
other aluminum-base alloys. Lime or calcium hydroxide solutions are also corrosive, but the
maximum rate of attack is limited by the low solubility of these materials.

The aluminum-base alloys are highly resistant to ammonia and ammonium hydroxide. The alloys
that contain appreciable magnesium tend to be even less affected by ammonium hydroxide solutions
than the other aluminum alloys. The amines generally have little or no action on aluminum alloys.
However, a few of the most alkaline do cause definite attack.

11.5. Salt Solutions Neutral or nearly neutral (pH from ~ 5 to 8.5) solutions of most inorganic
salts cause negligible or minor corrosion of aluminum-base alloys at room temperature. This is true
for both oxidizing and nonoxidizing solutions. Any attack that does occur in such solutions is likely
to be highly localized (pitting) with little or no general corrosion. Solutions containing chlorides are
likely to be more active than other solutions. The simultaneous presence of salts of the heavy
metals, especially copper, and chlorides may be very detrimental. Distinctly acid or distinctly
alkaline salt solutions are generally somewhat corrosive. The rate of attack depends on the specific
ions present. In acid solutions, chlorides, in general, greatly stimulate attack. In alkaline solutions,
silicates and chromates greatly retard attack [3].

11.6. Dry Phenols Phenols and carbon tetrachloride nearly dry or near their boiling points
are very corrosive to aluminum alloys. This behavior can be prevented by the presence of trace
water [I].

11.7. Mercury The action of metallic mercury on aluminum is unique. It tends to amalgamate
readily with aluminum at room temperature to produce an extraordinary corrosion rate in the
presence of moisture with the production of voluminous columnar corrosion products. When that
reaction is started, the rate of corrosion depends on relative humidity. When dry, metallic mercury
reacts only with difficulty because of the oxide film on the aluminum surface. Traces of acidity or
halides on the surface cause rapid attack. Solutions containing mercury ions tend to cause rapid
pitting of aluminum alloys because mercury plate out in localized areas. In many cases, the
amalgamation of stressed aluminum alloy with mercury results in cracking since the mercury
penetrates selectively at grain boundaries, thus weakening the material. Mercury can be removed
from aluminum surfaces by treatment with 70% nitric acid. Mercury can be distilled away from an
aluminum surface by treatment with steam or hot air [8].

C. TYPES AND FORMS OF CORROSION

1. Uniform Corrosion

1.1. Potential of Aluminum and Its Alloys Table 8 is a galvanic series of aluminum alloys and
other metals representative of their electrochemical behavior in seawater and in most natural waters
and atmospheres. Figure 5 [9] shows the effect of alloying elements in determining the position of
aluminum alloys in the series; these elements, primarily copper and zinc, affect electrode potential
only when they are in solid solution.

As evident in Table 8, aluminum (and its alloys) becomes the anode in galvanic cells with most
metals, protecting them by corroding sacrificially. Only magnesium and zinc are more anodic and
corrode to protect aluminum. This type of corrosion can be found in strong acidic or strong basic
solutions, as illustrated in Figure 6 [4,1O]. The rate of corrosion can vary from several microns per
year to several microns per hour.

In the range of pH between ~ 4 and 8, aluminum is protected by its oxides and hydroxides. The
aluminum hydroxide gel is not stable, but crystallizes with time to give, first, the rhombohedral
monohydrate (Al2O3-H2O or boehmite), then the monoclinic trihydrate (A12O3.3H2O or bayerite),
and finally another monoclinic trihydrate (hydrargilite). This development of aluminum hydroxide is
known as "aging" [4].



TABLE 8. Electrode Potentials of Representative Aluminum Alloys and Other Metals0'*

Aluminum Alloy or Other Metal c

Chromium
Nickel
Silver
Stainless steel (300 series)
Copper
Tin
Lead
Mild carbon steel
2219-T3, T4
2024-T3, T4
295.O-T4 (SC or PM)
295.O-T6 (SC or PM)
2014-T6, 355-O T4 (SC or PM)
355.O-T6 (SC or PM)
2219-T6, 6061-T4
2024-T6
2219-T8, 2024-T8, 356.O-T6 (SC or PM), 443,O-F (PM), cadmium
1100, 3003, 6061 T-6, 6063-T6, 7075-T6,C 443, O-F (SC)
1060, 1350, 3004, 7050-T73,C 7075-T73C

5052, 5086
5454
5456, 5083
7072
Zinc
Magnesium

Potential (V)

+ 0.18 to -0.40
-0.07
-0.08
-0.09
-0.20
-0.49
-0.55
-0.58
-0.64^
-0.69^
-0.70
-0.71
-0.78
-0.79
-0.80
-0.81
-0.82
-0.83
-0.84
-0.85
-0.86
-0.87
-0.96
-1.10
-1.73

a Measured in an aqueous solution of 53 g of NaCl and 3 g of H2O2 per liter at 250C; 0.1 W calomel reference electrode.
b Reprinted from Ref. [1], pp. 111-145 by courtesy of Marcel Dekker Inc.
c The potential of an aluminum alloy is the same in all tempers wherever the temper is not designated.
dThe potential varies ±0.01-0.02 V with quenching rate.

The air-formed oxide film is amorphous alumina 2 to 4 nm thick at room temperature. In contact
with wet environments, the external side of the oxide film hydrolyzes to produce hydrated oxides
such as bayerite (Al2O3JH2O) formed below 7O0C and boehmite (A12O3.H2O or AlOOH) formed
> 10O0C [U].

Alloying elements such as Li, Mg, and Be, which are more active (less noble) than aluminum,
oxidize first, forming poorly protecting oxides at the extreme surface. On the other hand, alloying
elements nobler than aluminum, present in solid solution or in the form of small coherent precipitates
(size 0.5-50nm), produce a mixed oxide film. In contrast, the largest precipitates (size ~1-10 um)
formed from these elements are not coherent with the matrix, and often remain unoxidized [12].
Figure 7 shows a schematic view of aluminum oxide film on a rolled product.

Some oxides, such as those of Mn and Mg, can improve the resistance to general corrosion when
they are partially introduced into the oxide film, whereas other oxides can deteriorate the protective
quality of this film.

Aluminum may corrode because of defects in its protective oxide film. Resistance to corrosion
improves considerably as purity is increased, but the oxide film on even the purest aluminum
contains a few defects where minute corrosion can develop. In less pure aluminum of the IXXX
series and in aluminum alloys, the presence of second phases is an important factor. These phases are
present as insoluble intermetallic compounds produced primarily from iron, silicon, and other
impurities, and, to a lesser extent, precipitate of compounds produced primarily from soluble
alloying elements. Most of the phases are cathodic to aluminum, but a few are anodic. In either case,
they produce galvanic cells because of the potential difference between them and the aluminum
matrix [I].



ADDED ELEMENT, PERCENT BY WEIGHT

FIGURE 5. Effect of alloying elements on the electrode potential of aluminum [9]. (Reprinted with permission
from Metals Handbook, Ninth Edition, Vol. 13, Corrosion, (1987). ASM International, Meterials Park, OH,
44073-0002, p. 584.)

1.2. Galvanic Corrosion Aluminum-base alloys are anodic to many other common metals and
alloys used in structures. Thus, if aluminum-base articles are exposed outdoors or in moist locations
in contact with parts made of other metals, galvanic attack of the aluminum surfaces adjacent to the
dissimilar metal is likely to occur. Galvanic action is much more pronounced in marine or seacoast
atmospheres than in rural or industrial locations.

FIGURE 6. Influence of pH on the corrosion rate of aluminum. (Reprinted with permission from [4], NACE
International and CEBELCOR.)

PH

log V

PH

Sol:53 g/liter NaCI
+ 3 g/liter H2O2

SOLID SOLUTION
IN EXCESS OF
SOLID SOLUTION

P
O

T
E

N
T

IA
L-

V
O

LT
S

 (
N

/1
0

 C
A

LO
M

E
L

 S
C

A
LE

)

C
A

T
H

O
D

IC
A

N
O

D
IC



FIGURE 7. Schematic view of aluminum oxide film on rolled products. (Reproduced with permission from [12]).

Contact with copper or copper-base alloys causes more pronounced galvanic attack than does
contact with most other metals. In rural or industrial locations, contact with steel does not generally
cause a very pronounced acceleration in rate of attack of aluminum-base alloys (especially the Al-
Cu alloys such as 2017 and 2024). In seacoast locations, attack may be appreciably accelerated. In
certain solutions and in some natural waters this action may be reversed, so that attack of the steel is
accelerated and the aluminum is protected.

Contact between stainless steel and aluminum in seawater or other saline solutions usually results
in less galvanic action on the aluminum than does contact of aluminum with steel. However, no cases
of reversal of the stainless steel/aluminum couple, such as occurs with steel, are known. Cadmium
has about the same potential as aluminum, and therefore, contact with cadmium usually results in
negligible galvanic action. Zinc is anodic to aluminum in most neutral or acid solutions; hence, in such
solutions contact with zinc results in protection of the aluminum. In alkaline solutions, the potentials
reverse so that, in these media, contact with zinc can cause accelerated attack of aluminum.

