associated with localized dissolution; CPE;,
capacitance associated with localized dissolution

where Y, is the magnitude of the CPE and » is the expo-
nential term. For pure capacitors, n is equal to 1; while for
a corrosion system, depending on the roughness and the
integrity of the surface film, n has a value between 0 and 1.

Table 3 shows the fitted results of the EIS plots of the
laser-treated specimens. The decrease in R, and R, sug-
gested that there was a decrease in film resistance and
pitting resistance with time. Apparently, the YAG laser-
formed surface film had higher R, and R,; values than
those of the untreated specimens. However, when com-
pared to excimer laser treatment [15], the improvement
gained over the untreated material by YAG laser treatment
was significantly less, despite a thicker film being produced
by YAG laser treatment, and this is true for both the values
of R, and Ry;.. This indicates that both the surface AIN film
and the re-melted layer produced by the YAG laser treat-
ment have less resistance to corrosion than those formed by
the excimer laser treatment. With regard to the different
film resistance, the reason for this is still unclear. However,
the much refined grain structure of the AIN phase formed
in the excimer laser-treated material could be a significant
factor causing its superior film resistance. Regarding the
resistance of the re-melt layer, previous studies have
reported that second phase particles and precipitates in
aluminium alloys can exert a negative effect on the con-
tinuity of the oxide film, and thus cause poor corrosion
resistance [20]. In the case of YAG laser treatment, the
dendritic structures present in the re-melted layer are
vulnerable to corrosion attack.

Pitting corrosion fatigue behaviour

Figure 11 summarises the corrosion fatigue life of the
untreated and laser-treated specimens. The results reveal
that the fatigue life of 6013 alloy was prolonged after the
laser treatment. The corresponding corrosion currents
recorded for these specimens are given in Fig. 12. The
current density of the laser-treated specimen was found to
be extremely low, with a value below 107> A/cm?” up to the
number of fatigue cycles of 10°. As a whole, the current
density of the laser-treated specimen is at least one order
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lower in magnitude than that of the untreated specimen for
most of the test period.

The longitudinal surface of the laser-treated specimen
after corrosion fatigue testing was examined (Fig. 13a),
and was found to be different from the untreated specimen
(Fig. 13b). No severe active dissolution was observed at
the surface of the laser-treated specimen, except for some
dispersed corrosion pits. An examination of the fracture
surface of the laser-treated specimen showed that the main
fracture surface was joined by several terrace steps. This
gives rise to an undulating appearance (Fig. 14a), with
little evidence of heavy corrosion attack on the interior of
the specimen. This is different from the heavily corroded
fracture surface of the untreated specimen (Fig. 14b). The
badly corroded area is believed to be a result of relatively
little time being spent on crack initiation and most of the
fatigue life was spent on crack propagation. As such, the
fatigued area had been subject to prolonged corrosion
attack, and corrosion has destroyed the fatigue features on
the fracture surface. This makes it impossible to tell whe-
ther intergranular cracking was in any way involved in the
initiation and growth of fatigue cracks and it was difficult
to identify the fatigue origin(s). These observations thus
show that laser treatment increased the fatigue initiation
resistance of the alloy.

The improvement in corrosion fatigue resistance is
believed to be due to the initiation of fatigue cracks at
corrosion pits, which can be effectively retarded by laser
treatment as a result of the formation of a compact nitride
film at the surface, in which the surface film separates the
aggressive solution from the base metal. With regard to
crack propagation behaviour within the re-melt layer, a
rough fracture surface was obtained. This is considered to
be related to the dendritic structure formed in the re-melted
zone. In this case, the fatigue crack primarily followed the
interdendritic boundaries. This has been confirmed by
examining a section of a fatigued specimen, in which
secondary fatigue cracks were found to follow the inter-
dendritic boundaries (Fig. 15). This is different from most
wrought aluminium alloys, in which, corrosion fatigue
cracks grow in a transgranular manner. Apparently, in the
case of Nd:YAG laser treatment, the interdendritic
boundaries are vulnerable to corrosion attack due to the
presence of second phase particles. Nonetheless, on
the basis of the rough and undulating fracture surface of the
laser-treated specimens, it could be anticipated that fatigue
growth would be retarded. This is because a tortuous, in-
terdendritic crack path with crack branching will reduce the
effective stress intensity at crack tips [21], leading to
roughness-induced crack closure [22]. In addition, the
hindering effect at the crack tip coming from the inter-
dendritic particles has also been reported to be beneficial
for a high fatigue cracking resistance [23].



J Mater Sci (2008) 43:942-951

949
Table 3 A summary of the R > >
fitted results of the components Specimen  CPE, Ry (@ em?) — CPEyi Ry (€ em?)
of the equivalent circuit Yy (Fem™2 Hz!™) n Yy (Fem™2 Hz!'™) n
Untreated
05h 6.29E-6 0.93 1.68E4 2.79E-4 0.99 1.17E4
2h 7.24E-6 0.93 1.12E4 3.99E-4 1.00 9.87E3
6h 9.46E-6 0.92 8.24E3 4.85E-4 1.00  9.96E3
Laser-treated
0.5h 1.13E-6 0.76 1.20E5 1.22E-5 0.65 4.13E5
2h 1.64E-6 0.77 9.24E4 2.74E-5 0.97 1.11E5
6 h 2.17E-6 0.80 6.57E4 493E-5 1.00 8.31E4
70
© Untreated
B Nd:YAG N_-treated
68 -
§ i ooo0
5 o] > b [
g 64 -
©
62 -
60 T L] T T T L} T T

4 5 6 7 8 9 0 11 12 13
Cycles tofailure, x10°

Fig. 11 Corrosion fatigue life of the untreated and laser-treated
specimens tested in 3.5% NaCl solution
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Fig. 12 Current density as a function of fatigue cycle

In this study, the laser tracks are running parallel to the
fatigue loading direction, and further studies are required
to ascertain the effect of the relationship of laser track
orientation and the loading direction on fatigue properties.

