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Abstract: The microstructure and the filiform corrosion behaviour of machined AA7150 aluminium alloy were
investigated using scanning and transmission electron microscopies combined with potentiodynamic polarization and
filiform corrosion testing, respectively. It is found that the grain refinement, redistribution of alloying elements, and
elements segregation at grain boundaries are evident within the near-surface region on the machined AA7150
aluminium alloy. The corrosion susceptibility of machining introduced near-surface deformed layer is significantly
improved caused by the modified microstructure associated with severe deformation. Filiform corrosion resistance on
the machined surface is obviously decreased, due to the surface roughness associated with machining tracks and the
presence of the electrochemically more active near-surface deformed layer introduced by machining.
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1 Introduction

AA7150 aluminium alloy, as one of the newly
developed alloys within the 7xxx series group, is
mainly used as the structural material for
aircrafts [1-3]. Machining, widely used in
aerospace manufacturing to produce components of
specific geometry from thick alloy plates, involves
significant frictional force between the toll and the
work piece, which, like other high shear strain
processes, such as rolling and mechanical grinding,
introduces extensive shear strain into the
near-surface region of the work piece, resulting in
near-surface deformed layers [4—7]. The nano-
sized grains [8—11], redistribution of alloying
element [12,13], presence of oxides [14,15], and
elements segregation at the grain boundaries [16],
are formed on such alloys.

For aluminium alloys used in the aerospace
industry, the failure of materials caused by
corrosion is serious and will lead to significant
losses [17]. Since deformed layers typically exist in
the near-surface region of the aluminium alloys
subjected to thermomechanical processings, where
corrosion initiates and starts to popagate, the
investigation is of significant importance, regarding
the influence of the near-surface deformed layer on
the corrosion performance of aluminium alloys
used in aerospace industry. The near-surface
deformed layer may affect the corrosion behaviour
of aluminium alloys used in the aerospace industry,
due to various factors including segregation of
alloying elements [13,18], increased stored energy
caused by residual strain [19], and increased
population density of grain boundary [20], etc. For
7xxx series aluminium alloys, redistribution of
alloying elements within the near-surface deformed
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layer has also been reported [13,18]. It is found that
the typical strengthening precipitates MgZn, are
dissolved into the aluminium matrix and
subsequential segregation of magnesium and zinc
at grain boundaries within the near-
surface deformed layer on mechanically polished
AA7075-T6 aluminium alloy and machined
AAT7150 aluminium alloy [13]. Such modification
of microstructure within the near-surface deformed
layer significantly influences the corrosion
resistance of the alloy. LIU et al [13] suggest
that the machining introduced near-surface
deformed layer on AA7150 aluminium alloy is
electrochemically more active than the bulk alloy,
and preferential dissolution of the deformed layer
occurs during immersion in 3.5 wt.% sodium
chloride solution.

Filiform corrosion 1is

occurs

a typical form of
localized corrosion occurring on the coated
products of metallic materials [21]. It is often
observed in coated aluminium components in
aircrafts, such as the edge of aircraft skin, which
will significantly influence the effective protection
of the organic coating [22]. It is reported that the
presence of near-surface deformed layers can
promote the initiation and propagation of filiform
corrosion on various aluminium alloys [21,23-25],
caused by the fine dispersoids and oxides-decorated
fine grains, which are sensitive to filiform
corrosion. And the difference on the corrosion
potential between the near-surface deformed layer
and the bulk alloy furtherly promotes the
propagation of the filaments [26].

Given that filiform corrosion is a typical
type of corrosion on aircraft [27] and machining is a
typical manufacturing operation in aerospace [13],
the present study aims at investigating the filiform
corrosion behaviour of machined AA7150
aluminium alloy by wusing potentiadynamic
polarization, humidity cabinet testing in order to
gain insight into the relationship between the
machining introduced near-surface deformed layer
and the filiform corrosion succepitibility of
AAT7150 aluminium alloy.

