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Chapter 7. X-ray Synchrotron Tomographic Study of Localized Corrosion Propagation in Aluminium Alloys

7 X-RAY SYNCHROTRON TOMOGRAPHIC STUDY OF
LOCALIZED CORROSION PROPAGATION IN
ALUMINIUM ALLOYS

X-ray synchrotron tomography is a relatively new non-destructive technique
which has found ever increasing use in various fields of materials science and engineering
for acquiring three dimensional (3D) information of materials. New generation
synchrotron sources are able to deliver reconstruction of three dimensional images with
spatial resolution close to 1 um. Because of the resolution in the micron or sub micron
level, X-ray synchrotron tomography is sometime referred as X-ray synchrotron
microtomography. Basic theory of x-ray synchrotron tomography and its advantages over
conventional two-dimensional techniques has been discussed in Section 2.4 (Chapter 2)
and can also be found elsewhere [261-267]. Details of the experimental set up for
performing X-ray synchrotron experiments can be found in Chapter 3. X-ray
microtomography can overcome the limitations of 2D techniques (e.g. true size
distribution and connectivity of phases with complex shapes) and provides information
about what happens in the bulk material [268]. Reconstruction of the 3D volumetric data
from this technique allows for the analysis of the microstructure, defects, phase
distribution or damage in the bulk material along with the ability to view two dimensional
cross sections at any particular plane or orientation in a non-destructive manner.

The key purpose of this present study is to examine the effect of stress on growth
and development of localized corrosion (i.e., intergranular corrosion) in a high strength
aluminium alloy. Aerospace aluminium alloy AA2024 in a sensitised temper condition

was used for this study. AA2024 specimens were heat treated for 2 hours at 250°C
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followed by water quenching. This particular heat treatment had shown to simulate the
electrochemical behaviour of the heat affected zone (HAZ) in the friction stir welded
plate [70]. Details of the heat treatment can be found in Chapter 3 and further synchrotron
experiments with this particular sensitized temper in unstressed condition is reported
elsewhere [235, 288]. Yield strength (Y.S.) of the heat treated AA2024 was determined to
be approximately 375 MPa. Experiments were performed on both unstressed and stressed
(70% Y.S. and 90% Y.S.) samples.

The evolution of intergranular corrosion (IGC) in aluminium alloys is a problem
of fundamental interest to the corrosion community for several years and also somewhat
poorly understood. So far only 2D techniques have been used for growth rate
quantifications. However, because of the limitations of the conventional two dimensional
techniques it is difficult to measure a 3D phenomena such as IGC evolution inside the
bulk alloys. So, in this study, high resolution in situ X-ray synchrotron microtomography
has been used to record the three dimensional evolution of localized corrosion sites in an
aqueous chloride solution, as a function of applied stress and exposure time. Outcome of
this work will provide quantitative growth rates of intergranular corrosion and thereby
significantly contribute to the ongoing modelling effort for life prediction of aircraft

components.

7.1 Two Dimensional Visualization of Localized Corrosion

Morphology

Figure 7.1a and b shows the examples of two reconstructed X-ray tomographic

slices from a single plane of an unstressed and stressed (90% Y.S.) bulk AA2024
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sensitized specimens after exposure of 15 h and 22.4 h, respectively. These reconstructed
images (i.e., Figure 7.1a-b) are obtained from the in situ exposure in 0.6 M NaCl solution
during the synchrotron experiments. Several features of the bulk alloy can be revealed
from these tomographs® without actually destroying the specimen. As these tomographs
are generated using absorption mode®!, different atomic number of different elements
inside the bulk alloy creates contrast in the tomographs helping to provide good
visualization of intermetallic particles and intergranular corrosion sites. It can be seen
from Figure 7.1(a) that the higher atomic number intermetallic particles appear bright in
the microstructure. These intermetallic particles sometimes appear as a band aligning
parallel to the rolling direction.

As the specimens are made from a rolled plate, three different directions are
assigned to each of the samples, longitudinal (L), transverse (T) and short transverse
(S).* Figure 7.2 shows the schematic of a typical specimen with these three different
orientations. It can be seen that the longer side of the specimen is in the transverse (T)
direction. Stressed samples were subjected to load in the transverse (T) direction. Figure
7.2 also schematically explains how a single slice from a single plane is represented
within the bulk specimen. Figure 7.1(a) and (b) show that the attacks are intergranular
(IGC) in nature and normally follow the L direction which is also the rolling direction.
Pre-existing cavities (predominantly associated with the intermetallic particles) within the

bulk alloy can also be easily identified from these tomographs.

% A tomograph is a 2D slice or plane within the 3D reconstructed X-ray attenuation data.
3! Different modes of X-ray synchrotron tomography is described in Chapter 3.
%2 Procedure of making ‘matchstick’ cylindrical specimen and dog-bone specimen from the rolled AA2024

plate is described in Chapter 3.
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Figure 7.1 Reconstructed tomographic slice of a single plane through the sensitized AA2024
specimen (i.e., heat treated at 250°C for 2h) after in situ open circuit exposure in 0.6 M
NaCl, (a) Unstressed, after 15 h exposure and (b) Samples stressed to 90% YS, after 22.4 h
exposure. L = Longitudinal Direction, S = Short Transverse Direction.
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Reconstructed single

\—/ tomographic slice

Figure 7.2 Schematic of a typical experimental specimen of sensitized AA2024 sample with
different orientations. L = Longitudinal Direction, S = Short Transverse Direction, and T =
Transverse Direction. Stress is applied in the transverse (T) direction. It should be noted
that for unstressed condition cylindrical matchstick specimen and under stressing condition
dog-bone shaped specimens were used. However, in both cases specimen orientations are

represented in the way represented in the schematic.

It is interesting to note that all intermetallic particles are not attacked and results in
IGC (see Figure 7.1a). This is evident from the fact that in many cases intermetallic
particle remain unattacked on the alloy surface. Hydrogen bubbles can also be seen in the
solution surrounding the specimen. These hydrogen bubbles are generated from the
supporting cathodic reaction during the corrosion process.

Figure 7.1b shows extensive IGC attacks of the sensitized AA2024 specimen
stressed to 90% Y.S after 22.4 h of exposure. During the later stages of the localized
corrosion event, the evolution of the IGC is associated with considerable amount of grain
interior dissolution and/or fallout of grains. One interesting observation in this

tomographic slice is that, at some places of the sample surface, the corrosion rate seems
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lower than that of the bulk of the material. These differential corrosion rates in two
adjacent areas result in considerable undercutting of the specimen. This may be an
indication that the machining process for manufacturing the specimens can actually affect
the corrosion susceptibility and the rate of local attacks on the surface [288].

Progressive development and coalescence of localized corrosion sites within the
bulk of unstressed and stressed AA2024 specimens (in a sensitized temper condition)
have been studied through in situ X-ray tomographic scans of individual specimens at
four different times during continuous exposure in naturally aerated 0.6 M NaCl solution.
Tomographic scans as a function of exposure time not only help to quantify the rate and
mode of intergranular attack, but it also gives the opportunity to visualize any possible
interaction between the constituent particles and propagating localized corrosion attacks.

Tomographic images of the interaction between a growing IGC site with an
intermetallic particle within the bulk of an unstressed AA2024 specimen as a function of
exposure time is shown in Figure 7.3. It is interesting to note that IGC initiated adjacent
to an intermetallic near the outer surface of the specimen. However, it should also be
remembered that IGC does not always initiate near all of the intermetallic particles
exposed to the sample surface. These observations re-emphasize the fact that localized
corrosion initiation in a material is a stochastic process [18]. Large (size range 10-30 um)
and irregular shaped intermetallic particles in AA2024 are identified as Fe-Mn particles
which act as cathodic sites (i.e., provide better surface for cathodic reaction) during the
corrosion process.®* Hence some intermetallic particles remain unattacked even after 34
h of exposure in 0.6 M NaCl (Figure 7.3d). Intergranular corrosion around the

intermetallic particle grows without affecting the particle. Dissolution of the surrounding

%3 Morphology and corrosion properties of different intermetallic particles present in AA2024 is described

in details in Chapter 4 and 5.
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alloy matrix can easily be seen. IGC sites propagate in the L direction and simultaneous
widening of the localized corrosion site occurs. Gradual widening of two adjacent
intergranular corrosion sites due to grain dissolution result into coalescence of corrosion
sites. Hydrogen bubbles adjacent to the corroding alloy [Figure 7.3b, ¢ and d] results from

the supporting cathodic reaction.

Dissolution of the alloy around the

intermetallic particle

Figure 7.3 A series of reconstructed tomographic slices of a particular plane through the
sensitized AA2024 specimen (i.e., heat treated at 250°C for 2h) in unstressed condition after
in situ open circuit exposure in 0.6 M NaCl for (a) 3.4 h, (b) 15 h, (c) 25.6 h, and (d) 33.9 h.
These tomographs illustrate the interaction between a propagating intergranular attack and

intermetallic particles.