Fig. 13 Condition of the longitudinal surface of (a) laser-treated
specimen; and (b) untreated specimen after the corrosion fatigue test

The effect of the overlapped area of laser tracks and track
orientation on corrosion and mechanical properties has
been considered previously [24-27]. In general, the
overlapped regions were found to be vulnerable to pitting
corrosion due to segregation and heterogeneous
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Fig. 14 Fractured surface of (a) laser-treated specimen (the arrows
indicate possible fatigue origins), (b) untreated specimen after
corrosion fatigue test

Fig. 15 A cross section of a corrosion fatigue specimen, showing
secondary cracks follow an interdendritic path

structures; on the other hand, microcracks could form
perpendicular to the track deposition direction. Thus, the
effect of track orientation is very much governed by the
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appearance and the orientation of the defect(s) in relation
to the loading direction. Accordingly, it is expected that
lower mechanical properties will be obtained if the
defects are running perpendicular to the loading direction.
In the case of the 6013 alloy when tested under the
corrosion fatigue condition, it is considered that, though
there may well be such an orientation effect, it may not
be as serious as that of some high strength aluminium
alloys, such as 2014, in which heavy interdendritic seg-
regation could occur along the track overlapped zone
after laser treatment. Moreover, unlike some high strength
nickel alloys and steels, cracks and significant phase
changes were not detected in the laser tracks and the
overlapped areas of the 6013 alloy.

The XRD measurements showed that the residual
stress induced by laser treatment was tensile (Table 2). It
has been reported that residual tensile stress will facilitate
the initiation of fatigue cracking by imposing an extra
load on the remote applied load. To confirm the effect of
residual stress on fatigue strength, some laser-treated
specimens, which had been stress relieved by heat treat-
ment at 180°C were tested. The results showed that the
fatigue strength was virtually unchanged. It is considered
that the residual stress calculated using the XRD method
only measured the stresses in a layer about 5 um thick
[28]. It is highly possible that the tensile stress at the
surface is reduced dramatically outside the re-melted
layer. Some studies have shown that in laser-treated
surfaces, tensile stresses only exist at the very surface of
the specimen and the residual stress may even be changed
to compressive stress further inside the specimen [29].
Moreover, the TEM observation revealed that LSM
formed a layer of nanocrystalline AIN on the surface of
the laser-treated specimen. Previous studies reported that
thin films of AIN possess an extremely high elastic
modulus and strength, of the order of giga-pascals (GPa)
[30]. With such a high strength surface coating, it is not
surprising that residual tensile stress at the level of
65 MPa would show little effect on crack initiation at the
specimen surface. Furthermore, under cyclic loading
conditions, residual tensile stresses would relax to a low
level with time, and the corresponding detrimental effect
on the fatigue behaviour would be alleviated [31]. The
results of the present study thus show that the improve-
ment in corrosion resistance brought about by laser
surface melting prevailed over the adverse effect caused
by the superficial residual stress.

Conclusions

Laser surface melting of aluminium alloy 6013 using a
high power Nd:YAG laser was conducted. The two main
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objectives of the research have been accomplished. They
are: (i) employing laser surface melting to improve the
pitting corrosion fatigue resistance of the alloy; and (ii)
correlating the characteristics of the microstructure of the
laser-modified layers to the behaviour of pitting corrosion
fatigue.

Under the conditions of this study, laser surface melting
produced a melted layer with a thickness in the range of a
few hundred micrometers. Within the layer, fine dendritic
structures were formed; coarse second phase particles that
were present in the as-received material were eliminated
and fine interdendritic phases were formed. When laser
melting was conducted in a nitrogen atmosphere, a top
surface film, with a thickness of about one micrometer,
consisting of the AIN phase was formed.

Turning to corrosion behaviour, electrochemical mea-
surements showed that the pitting corrosion resistance of
the 6013 alloy increased after laser surface treatment. This
was featured by an increase in corrosion potential and a
reduction in corrosion current density. The improvement
was attributed to the refinement of the microstructure and
the presence of the AIN phase at the surface. With regard to
pitting corrosion fatigue, the initiation of fatigue cracks at
corrosion pits can be effectively retarded after Nd:YAG
laser treatment. Electrochemical measurements recorded
during corrosion fatigue testing showed that the current
density of the laser-treated specimens was at least one
order lower in magnitude than that of the untreated speci-
mens, for the greater part of the fatigue life. Finally, it was
found that under the present experimental conditions, the
improvement in corrosion resistance brought about by laser
surface melting prevailed over the adverse effect caused by
the residual stresses induced at the surface of the laser-
treated specimens.
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