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4.1 Aluminium and Aluminium

Alloys

Aluminium and the aluminium alloys lend themselves to many engineering
applications because of their combination of lightness with strength, their
high corrosion resistance, their thermal and electrical conductivity and heat
and light reflectivity, and their hygienic and non-toxic qualities. The variety
of forms in which they are available also enhances their utility.

Composition and Mechanical Properties

Pure aluminium has good working and forming properties, high resistance
to corrosion, low mechanical strength, and high ductility. The diverse and
exacting technical demands made on aluminium alloys in different applica-
tions are met by the considerable range of alloys available for general and
specific engineering purposes (BS 1470-75, 1490), each of which has been
designed and tested to provide various combinations of useful properties.
These include strength/weight ratio, corrosion resistance, workability, cast-
ability, or high-temperature properties, to mention but a few. The composi-
tions and properties of these standard alloys are given in Tables 4.1 to 4.4.

More specialised alloys are covered by the DTD and L series for aircraft
applications and include the high strength Al-Zn-Mg alloys. The medium
strength weldable Al-Zn-Mg compositions are finding increasing utility in
engineering and a national specification may be anticipated in the near future.

Where free machining characteristics are required, this may be achieved
by additions of cadmium, antimony, tin or lead (e.g. BS 4300/5). Materials
for electrical use are of special composition (BS 2627, 3988), while bearings
are manufactured from Al-Sn alloys.

Composites of aluminium alloy with a thin cladding on one or both sur-
faces of a more anodic aluminium alloy or pure aluminium, enable sheet,
plate and tube to be produced with special combinations of strength and cor-
rosion resistance appropriate to service conditions. Although originally
applied to high strength aircraft alloys, this principle of cladding is now
utilised in several important industrial applications.

The I.S.O. designations may be correlated directly with the British Stan-
dard General Engineering series and partially with the American Alumi-
nium Association designations. The nearest equivalents for the three systems
are given in Table 4.5, although differences in alloying practice in America
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Al 99-0
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Notes: 1 . Rivet and screw stock only.
2. Ratings are for material in the optimum condition for forming.
3. Ratings are given for correct technique and filler rod and take into account the properties of material after welding.
V = very good, C = good, F = fair, P = poor and U = unsuitable.
* Where strength varies with temper the specified minima are quoted. Similarly where properties arc influenced by the fabrication process, the lowest minima are given.

Table 4.1 Some wrought British Standard aluminium alloys for general engineering purposes (non-heat treatable alloys)
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Table 4.2 Heat treatable alloys in the solution treated condition, but naturally aged where applicable
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310min
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0-7Mg, 0-5Si
2-3Cu, 1-0 Ni, 0-9Mg,

0-9Fe, 0-9Si
4-5Cu, 0-8Si, 0-5 mg,

0-8Mn
As H15, clad with IB
1-Omg, 0-6Si, 0-25Cu

(0-5 Mn or 0-25 Cr)
1-0 Si, 0-8Mg, 0-7Mn

Al Mg Si
Al Cu2 Nil

Mg Fe Si
Al Cu4 Si Mg

Al Cu4 Si Mg
Al MgI Si Cu

Al Si Mg Mn

H9
H12

H15

HC15
H20

H30

Notes: 2. Ratings are for material in the optimum condition for forming.
3. Ratings are given for correct technique and filler rod and take into account the properties of material after welding.
* Where strength varies with temper the specified minima are quoted. Similarly where properties are influenced by the fabrication process, the lowest minima are given.



Table 4.3 Heat treatable alloys in the fully heat treated condition
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P
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150 min

385 min

400 min
400 min

430 min

280 min
280 min

0-7Mg, 0-5Si
2-3Cu, 1-0 Ni, 0-9Mg,

0-9Fe, 0-9Si
4-5Cu, 0-8Si, 0-5Mg,

0-8Mn
As H15, clad with IB
2-3Cu, 1-5Mg, 1-2Fe,

1-1 Ni
1-0 Mg, 0-6Si, 0-25Cu

(0-5 Mn or 0-25 Cr)
1-0 Si, 0-8Mg, 0-7Mn

Al Mg Si
Al Cu2 Nil

Al Cu4 Si Mg

Al Cu4 Si Mg
AlCu2Mgl -5

FeI Nil
Al Mg Si Cu

Al Si Mg Mn

H9
H12

H15

HC15
H16

H20

H30

Notes: 2. Ratings are for material in the optimum condition for forming.
3. Ratings are given for correct technique and filler rod and take into account the properties of material after welding.
* Where strength varies with temper the specified minima are quoted. Similarly where properties are influenced by the fabrication process, the lowest minima are given.



Table 4.4 Cast British Standard aluminium alloys for general and special purposes
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Widely used, general purpose
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sections and intricate
shapes, good corrosion
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Excellent castability, but less
corrosion resistant than
LM6

General purpose die casting
High strength with good

corrosion resistance
General purpose alloy
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P
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V

V

V
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V

V

V
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190

180
160
280
160

140
230
160

130
230
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M

M
TF
M

M

M
M
TF
M

10Si, 1-5Cu

5 Si, 3 CU

12Si

12Si

8-5Si, 3-5Cu

7Si, 0-3Mg

7Si, 2CU, 0-4Mn

LM2

LM4

LM6

LM20

LM24

LM25

LM27

Note: * Where strength varies with temper the specified minima are quoted. Similarly where properties are influenced by the fabrication process, the lowest minima are given.



Table 4.4 (continued)

SPECIAL PURPOSE ALLOYS

L M O 99-5Almin. M _ _ F F F F V V Suitable f o r corrosive
environments and electrical
applications

LM5 4-5Mg, 0-4Mn M 140 170 F F P G V V Suitable for corrosive
environments and for
decorative applications

i iuio 12Si, 0-4Mg, — 190 Good combination of
LM9 0-4Mn M 240 295 G V G F G P castability, corrosion

resistance and strength
LMlO 10Mg TB 280 310 F G P G V F Combines toughness with

shock resistance
LM12 1 0 C u , 0-3Mg M - 1 7 0 F G G V P P Specially suitable f o r

hydraulic equipment

LM13 USi, ICu, IMg TjI7 140 200 G V F F F P Used for pistons

T M I * 5Si, 1-3Cu, TB 170 230 Elevated temperature
LM16 n.*\>i« TP- ~>in ^n G G G G F P .. . F