Localized corrosion evolution at a particular site in a single plane of tomographic

slices of an unstressed cylindrical AA2024 sample (sensitised tempered) is shown in
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Figure 7.4. Series of these exposures prove that localized corrosion does not initiate in or
adjacent to all exposed constituent particles. Even after 34 h of exposure in 0.6 M NaCl
solution new corrosion sites did not develop. IGC initiated only at a single site and
propagated as can be seen from the tomographic images (Figure 7.4). Normally it is found
that initially IGC attack follows the longer grain paths in the rolling direction (L). IGC
growth in L direction and broadening of those localized corrosion sites occur
simultaneously during the exposure. However, intergranular attack stops growing in the L
direction after 25 h of immersion (Figure 7.4c) and starts widening at a faster rate which
may be caused by grain dissolution and/or grain fall out. Hydrogen bubbles associated
with the corrosion of aluminium can be seen at the site of localized corrosion. Fox [235]
performed both ex situ study of simulated HAZ and in situ study of a HAZ of a friction
stir welded AA2024-T3 in aerated 0.6M NaCl under open circuit condition. Results from
Fox’s study also emphasized that localized corrosion does not necessarily initiate at all
constitute particle and after a certain amount of growth, 1GC stops growing (or grows at a
much reduced rate) in the L direction but continues to corrode locally via subsequent and
considerable grain loss/or fall out adjacent to the IGC sites.

Figure 7.5 shows 2D tomographs of reconstructed X-ray attenuation data of IGC
evolution at a particular site in a single plane in the sensitized tempered AA2024 sample
stressed to 70% of its yield strength (YS). Two predominant sites are found to be
evolving as a function of time, one in the top left corner and second one in the bottom of
the images shown in Figure 7.5. Growth of the top left IGC attack is found to cease (or
significantly decrease) in the L direction after 16.9 h. This observation is quite similar to

that found in unstressed sample.
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Intermetallic Particles

Figure 7.4 Reconstructed 2D tomographic images showing the evolution of IGC at a
particular site in the sensitized AA2024 specimen (i.e., heat treated at 250°C for 2h) in
unstressed condition after in situ open circuit exposure in 0.6 M NaCl as a function of time,
i.e.,, (@) 3.4 h, (b) 15 h, (c) 25.6 h, and (d) 33.9 h of exposure. [Hydrogen bubble resulting
from the supporting cathodic reaction on the specimen can be seen in each tomograph]. L =
Longitudinal direction which is also rolling direction, S = Short Transverse Direction.
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Intergranular Corrosion

L

Figure 7.5 Reconstructed 2D tomographic images showing the evolution of IGC at a
particular site in the sensitized (i.e., heat treated at 250°C for 2h) and stressed (70% yield
strength) AA2024 specimen after in situ open circuit exposure in 0.6 M NaCl as a function
of time, i.e., (&) 5.6 h, (b) 16.9 h, (c) 27.6 h, and (d) 35.9 h of exposure. IGC stops growing in
‘L’ direction after certain time and new IGC sites initiates (c). L = Longitudinal direction
which is also rolling direction, S = Short Transverse Direction. Stress is applied in

transverse direction, T.
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The IGC network at the bottom of the tomographic slices has virtually penetrated
through bulk of the sample and reached the other exterior surface of the specimen within
the first six hours of exposure (Figure 7.5c). Another corrosion site (which could be new
or may just be growing in the T direction in 3D) appears after 27.6 h in the middle right
side of Figure 7.5c. As seen in unstressed samples, IGC in stressed sample also stops
growing in L direction and broadening of IGC sites occur through grain interior
dissolution and/or grain fall out.

Volume analysis in three dimensions (3D) showed an increase in volume loss as a
function of time which proves that, though 1GC stop growing (or significantly decreases
growth rate) in the L direction it continues to grow in other directions. It may be possible
that in both stressed and unstressed samples in many cases localized corrosion initiates as
pitting attacks which later develop as intergranular corrosion.

Figure 7.6 shows the tomographs at a particular site in a single plane of the
AA2024 sample stressed to 90% of its yield strength as a function of exposure time in 0.6
M NaCl. A significant amount of attacks have been observed after 10.9 h of exposure
(Figure 7.6a) and after 22.4 h of exposure propagating IGC sites start widening via
dissolution of the grain interior adjacent to the IGC sites. It is interesting to note that
(Figure 7.6c), though the outer surface of the sample is still intact in some portions,
significant IGC occurred underneath the surface. This undercutting suggests that there are
some areas on the surface of the specimen where the corrosion rate is lower than the bulk
of the material. One possible explanation for this undercutting is that the machining
operation for manufacturing those specimens possibly has an effect on the corrosion

susceptibility and local rate of attack on the surface [288].
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Effect of applied stress on the intergranular corrosion of heat treated AA2024
specimens can be visualized from three representative tomographs of three different
samples shown in Figure 7.7. All samples were exposed in 0.6 M NaCl under open circuit
corrosion conditions. The tomograph of the unstressed sample (Figure 7.7a) represent
corrosion at a particular plane within the specimen after 15 hours of exposure, where as
70% Y.S. (Figure 7.7b) and 90% Y.S. (Figure 7.7c) tomographs are after 17 h and 11 h of
exposure respectively. It should be noted that though tomographic images of three
different samples with three different exposure times are compared in this figure, the
effect of stress is quite prominent. More IGC attacks can be seen in the sample stressed to

90% Y.S. even with shorter exposure time than the unstressed or 70% Y.S. specimens.
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Intergranular Corrosion

Figure 7.6 Reconstructed 2D tomographic images showing the evolution of IGC at a
particular site in the sensitized (i.e., heat treated at 250°C for 2h) and stressed (90% yield
strength) AA2024 specimen after in situ open circuit exposure in 0.6 M NaCl as a function
of time, i.e., (a) 10.9 h, (b) 22.4 h, (¢) 33.2 h, and (d) 41.2 h of exposure. Severe corrosion
attacks can be seen after 22 h of immersion, though some portions of the surface remain
unattacked. L = Longitudinal direction which is also rolling direction, S = Short Transverse

Direction. Stress is applied in transverse direction, T.
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(@)

Without Stress

(b)

70% Y.S.

(©)

200 pm

90% Y.S.

Figure 7.7 Reconstructed 2D tomographic images showing the effect of stress on the
intergranular corrosion evolution in sensitized (i.e., heat treated at 250°C for 2h) AA2024
specimens after in situ open circuit exposure in 0.6 M NaCl, (a) Unstressed sample after 15 h
of exposure, (b) Sample stressed to 70% Y.S. after 16.9 h of exposure, and (c) Sample
stressed to 90% Y.S. after 10.9 h of exposure. It should be noted that though tomographic
images of three different samples with different exposure time are compared in this figure,
effect of stress is prominent. More IGC attacks have been seen in 90% Y'S sample even with
shorter exposure time than the other two specimens. L = Longitudinal direction which is
also rolling direction, S = Short Transverse Direction. Stress is applied in transverse

direction, T.
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7.2 Three Dimensional Visualization of Localized Corrosion

Morphology

Two dimensional tomographs can be combined together in a stack to provide a 3D
representation of the IGC morphology and its interaction with the alloy microstructure.®
Figure 7.8 shows such 3D rendering of the tomographic data for ~ 150 slices of corroded
areas from different samples. Top and side views of these 3D images confirm the
intergranular nature of the attack without any presence of cracking. Specimen matrix
material has been rendered translucent in order to observe the intergranular attacks which
are labelled in green within the interior of the specimen.

It is clearly visible from Figure 7.8 that localized corrosion attacks are following
the grain boundaries of the elongated grains in the rolling direction. Several localized
corrosion sites initiate along the exposed section of the specimen (T direction) and grow
in the L direction in parallel (refer back to Figure 7.2 for orientation details in a
specimen). Several of these localized corrosion sites coalesce and form a plate like IGC
network in the transverse direction as can be seen in the side view from Figure 7.8.
Prolonged exposure of the samples in the aggressive solution will broaden the 1GC
attacks which will result in grain interior dissolution and/or fall out. The nature and
morphology of intergranular attacks in this current study with and without application of
stress are very similar to that found by Fox [235] in unstressed sample under similar
experimental conditions. These similarities emphasized the fact that stress is actually

increasing the intergranular corrosion kinetics rather than promoting cracking as such.

3 Details of the 3D volume generation from tomographic slices and the software used for this process are

described in Chapter 3.
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Top View Side View

Figure 7.8 Three dimensional reconstruction of some attacked areas (about 150
tomographic slices in each case) in sensitized AA2024 specimens showing top and side view
of the intergranular nature of the attacks during their exposure in 0.6M NacCl. (a) Sample
with no-stress after 15 h of exposure, (b) 70% YS sample after 16.9 h of exposure, and (c)
Sample with 90% YS after 10.9 h of exposure. IGC in 150 slices has been labelled in green.
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Figure 7.9 shows the SEM images of the unstressed sensitized temper (i.e., heat
treated at 250°C for 2h) AA2024 specimen after open circuit exposure in 0.6 M NaCl for
35h.* The intergranular nature of the corrosion can clearly be seen from these SEM
images along with significant grain dissolution and/or grain fall out. Figure 7.9a shows a
large attacked area due to extensive grain dissolution/fall out on the cylindrical sample
surface. Closer examination on some of the attacked area reveals the presence of more
distinct intergranular corrosion (Figure 7.9b-f). Figure 7.9c shows the grain facets in a
corroding area after some grains have fallen out due to corrosion. The lateral spread of the
intergranular corrosion is speculated to be higher than the depth of the intergranular
corrosion attack. These observations are consistent with the fact that corrosion penetration
might cease or be limited along the ‘L’ direction after sometime and different corrosion
sites initiated along the ‘T’ direction on the sample surface coalesce.