Magnesium and its alloys are definitely anodic to the aluminum alloys, and thus, contact with
aluminum increases the corrosion rate of magnesium. However, such contact is also likely to be
harmful to aluminum, since magnesium may send sufficient current to the aluminum to cause
cathodic corrosion in alkaline medium. Cathodic corrosion, as mentioned above, is most likely to be
encountered in seacoast locations. Certain aluminum-base alloys (such as 5056) are less affected by
contact with magnesium than are other aluminum alloys. For this reason, 5056 rivets have been
extensively employed in assembling magnesium alloy structures. In designing outdoor structures, it
is often necessary to combine dissimilar metals in the structure. Suitable protective methods are
available that, if adopted, will greatly reduce the risk of galvanic corrosion.

Since aluminum is anodic to the majority of structural metals except zinc and magnesium,
assembling an aluminum alloy with another alloy gives a galvanic cell in the presence of a corrosive
medium. The rate of the attack is controlled by [3]

The difference of potential between the two structural alloys or metals in the corrosive medium.
The electric resistance between the two conductors, which is frequently low.
The resistivity of electrolyte; for example, seawater, with a low resistivity (a few 17/cm2), is

particularly aggressive.
The surface area of the anode as compared to the cathode.
Polarization of the two electrodes because of oxide formation and diffusion control.

AI2O3, 3H2O
(CH2)n, H2O superficial contamination

Li2CO3, Mg(OH)2 alkaline surface segregation

AI2O3(H2O, 3H2O)
Bayerite/boehmite

hydrated layer 4 nm-1um

AI2O3

amorphous oxide
barrier layer 3 nm



If the surface area of the anode (aluminum or its alloys) is very low with respect to the cathodic
surface, the rate of general corrosion will be very high. In some cases, severe localized corrosion
occurs, which can lead to perforation, especially if the resistance of the corrosive medium is high and
the solution is stagnant.

For natural atmospheric corrosion, aluminum can be compared to other passive alloys in this
atmosphere, such as stainless steels. Direct assembly between aluminum and copper should be
avoided. This assumption has not been observed for all applications since some electric industries
have introduced a bivalent sheet of aluminum and copper in direct contact with the rest of the
structure in aluminum and copper respectively [12].

Galvanic corrosion can be prevented by breaking electric contact between the two metals, using
for example, gum, paint, rubber, nonconducting polymers, or washers with sufficient thickness.
Isolation of the cathodic metal of the galvanic cell (the cathodic alloy in contact with the structural
aluminum) by a resisting paint is a common practice. For example, the steel in an assembly of
aluminum-steel in seawater is generally coated with zinc (metalization) and by an adherent resistant
paint [13].

Removing the cathodic reactant, galvanic corrosion is reduced because the aluminum is less
likely to be polarized to its pitting potential. Thus the corrosion rate of aluminum coupled to copper
in seawater is greatly reduced when the seawater is deaerated. In closed multimetallic systems, the
corrosion rate, even though it may be high initially, decreases to a low value whenever the
cathodic reactant is depleted. Galvanic corrosion is also low where the electrical resistivity is low,
as in high-purity water. Some semiconductors, such as graphite and magnetite, are cathodic to
aluminum, and in contact with them, aluminum corrodes sacrificially. Galvanic corrosion of
aluminum by more cathodic metals in solutions of non-halide salts is usually less than in solutions of
halide ones.

Corrosion of aluminum is controlled by an anodic reaction (oxidation), which leads to metallic
dissolution and a cathodic reaction (reduction) of environmental species. The relation where the
anodic reaction occurs on aluminum, and thus leads to its corrosion, is shown in Figure 8. The anodic
polarization curve shown is typical for aluminum and its alloys when they are polarized anodically in
an electrolyte free of a readily available cathodic reactant (e.g., in a deaerated electrolyte), whereas
the polarization curves for the cathodic reactions are schematic only. The corrosion current
developed by the two reactions (which determines the rate of corrosion of the aluminum) is indicated
by the intersection of the anodic polarization curve for aluminum with one of the cathodic
polarization curves.

The corrosion rate of aluminum when coupled to a more cathodic metal depends on the extent to
which it is polarized in the galvanic cell. It is especially important to avoid contact with a more
cathodic metal where aluminum is polarized to its pitting potential because, as shown in Figure 8, a
small increase in potential produces a large increase in corrosion current.

To minimize corrosion of aluminum in contact with other metals, the ratio of the exposed area of
aluminum to that of the more cathodic metal should be kept as high as possible (since such a ratio
reduces the current density on the aluminum). Paints and other coatings for this purpose may be
applied to both the aluminum and the cathodic metal, or to the cathodic metal alone, but they should
never be applied to the aluminum only, because of the difficulty in applying and maintaining them
free of defects.

2. Pitting Corrosion

Fine, white, gelatinous deposits of aluminum hydroxide often cover deep pits. Pitting corrosion is
observed when:

Aluminum and its alloys are in the pH range where it is passive. On increasing acidity or
alkalinity beyond its passive range of pH, corrosion attack becomes more nearly uniform.
Polarization of its potential at least to its pitting potential occurs (Fig. 8).
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FIGURE 8. Typical anodic polarization curve (solid line) for an aluminum alloy in an electrolyte free of a
readily available cathodic reactant (commonly oxygen); Ep is the pitting potential of the alloy. Ep for 5XXX and
6XXX alloys at 250C is of the order of - 0.4 to 0.7/SCE in a deaerated solution with 3-0.3% Cl ~ at ambient
temperature [15]. The intersection of this curve with one of the cathodic polarization curves (schematic)
determines the corrosion current of the alloy [14]. [Reprinted with permission from Metals Handbook, Ninth
Edition, Vol. 2, Aluminum Alloys, (1979), ASM International, Metals Park, OH, 44073-0002, (formerly the
American Society for Metals, Materials Park, OH, 44073, p. 215.]

In aerated solutions, the cathodic reaction is oxygen reduction, while the anodic reaction is
accelerated by halide ions, of which chloride is the one most frequently encountered in service.
Pitting is observed in aerated solutions of halides in the passive region of pH.

The development of pitting can be prevented by removal of the reducible species required for a
cathodic reaction. In neutral solutions, this species is usually oxygen. Thus its removal by deaeration
prevents the development of pitting in aluminum even in most halide solutions because, in its
absence, the cathodic reactions are not sufficient to polarize aluminum to its pitting potential.
Metallurgical structure has little effect on the pitting potential of aluminum, nor do second phases in
the amounts present in its alloy have significant effect. Severe cold work makes the potential more
anodic by a few millivolts, and this change, although small, is sufficient to affect the extent to which
pitting develops, for example, more pitting on machined or sheared edges [16].

Four laboratory procedures have been developed to measure Ep—one based on fixed current and
the other three on controlled potential [17]. Generally, aluminum does not pit in aerated solutions of
non-halide salts, because the pitting potential is considerably more noble than it is in halide
solutions, and aluminum is not polarized to this level of potential in normal service [9]. Pitting
corrosion initiates at weak points of the oxide or hydroxide passivating film of the alloy.

Reactions at the anode: Al —> Al3+ + 3 e~

Al3+ + 3 H2O -» Al(OH)3 + 3 H+

Considering a neutral solution, the consumption of hydroxide ions at the anodic sites can bring the
pH more acidic, to the level of 3-4, accompanied by migration of chloride ions (very mobile and
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frequently present). These ions facilitate the anodic reaction and form aluminum chlorides which
give hydroxides and acids by hydrolysis. This helps to shift the pH to acidic values.

AlCl3 + 3 H2O -> Al(OH)3 + 3 HCl

Reactions at the cathode: 3 H+ + 3 e~ -> | H2

±O 2 + H2O + 2e~ ^2OH~

The cathodic sites are frequently more alkaline because of the local formation of hydroxides. The
presence of oxygen and/or another oxidant is essential for pitting.

Pitting of aluminum matrix composites, 1050 and 2124 each reinforced silicon carbide particles
(SiCp) in the size range 3-40 um has been studied in 1 AfNaCl solution. Pores and crevices at SiCp/
matrix interfaces strongly influence pit initiation, which is further aided by the cracking of large SiCp

during processing. The presence of CuAl2 and CuMgAl2 precipitates in 2124-SiCp composite also
promotes pitting attack at SiCp-matrix and intermetallic-matrix interfaces [18].

