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The understanding of how corrosion affects magnesium alloys is of utmost importance as the automotive and aerospace industries
have become interested in the use of these lightweight alloys. However, the standardized salt-spray test does not produce adequate
corrosion results when compared with field data, due to the lack of multiple exposure environments. This research explored four
test combinations through three sets of cycles to determine how the corrosion mechanisms of pitting, intergranular corrosion, and
general corrosion were affected by the environment. Of the four test combinations, Humidity-Drying was the least corrosive, while
the most corrosive test condition was Salt Spray-Humidity-Drying. The differences in corrosivity of the test conditions are due to
the various reactions needed to cause corrosion, including the presence of chloride ions to cause pit nucleation, the presence of
humidity to cause galvanic corrosion, and the drying phase which trapped chloride ions beneath the corrosion by-products.

1. Introduction

The search for lightweight solutions in the automobile
and aerospace industry has created interest in the use of
lightweight metallic alloys [1, 2]. Interest in magnesium
alloys has increased due to low density and high mechanical
stiffness. However, when compared to aluminum or steel,
magnesium has a high corrosion rate. Furthermore, magne-
sium alloys corrode easily in the presence of seawater, due to
a high electrochemical potential as illustrated in the galvanic
series [3]. Because of these corrosion issues, magnesium
is currently used in locations that are not exposed to the
environment, such as car seats and internal electronic boxes
[4, 5]. To deal with the seawater corrosion, magnesium
alloys are currently being developed with the aim to reduce
corrosion [4]. As such, the corrosion mechanisms of these
magnesium alloys must still be determined.

Corrosion testing is usually performed using salt-water
and one of two techniques: immersion or salt-spray in a
cabinet. ASTM G-31 details the standards developed for
corrosion testing based on immersion, while ASTM B-
117 details the standards developed for corrosion testing

based on salt-spray [6, 7]. Also, while the salt-spray stan-
dard has amendments for performing other experiments,
such as acidified salt-spray, acidified seawater, and sulfur
dioxide spray, there are no standards for cyclical salt-spray
testing that do not involve removing the salt, only the
acidified solution [8]. The need to examine cyclical salt-
spray testing has arisen, because a continuous salt-spray
does not adequately replicate the corrosion of aluminum
alloys exposed to a marine environment nor does it ade-
quately replicate the data from corrosion field tests [9,
10]. Instead, engine cradles are exposed to many different
environmental factors that make corrosive environments
difficult to predict [11]. Because of the many different
materials an engine block could encounter, such as deicing
salt, mud, and condensation, it is important to test many
different environments [11]. Companies have designed their
own cyclical tests, which include a “pollution” phase and
either a wet or dry phase [10]. However, none of these
tests are identical, with varying concentrations of salt in
the corrosive stages, varying degrees of temperature and
humidity, and varying lengths of time [10]. While each test
provides information about the corrosion of the metals,



2 International Journal of Corrosion

the corrosion mechanisms cannot be compared, only the
final corrosive effects. Other research into the effects of
salt on the corrosion of magnesium did not standardize
the temperature or length of humid/drying conditions [12].
Instead, the cycle was standardized to two hours and the
length of salt-spray and humid/drying conditions were
changed [12]. Since the ultimate goal of this research is
develop a model that explains pit nucleation, growth, and
coalescence, the environmental effects must be standardized
with respect to salt concentration, humidity, temperature,
and cycle length. The particular goal of this research is
to determine the most corrosive test cycle using a combi-
nation of standardized environmental effects that exposed
magnesium would encounter, such as an aqueous salt-
spray, humidity, and drying. The weight loss, thickness
loss, and stereological effects were determined for four
environmental combinations on as-cast AE44 Mg (4.69%
Aluminum, 2.56% Cesium (Rare Earth), 91.49% Magne-
sium).