0-5Mg TF 230 280 applications
LM18 5 Si M 120 140 G V V F V P Used for food handling

equipment
LM21 6Si, 4Cu, M 150 170 G G G G P P High strength with good

0-4 Mn, 0-2 Mg engineering characteristics
LM22 5Si, 3Cu, 0-4Mn TB 245 G G G G P P High shock resistance, used

for structural applications
LM26 9-5Si, 3 Cu, IMg TE 210 G V F F P P Used for pistons

LM28 18 Si, 1-5 Cu, JE 120 190 F G F P G P Special piston applications
1 Mg, 1 INl Tg J2Q 19Q

LM29 23 Sj, 1 Cu, 1 Mg, Tp 120 190 F G F P G P Special piston applications
! M — 130

LM30 17^4-5Cu, JS - 1 6 0 G F F F P P Automobile cylinder blocks

Note: V = very good, G = good, F = fair and P = poor.



make a direct correlation impossible in several cases. Notably, where Euro-
pean practice utilises a minor addition of manganese, a similar effect is fre-
quently achieved by a chromium addition in American practice; also, there
is a greater tendency to use small copper additions in American alloys than
in European alloys.

The British Standard alloys use a systematic letter notation to indicate the
form and heat treatment of the material. Details are given in Table 4.6. For
example, the strongest condition is H8 for a non-heat-treatable alloy, TB or
TD for a single heat-treatment alloy, and TE, TF and TH for a double heat-
treatment alloy.

The non-heat-treatable alloys (prefixed N) are hardened by cold work and
attain the desired properties by a combination of annealing and cold work.
The hard material has markedly increased strength with only slightly reduced
corrosion resistance.

The heat-treatable alloys (prefixed H)- notably the Al-Cu-Mg and the
Al-Mg-Si types-can be heated at 480-5350C for a period between 20min
and some hours to obtain solution of the alloying elements, and then rapidly
quenched. This solution treatment gives increased strength, and may also
give slightly increased corrosion resistance. Further strengthening of certain
alloys is achieved by an additional lower temperature heat-treatment for
longer periods (1-20 h or more, according to the alloy) which promotes pre-
cipitation of the alloying elements within the metal crystal structure. With
some alloys this ageing treatment takes place at room temperature. The age-
ing or precipitation treatment slightly reduces the corrosion resistance of
most alloys.

Comprehensive details of alloy properties and characteristics are provided
in the publications of the major aluminium companies and independent
organisations1.

BS 1470-75

1
IA
IB
1C

N3
N4
N5
N6
N8

H9
H12

HIS
HC15
H16
H20

H30

I.S.O.

Al 99-99
Al 99- 8
Al 99-5
Al 99-0

AlMnI
Al Mg2
AlMgB -5
Al MgS
Al Mg4-5Mn

Al Mg Si
Al Cu2 Nil Mg Fe Si

Al Cu4 Si Mg
Al Cu4 Si Mg
A l C u 2 M g l - 5 FeI Nil
Al MgI Si Cu

Al Si Mg Mn

Nearest AA
designation

1099
1080
1050
1110

3003
5052
5154
5456
5083

6063

2014
Al clad 2024

6061

6351

Major alloy constitutents
(nominal %)

99 -99 Al
99-8 Al
99-5 Al
99Al

1-25Mn
2-25Mg
3-5Mg
5.0Mg
4-5Mg

0-7Mg, 0-5Si
2-3Cu, 1-0 Ni, 0-9Mg, 0-9Mg,

0-9Fe, 0-9Si
4-5Cu, 0-8Si, 0-5Mg, 0-8Mn
As H 15, clad with IB
2-3Cu, 1-5Mg, 1-2Fe, 1 - 1 Ni
1-0 Mg, 0-6Si, 0-25 Cu (0-5 Cu

(0-5 Mn or 0-25 Cr)
1-OSi, 0-8Mg, 0 -7Mn

Table 4.5 British Standard, I.S.O. and comparable aluminium association designations



Physical Properties

Some of the more useful physical and mechanical properties of aluminium
are given in Tables 4.7 and 4.8. The common wrought forms are rolled plate
(prefixed P), clad plate (PC), sheet and strip (S), clad sheet and strip (C),
bars, rods, and sections (E), extruded round tube and hollow sections (V),
drawn tubes (T), wire (G), rivet stock (R), bolt and screw stock (B), and forg-
ings and forging stock (F). Castings are made in sand moulds or in metal
moulds known as dies; the most widely used methods involve casting either
under gravity or under pressure. Aluminium and aluminium alloys are
fabricated into products such as roll plate, sheet, extruded sections, drawn
tube, etc. by all the familiar processes, with modifications appropriate to the
temper or condition of the material. Joining may be carried out by mech-
anical methods (such as riveting and bolting), brazing, soldering, adhesive
bonding, or welding. The argon-shielded arc welding methods (mig and tig)
are particularly appropriate where corrosion resistance of welded joints is of
importance2.

British Standard
designation Meaning

WROUGHT MATERIALS

M

O

Hl, H2
H3, H2
H5, H6
H7, H8

TB

TD
TE

TF
TH

As manufactured. Material which acquires some temper from shaping
processes in which there is no special control over thermal treatment
or amount of strain hardening

Annealed. Material which is fully annealed to obtain the lowest-strength
condition

Strain hardened. Material subjected to the application of cold work
after annealing (or hot forming) or to a combination of cold work
and partial annealing/stabilising in order to secure the specified
mechanical properties. The designations 1-8 are in ascending order of
tensile strength

Solution heat treated and naturally aged. Material which receives no
cold work after solution heat treatment except as may be required to
flatten or straighten it. Properties of some alloys in this temper are
unstable

Solution heat treated, cold worked and naturally aged
Cooled from an elevated temperature shaping process and precipitation

treated
Solution heat treated and precipitation treated
Solution heat treated, cold worked and then precipitation treated

CAST MATERIALS

M
TS
TE
TB

TB7
TF
TF7

As cast
Stress relieved only
Precipitation treated
Solution treated
Solution treated and stabilised
Solution treated and precipitation treated
Full heat treatment plus stabilisation

Table 4.6 Temper and heat treatment symbols for aluminium alloys-suffixes



Table 4.7 Physical properties of aluminium

13
10-0
26-97
3
Face-centred cubic
2-863 A
0-3354
2700

Atomic number
Atomic volume
Atomic weight
Valency
Crystal structure
Interatomic distance
Electrochemical equivalent (g/Ah)
Density at 293 K (kg/m3)

ElectricalThermal

Thermoelectric
power vs
platinum

(mV/lOOK)

Temp, coeff.
of elec.

resistance
per K for

293 K

Elec. vol.
conductivity

at 293 K
(% I.A.C.S.)