2.1. Pitting Evaluation The pitting density can be obtained for a surface of about 1-dm2 area.
The kinetics of perforation is obtained for different periods of immersion 1, 2, 3, 6, 12 months. Aziz
[19], expressed the pitting kinetics by the following relation:

p = K + T/3

P is the depth of the pit, K is constant, and F is the corrosion time in years. In the case of aluminum,
the rate of perforation decreases with time. The average and maximum perforation should be
determined. Figure 9 gives an expression of the depth of the pit as a function of time. Doubling the
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FIGURE 9. Pit depth as a function of exposure period. (Reprinted with permission from NACE International,
Houston, TX, USA [19]).
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FIGURE 10. Influence of water temperature on pitting of aluminum [13]. (Reprinted with permission from
Dunod, Paris France, 1976).

sheet thickness can multiply the service life by 8. Although statistical considerations are applied to
deduce the resistance of the aluminum alloy in a certain environment, the maximum perforation rate
should be used for design and prevention methods [19].

2.2. Temperature It has been shown that the pit density of aluminum increases with temperature
in water (Fig. 10) and that the depth of pits decreases with temperature. It has been suggested that
extended contact of the metal with water favors the formation of a protective oxide film [13].

2.3. Pitting Mechanism Pit initiation in an oxygenated chloride solution is generally controlled
by the cathodic reaction kinetics [2O]. Propagating pits require a sufficient Cl" concentration in the
solution contained within the pit [21], and the Cl ~ causes the formation of a concentrated AlCl3
solution within active pits (Fig. 11).

The corrosion potential exhibits time fluctuations, corresponding to the elementary depassiva-
tion-repassivation events. Reboul et al. [22] proposed a 10-step mechanism for the pitting corrosion
of aluminum in the presence of chloride ions:

Proposed 10-step mechanism for pitting corrosion

1. The Cl" adsorption in microflaws of the oxide film, assisted by the high electric field
(107V/cm) through the barrier oxide film, resulting form the Al-air corrosion cell (emf
2.9V).

2. Slow oxygen reduction on the cathodic area, charging the double layer capacitance
(50uF/cm2).

3. Dielectric breakdown of the oxide film at weak points corresponding to the microflaws.
4. Fast aluminum oxidation of bare aluminum producing soluble chloride and oxychloride

complexes at the bottom of flaws.
5. Dissolution of chloride complexes and repassivation of pits.

These first five steps produce l(f/cm2 micropits of size 0.1-1 uxn.
6. Exceptionally, and for some different (often unexplained) reasons, a few micropits propa-

gate. This propagation requires the stabilization of a chloride/oxychloride layer at the active
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FIGURE 11. Pit propagation [22].

bottom of pits. This layer should be renewed faster than it dissolves, which implies a large
enough cathodic area, resulting from the repassivation of the surrounding competitive pits,
formed during Step 4.

7. Hydrolysis of soluble chlorides/oxychlorides, resulting in the acidification (to pH 3) of the
solution within pits.

8. Hydroxide dissolution inside pits and precipitation of aluminum hydroxide outside pits,
resulting in the formation of cone-shaped accumulations of corrosion products at the
mouths of pits.

9. Aluminum corrosion inside the pits due to the aggressive hydrochloric acid solution.
10. Repassivation and pit death when /Pit/rpit (r is the radius of the pit) decreases to 10~2 A/cm.

The chloride/oxy chloride film is dissolved and replaced by a passive oxide film. The
solution within the pit reverts to the composition of the bulk solution.

3. Deposition Corrosion

Deposition corrosion is a particular case of galvanic corrosion that leads to pitting. Aluminum
reduces ions of many metals, of which copper, cobalt, lead, mercury, nickel, and tin are the ones
encountered most commonly. Reduction of these heavy metal ions leads to corrosion of aluminum
and deposition of the more noble metal on the surface of the aluminum. Once this metal is deposited,
it leads to serious attack of the alloy due to the galvanic cell that is established [23].

Reducible metallic ions are of most concern in acidic solutions since their solubilities are greatly
reduced in alkaline solution. Copper is the heavy metal most commonly encountered in applications
of aluminum. A copper ion concentration of 0.02 to 0.05 ppm in neutral or acidic solutions is
generally considered to be the threshold value for initiation of pitting on aluminum.

Ferric ions (Fe3+) can be reduced by aluminum, but do not usually form a metallic deposit. At
room temperature, the most anodic aluminum alloys (those with a corrosion potential approaching
— 1.0 V vs. SCE) can reduce ferrous ions (Fe2+) to metallic iron and produce a metallic deposit on the
surface of the aluminum. The presence of Fe2+ ion also tends to be rare in service; it exists only in
deaerated solutions or in other solutions free of oxidizing agents [24].

In the case of mercury, any concentration in a solution more than a few parts per billion (ppb) can
be detrimental [I]. No amount of metallic mercury should be allowed to come into contact with
aluminum. Aluminum in contact with a solution of a mercury salt forms metallic mercury, which
then readily amalgamates the aluminum. Of all the heavy metals, mercury can cause the most
corrosion damage to aluminum [25]. The effect can be severe when stress is present. For example,
attack by mercury and zinc amalgam combined with residual stresses from welding caused cracking
of the weldment. The corrosive action of mercury can be serious with or without stress because



amalgamation, once initiated, continues to propagate unless the mercury can be removed. The
corrosive action of mercury can be attributed not only to the galvanic cell, but also to the destruction
and prevention of formation of aluminum oxide. The corrosion rate can be extremely high, up to
1270 mm/year [26].

4. Crevice Corrosion

If an electrolyte is present in a crevice formed between two faying aluminum surfaces, or between an
aluminum surface and a nonmetallic material, such as a gasket, localized corrosion in the form of pits
or etch patches may occur. The oxygen content of the liquid in the crevice is consumed by the film
formation reaction on the aluminum surface, and corrosion stops because the replenishment of
oxygen by diffusion into the crevice is slow. At the mouth of the crevice, whether it is submerged or
exposed to air, oxygen is more plentiful. This difference in oxygen concentration creates a local cell:
water with oxygen versus water without oxygen. Localized corrosion occurs in the oxygen-depleted
zone (anode) immediately adjacent to the oxygen-rich (cathode) near the mouth of the crevice. Once
the crevice attack has initiated, the anodic area becomes acidic and the cathodic area becomes
alkaline. These changes further accelerate local cell action.

The amount of aluminum consumed by crevice corrosion is small, and is of practical importance
only when the metal is of thin cross section, or in cases where surface appearance is important. The
expansion force of corrosion products produced in a confined space can be more serious. These
corrosion products are about five times the volume as the metal from which they were produced,
about twice the volume as rust on steel, and can distort even heavy sections of metal [27].

The ratio of the actively corroding surface area in the crevice to the effective external cathode
area has been shown by Rosenfeld [28] to be an important factor for submerged crevices. Increasing
external cathode areas increases corrosion rate. The corrosion rate of aluminum-magnesium alloy in
0.5 N NaCl increased of as the crevice mouth narrowed from 0.14 to 0.04mm. Similar results were
obtained for aluminum and aluminum-manganese alloys. Corrosion rates were low for crevice
openings greater than 254 urn. Aluminum-copper and aluminum-zinc-magnesium-copper alloys
corroded many times faster than 1100, 3XXX, or 5XXX alloys [28]. Crevice corrosion is generally
critical for atmospheric corrosion when thickness of the sheet is less than about 1 mm and the
required service life is more than ~ 5 years; for longer life, the faying surfaces should be coated with
an inhibitive paint system, and where possible the crevice should be filled with a resilient, moisture-
excluding sealant. On thicker sections no provision is usually necessary [27].

4.1. Crevices in Waters In most fresh waters, crevice corrosion of aluminum is negligible. In
seawater, crevice corrosion takes the form of pitting, and the rate is low. Resistance to crevice
corrosion has been found to parallel resistance to pitting corrosion in seawater, and is higher for
aluminum-magnesium alloys than for aluminum-magnesium-silicon alloys [29].

4.2. Water Staining The most common case of aluminum crevice corrosion occurs when water is
present in the restricted space between layers of aluminum in close contact, as in packages of sheets
or wraps of coil or foil. This may occur during storage or transit because of inadequate protection
from rain, or be caused by condensation within the crevice when the metal surface temperature falls
below the dew point. The color of corrosion products can vary from gray to brown to black. In
severe cases, the corrosion product cements the two surfaces together and makes separation
difficult.

In some cases, the stain pattern shows a series of irregular rings, like the lines on a contour map.
These may indicate the outlines of a receding water pool at various stages of evaporation. The stained
areas are not more susceptible to subsequent corrosion; on the contrary, they are more resistant
because they are covered with a thickened oxide film. Water staining can be prevented by avoiding
exposure to rain and condensation conditions. The metal temperature must be maintained above the
dew point, either by providing a low relative humidity or preventing cooling of the metal [27].