2. Materials and Methods

2.1. Testing. Thirty-six AE44 coupons (2.54 cm × 2.54 cm
× varying thicknesses) were cut from an as-received engine
cradle provided by Meridian Technologies using a vertical
bandsaw (MSC Industrial Supply Company, Columbus,
MS). The coupon surfaces were left untreated, to test the
corrosion effects on an as-cast AE44 magnesium alloy. A Q-
Fog CCT (Q-Panel Lab Products, Cleveland, OH) was used
to cycle through three stages, including drying air purge at
35◦C, 100% humidity using distilled water at 35◦C, and a
3.5 wt.% NaCl spray at 35◦C. Four test conditions combining
at least two stages were run. The three test conditions that
ran for two hours per cycle and six hours total consisted
of Humidity-Drying (HD), Salt Spray-Humidity (SH), and
Salt Spray-Drying (SD). The fourth test condition ran for
three hours per cycle and nine hours total consisted of Salt
Spray-Humidity-Drying (SHD). Nine coupons, hung at 20◦

to the horizontal support shelf as recommended by ASTM
B-117, were used per test condition with the removal of
three coupons following each cycle, for a total of three cycles.
Following the removal of the coupons after each cycle, the
coupons were rinsed in distilled water to remove excess
salt and corrosion by-products that were easily removed,
and then dried. Between analyses, the coupons were stored
in a desiccator to ensure that no further surface reactions
occurred.

2.2. Analysis. Following each test cycle, the coupons were
analyzed using optical microscopy and laser profilometry.
The coupons were weighed prior to testing and following the
test cycle on two different scales and an average was taken.
Four thickness measurements were taken on each sample
prior to and following the test. Because the coupons were cut
from an engine cradle, the thicknesses of the coupons varied
from side to side, meaning an average was taken per coupon
based on the four measurements.
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Figure 1: Average thickness loss of the AE44 coupons arranged
by test condition based on cycle number. Note the almost parallel
trend between the humidity-drying and the salt spray-humidity test
conditions, as well as the almost parallel trend between the salt
spray-drying and salt spray-humidity-drying test condition.

Optical microscopy with an inverted light was used
to take multiple images of the resulting surface at 5×
magnification and 10× magnification (Axiovert 200M Mat,
Carl Zeiss Imaging Solutions, Thornwood, NY). The 5×
magnification images were combined and then analyzed
using the ImageAnalyzer (v. 2.1-2) provided by Mississippi
State University to determine the number of pits, the pit sur-
face area, the nearest neighbor radius, and the intergranular
corrosion area fraction, to gain data for the development of
a corrosion model not detailed in this paper, but previously
outlined by Horstemeyer et al. [13]. The 10× magnification
was used to document the changes over the three cycles. Laser
profilometry was used to scan a 1 mm × 1 mm area on each
coupon following each test cycle (Talysurf CLI 2000, Taylor
Hobson Precision Ltd, Leicester, England). The resulting
2D and 3D images were used to document the changes in
the surface due to the different test conditions (Talymap
Universal, v. 3.18, Taylor Hobson Precision Ltd, Leicester,
England).

3. Results

Figure 1 shows the average thickness for each test condition
per test cycle. The Humidity-Drying (HD) test condition,
which acted as a control, showed the least amount of change
in the thickness of the coupons. The Salt Spray-Humidity
(SH) test condition also showed very little change in the
thickness of the coupons over the cycle time, but showed
more loss in thickness than the HD test condition. The
Salt Spray-Humidity-Drying (SHD) test condition initially
showed more thickness loss than the HD test condition but
less than the SH test condition. Following Cycle 3, however,
the SHD test condition caused more thickness loss than the
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Figure 2: Average weight loss of the AE44 coupons arranged by
test condition based on cycle number. Note the straight line of the
humidity-drying test condition.

SH test condition. The test condition that caused the greatest
thickness loss was the Salt Spray-Drying (SD) option, which
was more corrosive through all three cycles than the other
three test conditions.

Figure 2 shows the average weight loss for each test
condition per test cycle. The HD test condition caused the
least amount of weight loss during the three-cycle run. The
SH test condition saw an initial decrease in weight following
the first cycle, before no weight loss was seen following
the third cycle. The SHD test condition initially saw a gain
in weight following the first cycle, before an almost linear
decrease in weight following the second and third cycles.
The most drastic weight loss was observed by the SD test
condition, which lost a total of 4.5 mg over the three cycle
run.