Elec. Vol.
resistivity
at 293 K
0*1) cm)

Thermal
conductivity

at 273 K
(W/m K)

Coeff. of
linear exp.
(293-393 K)

(m/K)

Latent heat
of fusion
(kJ/kg)

Mean sp.
heat

(293-931 K)
(J/kgK)

Sp. heat
at 293 K
(J/kgK)

m.p.
(K)

+0-410-004163-572-7-3-02140-61 X 10~63871047896931



Selection of Purity or Alloy Type

It will be noted that the materials covered by the BS specifications fall into
several distinct groups, sometimes with apparently small differences within
the group. Characteristics which could influence the selection of the most
appropriate material for a specific application are tabulated in Table 4.1 for
wrought products, but some elaboration is desirable since the successful
utilisation of aluminium begins with the selection of alloy. Additionally,
mention should be made of materials not covered by the BS General Engi-
neering series.

Pure Aluminium

Within the BS series the corrosion resistance of unalloyed aluminium
increases with increasing metal purity.

The use of the 99-8% and 99-99% grades is usually confined to those
applications where very high corrosion resistance or ductility is required. The
chemical industry can advantageously use these purities for handling some
products, but because of their low mechanical strength they are sometimes
used as a cladding material for a stronger substrate.

Decreasing the purity results in increased strength for the 99% and 99-5%
grades, which still retain a high resistance to corrosion. The 99% pure metal
may be considered the more useful general purpose metal for lightly stressed
applications such as panelling and cooking utensils.

Aluminium-Manganese Alloy

The alloy N 3 is the sole BS alloy of this binary system. In sheet form, the
combination of good corrosion resistance with adequate mechanical
strength results in large tonnages being used in building, cooking utensils and
sundry general applications.

Aluminium-Magnesium Alloys

For general use, the Al-Mg system is represented by N4, N5 and N8 with
increasing magnesium content respectively. The corrosion resistance of all
these alloys is extremely good, while the level of mechanical properties obtain-
able makes them ideally suited for structural use in aggressive conditions.

Young's
modulus
(MN/m2)

59 x 103

Torsion
modulus
(MN/m2)

24 x 103

Poisson's
ratio

0-34

Compressibility
(dv/vQdp)

at 293 K

1-45 x 10~6

at 400 K

1-70 x 10~6

Table 4.8 Mechanical properties of aluminium



The characteristics of these alloys make them ideal for boat and ship-
building, for which a long history of satisfactory performance is on record
for the higher magnesium alloys. Where strength is less critical the lower
magnesium alloys may be used with similar success and are recommended
for aqueous conditions.

Elevated temperatures should be avoided with N5 and N8, since the
precipitation of Mg2Al3 over a period of time can lead to serious structural
corrosion. In case of doubt regarding this aspect, the manufacturer should
be consulted.

Aluminium-Magnesium-Silicon Alloys

The heat-treatable Al-Mg-Si alloys H9, H20 and H30 are predominantly
structural materials, all of which have a high resistance to corrosion.

The low Mg + Si content of H9 facilitates the production of complex
extrusions with a good surface finish making H9 a natural choice for glazing
sections and other architectural features. Higher mechanical properties are
obtainable with the H20 and H30 compositions, which are therefore more
suitable for load bearing structures.

The corrosion resistance of the Al-Mg-Si alloys is slightly inferior to that
of the Al-Mg alloys, but where maximum obtainable strength is required
then a fully heat-treated Al-Mg-Si alloy would generally be preferable to an
Al-Mg alloy with comparable properties obtained by cold working.

Aluminium-Copper Alloys

The composition of these alloys extends beyond the binary system and they
may be categorised as the Duralumin type HIS and the complex types H12
and H16.

The mechanical properties and characteristics of H15 cause it to be used
for those applications where high strength is the prime criterion, outweigh-
ing its poor resistance to corrosion. Protection by anodising or painting is
desirable, when satisfactory performance may be expected except in the most
severe conditions. Alternatively, the HC15 clad version has a corrosion
resistance similar to its pure cladding, provided that repeated heat treatments
have not caused excessive copper diffusion into the pure cladding. The use
of H15 for machined components is fairly common, but cannot be recom-
mended where the service conditions will be aggressive.

Where the retention of strength at elevated temperatures is required, then
the alloys H12 and H16 should be considered. Because of their copper con-
tent the corrosion resistance is mediocre and for service in aggressive
environments the Al-IZn clad version to DTD 5070 would generally be
preferred to the unclad metal.

Aluminium-Zinc-Magnesium Alloys

The Al-Zn-Mg alloy system provides a range of commercial compositions,



primarily for those areas where strength is a major consideration. None of
these alloys are yet included in the BS General Engineering series although
their use in Europe and America is quite well established. Essentially the
range of compositions may be conveniently divided into two categories.

The high strength alloys contain a Zn + Mg content well in excess of 6%
and are used in specialist structures such as aircraft. The risk of stress corro-
sion cracking in these alloys may be accentuated by incorrect heat treat-
ment or composition and they cannot be recommended for general use
(Section 8.5).

The other group of alloys are those with a Zn + Mg content not exceed-
ing 6%. These have been used for general engineering, when natural ageing
after welding can be utilised to permit the fabrication of strong welded struc-
tures. In particular, these medium strength Al-Zn-Mg alloys have been
successfully used for transport applications and it seems probable that this
will increase in the near future. With correct manufacturing procedures the
risk of stress corrosion with these alloys is negligible and the resistance to
unstressed corrosion is only slightly inferior to the Al-Mg-Si structural
alloys.

Corrosion Behaviour in Aqueous Environments

Theoretical Considerations of Corrosion Behaviour

Aluminium is a very reactive metal with a high affinity for oxygen. The metal
is nevertheless highly resistant to most atmospheres and to a great variety
of chemical agents. This resistance is due to the inert and protective char-
acter of the aluminium oxide film which forms on the metal surface (Section
1.5). In most environments, therefore, the rate of corrosion of aluminium
decreases rapidly with time. In only a few cases, e.g. in caustic soda, does
the corrosion rate approximate to the linear. A corrosion rate increasing with
time is rarely encountered with aluminium, except in aqueous solutions at
high temperatures and pressures.