2 Experimental
AA7150 aluminium alloy (Al-7.90Zn—

2.61Mg—1.77Cu—0.12Zr—0.06Fe—0.06Si in wt. %)
plates were employed in the present work. The

machining of the plates was conducted by milling
in the Airbus Company, with the nominal rotation
speed of 4000 r/min and the nominal feed rate of
1000 mm/min. The depth of cut was 1 mm for final
surface finish. The cutter employed in the milling
operation is 160 mm in diameter. The machined
plates were then naturally aged at room temperature
for 1 year to stabilize the microstructure of the
near-surface region.

Alkaline etching was carried out in order to
remove the machining introduced near-surface
deformed layer and to expose the bulk alloy for
characterization and testing to compare with the
as-machined condition. Specimens were immersed
in a 10 wt.% sodium hydroxide solution for 60 s at
60 °C, and then desmutted in 30 vol.% nitric acid
solution for 30 s before being rinsed in deionized
water and being dried with cool air stream.

Potentiodynamic polarization was carried out
by immersing the specimens in deaerated 3.5 wt.%
sodium chloride solution, where a saturated calomel
electrode (SCE) and a platinum electrode were used
as reference electrode and counter electrode,
respectively. The open circuit potential (OCP) was
measured before potentiodynamic polarization for
1 h. The specimen was polarized from —30 mV (vs
OCP) to 50 mV (vs OCP), with the scanning rate of
0.1667 mV/s. For filiform corrosion testing,
specimens of 10 mm x 10 mm, with machined
surface or alkaline etched and desmutted surface,
were wire-bar coated with a transparent acrylic
lacquer to give coating thicknesses in the range of
15-45 pm. Filiform corrosion testing was carried
out in a JOHN GODRICH humidity chamber, with
the relative humidity and temperature being
approximately 75% and 40 °C, respectively. The
specimens were checked every 120 h by optical
microscopy to record the development of filiform
corrosion.

The surface tomography was measured by
interferometry using the Contour GT-K 3D optical
microscope. Microstructure characterization was
mainly carried out by scanning electron microscopy
(SEM) and transmission electron microscopy
(TEM). Zeiss Ultra 55 field emission gun scanning
electron microscope, JOEL 2000 FXII transmission
electron microscope and FEI Tecnai TF30
transmission electron microscope were employed in
the current work. Specimens for cross-section
observations were prepared using the Leica EM
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UC6 ultramicrotomy. The analyses of filiform
corrosion under each condition were carried out by
using the AutoCAD 2018 software and Photoshop
CS4 software.

3 Results

3.1 Observation of machined alloy surface

The surface topographic characterization
clearly reveals the surface morphology of the
machined AA7150 aluminium alloy, as displayed in
Fig. 1. Tracks generated by machining operation are
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Fig. 1 Surface morphologies of AA7150 aluminium

alloy: (a) Contour map by interferometry analysis;
(b) Topographic profile along line 4B indicated in (a);
(¢) SEM micrograph showing machined surface;
(d) SEM micrograph showing as-received surface

mixed with the surface subtle feature, due to
possibly worn tool. The surface roughness (R,) of
the alloy is less than 1 pm, confirmed from
Figs. 1(a) and (b). Since the diameter of the cutter is
relatively large compared with the observed region,
the machined surface exhibits parallel tracks, as
evidenced from Fig. 1(c). However, the as-received
alloy exhibits relatively smooth surface, without
visible subtle feature, as revealed in Fig. 1(d).
3.2 Microstructure of machined AA7150
aluminium alloy

Figure 2(a) shows the transmission Kikuchi
diffraction (TKD) micrograph of the machined
AA7150 aluminium alloy. The distribution of the
grain orientation within the near-surface region is
clearly indicated in the micrograph. A thin layer of
300—500 nm can be observed from the micrograph,
which can be clearly distinguished from the
underlying region by the nano-sized grains.
Figure 2(b) shows TKD micrograph of the dashed
line framed region in Fig. 2(a). Grains are less than
100 nm near the alloy surface within the deformed
layer, and grain size increases with increasing
the depth of the near-surface region up to
approximately 500 nm. Large grains are evident in
the bulk alloy beneath the near-surface region.