4.3. Filiform Corrosion Filiform corrosion is another special case of crevice corrosion that may
occur on an aluminum surface under an organic coating. It takes the form of randomly distributed
thread-like filaments and is sometimes called vermiform or worms track corrosion. The corrosion
products cause a bulge in the surface coating much like molehills in a lawn. When dry, their
filaments may take on an iridescent or clear appearance because of internal light reflection. The
tracks proceed from one or several points where the coating is breached. The surface film itself is
not involved in the process, except in the role of providing inadequate zones of poor adhesion that
form the crevices in which corrosion occurs upon exposure to moisture with restricted access of
oxygen. Filiform corrosion has occurred on lacquered aluminum surfaces in aircraft exposed to
marine and other high humidity environments [27]. Filiform attack is particularly severe in warm
coastal and tropical regions that experience salt fall or in heavily polluted industrial areas. Rougher
surfaces also experience a greater severity of filiform corrosion.

Aluminum is susceptible to filiform corrosion in the relative humidity range of 75 to 95%, with
temperatures between 20 and 4O0C (70 and 1050F). Relative humidities as low as 30% in
hydrochloric acid (HCl) vapors have been reported to cause filiform corrosion [3O]. Filiforms in
aluminum grow most rapidly at 85% relative humidity. Typical filament growth rates average about
0.1 mm/day (4 mils/day). Filament width varies with increasing relative humidity from 0.3 to 3 mm
(12 to 120 mils). The depth of penetration in aluminum can be as deep as 15 um (0.6 mil). Numerous
coating systems used on aluminum are susceptible to filiform corrosion, including epoxy,
polyurethane, alkyd, phenoxy, and vinyl coatings. Condensates containing chloride, bromide,
sulfate, carbonate, and nitrate ions have stimulated filiform growth on coated aluminum alloys.

The filiform cell consists of an active head and a tail that receives oxygen and condensed water
vapor through cracks and splits in the applied coating. The cell is driven by a difference of potential
between the head and the tail of the order of 0.1 to 0.2 V. In aluminum, the head is filled with flowing
floes of opalescent alumina gel moving toward the tail. Gas bubbles may be present if the head
is very acidic. In aluminum, filiforms tails are whitish in appearance. The corrosion products are
hydroxides and oxides of aluminum. Anodic reactions produce Al3+ ions, which react to form
insoluble precipitates with the hydroxyl ions produced in the oxygen reduction reaction occurring
predominately in the tail.

The mechanisms of initiation and propagation of filiform corrosion in aluminum are the same as
for coated iron and steel, as shown in Figure 12. The acidified head is a moving pool of electrolyte,
but the tail is a region in which aluminum transport and reaction with hydroxyl ions take place. The
final corrosion products are partially hydrated and fully expanded in the porous tail. The head and
middle sections of the tail are locations for the various initial reactant ions and the intermediate
products of corroding aluminum in aqueous media [31].

In contrast to steel, aluminum has shown a greater tendency to form blisters in acidic media, with
hydrogen gas evolved in cathodic reactions in the head region. The corrosion product in the tail is
aluminum trihydroxide, Al(OH)3, a whitish gelatinous precipitate. If filiform corrosion is neglected,
more serious structural damage caused by other forms of corrosion may develop.

FIGURE 12. Filiform corrosion of aluminum [31]. [Reprinted with permission from Metals Handbook, Ninth
Edition, Vol. 13, Corrosion, (1987). ASM International, Materials Park, OH, 44073-0002, p. 110.]

Coating



FIGURE 13. Cross-section of aluminum foil laminated on paperboard showing the expansion of the PVC
coating by the corrosion products of filiform corrosion. Note the void spaces between the paperboard fibers that
can entrap water. SEM. 65OX [31]. [Reprinted with permission from Metals Handbook, Ninth Edition, Vol. 13,
Corrosion, (1987). ASM International, Materials Park, OH, 44073-0002, p. 110.]

Aluminum is widely used for cans and other types of packaging. Aluminum foil is routinely
laminated to paperboard to form a moisture or vapor barrier. If the aluminum foil is consumed by
filiform corrosion, the product may be contaminated or dried out because of breaks in the vapor
barrier. Typical coatings on aluminum foil are nitrocellulose and polyvinylchloride (PVC), which
provide a good intermediate layer for colorful printing inks.

Degradation of the foil-laminated paperboard may occur during its production or its subsequent
storage in a moist or humid environment. During the production of foil laminated paperboard,
moisture from the paperboard is released after heating in a continuous-curing oven. Heat curing dries
the lacquer on the foil. Filiform corrosion can result as the heated laminate is cut into sheets and
stacked on skids while the board is still releasing stored moisture.

As shown in Figure 13, the hygroscopic paperboard is a good storage area for moisture. Packages
later exposed to humidities > 75% in warm areas can also experience filiform attack. Coatings with
water-reactive solvents, such as poly vinyl acetate, should not be used. Any solvents entrapped in the
coating can weaken the coating, induce pores, or provide an acidic medium for further filament
propagation. Harsh curing environments can also result in the formation of flaws in the coating due to
uneven shrinkage or rapid volatilization of the solvent. Rough handling can induce mechanical rips
and tears.

In aircraft, filiform corrosion was observed on 2024 and 7000 series aluminum alloys coated
with polyurethane and other coatings. Two-coat polyurethane paint systems experienced far fewer
incidences of filiform corrosion than single-coat systems did. Filiform corrosion rarely occurred
when bare aluminum was chromic acid anodized or primed with chromate or chromate-phosphate
conversion coatings [32, 33].

Reducing relative humidity <60%, especially for long-term storage can prevent filiform
corrosion. Also the use of zinc and zinc primers on steel, chromic acid anodizing and chromate or
chromate-phosphate coatings have provided some relief from filiform corrosion. Multiple coat
systems resist penetration by mechanical abrasion and have a more uniform surface [31].



FIGURE 14. Schematic of tubercle formed by bacteria on an aluminum alloy surface [31]. [Reprinted with
permission from Metals Handbook, Ninth Edition, Vol. 13, Corrosion, (1987). ASM International, Materials
Park, OH, 44073-0002, p. 111.]

5. Biological Corrosion

Biological attack frequently leads to the formation of a tubercle that covers a deep pit. When bacteria
are present, the tubercle structure is usually less brittle and less easily removed from the metal
surface than when they are absent. The organisms grow either in continuous mats or sludges or in
volcano-like tubercles with gas bubbling from the center, as shown schematically in Figure 14 [31].

The organisms commonly held responsible are pseudomonas, cladosporium, and desulfovibrio.
These are often suspected of working together in causing the attack. Cladosporium resinae is usually
the principal organism involved; it produces a variety of organic acids (pH 3-4 or lower) and
metabolizes certain fuel constituents. These organisms may also act in combination with the
slime-forming pseudomonads to produce the corrosion product with oxygen, Fe(OH)3, which, with
the biodeposit, forms the wall of the growing tubercle. The outside of the tubercle becomes cathodic,
while the metal surface inside becomes highly anodic.

As the tubercle matures, some of the biomass may start to decompose, providing a source of
sulfates for sulfur reducing bacteria (SRB) to use in producing F^S in the anaerobic interior solution.
In some cases, sulfur-oxidizing bacteria may assist in the formation of the sulfates. Depending on
the ions available in the water, the tubercle structure may contain some FeCO3 and, when SRB
are present, some FeS. Finally, if there is a source of chlorides and if the iron-oxidizing bacteria
gallionella are present, a highly acidic, ferric chloride solution may form inside the tubercle.

Generally, not all of the above reactions will take place in any single environment. As the
individual tubercles on a surface grow under the influence of any combination of reactions, they will
eventually combine to form a mass that severely limits flow (or even closes it off altogether), leaving
a severely pitted surface underneath.

Pitting corrosion of integral wing aluminum fuel tanks in aircraft that use kerosene-base fuels is
an example of biological attack that has been a problem since the 1950s. The fuel becomes
contaminated with water by vapor condensation during variable temperature flight conditions.
Attack occurs under microbial deposits in the water phase and at the fuel-water interface [34].

6. Erosion-Corrosion

In noncorrosive environments, such as high purity water, the stronger aluminum alloys have the
greatest resistance to erosion-corrosion because resistance is controlled almost entirely by the
mechanical components of the system. In a corrosive environment, such as seawater, the corrosion
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component becomes the controlling factor; thus, resistance may be greater for the more corrosion-
resistant alloys even though they are lower in strength. Corrosion inhibitors and cathodic protection
have been used to minimize erosion—corrosion, impingement, and cavitation on aluminum alloys [27].

In the case of neutral solutions, the velocity of the solution, up to ~ 6 m/s, has little effect on the
rate of attack. In some cases, increased movement of the liquid may actually reduce attack by
assuring greater uniformity of environment. However, increases in velocity decrease the variation in
pH that can be tolerated without erosive attack occurring [3].

7. Intergranular and Exfoliation Corrosion

Intergranular corrosion in aluminum alloys can be caused by direct corrosion of a precipitate that is
less corrosion resistant (more active) than the matrix or by corrosion of a denuded zone adjacent to a
noble phase.