Figure 3 shows the pit number density, or the number
of pits that formed, following each test cycle for each test
condition. The HD test condition had the fewest number of
pits formed over the entire set of cycles, although following
Cycle 3, there were more pits on the HD surface as compared
to the SD and the SHD test conditions. The SH test condition
initially had the fewest pits formed following Cycles 1 and
2, even fewer than the HD test condition. Following Cycle
3, however, the SH test condition had more pits on the
surface than any of the other three test conditions. The SD
test condition showed an increase in pit formation following
Cycle 2, while Cycle 3 saw a decrease due to pit coalescence.
The most significant pit formation was observed with the
SHD test condition, as was the most significant decrease in
pit number due to coalescence. Please note that, in order to
fully see the points at the bottom of the graph, the second
graph of Figure 3 was a zoomed-in portion close to the x-
axis, which excluded the SHD cycle 1 point and the SH cycle 3
points. These changes did not affect the trends, but did affect
the y-axis, which was necessary to see the slight changes that
occurred close to zero.
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Figure 3: Average pit number density of the AE44 coupons
arranged by test condition based on cycle number. Please note that
the second graph was produced by focusing on the box surrounding
the values close to the x-axis, in order to ensure that the values close
to zero could be seen accurately.

Figure 4 shows the pit surface area, or the growth of
the pits over time, following each test cycle for each test
condition. The HD test condition showed a gradual increase
in pit surface area over the three cycles tested, although the
pits did fail to grow between Cycles 1 and 2. The SH test
condition also showed a gradual increase in pit surface area
over the three cycles tested, although the surface area of the
pits was smaller than the largest values of the SD and SHD
test conditions. The SD test condition showed an increase in
pit surface area between Cycles 1 and 2, while a decrease was
observed between Cycles 2 and 3. The SHD test condition
showed the highest pit surface area following Cycle 1, with
a drastic decrease following Cycle 2, with a similar value for
Cycle 3 as compared to Cycle 2. The decrease in pit surface
area of the SHD test condition was very similar to the final
cycle of the SD test condition, both of which were less than
the SH and HD test conditions.

Figure 5 shows the nearest neighbor distance, or the
change in the distance between the pits as the pits grew,
following each test cycle for each test condition. The HD test
condition showed a gradual decrease in the nearest neighbor
distance over the three cycles. The SH test condition also
showed a decrease in the nearest neighbor distance over the
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Figure 4: Average pit surface area of the AE44 coupons arranged by
test condition based on cycle number.

three cycles tested, although the decrease was much larger
than the other three test conditions. The SD test condition
showed an initial decrease in the nearest neighbor distance
between Cycles 1 and 2, while an increase was seen between
Cycles 2 and 3. The SHD test condition showed the lowest
nearest neighbor distance following Cycle 1, with an increase
in the nearest neighbor distance following Cycle 2, followed
by a decrease to Cycle 3. The value of the nearest neighbor
distance of the SHD test condition following Cycle 3 was very
similar to the final value of the SD test condition, both of
which were larger than the SH and HD test conditions.

Figure 6 shows the intergranular corrosion area fraction,
or the change in the surface as the pits coalesced, following
each test cycle for each test condition. The HD test condition
showed a gradual increase in the intergranular corrosion
area fraction over the three cycles. The SH test condition
also showed an increase in the intergranular corrosion area
fraction over the three cycles tested. The SD test condition
showed an increase in the intergranular corrosion area
fraction over the three cycles tested, with an almost parallel
trend to that of the HD test condition. The SHD test
condition showed a decrease in the intergranular corrosion
area fraction over the three cycles tested, with a starting value
that was higher than the ending intergranular corrosion area
fraction of the HD and SH test conditions and almost equal
to the ending value of the SD test condition. The final value
of the SHD test condition was almost equal to the beginning
value of the SH test condition and lower than the other two
test conditions.

Figure 7 shows the 3D laser profilometry scans of the
coupons following the three cycles for the four test con-
ditions. When looking at the 3D laser profilometry scans,
one can observe where the corrosion initially took place
based on the colors present. Where the reds, oranges, and
yellows exist, the surface had not been heavily corroded,
while the greens and blues indicate corrosion, due to the
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Figure 5: Average nearest neighbor distance of the AE44 coupons
arranged by test condition based on cycle number.
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Figure 6: Average intergranular corrosion area fraction of the AE44
coupons arranged by test condition based on cycle number.