The corrosion resistance of aluminium and its alloys is largely due to the
protective oxide film which within seconds attains a thickness of about 10 A
on freshly exposed metal; continuation of growth is markedly influenced by
the environment, being accelerated by increasing temperature and humidity.
Immersion in water results in rapid oxide thickening. The behaviour of the
oxide may be modified by impurities or alloying additions. In aluminium-
magnesium alloys the presence of magnesia in the oxide imparts a charac-
teristic bloom to metal stored under humid conditions. The possible effects
of minor impurities or additions is well illustrated in the case of tin, whose
modifying effect upon the oxide3 is utilised in obtaining a highly electro-
negative potential in aluminium sacrificial anodes (see Section 10.2).

The oxidation of aluminium at room temperature is reported to con-
form to an inverse logarithmic equation for growth periods up to 5 years
duration4. At elevated temperatures, oxidation studies over shorter periods
illustrate conformity to parabolic, linear and logarithmic relationships
according to time and temperature. These kinetic variations are attributed
to different mechanisms of film formation5'6.

The various equilibria of the Al-H2O system have been collated by



Fig. 4.1 Potential versus pH diagram for AlXH2O system at 250C (after Corrosion, 14, 496t
(1958))

Pourbaix etal. in a potential versus pH diagram (Fig. 4.1). This diagram
indicates the theoretical circumstances in which aluminium should show cor-
rosion (forming Al3+ at low pH values and AlO2" at high pH values),
passivity due to hydrargillite, i.e. Al2O3-SH2O (at near-neutral pH values)
and immunity (at high negative potentials). The nature of the oxide actually
varies according to temperature, and above about 750C, boehmite
(Al2O3-H2O) is the stable form. It should be noted that the potential-pH
diagram does not indicate one of the most important properties of
aluminium, i.e. its ability to become passive in strongly acid solutions of high
redox potential such as concentrated nitric acid (see also Section 1.4).

Characteristic Features of Corrosion Behaviour

General Dissolution

This occurs in strongly acid or strongly alkaline solutions, but there are
specific exceptions. Thus in concentrated nitric acid the metal is passive and
the kinetics of the process are controlled by ionic transport through the
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oxide film, while inhibitors such as silicates permit the use of some alkaline
solutions up to pH 11 -5 to be used with aluminium. Even where corrosion
may occur to a limited extent aluminium is often preferred to other metals
because its corrosion products are colourless.

Pitting

This is the most commonly encountered form of aluminium corrosion. In
certain near-neutral aqueous solutions a pit once initiated will continue to
propagate owing to the fact that the solution within the pit becomes acid, and
the alumina is no longer able to form a protective film close to the metal.
When the aluminium ions migrate away from the areas of low pH, alumina
precipitates as a membrane, further isolating and intensifying local acidity,
and pitting of the metal results (see Section 1.6). Solutions containing
chlorides are very harmful, particularly when they are associated with local
galvanic cells, which can be formed for example by the deposition of copper
from solution or by particles such as iron unintentionally embedded in the
metal surface. In alkaline media pitting may occur at mechanical defects in
the oxide. Pits usually have no crystallographic shape although structurally
indicative etch pits can be produced on aluminium.

Where perforation is the criterion of failure, statistical analysis may be
judiciously applied to the distribution and depth of pits. Aziz7 shows that
the maximum pit depth on comparatively small test pieces can be related
linearly with the maximum depths to be expected in service on large areas
over the same period of time. This involves the use of special probability
paper (graph paper ruled in such a way that data involving random prob-
abilities may be plotted to give straight-line relationships). Other work from
the same laboratory indicates that the use of a small size of panel or of an
insufficient number of panels may invalidate pitting test results. Media which
are capable of causing pitting may produce no attack when the panels are too
small or may attack only a percentage of the panels.

lntercrystalline Corrosion

This is also electrochemical in nature, the galvanic cell being formed because
of some heterogeneity in the alloy structure, which may arise from major or
trace alloying additions or from minor elements present. In the aluminium-
copper type alloys, precipitation of CuAl2 particles at the grain boundaries
leaves the adjacent solid solution anodic and prone to corrosion8. With
aluminium-magnesium alloys the opposite situation occurs, since the pre-
cipitated phase Mg2Al3 is less noble than the solid solution. However,
serious intercrystalline attack in these two alloys is not usual, provided that
correct manufacturing and heat treatment conditions are observed.

In the case of the aluminium-magnesium system, most commercial alloys
are usually supersaturated, so that elevated service temperatures and in-
expert heat treatment are inadvisable, since any resultant grain boundary
precipitation may induce susceptibility to intercrystalline attack. The extent
of this susceptibility may be approximately deduced from the continuity of



Mg2Al3 at the boundaries, continuous or nearly continuous films being
extremely detrimental and discrete widely spaced particles being relatively
harmless.

Trace elements which adversely affect intercrystalline attack are normally
controlled at a safe level. Copper is particularly pertinent in this respect since
relatively small additions can cause a marked increase in intercrystalline
attack in some alloy systems (Sections 1.3 and 1.7).

Stress Corrosion

This form of corrosion is of limited occurrence with only a few aluminium
alloys9, in particular the higher strength materials such as the Al-Zn-Mg-
Cu type and some of the Al-Mg alloys, wrought and cast, with the higher
magnesium contents, notably after specific low-temperature heat treatments
such as occur during stove enamelling. Stress corrosion is intergranular on
aluminium alloys (see Section 8.5).

Filiform Corrosion

This appears as a random non-branching white tunnel of corrosion product
either on the surface of non-protected metal or beneath thin surface coat-
ings. It is a structurally insensitive form of corrosion which is more often
detrimental to appearance than strength, although thin foil may be per-
forated and attack of thin clad sheet (as used in aircraft construction) may
expose the less corrosion resistant aluminium alloy core. Filiform corrosion
is not commonly experienced with aluminium, as reflected by the insignifi-
cance afforded it in reviews on the phenomena10 (Section 1.6).

Layer Corrosion

This may occur on material which has a marked fibrous structure caused by
rolling or extrusion. The attack is rapid and very selective, forming partly
detached layers of relatively uncorroded material. It is regarded by some
authorities 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 corro-
sion product. It is rare, occurring mainly in copper-bearing alloys, but can
occur in a number of environments, including some regarded as only mildly
corrosive. Suitable adjustments of ageing treatments and copper content
may largely overcome the effect in the higher-strength Al-Cu type alloys11

(Section 1.3).