Although the aluminum alloys are more resistant to intergranular corrosion in the solution-treated
condition, avoiding precipitates is not a practical means of avoiding intergranular corrosion in these
systems. The precipitates are important to the strengthening of the alloys and are necessary for their
performance. Whether or not the alloy will be subject to intergranular corrosion in a particular
environment is an important part of the alloy selection process.

Since intergranular corrosion is involved in stress corrosion cracking (SCC) of aluminum alloys,
it is often presumed to be more deleterious than pitting or uniform corrosion. Exfoliation is a form of
intergranular corrosion that may occur when aluminum alloys have their grains elongated in layers
parallel to their surfaces. Intergranular corrosion can occur on the elongated grain boundaries. The
corrosion product that forms has a greater volume than the volume of the parent metal, and the
increased volume forces the layers apart, causing strips of metal to exfoliate (delaminate).

7.1. Intergranular Corrosion Intergranular corrosion is the selective attack of the grain boundary
zone, with no appreciable attack of the grain body or matrix (Fig. 15). The mechanism is
electrochemical and is the result of local cell action in the grain boundaries. Cells are formed
between second-phase microconstituents and the depleted aluminum solid solution from which
these microconstituents formed.

The microconstituents have a different corrosion potential than the adjacent depleted solid
solution. In some alloys, such as the aluminum- magnesium and aluminum-zinc-magnesium-
copper families, the precipitates Mg2Al3, MgZn2, and Alx-Znx-Mg are more anodic than the
adjacent solid solution. In other alloys, such as aluminum-copper, the precipitates (CuAl2, and
AlxCuxMg) are cathodic to the depleted solid solution. In either case, selective attack of the grain
boundary region occurs.

FIGURE 15. Various types of intergranular corrosion attack (a) interdendritic (ID) corrosion in a cast structure,
(b) Interfragmentary (IF) corrosion in a wrought structure, unrecrystallized. (c) Intergranular (I or IG) corrosion
in a recrystallized wrought structure. Keller's etch, (50OX) [27]. [Reprinted with permission from Aluminum:
Properties and Physical Metallurgy, edited by J. E. Hatch (1984), ASM International, Materials Park, OH,
44073) p. 303.]



The degree of intergranular susceptibility is controlled by fabrication practices that can affect the
quantity, size, and distribution of second-phase intermetallic precipitates. Resistance to intergranular
corrosion is obtained by heat treatments that cause precipitation to be more general throughout the
grain structure, or by restricting the amount of alloying elements that cause the problem. Alloys
that do not form second-phase microconstituents at grain boundaries, or those in which the
microconstituents have corrosion potentials similar to the matrix (e.g., MnAl6), are not susceptible to
intergranular corrosion. Examples of alloys of this type are 1100, 3003, and 3004 [27].

In 2XXX series alloys, it is a narrow band on either side of the grain boundary that is depleted in
copper. As an example, in the 2024 alloy, CuAl2 precipitates, are more noble than the matrix and act
as cathodes, accelerating the corrosion of a depleted zone adjacent to the grain boundary. A similar
phenomenon is observed for alloy 7075.

In aluminum-copper-magnesium alloys (2XXX), thermal treatmenjts that cause selective grain
boundary precipitation lead to intergranular corrosion susceptibility. Many studies have shown that
fast cooling or quenching during heat treatment and subsequent aging to peak or slightly overaged
strength results in high resistance to intergranular corrosion. Conversely, slow cooling results in
intergranular susceptibility.

Aluminum-magnesium alloys (5XXX) containing <3% magnesium are resistant to inter-
granular corrosion. In unusual instances, intergranular attack has occurred in the heat-affected zone
of a weldment after months or years of exposure at moderately elevated temperatures of 10O0C
(2120F), in hot, acidified ammonium nitrate solutions of 15O0C (30O0F), or hot, potable water at
8O0C (1750F).

Aluminum-magnesium alloys that contain > 3% Mg (e.g., 5083) may become susceptible to
intergranular corrosion because of preferential attack of Mg2Al3 (anodic constituent). Intergranular
corrosion does not occur when these alloys are correctly fabricated and used at ambient
temperatures. These alloys can become susceptible to intergranular corrosion, however, after
prolonged exposure to temperatures above 270C (sensitization). Susceptibility increases with
magnesium content, time, temperature, and amount of cold work.

Aluminum-magnesium-silicon wrought alloys (6XXX) usually show some susceptibility to
intergranular corrosion. With a balanced magnesium-silicon composition that results in the
formation of Mg2Si constituent, intergranular attack is minor, and less than that observed with
aluminum-copper (2XXX) and aluminum-zinc-magnesium-copper (7XXX) alloys. When the
6XXX alloy contains an excessive amount of silicon (more than that needed to form Mg2Si),
intergranular corrosion increases because of the strong cathodic nature of the insoluble silicon.

In aluminum-magnesium-zinc alloys such as 7030, the compound MgZn2 is attacked [29].
Intergranular corrosion in aluminum-zinc-magnesium-copper (7XXX) alloys can be affected by
thermal treatments. Heat treatment, sometimes in combination with strain hardening, is used to
provide good resistance to intergranular corrosion.

7.2. Exfoliation Corrosion Exfoliation, also called layer corrosion or lamellar corrosion, is a
type of selective subsurface attack that proceeds along multiple narrow paths parallel to the surface
of the metal. The attack is usually along grain boundaries (intergranular corrosion), but it has also
been observed along striations of insoluble constituents that have strung out in parallel planes in
the direction of working. Exfoliation occurs predominantly in relatively thin products with highly
cold-worked, elongated grain structures. The intensity of exfoliation increases in slightly acidic
environments and when the aluminum is coupled to a cathodic dissimilar metal.

Exfoliation is characterized by leafing, or alternate layers of thin, relatively uncorroded metal and
thicker layers of corrosion product of larger volume than the original metal. The layers of corrosion
products cause the metal to swell. In an extreme case, an ~ 1.3mm (0.050 in.) thick sheet was
observed to swell to a 25-mm (1-in.) thickness [27].

Exfoliation corrosion may occur on material that has a marked fibrous structure caused by rolling
or extrusion. Some authorities regard it as a form of stress corrosion, the stress being either inherent
in the metal or produced through the pressure of the larger volume of the corrosion product. It is rare,



occurring mainly in copper-bearing aluminum alloys, but can occur in a number of environments,
including some regarded as only mildly corrosive. Suitable adjustments of aging treatments and
copper content may largely overcome the effect in the higher strength Al-Cu type alloys [35].

Exfoliation usually proceeds inward laterally from a sheared edge, rather than inward from a
rolled or extruded surface. In mild cases, it takes the form of blisters that resemble volcanoes,
with corrosion products swelling up in the center. In this case, pits occur first and proceed inward
until the susceptible layer is encountered. The attack then changes to lateral penetration with
generation of less dense corrosion products that cause the blisters to develop. Metallographic
examination, visual rating, and weight loss measurements after exposure to corrosive environments
(solutions and sprays) at ambient and elevated temperatures can be used to test for exfoliation
corrosion susceptibility [27]. The commercial-purity aluminum (IXXX) and aluminum-manganese
(3XXX) alloys are quite resistant to exfoliation corrosion in all tempers. Exfoliation has been
encountered in some highly cold worked aluminum-magnesium (5XXX) materials especially in
seawater media.

In the heat-treatable aluminum-copper-magnesium (2XXX) and aluminum-zinc-magne-
sium-copper (7XXX) alloys, exfoliation corrosion has usually been confined to relatively thin
sections of highly worked products with an elongated grain structure. In 2124-T351 plate, for
example, 13-mm plate was quite susceptible in laboratory and atmospheric tests, while 50- and 100-
mm plate, with less directional microstructures, did not exfoliate. In extrusions, the surface is often
quite resistant to exfoliation because of the recrystallized grain structure. Subsurface grains are
unrecrystallized, elongated, and vulnerable to exfoliation.

In aluminum-zinc-magnesium alloys containing copper, such as 7075, resistance to exfoliation
can be improved markedly by overaging, designated by the temper designations of T7XXX for
wrought products. While a 5-10% loss in strength occurs, improved resistance to exfoliation is
provided. In copper-free or low-copper 7XXX alloys, exfoliation corrosion can be controlled by
overaging or by recrystallizing heat treatments and can also be controlled to some extent by changes
in alloying elements. In aluminum-copper-magnesium (2XXX) alloys, artificial aging to the T6 or
T8 condition provides improved resistance [27].

8. Stress Corrosion Cracking

Only aluminum alloys that contain appreciable amounts of soluble alloying elements, primarily
copper, magnesium, silicon, and zinc, are susceptible to SCC. For most commercial alloys, tempers
have been developed that provide a high degree of immunity to SCC in most environments.