Figure 7.10, Figure 7.11, and Figure 7.12 show the 3D reconstruction of the
unstressed, 70% Y.S. and 90% Y.S. specimens respectively as a function of exposure
time in 0.6 M NaCl. The specimen matrix material has been rendered translucent in order
to observe the growth of localized corrosion sites which are labelled in pink colour within
the interior of the specimen. Top and side views of the reconstructed samples have been
shown to provide a better idea about the evolution of corrosion morphology as well as the

location of corrosion attacks.

% SEM analysis was performed on the unstressed sample after its last exposure in synchrotron. Sample was
taken out from the environmental cell after the completion of synchrotron experiment and cleaned in
ethanol. Due to some time lag between the completions of synchrotron experiments and SEM analysis, the
sample under SEM may show slightly more corrosion attacks than found from the last scan in synchrotron.
However, due to significant amount of corrosion, stressed specimens had lost their mechanical integrity and
disintegrated while removing from the stress-rig. So, SEM analysis could not be performed on the stressed

samples.
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Figure 7.9 SEM images of the unstressed and sensitized (i.e., heat treated at 250°C for 2h)
AA2024 specimen after in situ open circuit exposure in 0.6 M NaCl for 35 h. SEM images
are taken after the synchrotron tests. Intergranular nature of the corrosion attacks can
clearly be seen from the micrographs. Extensive intergranular corrosion leads to grains fall
out from the sample surface and turn into deep pits or holes on the surface at the later stage
of exposure. Crystallographic facets of different grains can also be seen at the base of most
of the attacks, (c) and (f).
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Top View Side View
(a)

Figure 7.10 Top and side views of the three dimensional reconstructed images (about 1000
tomographic slices in each case) showing the evolution of IGC in the sensitized AA2024
specimen (i.e., heat treated at 250°C for 2h) in unstressed condition after in situ open circuit
exposure in 0.6 M NacCl as a function of time, i.e., (a) 3.4 h, (b) 15 h, (c) 25.6 h, and (d) 33.9 h
of exposure. Intergranular corrosion has been labelled in pink colour.
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Top View Side View

(@)
5.6 h

(b)
16.9 h

©)
27.6 h

(d)
35.9h

300 pum

Figure 7.11 Top and side views of the three dimensional reconstructed images (about 1000
tomographic slices in each case) showing the evolution of IGC (labelled in pink colour) in
the sensitized and stressed (70% yield strength) AA2024 specimen after in situ open circuit
exposure in 0.6 M NacCl as a function of time, i.e., (a) 5.6 h, (b) 16.9 h, (c) 27.6 h, and (d) 35.9

h of exposure. Stress is applied in transverse direction, T.
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Top View Side View

(@)
10.9 h

(b)
22.4h

©)
33.2h

(d)
41.2 h

300 pm

Figure 7.12 Top and side views of the three dimensional reconstructed images (about 1000
tomographic slices in each case) showing the evolution of IGC (labelled in pink colour) in
the sensitized and stressed (90% yield strength) AA2024 specimen after in situ open circuit
exposure in 0.6 M NacCl as a function of time, i.e., (a) 10.9 h, (b) 22.4 h, (c) 33.2 h, and (d)

41.2 h of exposure. Stress is applied in transverse direction, T.
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Figure 7.10 shows that in an unstressed AA2024 specimen, localized corrosion
initiates at few particular sites on the sample surface while most of the surface remains
unattacked. Figure 7.11 shows the evolution of localized corrosion in the dog-bone
AA2024 specimen stressed to 70% Y.S. Intergranular corrosion attacks initiates at the
surface and propagates in the ‘L’ direction. However, IGC growth in L direction ceases or
iIs limited after a certain time, but corrosion initiates at other places of the sample surface.
AA2024 specimen with 90% YS (Figure 7.12) show much more corrosion attack
compared to the unstressed or 70% stressed samples. Significant amounts of metal loss
due to the grain dissolution and/or grain fall out can be seen even after 11 h of exposure.
In most of the cases growth of the localized corrosion sites into the bulk of the specimen
seems to be followed by the general dissolution of the grain interiors and/or grain fallout,
resulting in considerable metal loss.

The effect of applied stress on the evolution of localized corrosion can easily be
seen from these figures (Figure 7.10, Figure 7.11, and Figure 7.12). Comparisons of these
three figures clearly establish that intergranular corrosion is much more severe under the
application of stress. The sample stressed to 90% Y'S has shown a considerable amount of
intergranular corrosion. It can be seen from the tomographs that the attack follows the
rolling direction of the alloy. The rate of growth in through thickness or short transverse
(S) direction is much slower than in the longitudinal (L) or long transverse directions (T)
directions.

The ability of X-ray synchrotron tomography technique to visualize the localized
corrosion within the bulk of opaque specimen can clearly be established from Figure
7.13, Figure 7.14, and Figure 7.15. These 3D reconstructions of the specimens are
produced by combining the information contained in a full tomographic scan data

volume, consisting of 1024 slices.
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Unstressed, 33.9 h L

Figure 7.13 Three dimensional reconstructed image (about 1000 tomographic slices in each

case) showing the morphology of IGC attacks in the sensitized AA2024 specimen (i.e., heat
treated at 250°C for 2h) in unstressed condition after in situ open circuit exposure in 0.6 M
NaCl for 33.9 h. Intergranular corrosion has been labelled in pink colour.
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100 pm |

L

70%Y.S.,359h

S

Figure 7.14 Three dimensional reconstructed image (about 1000 tomographic slices in each
case) showing the morphology of IGC attacks in the sensitized (i.e., heat treated at 250°C for
2h) and stressed (70% Y.S.) AA2024 specimen after in situ open circuit exposure in 0.6 M
NaCl for 35.9 h. Intergranular corrosion has been labelled in pink colour.
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100 pm

90% Y.S., 22.4 h I

Figure 7.15 Three dimensional reconstructed image (about 1000 tomographic slices in each
case) showing the morphology of IGC attacks in the sensitized (i.e., heat treated at 250°C for
2h) and stressed (90% Y.S.) AA2024 specimen after in situ open circuit exposure in 0.6 M
NaCl for 22.4 h. Intergranular corrosion has been labelled in pink colour.
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Figure 7.13, Figure 7.14, and Figure 7.15 are basically similar to the 3D
reconstructions already shown in Figure 7.10, Figure 7.11, and Figure 7.12. However, in
these cases the 3D views of the specimens are enlarged to establish the usefulness of X-
ray synchrotron tomographs to pick up very small details of the features present within an
object. The number, size, and morphology of all the localized corrosion sites within the
specimen can clearly be quantified from these three dimensional figures. It has to be
noted that though these pictures present the specimen view from a particular orientation,
the 3D specimen object can be rotated freely using the software to a particular orientation
of interest. In all cases the specimen interior has been made translucent to have a clear
view of the localized corrosion sites which are labelled in pink colour.

Figure 7.13 shows the 3D reconstruction of the unstressed specimen after 34 h
exposure in 0.6 M NaCl. Three predominant IGC corrosion sites can be seen in the
matchstick cylindrical specimen. Spread of these IGC sites are more in the L and T
direction than in the S direction. The specimen stressed to 70% YS (Figure 7.14) shows
similar corrosion features to that observed on the unstressed sample except that the
stressed specimen is more severely attacked. Several intergranular corrosion sites can be
seen after 36 h of exposure. Figure 7.15 shows extensive localized corrosion in the 90%
YS specimen interior after 22 h of exposure. Rapid IGC growth seems to be followed by

grain dissolution resulting in the significant material loss.
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7.3 Quantitative IGC Growth Rates in Unstressed and Stressed

Specimens as a Function of Immersion Time

Instead of using a linear measurement of IGC growth in a single direction, this
current study quantifies the IGC damage by measuring the volume of material loss due to
the overall IGC event which includes the widening aspect of the localized corrosion.*®

The amount of IGC attack (represented as volume of metal loss as a percentage of
specimen volume)*” on the unstressed and stressed specimens as a function of exposure
time in naturally aerated 0.6 M NaCl solution is shown in Figure 7.16. In the same figure,
IGC growth in sample without stress and sample with 70% Y'S has been emphasized in a
separate graph. It is quite obvious that stress is contributing significantly in the increase
of intergranular corrosion growth Kinetics as expressed by the volume loss with
increasing exposure time. However, a huge difference in the IGC volume loss has been
noticed between the samples stressed to 90% of its yield strength and the sample stressed
to 70% of its yield strength. Intergranular corrosion of aluminium alloys are associated
with an induction period prior to the initiation [70, 95]. So, it could be possible that the
induction period is followed by initiation of IGC and rapid propagation. Due to the
limited number of exposure of each specimen under the synchrotron (4 times during the
span of almost two days), it was difficult to get more information about the initiation

stage.

% More details about the quantitative IGC growth rate measurement in a single direction as well as IGC
damage represented by the volume of material loss can be found elsewhere [235].

3" Depending on the geometry of the specimen (‘matchstick’ vs. ‘dog-bone’ types), exposed area under the
synchrotron may vary. So, total volume losses due to IGC from a specimen as well as the total volume of
that particular exposed specimen were calculated using the software ‘Amira’. Ratio of these two (i.e. total

volume of IGC loss : volume of the exposed specimen) are represented in the graph.
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Figure 7.16 IGC in the form of volume of metal loss as a percentage of sample volume in the
sensitized (i.e., heat treated at 250°C for 2h) AA2024 specimen in unstressed and stressed
condition after in situ open circuit exposure in 0.6 M NaCl as a function of time. It can be
seen that volume loss is significantly high in the sample stressed to 90% of yield strength.
Samples stressed to 70% YS also show higher volume loss than the unstressed sample.