Figure 3(a) shows the micrograph taken on the
cross-section of the machined AA7150 aluminium
alloy, obtained by high angle annular dark
field (HAADF) scanning transmission electron
microscopy. A continuous and uniform deformed
layer is clearly revealed with the thickness of
approximately 300 nm, indicated by the dashed line.
Ultrafine equiaxed grains less than 100 nm are
present in the deformed layer. Large grains are
visible in the bulk alloy region beneath the
deformed layer. The distribution of the alloying
elements is clearly revealed from the micrograph.
Within the near-surface deformed layer, the
strengthening precipitates, MgZn,, are largely
dissolved, and only few particles can be observed,
possibly caused by the naturally aging. While the
uniform distribution of such precipitates is evident
in the bulk alloy with increased population density
compared with those in the deformed layer, as
indicated by arrows in the micrograph. Furthermore,
Fig. 3(b) displays the HAADF micrograph showing
the near-surface deformed layer on the machined
AA7150 aluminium alloy. The ultrafine grains are
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Fig. 2 TKD micrograph showing ultramicrotomed section of machined AA7150 aluminium alloy (a) and region

indicated by dashed line frame in (a) at increased magnification (b)

ear-surface deformed layer
2 W ; :

Fig. 3 HAADF micrographs showing ultramicrotomed section of machined AA7150 aluminium alloy (a), near-surface

deformed layer (b) and bulk alloy (c)

obvious with bright boundaries, suggesting the
elements segregation at the grain boundaries within
the near-surface deformed layer. Grains in the
deformed layer have diameters less than 100 nm,
which are nearly equiaxed. Figure 3(c), the HAADF
micrograph revealing the compositional variation of
the bulk alloy, displays the uniform distribution of
the fine strengthening MgZn, particles in the bulk
alloy beneath the near-surface deformed layer. Such
fine precipitates have diameters in the range of
5-20 nm, which are almost absent within the
near-surface deformed layer of the machined alloy,
as evidenced from Figs. 3(a) and (b).

3.3 Potentiodynamic polarization of machined

AA7150 aluminium alloy

The corrosion behaviour of the machined
AA7150 aluminium alloy was evaluated by
potentiodynamic polarization in deaerated 3.5 wt.%
sodium chloride solution at ambient temperature.
Figure 4 displays the polarization curve of the
machined AA7150 aluminium alloy. Initially, the
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Fig. 4 Potentiodynamic polarization curve of machined
AA7150 aluminium alloy in deaerated 3.5 wt.% sodium
chloride solution

current density is 1x10°-8x10~* A/cm® with slight
fluctuations, from —0.78 V (vs SCE) up to the
potential approaching to the corrosion potential.
Then, it decreases significantly to approximately
1x10°® A/em?, when the potential increases up to
the corrosion potential (=0.75 V (vs SCE)). As the
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potential gradually increases to —0.70 V (vs SCE),
the current density increases dramatically to
approximately 0.004 A/cm’, and a current surge can
be observed.

Three potentials were selected for surface
characterization, indicated in Fig. 4 as 4, B and C.
Figure 5 displays the SEM micrographs showing
the testing surface of the machined AA7150
aluminium alloy at different stages after being
anodically polarized to the selected potentials in
Fig. 4. Potential 4 (—0.75 V (vs SCE)) is the
corrosion potential of the machined alloy under the
experimental condition, where the anodic and
cathodic reactions have achieved a balance, with the
current density approaching to zero. The machining

Fig. 5 SEM micrographs showing testing surface of

machined AA7150 aluminium alloy at different stages
during potentiodynamic polarization indicated in Fig. 4:
(a) Potential 4; (b) Potential B; (c) Potential C

tracks are visible, and the tested alloy surface is
intact at this potential, suggesting little evidence of
corrosion on the tested alloy surface, as shown in
Fig. 5(a). At potential B, approximately —0.74 V (vs
SCE), where the current density increases
dramatically to 3x10™* A/ecm? corrosion is clearly
revealed within approximately half of the tested
surface, as shown in Fig. 5(b). Intact regions are
still present with visible machining tracks. The
boundary between the corroded region and the
intact region is indicated by the dashed line in the
micrograph. At potential C (—=0.70 V (vs SCE)), the
attacked regions spread significantly and nearly the
entire alloy surface is consumed during the anodic
dissolution, as shown in Fig. 5(c).