There is general agreement that for aluminum the electrochemical factor predominates and the
electrochemical theory continues to be the basis for developing aluminum alloys and tempers
resistant to SCC [36]. The complex interactions among factors that lead to SCC of aluminum alloys
are not yet fully understood [37].

According to the electrochemical theory, susceptibility to intergranular corrosion is a prerequisite
for susceptibility to SCC, and treatment of aluminum alloys to improve resistance to SCC also
improves their resistance to intergranular corrosion. For most alloys, however, optimum levels of
resistance to these two types of corrosion require different treatments, and resistance to intergranular
corrosion is not a reliable indicator of resistance to SCC.

Stress corrosion cracking in aluminum alloys is characteristically intergranular. This type of
corrosion requires a condition along grain boundaries that makes them anodic to the rest of the
microstructure so that corrosion propagates selectively along them. Such a condition is produced
by localized decomposition of solid solution, with a high degree of continuity of decomposition
products along the grain boundaries. The most anodic regions may be either the boundaries
themselves (most commonly, the precipitate formed in them) or regions adjoining the boundaries
that have been depleted of solute. In 2XXX alloys, the solute-depleted regions are the most anodic; in
5XXX alloys, it is the Mg2Al3 precipitate along the grain boundaries that is anodic. The most anodic
grain-boundary regions in other alloys have not been identified with certainty [9].



Days to failure

FIGURE 16. The SCC of alloy 7075-T651 plate. Shaded bands indicate combinations of stress and time known
to produce SCC in specimens intermittently immersed in 3.5% NaCl solution. Point A is minimum yield strength
in the long transverse direction for a 75mm (3 in.) thick plate [9]. [Reprinted with permission from Metals
Handbook, Ninth Edition, Vol. 13, Corrosion (1987). ASM International, Materials Park, OH, 44073-0002, p. 596.]

8.1. Effect of Stress The SCC in a susceptible aluminum alloy depends on both magnitude and
duration of tensile stress acting at the surface. The effects of stress have been established by
accelerated laboratory tests, and the results of one set of such tests are shown in the shaded bands in
Figure 16. Despite the introduction of fracture mechanics techniques for determining crack growth
rates, such tests continue to be the basic tools used in evaluating resistance of aluminum alloys to
SCC. These tests suggest a minimum (threshold) stress that is required for cracking to develop.

For some alloy/temper combinations, results of accelerated laboratory tests reliably predict stress
corrosion performance in service; for example, results of an 84-day alternate immersion test of alloy
7075 and alloy 7178 products correlated well with performance of these products in a seacoast
environment [9].

8.2. Effects of Grain Structure and Stress Orientation Many wrought aluminum alloy products
have highly directional grain structures and are highly anisotropic with respect to resistance to SCC
(Fig. 16). Resistance, measured by magnitude of tensile stress required to cause cracking, is highest
when the stress is applied in the longitudinal direction and is lowest in the short-transverse direction,
and is intermediate in other directions. These differences are most noticeable in the more susceptible
tempers, but are usually much lower in tempers produced by extended precipitation treatments, such as
T6 and T8 tempers for 2XXX alloys and T73, T736, and T76 tempers for 7XXX alloys.

One of the most common practices associated with SCC problems is machining, which leads to
high tensile stress areas of material. If the exposed tensile stresses are in a transverse direction or
have a transverse component and if a susceptible alloy or temper is involved, the probability of SCC
is present [38].

8.3. Effects of Environment Research indicates that water or water vapor is the key environ-
mental factor required producing SCC in aluminum alloys. Halide ions have the greatest effects in
accelerating attack. Chloride is the most important halide ion because it is a natural constituent of
marine environments and is present in other environment as a contaminant. Because it accelerates
SCC, Cl~ is the principal component of environments used in laboratory tests to determine
susceptibility of aluminum alloys to this type of attack. In general, susceptibility is greater in
neutral solutions than in alkaline solutions and is greater still in acidic solutions [9].

Su
st

ai
ne

d 
te

ns
ile

 s
tre

ss Longitudinal

Short transverse



8.4. Prevention of Stress Corrosion Cracking The SCC can be greatly retarded, if not
eliminated, by polarization to the level of the cathodic protection potential. The heat treatments that
provide high resistance to cracking are those that produce microstructures either free of precipitate
along grain boundaries or with precipitate distributed as uniformly as possible within grains.

Direction and magnitude of stresses anticipated under conditions of assembly and service may
govern alloy and temper selection. For products of thin sections, applied in ways that induce little or
no tensile stress in the short transverse (i.e., through thickness) direction, resistance of 2XXX alloys
in T3 or T4 tempers or of 7XXX alloys in T6 tempers may suffice. Resistance in the short transverse
direction usually controls application of products that are of thick section or are machined or applied
in ways that result in sustained tensile stresses in the short transverse direction. More resistant
tempers are preferred in these cases.

Residual stresses are induced in aluminum alloy products when they are solution heat treated and
quenched. Figure 17 (a) shows the typical distribution and magnitude or residual stresses in thick
high-strength material of constant cross section. Quenching places the surfaces in compression and
the center in tension. If the compressive surface stresses are not disturbed by subsequent fabrica-
tion practices, the surface has an enhanced resistance to SCC because a sustained tensile stress is
necessary to initiate and propagate this type of corrosion.

Aluminum products of constant cross-section are stress relieved effectively and economically by
mechanical stretching. The stretching operation must be done after quenching and, for most alloys,
before artificial aging. Note the low magnitude of residual stresses after stretching, Figure 17 (b), as
compared to the as-quenched material, Figure 17(a). Federal specifications for rolled and extruded
products provide for stress relieving by stretching on the order of 1 to 3%. The stress-relieved temper
for heat-treated mill products minimizes SCC problems related to quenching stresses. The stress-
relieved temper for most alloys is identified by the designation TxSx or Tx5xx after the alloy number,
for example, 2024-T351 or 7075-T6511 [2].

9. Hydrogen Embrittlement

Testing in specific hydrogen environments has revealed the susceptibility of aluminum to hydrogen
damage. Hydrogen damage in aluminum alloys may take the form of intergranular or transgranular
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FIGURE 17. Comparison of residual stresses in a thick constant cross-section 7075-T6 aluminum alloy plate
before and after stress relief (a) high residual stresses in the solution treated and quenched alloy (b) reduction
in stresses after stretching 2%. (Reproduced with permission from ASM International, Metals Park, OH, Vol. 13,
p. 59 [9]).
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FIGURE 18. Effect of humidity on subcritical crack growth of high-strength aluminum alloys in hydrogen gas
(TL= transgranular). (Reproduced with permission from [37].) ASM International Metals Park, OH, Vol. 13,
p. 174 [37].

cracking or blistering. Blistering is most often associated with the melting or heat treatment of
aluminum where reaction with water vapor produces hydrogen. Blistering due to hydrogen is
frequently associated with grain-boundary precipitates or the formation of small voids. Blister
formation in aluminum is different from that in ferrous alloys in that it is more common to form a
multitude of near surface voids that coalesce to produce a large blister [39].

Hydrogen diffuses into the aluminum lattice and collects at internal defects, most frequently
during annealing or solution treating in air furnaces prior to age hardening. Dry hydrogen gas is
not detrimental to aluminum alloys; however, with the addition of water vapor, subcritical crack
growth increases dramatically (Fig. 18). The threshold stress intensity for cracking of aluminum also
decreases significantly in the presence of humid hydrogen gas at ambient temperature [37].

Hydrogen permeation and the crack growth rate are functions of potential, increasing with more
negative potentials, as expected for hydrogen embrittlement behavior. The ductility of aluminum
alloys in hydrogen is temperature dependent, displaying a minimum in reduction in area below O0C;
this behavior is similar to that of other face-centered cubic (fee) alloys [37]. Some evidence for a
metastable aluminum hydride has been found that would explain the brittle intergranular fracture of
aluminum(zinc)magnesium alloy (the 7XXX series) in water vapor. However, the instability of the
hydride is such that it has been difficult to evaluate. Another explanation for intergranular fracture of
these alloys is preferential decohesion of grain boundaries containing segregated magnesium.
Overaging of these alloys increases resistance to hydrogen embrittlement in much the same way as
for highly tempered martensitic steels [37].
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10. Corrosion Fatigue

Corrosion fatigue failures of aluminum alloys are characteristically transgranular, and thus differ
from SCC failures that are normally intergranular. Corrosion fatigue is not appreciably affected by
stress orientation, and corrosion fatigue failures can be recognized by a characteristic oyster shell
pattern on the fractured surfaces. The fatigue strength of aluminum alloys in demineralized water,
hard tap water, or brine is almost equal and is relatively half the fatigue strength in air and a quarter
of the original ultimate strength of the material. The corrosion fatigue strength of an alloy is not
greatly affected by variations in heat treatment. Localized corrosion of an aluminum surface, such as
pitting or intergranular corrosion, provides stress concentrations and greatly lowers fatigue life [27].