Comparison of unstressed and 70% YS sample is shown separately in the inset graph.

However, IGC growth at the later stage of exposure of for all samples is presented
in Figure 7.17. It can be seen clearly that in the later stage of IGC growth both unstressed

and 70% Y'S samples followed similar linear growth rate relationships, whereas 90% YS
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sample is markedly different with much higher slope in the linear growth rate. After 40
hours of exposure, the 90% Y'S sample lost almost 30% of its volume due to intergranular

attack.
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Figure 7.17 IGC in the form of volume of metal loss as a percentage of sample volume at the
later stage of exposure of the sensitized (i.e., heat treated at 250°C for 2h) AA2024 specimen
in unstressed and stressed condition during in situ open circuit exposure in 0.6 M NaCl. It
can be seen from the best fit of the curves that IGC growth follows a linear relationship with
time. The slope for the 90% sample is much higher than the unstressed and 70% YS sample

indicating higher amount of material loss due to IGC with higher stress.
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7.4 Discussion

The advantages of the X-ray synchrotron technique over the conventional 2D
techniques have been discussed in Section 2.4 of Chapter 2 and in the beginning of this
chapter. The results from this current study not only demonstrate different
features/information that can be obtained from the bulk material, but it also shows the
enormous potential of the X-ray synchrotron tomography as a very useful non-destructive
technique. This study also establishes the effect of applied stress on localized corrosion
(predominantly intergranular corrosion) propagation in aluminium alloys. Standard
electrochemical tests and subsequent microstructural analysis of the exposed samples can
provide information about the susceptibility of a material towards localized corrosion.
However, as most of these conventional techniques are based on observations in two
dimensions, they can not provide information about the true shape, connectivity,
morphology and sizes of the localized corrosion sites. Information about the development
of such localized corrosion sites as a function of exposure time or its interaction with
microstructural features can not be obtained either. Hence, difficulties remain with the
conventional 2D techniques to accurately measure localized corrosion growth rates.

This current study demonstrates that X-ray synchrotron tomography can be used
to visualize and characterize the development and quantify the growth rates of localized
corrosion sites. High voxel*® resolution (~ 0.7 um) in the current study allows the
possibility of very detailed and accurate study of the interior of the specimen in both two
and three dimensions. Analysis software also allows the flexibility to view a particular

specimen in three dimensions (or a single slice of a specimen at a particular plane in two

% A voxel is a three dimensional pixel.
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dimensions) at any position and any orientation. These flexibilities associated with this
technique help in monitoring and quantifying the localized corrosion growth in S, L or T
directions. However, it should be noted that human error during the use of the software
(Amira) can result into the inaccurate quantitative analysis. During 3D data analysis using
the software, voxels of different features are labelled from their respective contrast
values. As the threshold values used to differentiate these regions are set by the person
performing the analysis, any human misjudgement could lead to the inaccuracy of the
analysis [235].

Apart from these, the limitations of the specimen size and spatial resolution during
the synchrotron experiments could potentially result into the underestimation of growth
rates. As the X-ray tomographic technique depends on the transmission of the beam
through the specimen, energy used during the experiment often limits the size of the
specimen to be used. With beam energy of 17.5 keV, 500 um diameter specimens are
used in this current study to ensure sufficient transmission of the incident X-ray beam.
Small sample size may affect the penetration Kkinetics in a particular direction. For
examples, in many cases during the current study IGC is seen to be rapidly penetrated the
thickness of the specimen in the L direction. So, it is quite possible that with larger
diameter of the specimen further growth would have been observed. It is also speculated
that small sample size can limit the amount of anodic dissolution by providing smaller
surface area for supporting cathodic reaction [235].

As described earlier (Chapter 2), aluminium alloy 2024 is characterized by the
presence of intermetallic particles which have high atomic numbers compared to the
matrix and as a result they appear white in the tomographs with significant contrasts. It is

believed that these intermetallic particles are associated with the initiation sites of
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localized corrosion in the alloy [8].% So, detailed investigations have been performed
earlier at the University of Birmingham to obtain a better understanding on how the
presence of intermetallic particles affects the propagation of intergranular attack [235,
288]. Connolly et al. [288] described the appearance of different features in a
tomographic slice of sensitized AA2024 in great detail. The main features of a particular
tomographic slice (Figure 7.1) of this current study is consistent to that reported by
Connolly et al. [288]. It is quite clear from these tomographic images that X-ray
tomography can be used accurately to image and measure different features like
intermetallic particles which are aligned in the rolling direction, pre-existing cavities in
the matrix and adjacent to the particles, localized attack and their interactions with the
microstructural features etc.

3D reconstructions of some corroded areas from both unstressed and stressed
specimens (Figure 7.8) along with the after-exposure SEM analysis of the unstressed
specimen (Figure 7.9) suggests the intergranular nature of the localized attack during this
current study. All attacks in this current study (in both stressed and unstressed sensitized
temper specimens) are found to be intergranular in nature with absence of any cracking
even after 36h of exposure in this particular environment (0.6 M NaCl). Intergranular
corrosion is a type of localized attack at and adjacent to the grain boundaries as a result of
an enhanced thermodynamic and/or kinetic tendency for corrosion relative to the grain
matrix [111, 217]. IGC is operated by a pre-existing active dissolution path based on
compositional/structural heterogeneity. In AA2024 intergranular corrosion is believed to

start with the dissolution of the S phase particles (Al,CuMg) on the grain boundaries

% Detailed discussion about the role of intermetallic particles in the initiation of localized corrosion can be
found in the literature review (Chapter 2) and in Chapter 5 (Microelectrochemical studies on single

intermetallic particles).
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caused by the galvanic coupling between the solute-depleted zone/surrounding matrix and
solute-depleted zone/S phase particles [7]. Subsequently, IGC propagates by the
dissolution of the copper depleted zone along the grain boundaries [95].%°

Anisotropic growth of localized corrosion in AA2024-T3 has been confirmed by
several researchers and it was also found that the 2D penetration rate of localized attack
depends on the direction of the applied stress [29, 52, 233, 319]. So, it is important to
know the orientation of the sample under examination to have a proper idea about the
localized corrosion growth in three dimensions. Figure 7.2 shows the schematic of a
typical specimen with these three different orientations. Stressed samples were subjected
to load in the transverse (T) direction. Figure 7.2 also schematically explains how a single
slice from a single plane is represented within the bulk specimen.

In both unstressed and stressed specimens, IGC attacks are found to be propagated
in the L direction at a faster rate (Figure 7.4- Figure 7.6). As the L direction in the
specimen is also the rolling direction of the source plate, it is possible that IGC attacks are
following the easier paths of longer grains. Spread of the IGC attacks in the S direction is
smaller than in the L and T direction. These observations are consistent with the other
researchers [233] who reported slow growth rate of IGC in S direction as a result of
longer path resulting from ‘squeezed’ grains in the short transverse direction. It is also
evident from the 2D tomographs that localized corrosion does not necessarily initiate
from the intermetallic particles every time and is therefore consistent with the findings of
others [235]. However, the amount of localized corrosion attack in the presence of stress
is much higher than in the unstressed condition. In some cases, severe undercutting of the

stressed specimen surfaces have been seen (Figure 7.6b and c). This may be an indication

0 Mechanisms of intergranular corrosion in aluminium alloys and its relation with different heat treatment
could be found in Section 2.2.2 of Chapter 2.
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that the machining process for manufacturing the specimens can actually affect the
corrosion susceptibility and the rate of local attacks on the surface [288].

As seen in unstressed samples, IGC in stressed samples also stops growing (or the
growth rate significantly decreases) in the L direction and broadening of 1GC occurs
through grain interior dissolution and/or grain fall out. Volume analysis in three
dimensions (3D) [Figure 7.10, Figure 7.11, and Figure 7.12] showed an increase in
volume loss as a function of time which proves that, though IGC stop growing in L
direction, it continues to grow in other directions. It is very possible that for both stressed
and unstressed samples many localized corrosion sites might initiate as pitting attacks
which later develop as intergranular corrosion.

As discussed earlier, the localized corrosion attacks in the current study seems to
follow the elongated grains in the rolling direction (see Figure 7.8). Prolonged exposure
in an aggressive solution will lead to the coalescence of these attacks and forming of a
plate like IGC network in the transverse direction as can be seen in the side view from
Figure 7.8 (more elaborative view of the IGC network within a specimen interior can be
seen in Figure 7.13, Figure 7.14, and Figure 7.15). The nature and morphology of
intergranular attacks in this current study with and without application of stress are very
similar to that reported by Fox [235] in unstressed sample under similar experimental
conditions. These similarities emphasize the fact that stress is actually increasing the
intergranular corrosion kinetics rather than promoting cracking as such.

The influence of mechanical/applied stress on the Kkinetics of intergranular
corrosion is complex and has been debated. Stress corrosion cracking is driven by the
synergistic actions of mechanical and electrochemical factors. So, it is thought that IGC
and IGSCC are closely linked phenomena, and it has been viewed by some researchers

that IGSCC is nothing but stress assisted IGC [29]. However reported experimental
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results are contradictory and can be divided into main groups like: (a) stress induced
intergranular corrosion, and (b) stress assisted intergranular corrosion [218]. When in a
mechanically stressed specimen, intergranular attacks occur under less aggressive
electrochemical conditions compared to the unstressed condition, it is known as stressed
induced intergranular corrosion. By comparison, if under identical electrochemical
conditions, the growth rate of intergranular attacks is higher in mechanically stressed
specimens, it is known as stress assisted intergranular corrosion. According to this
convention, as both unstressed and stressed specimens in the present study are in identical
electrochemical condition and application of stress seems to increase the kinetics of
intergranular corrosion, the observed attacks in the stressed sample in this current study
can be classified as stress assisted intergranular corrosion.