The anodic dissolution of the alloy was also
observed on the cross-section of the alloy after
being anodically polarized to potential B. The SEM
micrograph taken at the location between the
corroded and intact regions is displayed in Fig. 6(a).
In the corroded region, a thin layer was dissolved
immediately beneath the alloy surface. Figure 6(b)
exhibits the intact region 4 of the testing alloy in
Fig. 6(a) at increased magnification, from which no
evidence of corrosion can be observed. According
to Fig. 6(c) which exhibits the SEM micrograph
showing the corroded region B in Fig. 6(a) at
increased magnification, it is evident that the
corrosion of the alloy was confined within the
near-surface deformed layer with the thickness of
approximately 300 nm, without further propagation
into the bulk alloy. Increased fraction of the
deformed layer was anodically dissolved over the
current surge in the polarization curve, while the
underlying bulk alloy region was intact.

3.4 Filiform corrosion on AA7150 aluminium

alloy

Based on the microstructure observation and
potentiodynamic polarization of the machined
AA7150 aluminium alloy, filiform corrosion of
AA7150 aluminium alloy was investigated. It is
found that the initiation of filiform corrosion on
as-machined surface was first observed at the 15th
day. These threadlike filaments initiated at the edge
of the as-machined surface covered by the film.
Figure 7 illustrates optical micrographs showing the
development of filiform corrosion on as-machined
surface at the 40th day. Propagation of filiform
corrosion was fast on the as-machined surface.
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Fig. 6 SEM micrographs showing cross-section of
machined AA7150 aluminium alloy at potential B during
potentiodynamic polarization marked in Fig. 4 (a), intact
region 4 in (a) at increased magnification (b) and

corroded region B in (a) at increased magnification (c)

Filiform corrosion propagated from the edge to the
centre of the surface in an irregular shape, and
separate initiation sites can be observed. The
threadlike filaments are dark grey but regions in
black are also revealed with the development of
the filiform corrosion, suggesting significant
accumulation of the corrosion products [28].

The initiation of filiform corrosion on the
etched surface cannot be detected until the 25th day
on the edge of the organic film. Figure 8 displays
the propagation of filiform corrosion on the etched
surface at the 40th day. The threadlike filaments
developed slowly, compared with those on the

A== ———— e

Fig. 7 Optical micrographs of as-machined surface after
filiform corrosion testing in humidity cabinet for 40 d,
showing initiation and propagation of filiform corrosion:
(a, c) Central region; (b, d) Edge

as-machined surface, indicated by arrows in Fig. 8.
Such filaments are dark grey, propagating following
an irregular pattern. Little evidence of separate
initiation was found on the etched surface.

The comparison on the filiform corrosion
performance of as-machined and etched AA7150
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Fig. 8 Optical micrographs of alkaline-etched surface after filiform corrosion testing in humidity cabinet for 40 d,

showing initiation and propagation of filiform corrosion: (a) Central region and edge; (b—d) Edge

aluminium alloys is summarized in Table 1. It is
revealed that the area fraction with filaments is
(3.00£0.02)% on the as-machined surface with the
presence of the near-surface deformed layer.
However, the area fraction of filaments on the
etched surface is only (0.164+0.001)%, where the
near-surface deformed layer has been removed. The
areas attacked by filiform corrosion are
significantly larger on the as-machined surface
compared with those on the etched surface.

Table 1 Comparison of filiform corrosion performance
of as-machined and alkaline-etched AA7150 aluminium

alloys
Parameter As-machined Etched
Area fraction with
filaments/%% 3.00+0.02 0.164+0.001
Number of corrosion 027 011

sites per unit area/mm >

Maximum length

of filaments/um 6118.05+4.87 489.16+1.32

Mean length of

filaments/um 1830.36+2.01

218.30+0.77

Apparently from Table 1, the number of
corrosion sites per unit area is 0.27 mm > for the
as-machined surface and 0.11 mm? for the etched

surface. On the as-machined surface, the maximum
length and the mean length of the filaments
are (6118.05+4.87) and (1830.36£2.01) um,
respectively. On the etched surface, the maximum
length of the filaments is (489.16+1.32) um, and the
mean length is (218.30+0.77) um. Filiform
corrosion on the as-machined surface develops
more rapidly, with extremely longer filaments.