Effect of Composition

Few general statements can be made regarding the effect on corrosion resis-
tance of alloying elements or impurities. A useful summary of the informa-
tion has been prepared by Whitaker12. Copper is usually harmful causing
increased susceptibility to intercrystalline or general attack, so that alloys



containing copper should be regarded as less corrosion resistant than copper-
free materials. There are however exceptions to this generalisation, such as
an improved stress corrosion resistance in Al-Zn-Mg alloys obtained by a
small copper addition13'14. Alternatively, the presence of copper may be
utilised to delay perforation at the expense of increased general corrosion.

With increasing purity of aluminium, greater resistance to corrosion is
developed. On high-purity materials, however, any pits which develop are
likely to be deeper though fewer in number than those formed in more impure
metal. In some special applications, notably in contact with ammonia solu-
tions or pure water at elevated temperatures and pressures, the iron and sili-
con present in commercial-purity metal are beneficial and retard corrosion.
Up to about 5% magnesium improves the corrosion resistance to sea-water.

Bimetallic Corrosion (Section 1.7)

Aluminium is anodic to many other metals and when it is joined to them
in a suitable electrolyte —which may even be a damp porous solid— the
potential difference causes a current to flow and considerable corrosion can
result. Corrosion is most severe when the resistance of the electrolyte is
low, e.g. sea-water. In some cases surface moisture on structures exposed to
an aggressive atmosphere can give rise to galvanic corrosion. In practice,
copper, brasses, and bronzes in marine conditions cause the most trouble.
The danger from copper and its alloys is enhanced by the slight solubility of
copper in many solutions and its subsequent redeposition on the aluminium
to set up active local cells. This can occur even when the copper and
aluminium are not originally in contact, e.g. when water running over
cuprous surfaces subsequently comes into contact with aluminium. Simi-
larly, water washings from lead can cause pitting of aluminium. The con-
trolling factor with lead and cuprous washings is the solvency of the water,
so that soft waters are the most damaging in this respect. The successful
utilisation of these metals in close proximity to aluminium, e.g. in plumbing
and roofing, therefore requires careful design to avoid the transfer of a
harmful solute to the aluminium.

Contact with steel, though less harmful, may accelerate attack on alumi-
nium, but in some natural waters and other special cases aluminium can be
protected at the expense of ferrous materials. Stainless steels may increase
attack on aluminium, notably in sea-water or marine atmospheres, but the
high electrical resistance of the two surface oxide films minimises bimetallic
effects in less aggressive environments. Titanium appears to behave in a
similar manner to steel. Aluminium-zinc alloys are used as sacrificial anodes
for steel structures, usually with trace additions of tin, indium or mercury
to enhance dissolution characteristics and render the operating potential
more electronegative.

Aluminium may accelerate attack on zinc alloys; this is particularly notice-
able when there is an unfavourable area ratio, as with galvanised fittings in
aluminium sheets. In alkaline solutions, however, the aluminium may be
preferentially attacked.

The copper-bearing aluminium alloys are more noble than most other
aluminium alloys and can accelerate attack on these, notably in sea-water.
Mercury and all the precious metals are harmful to aluminium.



Mechanical and Design Factors

Stress below the proof stress does not normally affect corrosion rates. Cyclic
stresses in combination with a corrosive environment (corrosion fatigue) can
produce failure at below the ordinary fatigue limit. Alloys susceptible to
intergranular attack may corrode faster when stressed (see Section 8.5).

Soldered or brazed joints will usually have lower corrosion resistance than
the parent metal, but sound welded joints with resistance to attack equal to
that of the parent metal can be obtained in most alloys2. Many assemblies
contain angles, pockets or crevices which attract moisture originating either
from extenal sources or from condensation. The corrosion so caused could
often be avoided by slight redesign of the assembly, the provision of drain
holes of at least 5 mm dia., and the avoidance of horizontal surfaces being
among the more important features. Crevices may be filled with jointing
compounds. In static assemblies these compounds may be of the setting
variety, but in assemblies subject to vibration or movement, as on ships, it
is essential that the mastic used should not become too rigid as it might crack
in service. It is advisable to incorporate chromates in jointing compounds to
inhibit attack by any moisture that may penetrate.

Corrosion in Natural Environments

Atmospheric

The aluminium alloys as a group weather outdoors to a pleasant grey colour,
which deepens to black in industrial atmospheres. Superficial pitting occurs
initially but gradually ceases, being least marked on high-purity aluminium.
With some alloys, including the copper-bearing alloys and the medium-
strength Al-Zn-Mg alloys, additional protection, e.g. painting, is desirable
in the more aggressive atmospheres to avoid any risk of intercrystalline
corrosion.

Gases such as hydrogen sulphide and carbon dioxide do not increase the
corrosivity of the atmosphere towards aluminium15. Service experience
extends over 70 years and includes such well-known examples as Eros, Pic-
cadilly Circus, London, which is in excellent condition, although cast in a
low purity (989Tb) aluminium, and a cupola of San Gioacchino, a church in
Rome which was covered in 1897 with sheet 1-25 mm thick and now shows
attack to a depth of less than O-13 mm. Twenty-year tests at selected marine,
industrial and rural sites in the U.S.A.16 have shown that the greater part of
the attack takes place in the first year or two and that thereafter the rate of
attack maintains a low value. Results from typical environments are shown
in Fig. 4.2, and it is apparent that clad alloys give the best results. The
relatively high percentage strength losses are due to the extremely thin test
specimens. After 20 years the average measured depth of attack for an
aluminium-copper alloy at a sea coast test site did not exceed 0-15 mm. The
falling-ofT in rate of pitting with time is in sharp contrast to the behaviour
of the older-established structural metals which have a fairly uniform corro-
sion rate throughout their life, and indicates that the relative merit of
aluminium increases with scheduled life.



EXPOSURE PERIOD (years)
(c)

Fig. 4.2 A.S.T.M. 20-year corrosion tests:
• •2107-T3
n 3003-H14
A 6051-T4
O 1100-H14
• Alclad 2017-T3

(a) State College, Pa. (rural). Premachined tension specimens 0-89 mm thick. Curves for
1100-H14, 3003-HI4 and Alclad 2017-T3 fall below curve shown; (b) New York, N.J.
(industrial); (c) La Jolla, Calif, (seacoast) (after A.S.T.M. Symposium on Atmospheric Corro-

sion of Non-ferrous Metals, 27 (1955))

Aggressive environments include marine conditions and particularly
industrial atmospheres containing high concentrations of acid gases such as
sulphur dioxide; rain washing is beneficial in both environments, while
dampness and condensation alone can accentuate the rate of attack in the
presence of chlorides and acidic sulphates.