removal of material. Looking at the Cycle 1 column, one
can see that the least corroded surface was the HD surface,
while the most corroded surface was the SHD surface, based
on the combination of reds and blues. As one moves to
Cycle 2 column, an increase in blue and a decrease in red
can be seen on all four rows, again showing that the most
corroded surface was the SHD surface and the least corroded
surface was the HD surface. Finally, as one reaches the Cycle
3 column, intergranular corrosion was almost completely
gone on the SHD test condition, as demonstrated by the
almost complete lack of yellow and red peaks. The other three
surfaces were still experiencing intergranular corrosion, with
the most heavily intergranular corroded surface being that of
SD, while the HD surface was still the least corroded surface.
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Figure 7: 3D Laser profilometry of the AE44 coupons arranged by test condition based on cycle number. The blue colors correspond to the
lowest surface values, while the pink colors represent the highest surface values. Notice the increasing amount of intergranular corrosion
following each cycle, as denoted by an increase in the connecting blue areas and a decrease in the red peaks.

Figure 8 shows the 2D laser profilometry scans of
the coupons following the three cycles for the four test
conditions. As with the 3D laser profilometry scans, one
can observe where the corrosion initially took place based
on the colors present in the 2D scans. Where the reds,
oranges, and yellows exist, the surface had not been heavily
corroded, while the greens and blues indicate corrosion,
due to the removal of material. Looking at Cycle 1 column,
one can see that the least corroded surface was the HD
surface, while the most corroded surface was the SHD
surface, based on the combination of reds and blues. The
dark blue spots on the SH, SD, and SHD indicated the
formation of pits following the first exposure. One can
see that more pits were present on the SHD surface as
compared to the other three surfaces. As one moves to
the Cycle 2 column, an increase in blue, especially on the
SHD surface, indicated the formation of more pits, as well
as pit coalescence. Finally, Cycle 3 showed an increase in
intergranular corrosion, as the pits coalesced and increases
in blue and green appear. The large amount of blues and
green on the SHD surface indicated that the surface had been
heavily corroded and the dominant corrosion mechanism

was general corrosion, instead of pitting or intergranular
corrosion.

Figure 9 shows the micrographs taken at 10x magnifi-
cation. Please note that the scale bar indicates a 1000 μm
surface, which is the same size as the laser profilometry scans.
As one can see in the Cycle 1 column, the most heavily pitted
surface as indicated by the presence of “black spots,” were
the SD and the SHD surfaces. The least corroded surfaces
were the SH and the HD surfaces. Following Cycle 2, the
presence of the “black spots” decreased on the SHD surface,
while the “black spots” increased on the SD surface. Finally,
Cycle 3 showed an increase in the “black spots” on the HD
surface. An increase in intergranular corrosion is also seen in
Cycle 3, as indicated by the formation of “shapes” due to pit
coalescence.

4. Discussion

Figures 1 and 2, which show the average losses in coupon
thickness and weight, respectively, seem to indicate that
the most corrosive salt-spray method is the Salt Spray-
Drying (SD) cycle, which resulted in the most thickness
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Figure 8: 2D Laser Profilometry of the AE44 coupons arranged by test condition based on cycle number. The blue colors correspond to the
lowest surface values, while the pink colors represent the highest surface values. Notice the increasing amount of intergranular corrosion
following each cycle, as denoted by an increase in the connecting blue areas and a decrease in the red peaks.

loss and weight loss. However, thickness and weight loss
only document the general corrosion of the magnesium
alloy coupons. While general corrosion is one corrosion
mechanism, two other corrosion mechanisms, pitting and
intergranular corrosion, also take place on the AE44 Mg
coupons. Using the thickness loss and weight loss as the
only determination of corrosion excludes the effects of
pitting, which only causes a very small weight loss [14].

Because pitting negatively affects the entire structure, but
only locally inducing stress concentrations and/or damage
paths, different techniques must be used to determine the
true effects of the four test conditions.