As the accurate IGC rates are difficult to quantify using conventional two
dimensional measuring methods, the X-Ray tomography is probably one of the most
valuable tools to quantify IGC growth rate in 3D. Earlier studies by the foil penetration
technique [29, 233, 320] showed that growth rate of localized attack was anisotropic
because the attack was intergranular corrosion (IGC) and the grains were elongated in the
rolling direction. In the foil penetration technique, the growth kinetics of localized
corrosion is measured by the time required to penetrate a thin foil [29, 49-52]. Liu et al.
[29, 319] studied the effect of tensile stress on the intergranular corrosion of AA2024-T3
using a modified foil penetration technique. This group also used X-ray radiography™* to

Image in situ initiation and growth of multiple 1GC sites in AA2024 in unstressed

1 X-ray radiography captures the 2D radiographic projection of the samples whereas in X-ray tomography
a series of recorded 2D radiographic projections (taken while the sample is being rotated from 0° to 180°)
are used to reconstruct a 3D map of the X-ray attenuation coefficient of the material using appropriate

algorithm.

380



Chapter 7. X-ray Synchrotron Tomographic Study of Localized Corrosion Propagation in Aluminium Alloys

condition as well as under the application of normal tensile stress [53-55]. It was found
that the penetration rate of corrosion attack depends on the applied potential and stress
state with samples showing higher penetration rate when subjected to an applied load.

However, the main disadvantage with the foil penetration technique is that it
determines the growth kinetics of the fastest growing localized corrosion sites. In this
present study it has been observed several times that IGC growth might cease or be
limited in a particular direction (e.g., in many cases IGC attacks stops growing in the L
direction), but continues in other directions. These observations emphasize the limitations
of foil penetration technique. Increase in the IGC rates in the presence of a tensile stress
at the surface of the material was also reported by Rota et al. [218]. Zhao et al. [55]
studied the intergranular corrosion of aluminium alloys using X-Ray radiograph and
found that growth kinetics determined from radiographs of the samples were slower than
growth kinetics determined by foil penetration technique. In a separate study Zhao and
Frankel [35] investigated the effect of prior deformation on localized corrosion of
aluminium alloys. AA2024-T3 showed increased corrosion rate after pre-stressing, but
little change in breakdown potentials. It is speculated that the increase in the current
density with increase in pre-strain is due to the deformation induced defects.

It was also found that the nominal growth rate in the short transverse (S) direction
is slower because of the longer path length around the grains in that direction.*? It is
confirmed from this study that corrosion propagates at a much faster rate in the L and T
direction in both stressed and unstressed specimen. The distribution of IGC in the T

direction (which is also the stressing direction) can be seen from the three dimensional

*2 Refer back to Figure 2.23 (Chapter 2) for grain structure in different directions of AA2024.
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rendering of the samples, Figure 7.10 - Figure 7.12. IGC attacks seem to be initiated from
the edge of the surface and propagate in the L direction until a certain depth.

Rapid growth of IGC to a certain depth and its subsequent cease or limit in growth
rate could possibly be explained by the self-limiting effect of localized corrosion as
discussed by Lifka [221]. IGC initiate and grow rapidly to a certain depth at which it
becomes mass transport limited. Growth of the IGC attacks then decrease significantly
since it becomes more difficult for the oxygen and the corroding species to transport
down to the active tip of the IGC site through the narrow and tortuous corrosion path.
Severe branching of IGC networks make it extremely difficult for oxygen to diffuse down
to the active tip to provide necessary cathodic support for continuing anodic dissolution.
Application of stress is thought to play an important role at this stage. Stress would tend
to rupture any film that might form at the IGC tip and also effectively open up the IGC
path, thereby increasing mass transport and decrease the ohmic potential drop down the
narrow IGC path [29, 218]. When penetration of IGC in a certain direction ceases, it
begins to spread laterally through the material in other directions [221].

This theory has been experimentally supported by the three dimensional
visualization of IGC by Fox [235], who found that IGC sites rapidly penetrate a
susceptible alloy to the limiting depth at which point the electrochemical driving force for
corrosion would start favouring the grain interiors rather than the grain boundaries. At
this point widening of IGC will occur as found in this current study and also observed by
other researchers [52, 321]. Augustin et al. [321] studied the kinetics of intergranular
corrosion in AA2024-T351 by immersing the samples in 1 and 3 M NaCl followed by
optical and SEM observations on the sectioned samples. Augustin found that the
intergranular corrosion corresponds not only to an increase in the depth of the corrosion

attacks but also an increase of the width of the attacks. During their study, depth of

382



Chapter 7. X-ray Synchrotron Tomographic Study of Localized Corrosion Propagation in Aluminium Alloys

penetration of IGC attacks in AA2024-T351 remained the same between the exposure
time of 72 and 168 hours; however, the IGC attacks of the 168 h immersed samples were
much wider compared to the 72 h exposed samples. The dissolution of the interior grains
could also result due to the possible change in chemistry inside a dissolving boundary.

Kotsikos et al. [236] suggested that aggressive ion accumulation inside an active
tip of an IGC can occur within a few hours. This increase in aggressiveness could play an
important role in spreading the dissolution from the boundaries to the grain interiors.
Though growth ceases or is limited in the L direction, the localized corrosion sites start
widening up in the S direction as well as continuing their growth in the T direction.
Several active sites in the T direction from the outer surface of the exposed sample would
then coalesce, thereby contributing to the volume loss of the material. Propagation of IGC
as a function of time in the S direction is slow and that can be observed from the 3D and
2D figures. Grains fall out from the matrix as the 1GC attack becomes significant and
surrounds a grain in three dimensions. Wedging stress generated by the corrosion product
inside the IGC attack may also play an important role in assisting the IGC process [29,
53]. Local wedging stress from the corrosion product could be significant enough to
prevent repassivation in the localized corrosion environment.

Detailed quantification of the growth rate of IGC in aluminium alloys has been
limited in the open literature. In most of the studies growth rate has been measured as 2D
penetration in different orientations.*® IGC growth is normally found to follow a t"
penetration relationship which is represented as d = Kt", where d is the depth of
penetration, K is a constant, t is time and n is a fraction between 0 and 1 [29, 55, 319,

320]. However, it should be noted that in most of these cases, the test specimens were

*% See Section 2.2.2.1 (Chapter 2) for more details about Growth Kinetics of IGC in Aluminium Alloys.
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polarized above the pitting potential of the alloy. Hence, it is possible that under those
experimental conditions grain boundary dissolution is accelerated and therefore the 1IGC
rates measured are not really representative of what an alloy might encounter in real
service life. It is interesting to note that, when in this current study the intergranular
corrosion growth rate is measured in three dimensions and represented as volume loss as
a function of exposure time, the growth rate seems to follow a linear relationship (see
Figure 7.17).

Rota and Boehni [218] speculated that the effect stress on the growth kinetics of
localized corrosion is strongly dependent on the number of parallel growing
attacks/cracks in the exposed area. Intergranular corrosion growth of AA2024 under
applied stress was divided in three subsequent stages: (i) activation, (ii) transition, and
(iii) stable, macroscopic grain dissolution stage. Effect of stress was found to be only in
the first stage where a small number of parallel cracks/localized attacks were active. In
the second stage those localized attacks starts forming network and branching, thereby
making the effect of stress less predominant. In the third stage, grain dissolution starts and
growth kinetics become independent of applied stress. Rota tried to explain the effect of
stress based on stress induced widening of the attacks which not only reduces the integral
ohmic resistance of the system but also improves the mass transport rate. With the
generation of large number of parallel cracks/localized attacks and network formation,
chances of stress induced widening of IGC attacks diminished. This phenomena result
into the disappearance of stress effects in the presence of large number of parallel 1IGC
attacks. However it must be noted that Rota’s model of stress induced IGC growth
Kinetics is based on the results obtained from a modified foil penetration test set up which

measure the fastest growing localized attack in two dimensions.
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Observations of the localized corrosion growth kinetics in two dimensions in this
current study are quite similar to that reported by Rota and Boehni [218] in the stressed
and unstressed conditions. Initial rapid growths of the intergranular attacks in the L
direction have been found for both stressed and unstressed sample (Figure 7.4 - Figure 7.6
and Figure 7.10 - Figure 7.12) before reaching self-limiting growth. However, in all the
cases grain dissolution continues as a function of immersion time as seen from the three
dimensional volume analysis (Figure 7.16). The effect of stress in the initiation stage** of
IGC can be confirmed by comparing unstressed and 70% YS samples. With the
application of stress, IGC volume loss is rapid during the initial immersion. Due to the
limited number of in situ observations of each specimen under the synchrotron (4 scans
on individual specimens during the span of almost two days), it was difficult to get more
information about the initiation stage. During the later stage of immersion (15h — 36 h),
growth Kinetics as expressed by the volume loss is similar for both the unstressed and
70% stressed samples (Figure 7.17).