10.1. Prevention Corrosion environments produce smaller reductions in fatigue strength in the
more corrosion-resistant alloys, such as the 5XXX and 6XXX series, than in the less resistant
alloys, such as the 2XXX and 7XXX series [9]. Some guidelines for selecting aluminum alloys to
minimize failure problems have been outlined by Bucci [4O].

Stoltz and Pelloux [41] reported the influence of cathodic protection on corrosion fatigue life.
Khobaib et al. [42] reported on the development of an inhibitor for corrosion fatigue of high-strength
aluminum alloys.

Peening the metal surface increases fatigue life [43] and probably increases corrosion fatigue
life as well. Care must be taken not to overpeen the surface to the extent where excessive plastic
deformation may cause susceptibility to exfoliation or SCC. Protective surface coatings are also
beneficial. Welding lowers both fatigue and corrosion fatigue life, but peening after welding
increases the corrosion fatigue life. Paint coatings also increases the corrosion fatigue life, and the
highest corrosion fatigue life for welded specimens is achieved by peening followed by coating [27].

11. Fretting Corrosion

Fretting is the abrasive wear of two touching surfaces subject to cyclic relative motions of extremely
small amplitude. Fretting corrosion is an increased degree of deterioration that occurs because of
repeated corrosion or oxidation of the freshly abraded surface and the accumulation of abrasive
corrosion products between these surfaces. Although fretting is often limited to small localized
patches of wear, it can provide a path for leakage (e.g., valve seats) or an initiation site for fatigue.
Fretting corrosion can be controlled by lubrication of the faying surfaces, by restricting the degree of
movement, or by the selection of materials and combinations that are less susceptible to fretting [44].

Couples like aluminum on aluminum, aluminum on steel, and zinc-plated steel on aluminum
show low resistance to fretting corrosion. Zinc, copper plate, nickel plate, iron plate on aluminum
show moderate resistance to fretting corrosion, whereas silver plate on aluminum plate show high
resistance to fretting corrosion [45].

12. Stray Current Corrosion

Whenever an electric current (ac or dc) leaves an aluminum surface to enter an environment, such as
water, soil, or concrete, aluminum is corroded at the area of current passage in proportion to the
amount of current passed. This is known as stray current corrosion or electrolysis (a poorly chosen,
ambiguous term, but one firmly entrenched in pipeline and shipping technology). Examples of stray
current corrosion of aluminum have been reported in concrete (electrical conduit), in seawater (boat
hulls), and in soils (pipelines and drainage systems). At low current densities corrosion may take the
form of pitting, whereas at higher current densities considerable destruction of the metal can occur.
The corrosion rate does not diminish with time [27].

Since the aluminum surface from which the current leaves functions as an anode, oxidation
(corrosion) occurs, and the area becomes acidic. The presence of acidity on the surface often
provides the clue that reveals unexpected stray current activity. Local acidity can develop even in an
alkaline environment such as concrete.



Stray currents encountered in practice are usually direct current (e.g., from a welding generator),
but may also be alternating current. For most metals, ac corrosion is negligible, but with aluminum it
can be appreciable. Below a critical small ac current density, no corrosion of aluminum occurs [27].

D. INFLUENCE OF METALLURGICAL CHARACTEMSTICS ON CORROSION
PERFORMANCE

1. Metallurgical Aspects

Aluminum alloys containing copper (2000 series) and zinc (7000 series) as major alloying elements
are generally less corrosion resistant than those without these elements. For this reason, corrosion of
aluminum alloys in these two series is usually difficult to inhibit. Alloys in both series are high-
strength and widely used.

1000 Series Alloys: 99% pure aluminum or higher. This series has excellent resistance to
corrosion and high electrical and thermal conductivities, but poor mechanical properties.

2000 Series Alloys: Copper-containing alloys. This series is high strength and heat treatable,
but has generally low corrosion resistance, is subject to intergranular attack and is difficult to
inhibit. The 2024 alloy is widely used in the aircraft industry.

3000 Series Alloys: Manganese-containing alloys. This series generally cannot be heat treated.
One of the most widely used alloys, 3003, has moderate strength, good workability and can
be inhibited in certain media.

4000 Series Alloys: Silicon-containing alloys, used mainly for welding because of their lower
melting points. These alloys are in demand for architectural uses because of the color effects
that can be obtained when anodic coatings are applied. Alloys in this series have good
corrosion resistance and can be inhibited.

5000 Series Alloys: Magnesium-containing alloys. These are corrosion-resistant alloys that can
be inhibited and are widely used in marine atmospheres, where they exhibit good resistance
to corrosion. However, under certain conditions of loading, they are subject to stress
corrosion cracking.

6000 Series Alloys: Silicon- and magnesium-containing alloys. The silicon and magnesium are
present in the ratio required to form magnesium silicide. These alloys are heat treatable. A
major alloy in this series is 6061. These alloys have good corrosion resistance and may be
inhibited effectively.

7000 Series Alloys: Zinc-containing alloys. These alloys may also contain smaller percentages
of magnesium, copper, and chromium. They are heat treatable and can have very high
strengths (e.g., 7075), which is one of the highest strength aluminum alloys. Inhibitors may
be used with the 7000 series.

The solution heat-treated tempers are usually more corrosion resistant and more amenable to
corrosion inhibition than are the hardened alloys. The strain or work hardened alloys are somewhat
more readily inhibited than are the alloys hardened by aging treatments [46].

Since corrosion is an electrochemical phenomenon, it might be expected that alloys composed of
one homogeneous phase or of two or more phases, all of which have very similar electrochemical
(galvanic) potentials, would be more resistant to corrosion than alloys composed of two or more
phases with widely different potentials. This expectation is generally correct. Thus pure aluminum or
single-phase alloys of aluminum and magnesium or aluminum and silicon are all relatively resistant
to corrosion. The Al-Cu alloys heat treated and quenched to retain the copper in solid solution are
much more resistant to corrosion than are similar alloys treated so that the copper precipitates out of
solution as a constituent, CuAl2, which differs in solution potential from the matrix solid solution
and may cause intergranular corrosion. The Al-Mn alloys (such as 3003) are highly resistant to



corrosion because the manganese constituent that is present as a separate phase has a potential very
similar to that of the matrix.

Metallurgical factors are often important in influencing corrosion rates. They are probably best
known in the case of the Al-Cu alloys of the duralumin type. Such alloys contain about 4% copper
(alloys 2017-T and 2024-T). This amount of copper is soluble in solid aluminum at elevated
temperatures (>480°C) but is not entirely soluble at room temperature. After fabrication, such
alloys are commonly heat treated at ~ 49O0C in order to dissolve the copper in the aluminum. They
are then immediately quenched in cold water to retain the copper in solution. During aging at room
temperature, the hardness and strength of the alloys increase, approaching maximum values after ~ 4
days. It is generally assumed that this age hardening is caused by the precipitation of a CuAl2

constituent from the Al-Cu solid solution.
The precipitate particles, if present, are in a very finely divided state and, when in this condition,

the alloys, from a corrosion standpoint, behave as if they were substantially single-phase alloys; that
is, they are relatively resistant to corrosion. It is in this quenched and room temperature aged
condition that they are generally used and, as such, are susceptible only to pitting corrosion with no
selective attack at grain boundaries.

If the alloys are quenched more slowly from the heat-treating temperature (i.e., quenched in
boiling water instead of cold water), they become susceptible to selective grain boundary attack
(intergranular corrosion). This type of attack is attributed to the selective precipitation of relatively
large particles of the CuAl2 constituent at the grain boundaries. The Al-Cu solid solution adjacent to
the grain boundaries becomes depleted in copper, since the copper is precipitated out of solution.
This depleted zone is anodic to the Al-Cu solid solution of the main body of the grain and also to the
precipitated particles of CuAl2.

Consequently, the depleted zone corrodes, giving an intergranular form of corrosion. Somewhat
similar results occur if the rapidly quenched Al-Cu alloy is heated (artificially aged) to a somewhat
elevated temperature (> 12O0C) for a critical period of time. This heating also causes the alloy to
become susceptible to intergranular corrosion. However, if the heating is carried out for a sufficiently
extended period of time, the susceptibility to intergranular corrosion again disappears, probably
because substantially all the copper has precipitated out of solid solution and therefore, the zones
adjacent to the grain boundaries are no more depleted in copper than are the other areas in the grain
boundaries [3].

For many of the other aluminum-base alloys, metallurgical factors have relatively little effect on
resistance to corrosion. Alloys such as 1100, 3003,5052,6053, and 6061 are relatively insensitive in
this respect [3],

In many types of exposure, cold work does not appreciably affect the resistance to corrosion of a
wide variety of aluminum-base alloys. In solutions of nonoxidizing acids, however, cold work
stimulates corrosion to some extent and also indirectly stimulates corrosion of aluminum alloys
containing over about 5% magnesium. With the latter alloys, severe cold work increases the
tendency for a magnesium-aluminum constituent to precipitate from solid solution. On exposure to
certain media, selective attack of this constituent then occurs [3].