The relative aggressivity of industrial, marine and rural conditions has
been clearly demonstrated by the results of seven year tests in the U.S.A. and
British Isles17, and in this work the benefit from rain washing was especially
manifest for the industrial sites in the British Isles (Fig. 4.3).

The combination of acidic sulphates and condensation experienced in
some industrial conditions, can cause a particularly voluminous loose
corrosion product on some alloys, such as NS3. Where this is likely to be
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Fig. 4.3 Comparison of weathering effects at United States and English sites- 1199-HI8 (and
Sl-H) alloy-7 year data (after Metal Corrosion in the Atmosphere, A.S.T.M. Pub. STP435,

151 (1967))

While the continual removal of atmospheric pollution by rain washing is
beneficial, the removal of the protective corrosion product is obviously
undesirable. The retention of the weathered surface is therefore usually
preferred unless aesthetic considerations are of major importance, in which
case abrasive or specialist chemical cleaning are effective.

In urban areas, atmospheric fall-out of carbon from partially burned fuel
can cause severe localised pitting by galvanic action, although this is not
commonly encountered.

troublesome, cladding with high purity metal is recommended and has been
successfully employed, for example on the underside of aluminium-roofed
industrial buildings.
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Indoors, aluminium retains its appearance well, and even after prolonged
periods may show no more than slight dulling or on aluminium-magnesium
alloys a slight bloom. This superficial deterioration can be accelerated by the
presence of moist conditions and condensation which in extreme cases may
lead to staining.

The presence of condensation in confined spaces, such as the turns of a coil
or stacked sheets, can cause a more severe staining accompanied by a thick
bloom. Oiling or the use of interleaving is sometimes successful in preventing
this damage in marginal cases, but improved storage conditions or the
elimination of crevice conditions are preferable.

Natural Waters

Immersed aluminium and its alloys have excellent resistance to attack by
distilled or pure condensate water, and are used in industry in condensing
equipment and in containers for both distilled and deionised water, as well
as in steam-heating systems18.

Of the more important British Standard alloys, only those which contain
copper as a major alloying constituent are likely to corrode in unpolluted
sea-water, but pollution of the sea-water may cause localised pitting attack
to occur on other aluminium alloys. The Al-Mg alloys containing up to
about 4-5% magnesium offer particularly good combinations of corrosion
resistance and strength. Fouling collects readily on aluminium alloys, as on
other materials, and where it may be necessary to use paints containing
cuprous oxide for anti-fouling purposes the risk of bimetallic corrosion can
be substantially inhibited by a chemical pretreatment of the aluminium
followed by a chromate priming paint. Mercury-containing anti-fouling
compositions must never be used, as serious bimetallic corrosion will result.

The behaviour of aluminium in natural fresh water and tap waters may
vary as these waters differ widely in their dissolved solid content. No corro-
sion occurs immediately on immersion of aluminium and its alloys in these
near-neutral waters, and aluminium gives satisfactory service with all types
of tap water provided regular cleaning and drying can take place, as occurs
with aluminium hollow-ware. In some waters, black or brown stains which
are largely due to optical effects associated with the oxide film on the metal
surface, occur. Although somewhat unsightly, the film is quite harmless and
can be removed by simple methods such as boiling of fruit (e.g. rhubarb).
Alternatively, preliminary boiling with pure water provides some protection
against the staining, but can hardly be considered justifiable in most cases.

The combination of carbonate, chloride and copper is more damaging
than if they are present singly or if one of them is absent 19>2°, so that some
supply waters are naturally more aggressive than others. The role of copper
is of particular relevance, since as little as 0-02 parts per million can initiate
pitting in hard waters21, although more is required in soft waters which are
otherwise less aggressive. In this context however it must be remembered that
soft waters are inherently more cupro-solvent than hard waters; conse-
quently the conjoint use of aluminium and copper fittings is rarely advisable
irrespective of the necessity for avoiding galvanic interaction when the two
metals are in direct contact.



Once pitting has started it may continue in solutions which would them-
selves be incapable of initiating corrosion. In waters of all types, the rate of
increase in the depth of pitting falls off rapidly with time. Water movement
(of the order of O- 3 m/s or more) will reduce pitting or prevent its initiation.
A rise in temperature tends to lead to higher corrosion rates at existing pits,
but even with the most aggressive hard waters, above about 5O0C the oxide-
forming mechanisms act to prevent the initiation of pitting, as shown by the
long and satisfactory service given by aluminium hollow-ware which is
assisted in some waters by scale formation.

Where aluminium is to be used in direct contact with cold natural waters
with no possibility of regular cleaning, clad aluminium alloys are the pre-
ferred materials. An Al-I -2 Mn alloy clad with Al-I -2 Zn is suitable. The
cladding is anodic to the core and corrosion is therefore restricted to the
surface cladding, thus obviating the risk of perforation. Cladding with
super-purity aluminium is preferable where it is important to have the
minimal degree of total corrosion, but in this case the potential relationship
with the core is more critical and in some circumstances the cladding can
actually become cathodic. Sacrificial protection may also be obtained from
sprayed coatings of appropriate composition which can be applied to extru-
sions and castings as well as to sheet, rod, plate and tubes. In practice, unclad
aluminium-manganese alloys have been used for piping soft waters in this
country and, more widely, in the USA.

Underground Corrosion by Soils

This is largely related to the presence of moisture which can leach out soluble
constituents from the soil. As is the case with natural waters, the nature
of the corrosive environment is a more important factor than the alloy
used, provided that copper-bearing alloys are avoided. At the present time
it is impossible to produce a satisfactory classification of soils in respect of
their aggressive action on aluminium alloys. Made-up ground, particularly
when it includes cinders, is usually extremely corrosive, while neutral clays
are often least corrosive. It is desirable that protection should be given to
all aluminium materials buried in soils22'23 except where there is previous
experience of satisfactory service from aluminium in a given soil. Pipe wrap-
pings based upon bitumen or chromates are effective, while for cable sheath-
ing a continuous plastic coating provides both electrical and corrosion
protection. Cathodic protection has been utilised for pipelines24'25 but is
not widely practised; close control is necessary since over-protection can
result in alkali attack. Potentials in the region of — 1 - 0 V vs saturated
Cu/CuSO4 are favoured, although some divergence of opinion exists in this
respect.

Corrosion in Chemical Environments

Detailed information about behaviour of specific chemicals is given in
several works of reference25"30.