4 Discussion

According to the observation on the deformed
layer and the bulk region of the machined AA7150
aluminium alloy, it is obvious that the
microstructure of the near-surface region has been
significantly modified during the machining
operation. Severe deformation combined with the
elevated temperature during deformation leads to
grain refinement, redistribution of alloying
elements, as well as dissolution of the strengthening
particles. The modification of microstructure of the
near-surface region significantly influences the
corrosion performance of the machined alloy.

4.1 Corrosion susceptibility of near-surface
deformed layer
At the corrosion potential in the polarization
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curve (Fig. 4), the anodic and cathodic reactions
have reached the same rate with opposite direction
of current flow, thus the current density is
approaching to zero. At the potentials below the
corrosion potential, anodic reaction is largely
restricted due to the negative overpotential, and
oxygen reduction, i.e. the cathodic reaction, is
overwhelming under such a condition. At the
potentials above the corrosion potential (=0.75 V
(vs SCE)), the anodic reaction is promoted due
to the positive overpotential, whereas cathodic
reaction is significantly inhibited. Dissolution of the
near-surface deformed layer occurs at this stage, as
indicated by the rapid increase of current density
over the potential range of —0.75 to —0.74 V (vs
SCE) in Fig. 4. Then, as the fraction of the
deformed layer on the tested surface diminishes
dramatically, current density increases slowly and
finally stops increasing at —0.70 V (vs SCE).

The examination of the alloy surface and
cross-section (Figs. 5 and 6) during the potentio-
dynamic polarization further confirms that the
current surge is closely associated with the fast
anodic dissolution of the deformed layer, and
corrosion will not penetrate into the bulk alloy
before such deformed layer is consumed.
Potentiodynamic polarization of the machined
AA7150 aluminium alloy clearly suggests an
increased corrosion susceptibility of the near-
surface deformed layer, compared with the bulk
alloy. As introduced, the modification of
microstructure within the near-surface deformed
layer is evident, including the formation of ultrafine
grains, redistribution of alloying elements and
segregation of magnesium and zinc at the grain
boundaries within the deformed layer. Firstly, the
formation of the ultrafine grains introduces
increased number of grain boundaries in the
near-surface  deformed layer. Further, the
segregated elements (magnesium and zinc) at the
grain boundaries, improve the heterogeneity
between the grain boundaries and the grain interior
within the deformed layer, leading to higher anodic
activity at such locations. Consequently, the
boundaries of those ultrafine grains
susceptible to being preferentially attacked during
corrosion, which significantly decreased the
corrosion resistance of the deformed layer. Apart
from the impact exerted by the microstructure
modification, increased density of dislocations

WEre

generated by shear deformation within the
deformed layer further led to increased
electrochemical activity of the deformed

layer [18,19], which, in combination, promoted the
corrosion of the deformed layer. Consequently,
the corrosion susceptibility of the near-surface
deformed layer was significantly improved,
compared with that of the bulk alloy. Thus, fast
dissolution of the alloy, confined within the
near-surface deformed layer, could be observed,
which explained the surge in the
polarization curve.

current

4.2 Filiform corrosion of AA7150 aluminium
alloy

Based on the observations of the initiation and
propagation of filiform corrosion on the
as-machined and the etched surface (Figs. 7 and 8)
and the comparison of the filiform -corrosion
behaviour of the alloy under different conditions
(Table 1), filiform corrosion is largely promoted on
the as-machined surface with the formation of the
near-surface deformed layer, indicated by the
increased area with filaments. More corrosion sites
can be observed within the testing area on the
as-machined surface compared with those on the
etched surface. Additionally, increased maximum
length and mean length of the filaments are evident
on the as-machined surface. While the initiation and
the propagation of filiform corrosion are obviously
slower on the etched surface with the removal of
the deformed layer.