The resistance to corrosion of weldments of aluminum alloys is determined, in part, by the alloy
welded, by the filler alloy, and by the welding process. Galvanic cells that cause corrosion may be
created because of potential differences among the parent alloy, the filler alloy, and the heat-affected
zones where microstructural changes occur. Incomplete removal of fluxes after welding them may
also cause corrosion [I].

Weldments in nonheat treatable alloys generally have good resistance to corrosion. Micro-
structural changes in the heat-affected region in these alloys have little effect on potential, and the
filler alloys recommended have potentials close to those of the parent alloys. In some heat-treatable
alloys, however, the effect on potential of microstructural changes may be large enough to cause
appreciable corrosion in more aggressive environments; the corrosion is selective, either in the weld
bead or in a restricted portion of the heat-affected zone. To a considerable degree, the effect of
microstructural changes on corrosion in the heat-affected zone can be eliminated by postweld heat



treatment. Stress corrosion cracking in weldments usually is caused by residual stresses introduced
during welding, but its occurrence is rare.

Brazed joints in aluminum alloys also have good resistance to corrosion. Excessive corrosion is
usually caused by fluxes that are not removed completely, or that are removed by a treatment that,
together with the fluxes, may cause corrosion. Soldered joints have a resistance to corrosion
satisfactory for applications in milder environments, but not for those in more aggressive ones [I].

2. Composites

Aluminum alloys reinforced with silicon carbide, graphite, alumina, boron, or mica shows promise
as metal matrix composites with increased modulus and strength and are potentially well suited to
lightweight structural applications, including aerospace and military needs. The structures of
continuous fiber metal matrix composites (MMCs) are equivalent to those in polymer matrix
composites. Industrial applications have emerged recently, e.g., reinforced pistons for assembly in
light diesel engines, 12% alumina, 9% carbon fiber reinforced Al-12.7% Si MMC cylinder liner
[47] and so on.

Generally, long-term tests have shown that the introduction of a reinforcement phase reduces the
resistance to corrosion. The extent of this reduction largely depends on the reinforcement species and
form. As with conventional aluminum alloys, fabrication method and heat treatment influence the
corrosion resistance of MMCs and must be carefully controlled. As surface protection will be
advisable in certain applications, it is encouraging to see a variety of standard techniques showing
promise for MMCs. From the studies performed on the corrosion fatigue of MMCs in saline
environments it appears that they are marginally inferior to their matrix alloys [46].

E. CORROSION PREVENTION AND PROTECTION

1. Design, Alloy Selection, and Joint-Sealing Compounds

During conception, the corrosion specialist should identify the different types of corrosion and
prevention methods. Among the most common harmful effects are galvanic action, resulting from
direct contact between aluminum and a dissimilar metal, such as copper, and indirect galvanic effects
resulting from contact between aluminum and solutions containing reducible compounds of heavy
metals. In some cases, design or construction will prevent serious corrosion even though no other
factors are altered. Similarly, since the various alloys of aluminum differ widely in behavior, the
selection of the most suitable alloy is important [3].

Corrosion can be prevented or reduced by cladding with a more corrosion-resistant alloy, such as
high-purity aluminum, a low magnesium-silicon alloy or an alloy of 1% zinc. All of these cladding
materials are frequently employed to give added corrosion protection to the 2000 and 7000 series
alloys. The cladding on each side is 2-5% of the total thickness.

Aluminum-base alloys, such as 1100, 3300, 5052,6053, Alclad 3300, Alclad 1017-T, and Alclad
2024-T, are highly resistant when freely exposed to most natural environments. They will all discolor
or darken appreciably in most outdoor exposures, but will suffer no structurally appreciable changes
in properties unless exposed in relatively thin sections < 0.076 mm (0.03 in.) thick.

Commercial aluminum alloys may contain other elements that provide special characteristics.
Lead and bismuth are added to alloys 2011 and 6262 to improve chip breakage and other machining
characteristics. Nickel is added to wrought alloys 2018, 2218, and 2618, which were developed for
elevated-temperature service, and to certain 3XXX cast alloys used for pistons, cylinder blocks, and
other engine parts subjected to high temperatures. Cast aluminum-bearing alloys may contain tin. In
all cases, these alloying additions introduce microconstituent phases that are cathodic to the matrix
and decrease resistance to corrosion in aqueous saline media. However, these alloys are often and
should be used in environments in which they are not subject to corrosion [9].



Joints, depressions, and other areas where moisture and dirt accumulate are more susceptible to
corrosion than regions exposed to the atmosphere. Most plastic or semisolid joint sealing compounds
that conform and firmly adhere to adjacent metal surfaces are highly effective in preventing special
attack in these regions. Some of these joint-sealing compounds that contain soluble inhibitors are
particularly suitable [3].

In some cases, other mechanical factors, such as formability or hardness, may be of great
importance in selecting an appropriate alloy for a specific application. Aluminum alloys such as
1100, 3300, or 5052, in the softer tempers, are readily formable and are also highly resistant to
corrosion. If greater strength is required, alloy 6061 should be considered. This alloy combines good
formability (in the W temper) with relatively high strength and good resistance to corrosion.

2. Aluminum Thermal Spraying

Aluminum spraying is a current practice to coat less resistant alloys. For some composites, the
corrosion behavior is governed by galvanic action between the aluminum matrix and the reinforcing
material. Aluminum thermal spraying has been reported as a successful protection method for
discontinuous silicon carbide/aluminum composites; for continuous graphite/aluminum or silicon
carbide/aluminum, sulfuric acid (H2SO4) anodizing has provided protection, as have organic
coatings or iron vapor deposited aluminum [48].

3. Anodic Coatings

Anodizing is an electrolytic process in which the surface of the alloy is made the anode and
converted to aluminum oxide, bound as tenaciously to the alloy as the natural oxide film, but much
thicker (5-30 um).

Anodic coatings, particularly those applied in a sulfuric acid electrolyte and suitably sealed, are
highly effective in preventing discoloration or surface staining of the aluminum-base alloys
mentioned above. In addition, aluminum alloys that are used architecturally are more readily cleaned
of atmospheric contaminants if they have been anodically coated. However, anodizing does not
provide sufficient protection alone if the alloys themselves are unsuitable for the environment to
which they are exposed. Anodic coatings are excellent paint bases.

4. Inhibitors and Control of the Environment

Current knowledge makes possible the inhibition of aluminum in a wide range of both acidic and
alkaline environments. Single materials and combinations have been identified that can be used with
considerable confidence, frequently, however, within a narrow range of conditions. Inhibitors may be
classified by surface reactivity as adsorptive or surface reactive (where a precipitated film is formed
to provide a barrier between the corrosive agent and the aluminum surface). Chromates, silicates,
polyphosphates, soluble oils, and other inhibitors are commonly used to protect aluminum.
Aluminum is concentration sensitive to chromate solutions as well as to other anodic inhibitors.
Combinations of polyphosphates, nitrites, nitrates, borates, silicates, and mercaptobenzothiazole are
used in systems that include aluminum and other metals [49].

Composition differences among aluminum alloys often determine whether or not an alloy can be
inhibited in a given environment, and so an understanding of the metallurgical variables is important.
Investigations into the fundamental reactions at the aluminum-environment interface have added
significant new understanding that now permits the selection of inhibitors to be made with greater
precision and their application to proceed with fewer trial-and-error adjustments [5O].

In a limited number of cases, removing some minor constituent from the contacting liquid or
gas can prevent corrosion. For instance, copper compounds, which may make water corrosive to
aluminum can be removed by passing the water through a tower packed with aluminum chips.
Finally, the use of periodic cleaning procedures may be highly beneficial in specific cases [3].



5. Conversion and Organic Coatings

Conversion coatings (chromates or phosphates) are recommended for the preparation of aluminum
alloys. For milder environments, paint may be applied on the conversion coating, but a chromated
primer should be applied for more aggressive media. Almost any type of paint (acrylic, alkyl,
polyester, vinyl, etc.) is suitable [9]. One or two coats of the finish paint should follow the primer.
Attention should be made to avoid the discharge of CrVI in natural environments, otherwise,
molybdates can replace chromates in certain applications [51].

6. Cathodic Protection

Godard [29] cited an early example of aluminum protection using sacrificial zinc anodes and Hatch
[27] mentioned the use of impressed current protection systems to protect painted aluminum ship
hulls. Cathodic protection requires careful control to ensure that adequate protection is maintained
without overprotection, which can lead to alkali attack (cathodic corrosion). Alclad alloys (layered
aluminum products with one aluminum alloy integrally bonded to a more noble aluminum alloy
core) may be viewed as having a self-contained cathodic protection system [46].
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