It should also be noted that though the total current remains constant as a function
of time during the third stage of IGC growth reported by Rota and Boehni [218], the
amount of charge passed which is a direct measure of total volume loss still increases
with increasing exposure time. So, in this present study it is not surprising to see that the
volume loss due to IGC increases during the later stage of exposure. A significant
difference in the volume loss between the 70% YS sample and 90% YS sample has been
found in this study. After 35 hours of exposure, IGC volume loss in the 90% YS sample

is almost one order of magnitude higher than that of the unstressed or 70% YS sample.

* Effect of applied stress on the initiation of localized corrosion is discussed in Chapter 6. It was found that
applied stress equivalent of 70% YS or more had an adverse effect on the corrosion properties of AA2024-
T351.
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The exact reason for this significant increase in the volume loss for a sample stressed to
90% of its yield strength is not properly understood as yet. But it is possible that once the
microstructure is weakened by the IGC growth, the grains starts to slide apart more
rapidly in a 90% YS sample (as it is very closed to the plastic domain of the material)
than in a unstressed or in a 70% YS sample. These kinds of sliding will open up the
grains along their edges and once these grain edges coalesce, IGC propagates through the
microstructure. It is also possible that the specimen stressed to 90% YS starts off with
many more initiation sites compared to the unstressed or 70% YS specimens. Higher
number of such initiation sites would contribute to the higher volume of material loss in
the later stage.

As it has already been discussed in Chapter 6,* during potentiostatic polarization
of AA2024-T351 in aerated 0.01 M NaCl in the anodic region (between OCP and the
breakdown potential), the difference in the charge passed (which is directly proportional
to the metal dissolution) between an unstressed sample and a sample stressed to 45% of
its yield strength is negligible (see Figure 6.34 in Chapter 6). When the sample is stressed
to 70% of its yield strength, slight increase in the passed charge occurs (see Figure 6.37 in
Chapter 6) and when the applied stress is 90% of the yield strength, charge passed for
stressed sample is always much higher in comparison to the unstressed sample (see
Figure 6.40 in Chapter 6). This possibly emphasizes the fact that, microstructural changes
in a sample could happen close to its yield strength, and this might have an adverse effect
on corrosion susceptibility.

Application of stress is found to decrease the initiation time for localized

corrosion in stainless steel without increasing the number of nucleation sites significantly

*® See Chapter 6 to find out more about the effect of elastic and plastic stress on the localized corrosion of

aluminium alloys.
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[322]. Application of stress is believed to generate surface defects such as slip lines, slip
bands, microcracks, decohesion between phases [29, 35, 36, 323, 324]. All these surface
defects may act as potential sites for corrosion initiation. However, individual
contribution from each of these defects or possible synergistic effects of more than one

factor still remains a subject of further investigations.

7.5 Conclusions

1. X-ray synchrotron tomography is a powerful non-destructive technique which can
be used to visualize, monitor, and quantify real time corrosion development in
three dimensions within the bulk of a material in micron and submicron scale.
This technique has been shown to be an effective tool for better understanding of
the electrochemical and physical mechanisms responsible for the development as
well as propagation of localized corrosion sites (i.e., intergranular corrosion in this
case) in aluminium alloys.

2. Quantitative growth rates of intergranular corrosion along with their
morphological evolution in unstressed and stressed condition provide valuable
input that can have significant contribution in the life prediction modelling tool of
the aircraft components.

3. This current study documents the effect of stress on the growth rate of
intergranular corrosion for the first time in three dimensions. It has been shown
that 2D technique may not always quantify the growth rate accurately as localized

corrosion propagation can stop in a particular direction but still continuing growth
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in other directions. Under these circumstances, 3D analysis has been seen to
provide a better description of the corrosion process.

4. Application of stress of 70% Y'S or above has a significant effect on the localized
corrosion propagation of the sample. Increase in the remotely applied stress
increased the amount of attack.

5. All attacks were intergranular corrosion in nature, no cracking was observed even
after long exposure in this particular environment. 3D reconstruction provides the
visual evidence as to how IGC propagates in three dimensions.

6. Growth of the IGC attacks in the L direction stop after certain time in most of the
samples.

7. A linear relationship between the volume loss due to IGC and exposure time has
been observed in both stressed and unstressed sample. Sample stressed to 90% of
its yield strength showed rapid increase in the volume loss due to IGC with
increasing immersion time and resulting volume loss was almost 30% of the total

sample volume.
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8 OVERALL SUMMARY AND CONCLUSIONS

In this project, efforts have been made to gain a better understanding of the role
of intermetallic particles and applied stress in initiating and propagating localized
corrosion (mainly pitting and intergranular corrosion) in aluminium alloy 2024 (Al-Cu-
Mg). The initiation stage of the localized corrosion was investigated using macro and
micro-scale electrochemical techniques whereas propagation of localized corrosion was

studied with X-ray synchrotron tomographic techniques.

8.1 Effect of Stress on Localized Corrosion Initiation

In earlier studies by other researchers (in unstressed conditions), initiation of
localized corrosion in aluminium alloys has been associated with the presence of
intermetallic particles on the alloy surface [8-11, 14, 15, 37, 38, 40, 42, 47, 48, 82, 123,
171, 173, 175, 181-197]. However, the role of those intermetallic particles in initiating
localized corrosion has not been well studied under stressing conditions. It has also not
been well documented whether morphological changes in the intermetallic particles play
any key role in controlling the corrosion properties of the alloy under stress.

The role of applied stress in the initiation of localized corrosion was investigated
with a special emphasis on the behaviour of intermetallic particles under stress.
Application of plastic stress on AA2024-T351 was found to decrease the corrosion and
breakdown potentials of the alloy. It has been seen in this study that application of stress

creates delamination at the intermetallic particle/matrix interface. Presence of any
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micro/nano crevices (which could be produced by particle/matrix delamination during
application of stress) at the particle edge are thought to decrease the breakdown potential
of the alloy by increasing the electrochemical reactivity at those tight creviced areas.

It should be noted that most of the particles do not show any delamination even at
a high plastic load (equivalent to 140% of the yield strength of AA2024-T351). However,
due to the presence of a large number of intermetallic particles in AA2024-T351, the
likelihood of exposing such a flaw is high even with a very small exposure area. Since the
localized corrosion properties of an alloy could be determined even by a single weak
point, it is highly probably that the exposed area of even one mm diameter would contain
such delaminated areas. In a few cases during the current study, the application of plastic
stress does not change the breakdown potential of the AA2024-T351 specimens. These
observations are probably indicative of the fact that the corrosion performance of the
alloy might be controlled by the probability of the existence of delamination at the
particle/matrix interface in the exposed areas. Electrochemical experiments on the surface
treated AA2024-T351 samples (i.e., without ‘S’ phase particles) do not show total
elimination of the stress effect (as the breakdown potential of the alloy is still lowered by
the application of plastic stress). These observations emphasize the fact that the presence
of intermetallic particles other than ‘S’ phase particles could also play a role in
determining the corrosion behaviour of the alloy under stressing condition.

Further electrochemical experiments with an intermetallic particle free Al-
0.099Cu binary alloy also points out at the possible crucial role of the presence of
intermetallic particle under stressing conditions. The binary alloy (Al-0.099Cu) without
any intermetallic particles does not show any drop in breakdown potential after
application of plastic stress though it does show drop in corrosion potential. The

plastically stressed intermetallic particle free Al-0.099Cu binary alloy shows the presence
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of slip lines/bands and related microcracks on the alloy surface and these features are seen
to interact with the electrolyte during the corrosion experiments. However, the absence of
any change in the breakdown potential of the plastically stressed Al-0.099Cu binary alloy
during the corrosion experiment indicates that in the absence of intermetallic particles, the
slip bands or rough surface may not be the main responsible features in changing the
breakdown potential of the alloy.

The importance of the delamination at the particle/matrix interface as the possible
key controlling factor on localized corrosion initiation in AA2024-T351 has further been
emphasized by the experimental results from micro-capillary electrochemical tests. It has
been found that application of plastic stress close to the ultimate tensile strength of the
alloy does not significantly change the corrosion behaviour of the particle free matrix.
The results also indicate that in the absence of a delamination at the particle/matrix
interface, plastically stressed Fe-Mn rich particles do not exhibit any change in the
breakdown potential.

Since it seems that formation of a tight crevice at the particle/matrix interface can
potentially control the localized corrosion initiation, it is logical to assume that any
process that minimises the possibility of a tight crevice formation could actually increase
the breakdown potential. This argument could possibly be supported by the observed
higher breakdown potentials of the Fe-Mn particles with longer cathodic polarization
during the micro-capillary electrochemical experiments. Longer duration of the cathodic
polarization will generate more alkalinity which may create alkaline grooving around the
particles. These relatively wider grooves can alter the geometry of tight crevices and
thereby minimize the chance of initiating pits. Presence of such alkaline grooving around
the particles was verified through optical profilometry and AFM analysis in this current

study.
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8.2 Effect of Stress on Localized Corrosion Propagation

As in most of the practical applications, aluminium alloys are subjected to stress
in order to achieve a specific structure; researchers try to understand the effect of stress
on the growth Kkinetics of localized corrosion. Inherent limitations of the two dimensional
techniques that are used to investigate the anisotropic growth rate of localized corrosion
in aluminium alloys impose difficulties in knowing the actual growth rate in a real bulk
material in three dimensions. Two dimensional analysis of the corrosion growth also do
not provide any information about the true shape, connectivity, and morphology of
corrosion sites along with their interactions with different microstructural features.