Figures 3–6 graphically show the effects of pitting on
the magnesium coupons, while Figure 7–9 pictorially show
these pitting effects. When one looks at these figures, one
can see the initial formation of pits on the three surfaces
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Figure 9: Micrographs of the AE44 coupons arranged by test condition based on cycle number. The scale for all of the pictures is 1000 μm
long. Notice the presence of dark spots, indicating the formation of pits, specifically in the first and second columns, as well as the connection
of the pits, specifically in the third column.

exposed to the salt spray, while few pits formed on the
Humidity-Drying (HD) surfaces. Pitting is initiated by the
chloride ions released by dissolving NaCl in water. These
chloride ions are then part of an autocatalytic process,
which helps continue the growth of the pits [14]. Humidity
provided water, which is necessary for the cathodic reaction
that initiates the dissolution of the metal [14]. In addition,
humidity provides extra hydrogen necessary to continue the
pitting reaction. Finally, humidity would also remove the
build-up of corrosion products produced by pit formation.

The presence of humidity explains why some corrosion was
present on the HD coupons and why corrosion continued on
the Salt Spray-Humidity (SH) and the Salt Spray-Humidity-
Drying (SHD) coupons. When the samples were dried, the
cycle of corrosion on the surface stopped, as hydrogen was
no longer present. However, the pits, with a build-up of
corrosion products surrounding the pits, likely trapped the
water, allowing pit growth and coalescence. The trapped
water explains why there were more pits following Cycle 2
on the SD coupons.
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The control reaction series was the HD test condition.
Figure 3 shows that some pits were present on the surface
following Cycle 1. However, these pits were likely the casting
pores, as there was no salt to provide the chloride ions
necessary to initiate pit formation. The pit surface area did
not change between the three cycles, further confirming
that these were casting pores and not true pits (Figure 4).
If the pits formed on the HD coupons were true pits,
these should grow over time. If, however, these “pits” were
casting pores, then there would be no growth, because there
would be no reaction to continue to the pit nucleation and
growth. There was some decrease in the nearest neighbor
distance (Figure 5), but this could also be contributed to the
increase in intergranular corrosion, as shown in Figure 6.
The humidity provided water for galvanic corrosion between
the eutectic phase and the magnesium grains [15, 16]. One
can see the change in intergranular corrosion when looking
at Figures 7–9. Figures 7 and 8 show an increase in the
green and blue peaks, as intergranular corrosion removed
the eutectic phase, while a decrease in the red and orange
colors are decreased to general corrosion removing the peaks.
Figure 9 further confirms this trend, as the intergranular
corrosion, or dark grey areas, are increased, while the top
surface, shown white on Cycle 2, is also decreased. The full
corrosion potential of HD test condition was not determined
with these experiments, as only three cycles, or six hours,
were performed.

Looking at Figures 3–5, one can see that the SH test
condition had the most pits formed following Cycle 3,
even though this test condition had the fewest pits formed
following Cycle 1 (Figure 3). Because there were so few pits
on the surface following Cycle 1, there was little surface area
covered by the pits, although the pit surface area did increase
following each of the remaining two cycles (Figure 4). The
nearest neighbor distance also decreased following each
cycle, as the pit surface area increased, meaning the pits
were growing closer together (Figure 5). In addition to the
nearest neighbor distance, the intergranular corrosion area
fraction also increased (Figure 6). The low number of pits
on the surface could be contributed to difficulty in pit
initiation. However, once the pits did begin to grow, the
salt-spray continued to provide the necessary chloride ions
for the reaction. The presence of humidity allowed the
pits to grow and encouraged a galvanic reaction, which
would increase the intergranular corrosion area fraction [15,
16]. The combination of salt-spray and humidity promoted
pitting and intergranular corrosion, which can be seen when
examining Figures 7 and 8. One can see some pitting on the
2D surface following Cycle 1, while more pitting occurred
following Cycle 3 (Figure 8). The presence of intergranular
corrosion can be more clearly seen on the 3D surface,
as more red peaks are present on following Cycle 3 as
compared to Cycle 1, indicating that the area between the
peaks was removed. Figure 9, the optical micrographs, shows
the change from low pitting in Cycle 1 to high pitting in
Cycle 3, as shown by the increase in dark spots. The optical
micrographs also show the change from low intergranular
corrosion in Cycle 1 to high intergranular corrosion in Cycle
3, as shown by an increase in the presence of connected dark

“lines” in the upper left corner. The dominant corrosion
mechanism was a combination of pitting and intergranular
corrosion. Because these experiments were performed for
three cycles, or six hours, no switch to general corrosion was
observed.