CONCENTRATION OF SULPHURIC ACID (%)

Fig. 4.5 Action of sulphuric acid of various concentrations on commercial-purity
aluminium (after Reference 26)

CONCENTRATION OF NITRIC ACID (%)

Fig. 4.4 Action of nitric acid of various concentrations on commercial-purity aluminium
at 2O0C (after Reference 26)
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EXPOSURE TIME(d)

Fig. 4.6 Action of dilute (0-1 N) solutions of inorganic acids on commercial-purity alumi-
nium at 250C (after Reference 26)

METAL PURITY (%)

Fig. 4.7 Action of 40% hydrochloric acid on aluminium of various purities at 2O0C (after
Reference 26)
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Most acids are corrosive to aluminium-base materials. The oxidising action
of nitric acid at concentrations above about 80%, however, causes passiva-
tion of aluminium. Very dilute and very concentrated sulphuric acid dis-
solves aluminium only slowly. Figures 4.4 and 4.5 give corrosion data at
various concentrations for these two acids. The corrosion rates of aluminium
in other inorganic acids in dilute solution are shown in Fig. 4.6. Boric acid
also exerts little attack on aluminium, while a mixture of chromic and
phosphoric acids can be used for the quantitative removal of corrosion pro-
ducts from aluminium without attacking the metal.

EXPOSURE TIME (days)

Fig. 4.8 Action of dilute(0-1 N) solutions of organic acids on commercial-purity aluminium
at 250C (after Reference 26)

The effect of commercial metal purity (impurities mainly iron and silicon)
on corrosion by 40% hydrochloric acid is shown in Fig. 4.7. This curve is
typical of that obtained with many acids.
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Organic acids usually have low rates of attack on aluminium, notable
exceptions to this generalisation being formic acid, oxalic acid and some
chloride-containing acids such as trichloroacetic acid. Corrosion rates for
dilute organic acid solutions are given in Fig. 4.8. Glacial acetic acid (pH 3)
has no significant corrosive effect on aluminium but the rate of attack
increases rapidly with decreasing concentration or in the absence of the
traces of water normally present. The rate of corrosion in an acid solution
rises rapidly with temperature, often doubling or more with a 1O0C rise.

Alkalis

Alkalis are generally corrosive to aluminium; caustic soda is in fact used for
chemical milling of aluminium. 99-0% aluminium is, however, resistant to
ammonium hydroxide, even at pH 13, while the action of more dilute caustic
alkalis can be inhibited by the use of silicates. Mild alkalis such as sodium
carbonate are moderately corrosive and are not recommended for washing
aluminium hollow-ware. Synthetic detergents, in general, give satisfactory
service in cleaning aluminium, but those containing uninhibited sodium
carbonate may give some surface roughening. Inhibitors such as silicates can
prevent attack by the more dilute solutions.

METAL PURITY (%)

Fig. 4.9 Action of 5-6% potassium hydroxide solution on aluminium of various purities at
2O0C (after Reference 26)

Alloys of aluminium with magnesium or magnesium and silicon are
generally more resistant than other alloys to alkaline media. The corrosion
rate in potassium and sodium hydroxide solutions decreases with increasing
purity of the metal (Fig. 4.9), but with ammonium hydroxide the reverse
occurs.
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Inorganic Salts

Most simple inorganic salt solutions cause virtually no attack on aluminium-
base alloys, unless they possess the qualities required for pitting corrosion,
which have been considered previously, or hydrolyse in solution to give
acid or alkaline reactions, as do, for example, aluminium, ferric and zinc
chlorides. With salts of heavy metals — notably copper, silver, and gold— the
heavy metal deposits on to the aluminium, where it subsequently causes
serious bimetallic corrosion.

Some salts, notably chromates, dichromates, silicates, borates and cinna-
mates, have marked inhibitive power and are very effective in closed-circuit
water systems. Care must be taken to ensure that a sufficient quantity of such
anodic inhibitors as chromates is added, as otherwise attack, though occur-
ring at fewer points, may be more severe at these points. Chromates and
dichromates have little inhibitive power in strongly acid solutions.

Aluminium is used in hydrogen peroxide (H.T.P.) processing and storage
equipment partly because of its high corrosion resistance but also because it
does not cause degradation of the peroxide.

Organic Compounds

With many organic compounds, aluminium shows high corrosion resistance
either in the presence or absence of water. The lower alcohols and phenols
are corrosive when they are completely anhydrous — rarely encountered in
practice —since repair of breaks in the natural protective oxide film on
aluminium cannot take place in the absence of water. Amines generally cause
little attack unless very alkaline.

Processing and storage equipment for many chemicals, including acet-
aldehyde, formaldehyde, nylon salt, methyl methacrylate, carbon tetra-
chloride, glycerol, triacetin, proprionic acid, acetic acid and acetic
anhydride, is manufactured from aluminium alloys, primarily because of
their excellent corrosion resistance.

Antifreeze solutions based on ethylene glycol additions to water have been
standardised (BS 3150-3152), the standard differing in the type of corro-
sion inhibitor present. Inhibition of antifreeze with sodium mercaptobenzo-
thiazole and triethylamine phosphate (NaMBT + TEP) has been used for
many years with complete success in contact with aluminium, e.g. in aero-
engines, but difficulties with graphitisation of case iron engine components
in the solution have led to the introduction of two other types of inhibitors:
(a) benzoate plus nitrite, and (b) borax, usually with soluble oils. Service
experience has indicated that corrosion of aluminium components in these
inhibited solutions occasionally takes place, though most trials give satis-
factory results.

In refrigerating systems, halogen derivatives of methane and ethane mar-
keted under the trade names of Arctons and Freons are without action on
pure aluminium and its copper-free alloys in dry conditions, but in wet con-
ditions monochlorodi-, dichloromono-and trichloromonofluoromethanes
can hydrolyse to produce slight attack on the aluminium.



Aluminium has good resistance to petroleum products, and an Al-2Mg
alloy is used for tank heating coils in crude-oil carriers. Caked-on deposits
must be removed from the coils by hot sea-water cleaning in order to main-
tain effective heat transfer and prevent corrosion. Aluminium is also used in
the petroleum industry for sheathing for towers, heat exchangers, transport
and storage tanks and scrubbers. Many industries use aluminium alloys for
heat exchangers, clad alloys being used where pitting corrosion is liable to
be initiated by one of the contacting materials. Heat exchangers in the gas
industry have utilised duplex tubes, with aluminium on the water side and
steel on the gas side in cases where aluminium is unsuitable owing to the
presence of catechol which can attack it.

Aluminium does not become brittle at low temperatures and for this
reason (and because of its corrosion resistance) it has been adopted for the
carriage and storage of liquefied methane.