This current study emphasizes that X-ray synchrotron tomography can be used to
visualize and characterize the development and growth of localized corrosion quite
accurately in three dimensions. Hence, it is demonstrated here that X-ray synchrotron
tomography can overcome the limitations associated with the conventional two
dimensional techniques. This study also establishes the effect of applied stress on
localized corrosion (predominantly intergranular corrosion) propagation in aluminium
alloys. It has been found that application of stress of 70% Y.S. or above has a significant
effect on the localized corrosion propagation within the sample. An increase in the
applied stress increases the amount of attack. All attack sites are found to be intergranular
in nature and no cracking is observed even after long exposure in the environment of
naturally aerated 0.6M NaCl at room temperature.

3D reconstruction and rendering of X-ray attenuation data visually represents the
propagation of intergranular corrosion in three dimensions. The propagation rate of the

intergranular attack is found to be faster in the rolling (L) and in transverse (stressing)
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direction compared with the short transverse direction. In the short transverse (S)
direction, the growth rate was slower probably because of the longer path around the
grains in that direction. It is interesting to note that using two dimensional techniques,
several researchers found the intergranular corrosion growth to follow a t" penetration
relationship which is represented as d = Kt", where d is the depth of penetration, K is a
constant, t is time and n is a fraction between 0 and 1 [29, 55, 319, 320]. However, in this
current study, representing the growth rate of intergranular corrosion as the volume of
material loss as a function of exposure time, a linear relationship has been observed in
both stressed and unstressed samples. A sample stressed to 90% of its yield strength
shows a rapid increase in the volume loss due to intergranular corrosion with increasing
immersion time and results in almost 30% loss of the total sample volume. Thus, this
current study shows the effect of stress on the growth kinetics of localized corrosion in

three dimensions for the first time in aluminium alloys.

393



Chapter 9. Future Work

9 FUTURE WORK

Modelling of corrosion of aluminium alloys has become a subject of great interest
to the aircraft manufacturers and maintainers during the last decade or so. Fundamental
understanding of the corrosion initiation process in aluminium alloys will be helpful to
develop better mitigation strategies and inspection schedules. Moreover, techniques
which provide better insights and subsequent model inputs into the growth kinetics of
localized corrosion will enhance the success of these predictive models with higher
accuracy.

Different theories have been proposed to explain the effect of stress in changing
the corrosion and breakdown potentials in aluminium alloys, but none are complete on
their own. Moreover, very limited research has been carried out on the intermetallic
particle behaviour under applied stress and its subsequent influence on corrosion
properties. In this work, experimental evidence has been found which indicates that
delamination at the particle/matrix interface can provide corrosion initiation sites by
creating nano/microcrevices. However, considering the fact that delamination does not
occur in all the particles and AA2024 has about 300,000 particles in every inch square,
statistics seems to play a significant role in characterizing the localized corrosion
initiation. Hence, some statistical studies should be performed to calculate the percentage
of particle delamination and the probability of delamination for a given surface area and
then correlate these calculations with observed corrosion behaviour.

Micro-capillary electrochemical cell testing in conjunction with the stressing stage
provides a good opportunity to extend the statistical based study on individual

intermetallic particles of AA2024-T351. Further micro-capillary electrochemical
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experiments can be performed on additional (i.e., on the order of 100 to 1000 for
statistical significance) individual particles under stressing condition to get quantitative
evidence for the delamination-induced localized corrosion initiation theory. These
experiments can also be used to understand the role of elastic and plastic stress in
controlling the corrosion properties in aluminium alloys. It is also possible to expand
these test matrixes to other alloy systems used in structural components for better
understanding of the local electrochemical behaviour of second phase particles, inclusions
etc. in both stressed and unstressed condition.

The latest generation of X-ray synchrotron microtomography beam lines have
been shown to be very powerful tools to the materials and corrosion scientists. 3D
information characterising localized corrosion has been obtained from the bulk of the
material using this non destructive technique. Growth kinetics has been measured as a
function of material loss in both unstressed and stressed samples. However, additional
experiments should be performed to provide additional data for a better and accurate
understanding of the growth rates. It has to be mentioned that, due to the lack of beam
line time, experiments could only be performed on single specimens in the unstressed
condition and in specimen stressed to 70% and 90% Y.S. Though this current study can
be taken as a proof of concept demonstration showing the possibility of getting new
information using X-ray synchrotron tomography, the results obtained from this study
should be verified with repeat experiments to ensure consistency. The growth law
obtained utilising the total volume percent of corroded material as the metric for growth
rate should also be verified with repeat experiments in both stressed and unstressed
samples. Moreover, due to the capabilities of the current synchrotron facilities, gaps exist
in the recorded evolution of the localized corrosion events as attack occurs between two

consecutive tomographic scans. Hence, more experiments with shorter intervals between
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two consecutive scans should be performed utilising the newest synchrotron technology
and thereby enhancing the chance of detecting the corrosion initiation and documenting
the propagation phenomena more accurately.

As the scientists on the X-ray synchrotron beam-line improve the resolution of the
tomographic scans, the ability to perform in situ localized corrosion tests with higher
resolution (i.e., in sub micron level) on the aluminium alloys in both stressed and
unstressed conditions would be recommended. These experiments would help to get
statistical data on the particle delamination. Micro-capillary electrochemical tests could
also be performed in conjunction with stressing stage under the synchrotron beam. Faster
scan rate and high resolution of X-ray synchrotron technique can make it possible to
directly correlate the localized corrosion initiation phenomena with responsible

microstructural features.
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APPENDIX A: MECHANISMS AND MODELS FOR PIT
INITIATION

A.1 Adsorption Mechanism

Adsorption mechanism for pitting corrosion initiation is based on the reversible
competitive adsorption of aggressive ions like CI” with oxygen for sites on the metal or
alloy surface [18, 112, 129, 130, 135, 155]. Pits develop at sites where passivating oxygen
adsorbed on the metal surface is displaced by aggressive anions like halides. The
adsorbed halides induce pitting by weakening the metal ions to metal lattice bond or by
thinning the passivating oxide film [134].

Hoar et al. [135] proposed that halide ions gets adsorbed on the oxide film of the
surface and form traditional complexes which will immediately separate from the oxide
ions in the lattice and dissolve in the solution. The rate of dissolution of the cations in the
form of a complex is much higher than the non or aquo-complexed cations present in the
film surface in the absence of halide ions. Once a cation is dissolved in the solution,
another cation comes through the film to replace the dissolved cation. However, after
reaching the film/solution interface the cation does not find any stabilizing oxide ion,
rather it finds several halide ions. Hence, once begun, this process has a strong probability
to be ‘catalytic’ in nature and thereby causing localized breakdown of the film. Apart
from halide ions, depending on the size and charge of the ions, other ions may also
penetrate the passive oxide by contaminating it and making it a better ionic conductor.
However, according to Hoar’s adsorption model, anions other than CI', e.g. SO,%, ClO,%,

NOj3’, OH" should also accelerate pitting by contaminating the oxide film. However, it is
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found that SO4%etc. is inhibitor to the pitting attack. Inhibition even found to occur at
potential where pitting would normally occurs in the absence of those ions.

So, to explain these discrepancies, Leckie and Uhlig [130] proposed an alternate
model based on the competitive adsorption of the oxygen and chloride ions. Adsorbed
oxygen rather than metal oxide is considered to make up the passive film. When O is
adsorbed, the metal passivates whereas adsorption of chlorides does not produce a passive
surface. Thus, above a critical potential where CI" adsorption is favoured over O*
adsorption, localized breakdown of the passivity occurs. When anions other than CI" are
present, these also tend to adsorb on the passive metal/alloy surface displacing the CI.
Hence, in the presence of these ions, the competitive process requires a shift of potential
to still more noble values where CI" concentration in the double layer would be adequate
to displace the oxygen from the passive film and thereby destroying the local passivity
[130].

The aspects of the adsorption model are still relevant, though it is now known that
the passive film is at least several mono layers thick rather than just an adsorbed oxygen
layer [112]. It has been found that chloride and other halides can cause thinning of the

passive film even under condition where as pit had not formed.

A.2 Penetration Mechanism

According to this mechanism, aggressive anions such as CI™ incorporate into the
passive film and migrate through it. Breakdown of passivity occurs when the aggressive
anion reaches the underlying metal [18, 112, 128, 132, 137]. Migration of anion through

the passive film would be assisted by the presence of high electric field in the film.
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The existence of an induction time prior to the pitting process supports the idea
behind the penetration mechanism. However, it should be noted that the theoretically
calculated time for CI" penetration through the oxide film is much longer than the
induction time measured experimentally. A critical concentration of chloride in the inner
oxide portion is thought to be associated with film breakdown and pit initiation [112,
155].

Penetration models could be divided into two broad categories: (i) according to this
type, penetration of chlorides occurs through the imperfections in the passive film, and
(i1) in the second type, penetration is believed to occur with some interaction of chloride
with the oxide lattice [18].

According to Hoar et al. [325] anions enter the oxide film under the influence of an
electrostatic field across the film/solution interface. Initiation of pit occurs when the field
reaches a critical value corresponding to the breakdown potential. Presence of
imperfections (e.g., grain boundaries) in the passive film makes the entrance of the
aggressive anions much easier. Efficiency of those anions in breakdown depends on their
respective ease of entrance through the passive film. The smaller anions like CI" penetrate
more readily and hence more aggressive than the Br and I". It is also suspected that oxide
film ‘contaminated” with aggressive anions are better ionic conductor than the original
passivating oxide [325].