The SD test condition showed an increase in the number
of pits following Cycle 2, before the number of pits dropped
following Cycle 3 (Figure 3). The same trend can be observed
in the surface area of the pits (Figure 4). The number of
pits and the surface area of the pits likely increased because
the chloride ions were trapped beneath the corrosion by-
products following Cycle 1, which dried the corrosion by-
products in place. Following the second cycle, which exposed
the coupons to a 3.5% NaCl aqueous solution, the corrosion
by-products were removed, which allowed the pits to grow
(increase in surface area) and continue nucleation (increase
in pit number density). The nearest neighbor distance
decreased following Cycle 2 because more pits were present,
as were larger pits (Figure 5). Following Cycle 3, however, the
number of pits and the pit surface area decreased, while the
intergranular corrosion area fraction increased (Figure 6).
These changes occurred because the water present in the
3.5% NaCl aqueous solution allowed galvanic corrosion to
occur, creating intergranular corrosion between the eutectic
phase and the Mg grains [15, 16]. If one looks at Figures 8
and 9, the changes in pit number density and intergranular
corrosion can be seen. There are few blue spots in Figure 9
following Cycle 1, while the blue spots have become more
numerous following Cycle 3, as intergranular corrosion
removed material between the pits. The red and orange
peaks, more numerous following Cycle 2, have also been
reduced—an indication that general corrosion has started
occurring on these coupons. Finally, the optical micrograph
images show a gradual switch from pitting and intergranular
corrosion to general corrosion. Following Cycle 1, pitting is
dominate, shown by the dark spots, while following Cycle
2, intergranular corrosion and pitting are both occurring.
Intergranular corrosion is still present following Cycle 3, as
shown by the dark grey spots in the center of the image,
while general corrosion has removed some of the brighter
spots present following Cycle 2. However, because these
experiments were performed for three cycles, or six hours,
the full switch to general corrosion was not observed.

Finally, one can see that the SHD test condition had the
most pits formed following Cycle 1 (Figure 3). The area of
the pits was the highest following Cycle 1 (Figure 4), while
the nearest neighbor distance increased following each cycle
(Figure 5). The high number of pits on the surface meant
that the surface area covered by the pits would also be high,
while the nearest neighbor distance would be small, since the
pits were covering the entire surface. The high number of
initial pits is likely due to the presence of salt, which initiated
pit nucleation. The presence of humidity both allowed the
pits to grow as the autocatalytic reaction continued, as
well as corrosion caused by a galvanic reaction (Figure 6)
[15, 16]. However, the presence of salt and humidity does
not explain the decrease in pit number density, pit surface
area, or intergranular corrosion area fraction, following
Cycle 1. One must instead look at images produced using
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laser profilometry (Figures 7 and 8) and optical microscopy
(Figure 9). As one can observe, the surface peaks change
when comparing Cycle 1 to Cycle 3. The amount of red
and orange colors, indicating height, decreases between each
cycle, while the amount of blues and greens, indicating
depth, increases. Following Cycle 1, the dominant corrosion
mechanism on the SHD cycle switched from pitting to
general corrosion. This switch is further confirmed when
examining Figure 9. The dark areas indicating pits have
decreased following Cycle 3, especially when compared
to the optical micrograph following Cycle 1. Since these
experiments only went through three cycles, it remains to be
seen what occurs following nine hours of reaction time.

5. Conclusions

This research covered the corrosive effects of four cyclical
salt-spray environments on an as-cast AE44 Mg alloy. Some
clear conclusions relating to the surface corrosion, specif-
ically with respect to pitting corrosion and intergranular
corrosion, can be drawn from this research.

(i) The Salt Spray-Drying cycle was the most corrosive
cycle based on weight and thickness loss, but the
pitting corrosion mechanisms under examination
were much lower on the Salt Spray-Drying cycle as
compared to the Salt Spray-Humidity-Drying.

(ii) The Salt Spray-Humidity-Drying cycle was the most
corrosive cycle, with the highest number of pits and
the largest pit area following the initial exposure to
the environment.

(iii) General corrosion quickly “caught” pitting corrosion
on the Salt Spray-Humidity-Drying cycle, resulting in
removal of the AE44 Mg surface.

(iv) For all cycles, the pit number density and the pit area
followed similar trends, while the nearest neighbor
distance followed similar trends, but were inversely
related to the pit number density and pit area.
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