The initiation of filiform corrosion depends on
the detachment between the film and the metal
substrate, which may take place in the destroyed
regions of the film, the locations with higher
roughness on the alloy surface, and the pits, where
the corrosion products will largely help weaken the
adhesion of the film [26,29,30]. Thus, the initiation
time is closely related to the condition of the
surface. Detachment between the film and the alloy
surface is easier on the as-machined surface, since
higher roughness is obtained from the desirable
geometric shape (the machining tracks) after
machining operation, as confirmed from surface
topographic characterization in Fig. 1. Additionally,
etching resulted in the removal of the intermetallics
on the etched surface [31]. In the AA7150
aluminium alloy, such intermetallics are mainly
the cathodic constituent particles, such as the
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Al—Cu—Fe particles. The presence of such cathodic
intermetallics weakened the adhesion of the film
since the aluminium around the intermetallics was
preferentially dissolved, resulting in the localized
corrosion attack and consequently the formation of
the corrosion products [32]. Thus, initiation of
filiform corrosion was more rapid on the
as-machined surface with higher roughness and
larger population density of the intermetallic
particles, compared with that on the etched surface.
Furthermore, the near-surface deformed layer on
the as-machined surface was electrochemically
more active, confirmed by the potentiodynamic
polarization in Section 3.3, and was anodically
dissolved at a higher rate once the oxygen
concentration cell formed, compared with the bulk
alloy region. Consequently, on the as-machined
surface the initiation and propagation of filiform
corrosion were accelerated.

The initiation of the filiform corrosion at the
edge of the organic film can be explained by the
difficulty of detachment between the film and the
alloy at the central part of the alloy surface at the
early stage. When the filament formed at the edge
and propagated further into the central region, the
adhesion of the film was weakened due to the
continuous formation of the corrosion products
between the alloy surface and the film [30]. In the
area near the filament, the film may also be easily
detached from the alloy surface, similar to the
condition at the edge of the surface. Oxygen
penetration was facilitated, and filiform corrosion
may initiate and develop following the mechanism
mentioned above [26,28,29]. For the as-machined
surface with higher roughness and larger population
density of intermetallics, detachment between the
film and the alloy surface was promoted [32]. Thus,
separate initiation sites close to the existing
filament on the as-machined surface can be
observed. For the etched surface, although the
earliest initiation also took place at the edge of the
surface, no separate initiation of filiform corrosion
can be observed near the filament, due to the
relatively smooth surface condition, combined with
fewer intermetallic particles.

As described in Section 4.1, due to the
microstructure modification introduced by severe
deformation and the increased dislocation density,
corrosion  susceptibility of the near-surface

deformed layer is significantly promoted,

confirmed by the fast dissolution of the near-surface
deformed layer during the potentiodynamic
polarization. Increased electrochemical activity of
such deformed layer combined with the higher
roughness of the as-machined surface leads to the
more rapid initiation and propagation of the filiform
corrosion on the as-machined surface in the
presence of the near-surface deformed layer.

5 Conclusions

(1) Machining operation resulted in the
formation of the near-surface deformed layer on
AA7150 aluminium alloy. The severe shear
deformation caused microstructure modification
within the near-surface deformed layer, typically
characterized by ultrafine grains with dimensions
less than 100 nm, redistribution of alloying
elements and elements segregation at the grain
boundaries.

(2) The microstructure modification and
increased dislocation density introduced by severe
shear deformation combined with elevated
temperature involved in machining operation led to
decreased corrosion resistance of the near-surface
deformed layer. Fast dissolution of the anodically
more active deformed layer can be observed in
potentiodynamic  polarization, without further
propagation to the deep bulk alloy with higher
corrosion resistance.

(3) The near-surface deformed layer exhibited
higher filiform corrosion susceptibility compared
with the bulk alloy. The initiation and propagation
of filiform corrosion were greatly promoted on the
as-machined surface, due to the increased
roughness caused by machining tracks and the
electrochemically more active near-surface
deformed layer generated during machining.
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