McCafferty [120] supported the second type of penetration model where it is
considered that penetration of chloride ions can occur through the oxide film dissolution.
According to this model chloride ion gets adsorbed on the oxide surface, mostly on the
positively charged region of the surface. This model has been extended in such a way that
the anion penetration through the oxide film could be explained by oxide film dissolution

as well as by migration through the oxygen vacancies.
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On the other hand, Mattin and Burstein [326, 327] proposed a model where both
chloride and oxide ions are suggested to be drawn through the passivating oxide film
under the influence of a high electric field. Oxide ions react at the metal/film interface to
form passivating metal oxide, whereas chloride form metal chloride after reaching at that
interface. Formation of solid metal chloride at that interface would expand the interface
because of the higher molar volume of the metal chlorides than the metal oxide or the
metal itself. This expansion causes mechanical rupture of the oxide film leading to a

microscopic explosion which could be the precursor of the pit nucleation [18].

A.3 Film Breakdown Mechanism

Pit initiation by film breakdown considers that the thin passive film is in a continual
state of breakdown and repair [18, 112, 137]. This model assumes the existence of
competition between film formation and metal dissolution. Pitting thought to occur at
potentials where the rate of passivity breakdown is greater than that of repassivation
[134]. According to Smialowska [18] the film breakdown mechanism (also termed as
“depassivation-repassivation” theory) is a modification of adsorption-displacement theory
of competitive adsorption between CI" and O® on the metal surface. In this theory of pit
initiation, breakdown potential (Ep) is referred a particular potential at which the
adsorption of aggressive anions on the metal surface displaces the adsorbed passivating
species.

Mechanical stresses at the weak sites or flaws on the oxide film resulting from the
electrostriction and surface tension can lead into the local breakdown of the passive film

[112]. However, in a non-aggressive environment (i.e., in the absence of chloride or other
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aggressive anions) the passive film can reform very rapidly. By comparison, the
likelihood of the film reform will decrease rapidly in the presence of aggressive anions
and sufficiently high potential. As a result the metal surface at those defective sites
becomes activated and attacked by the formation of soluble non protective corrosion
products. In this model, the role of chloride ions is restricted to prevent repassivation
rather than promoting breakdown [18].

While considering this film breakdown mechanism, it should be remembered that
not all the breakdown events would result into pitting corrosion. According to this model,
breakdown will only lead to pitting corrosions where pit growth is possible [112]. It is
assumed that breakdown will always occur, but the passive film properties will influence
the rate of its occurrence.

Pit stability criteria play an important role in describing the pitting corrosion
mechanism using this model. According to this model, film breakdown occurs probably
with a different energy and at different spots on the film. Hence, there is a need to
establish some criteria that can describe the conditions needed pit to be able to grow.
Hence several researchers [114] suggested a critical factor for pit stability mainly
consisting of the product of pit depth and pit current density [112]. If the product (which
could be different for different metals/alloys) of this exceeds a certain value, pit is
supposed to be stable. So, it can be stated as summary that the film breaking model really

involves initiation based on pit growth stability [112].
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A.4 Mechano - Chemical Model

This model/mechanism of pit initiation describes with the interaction between the
aggressive anions with the passive oxide film which could be under mechanically stressed
condition [18, 128, 133, 134, 328]. Mechanical stress in the anodic oxide film can arise
due to the reasons like: (i) interfacial tension, (ii) electrostriction pressure resulting from
the presence of a high electric field in the film, (iii) internal stress caused by the volume
ratio of the film and the metal, (iv) internal stress due to partial hydration or dehydration
of the film, or (iv) local stresses caused by the impurities. Under these operating stresses,
surface tension probably stabilizes the anodic oxide film. However, this surface tension
effect decreases with the increase in the film thickness and this will lead to the existence
of a critical film thickness above which breakdown of the passive film could occur.
Adsorption of the aggressive anions on the oxide film will lower the surface tension and
hence decrease the critical thickness for breakdown [133]. Thus breakdown potential at
the critical film thickness is found to depend on the anion concentration in the solution
[133]. Hoar [328] suggested that the adsorption of CI" onto the film/solution interface
results in “peptization” due to the mutual repulsion of the adsorbed charged species.
When the repulsive forces are sufficiently high, the film cracks. Sato [133] suggested that
nature of oxide film breakdown depends on the mechanical properties of the film. Rigid
anhydrous metal oxide would result into brittle crack or fracture whereas visco-plasctic
hydrous oxide would result into plastic deformation or flow. Sato [133] suspected that in
case of plastic flow continuous breakdown can proceed by producing pores on top of the
anodic oxide film. However, any of these types of damages (i.e., either flaws or pores) in

the anodic oxide film would expose the underlying metal for dissolution.
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A.5 Point Defect Model for Pit Initiation

Point defect model for pit initiation can also be correlated with the penetration
mechanism as described earlier [112]. In the point defect model, a passive film is
regarded as containing numerous point defects [18, 112, 154-156]. The major point
defects in an oxide film are assumed to be electron, and metal (cation) and oxygen (anion)
vacancies. Metal and oxide vacancies are in their equilibrium states at the metal/solution
and film/solution interface. Film thickening occurs when anion diffuses from the
film/solution interface to the metal/film interface. On the other hand cation diffusion
results only in dissolution.

Metal vacancies (or “metal holes™) are created at the metal/film interface due to the
diffusion of cation from the metal/film to the film/solution interfaces. These “metal
holes” will tend to submerge into the bulk of the metal and hence to “disappear” [155].
However, when the cation diffusion rate (i.e., the “metal hole” production rate) is higher
than the rate of “metal hole” submerge into the bulk, the metal holes start pilling up and
hence will form a void at the metal/film interface (this is the process of pit incubation).
When the void grow to a certain critical size, the passive film suffer local collapse and
thereby initiating pitting corrosion [18, 155].

CI" ions are capable of being incorporated into passive film through the occupation
of oxygen vacancies by the CI ions. In order to main the charge neutrality, the number of
vacant cation sites in the neighbourhood must increase [156]. In this mechanism, anion
absorption increases the generation of cation vacancies across the barrier layer. Thus,
though the generation of cation vacancies is autocatalytic, but whether or not the film
breaks down depend on the relative rates with which the cation vacancies are transferred

across the barrier layer and are annihilated by emissions of cations from the metal into the
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film. Passivity breakdown is though to occur at regions of the film that are characterized

by high cation vacancy diffusivities [156].

A.6 Localized Acidification Theory

Galvele [114] was the first to propose the “localized acidification mechanism”
where the induction time for pitting is described as the time required to achieve the
critical pH inside the pit initiation sites. It is also suggested that pit develops because of
the hydrolysis of corrosion products during transient cracks in the oxide film thus causing
acidification at the metal surface [134]. On the other hand, Smialowska [18] treated this
model as a “pit growth” model than “pit initiation” model. According to Smialowska [18]
pits can be formed only when the passive film if destroyed locally; however subsequent
pit growth will be determined by the formation of a pit solution that prevents the
repassivation.

Galvele [114] assumed that film breakdown occurs constantly even below the
pitting potential. In the presence of high enough electrode potential, a crack in the passive
film will promote metal dissolution followed by a hydrolysis reaction which will drop the
pH inside the pit. Galvele suggested that for each metal and alloy, a critical acidification
IS necessary to render repassivation impossible and sustain pit activity. The pitting
potential does not have any special thermodynamic significance according to this model;
rather it is described as a potential necessary to reach the current density for the critical
x.i (i.e., pit depth.current density) [18].

Galvele [114] found that in most of the metals the critical pH is reached with x.i

values lower than 10® A/cm. Since at pit initiation conditions the current density the pit is
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at least 1A/cm?, it is concluded that the necessary acidification can be obtained in pits as
small as 10 cm. This means that a crack in the passivating oxide film would give a
diffusion path long enough to reach the critical pH. If such cracks are present, it would
only be necessary to apply potential high enough to reach the above mentioned current
density.

Thus, Galvele’s model is based on the dissolution of a metal, cation hydrolysis,

diffusion and migration, which leads to the prediction of pit acidification.

A.7 Chemical Dissolution Theories

According to the theories aggressive anions and metal ions in oxide film form
complexes that cause localized thinning of the film leading to its breakdown [120, 135,
139, 155, 157]. The chemical dissolution theory suggests that small number of CI ions
jointly adsorbed around a cation in the film surface to form a high energy complex and
once formed, this complex will readily dissolve into the solution making the oxide film
thinner locally. The presence of a stronger anodic field at this site will rapidly transfer
another cation to the surface where it will meet more CI', complex with them, and thereby
enter the solution. Thus this process will become auto-catalytic and results in film
thinning [135, 155].

Nguyen and Foley [107, 139] have performed extensive study on the chemical
nature of aluminium corrosion. Nguyen experimental results support the idea that the first
steps in aluminium pitting in aggressive solutions involve adsorption of the anion on the
oxide film followed by chemical interaction to form a soluble species resulting in a

thinning of the film and direct contact with the metal surface.
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According to Foley’s group the initiation of pitting of aluminium in halide solutions

proceeds in four consecutive steps:

) Adsorption of the aggressive anion on the oxide film

i) The chemical reaction of the adsorbed anion with the AI** in the oxide lattice:

AlI** (inAl,O,.nH ,Olattice) + CI~ — Al(OH),ClI

iii) The thinning of the oxide film by dissolution

Iv) The direct attack of the exposed metal by the aggressive anion with the
formation of transient complexes which rapidly undergo hydrolysis:

AI*" +4Cl~ — AlCI,”

AICI,” +2H,0 — AI(OH),Cl + 2H * +3CI"
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