High-temperature Corrosion

Dry Atmospheres

When exposed at high temperatures in dry atmospheres aluminium is highly
resistant to corrosion by most of the common gases, other than the halogens
or their compounds.

High-temperature Aqueous Systems

When aluminium corrodes at temperatures below 9O0C in aqueous systems,
attack is usually by pitting. At temperatures between 90 and 25O0C (for
the attainment of which considerable pressures are needed) uniform attack
is the commonest form of aqueous corrosion. Above about 25O0C, uniform
attack is merely the prelude to highly destructive intergranular attack. The
corrosion products from the uniform attack form a film which includes a
barrier layer and a bulk film analogous to those formed during anodising
(Section 15.1); it is the bulk film which controls the corrosion rate, which is
not significantly affected by most common dissolved ions31. The onset of
intergranular attack occurs at about the same time as the crystallisation of
the amorphous barrier layer oxide. Kinetic studies indicate that over the
temperature range from 100 to 3630C the oxidation rate law is successively
inverse logarithmic, parabolic and linear32.

The requirements of nuclear energy application fostered an interest in
special alloys for service in high temperature aqueous environments, but
their utilisation has not been widespread. Encouraging results have been
reported for alloys of 2Ni-O-5Fe33 and 1 -2Ni-I-SFe34.

It has been suggested that the role of nickel (as NiAl3) is to provide sites
of low hydrogen overvoltage, where cathodically liberated hydrogen may
be liberated without disrupting the protective oxide35. The distribution of
such sites is apparently critical however, since high corrosion resistance is
associated with a fine dispersion of the second phase, while the electronic
conductivity of the film is probably also important36.



Steam forms a protective white film at temperatures up to about 25O0C,
but above this temperature steam can, under some conditions, react with
aluminium progressively to form aluminium oxide and hydrogen. Sintered
aluminium powder (S. A.P.) has relatively good resistance to steam at 50O0C,
but at about 30O0C an addition of 1% nickel to the S.A.P. is needed to pre-
vent rapid disintegration.

Molten Salts and Metals

Aluminium-base alloys resist the action of many molten salts which are
nearly neutral in reaction. Molten sodium nitrate or mixtures of sodium
nitrate and potassium nitrate are used for salt bath heat treatment of some
aluminium alloys.

Molten metals generally attack aluminium alloys. Both zinc and tin form
alloys by dissolution of aluminium, although the aluminium does not melt.
Molten lead is inert to aluminium, and molten lead baths can be used for
heating aluminium alloys. Mercury, molten at room temperature, amalga-
mates readily with aluminium alloys if their naturally formed oxide films are
temporarily removed by scratching, and rapid corrosion occurs on subse-
quent exposure to moist air or water. Under stressed conditions cracking will
frequently result, since mercury penetrates into the aluminium alloy selec-
tively at grain boundaries. Contact of aluminium with mercury is extremely
dangerous and severe corrosion can occur with a very small amount of
mercury.

Aluminium in Contact with other Materials

The aluminium alloys recommended for building purposes (not including the
high strength alloys containing copper) have good resistance to concretes,
mortars, plasters and asbestos cement products. When freshly mixed, some
of these materials release traces of alkaline products which may be sufficient
to stain aluminium or to etch it slightly. As soon as the mixture is set,
however, the attack ceases and even after many years' service, attack on
embedded aluminium is found to be negligible37'38.

With cement and concrete under continually wet conditions, there may be
some surface attack. This decreases rapidly with time, and the strength of
components is not significantly affected. Under embedment conditions,
bituminous protection is advisable, to avoid risk of cracking of the concrete
due to stresses set up owing to the bulk of the corrosion product. Plasters
are generally even less aggressive than Portland cement. In damp environ-
ments, some corrosion of aluminium may arise in contact with the more
open-grained building stones and brickwork, but the hard stones, such as
granite, are inert. With building stone and brickwork, as with soils (Section
9.3), it is the nature of the products which can be leached out which will
determine whether aluminium corrodes. Unprotected aluminium, in the
form of nails for example, can be satisfactorily used in contact with precast
concrete blocks, which are usually non-corrosive to aluminium. Magnesium
oxy-chloride compositions (used for flooring), on the other hand, stimulate
corrosion of aluminium under moist conditions, as will many insulation
materials based on magnesium and calcium silicates.



Plastics are generally without action on aluminium and are widely used
to provide insulation between other metals and aluminium, while the use
of aluminium/plastic laminates is increasing. Rubber has no effect upon
aluminium.

A few acid woods, such as oak, chestnut and Western red cedar, accelerate
surface weathering of aluminium, but do not usually give rise to serious
attack39. Timber preservatives containing soluble copper compounds
should be avoided; creosote and zinc napthenate are satisfactory preser-
vatives for wood in contact with aluminium.

Common packaging materials are a potential source of aggressive sub-
stance40, and careful selection is recommended to avoid surface deteriora-
tion. Where paper is in contact with aluminium, the chloride content should
be below 0-05%, sulphate content below 0-25%, copper content below
0-01% and the pH of aqueous extracts in the range pH 5-5-7-5, in order
to avoid corrosion in damp conditions. Papers and felts used in building
applications should also conform to this specification as a minimum require-
ment and be of the highest quality, since metallic copper found in materials
of inferior origin can result in severe local galvanic attack of aluminium.

Tarpaulins are sometimes treated with copper-containing preservatives
and water leached from these has been found to cause corrosion of underly-
ing aluminium sheets.

Fibreglass insulation produced from soda glass can cause pitting in con-
ditions where leaching of alkali occurs, for example, by condensation: the
use of Fibreglass produced from Pyrexglass is therefore preferred. Common
putties of whiting/linseed oil composition do not attack aluminium; adhe-
sion is obtained by allowing the metal surface to weather, or by applying an
etch primer treatment to the metal. Both thermosetting adhesives (e.g. the
phenolic types) and thermoplastic adhesives (such as paraffin and micro-
crystalline waxes, or bitumen) are non-corrosive to aluminium. In general,
adhesives applied to aluminium should not contain chlorides in excess of
0-0597o (as NaCl) of the solid content, and should be free from copper- or
mercury- containing anti-fungicides. The presence in the adhesive of borax
or sodium silicate is beneficial when one of the adhesive components is of an
acid character.

Recent Literature Survey

The corrosion resistance of aluminium in a variety of media has been
reported. It has been observed that mono-chloroacetic acid has no corrosive
effect and di-chloroacetic acid has negligible effects up to 5 m but tri-chloro-
acetic acid produces a vigorous reaction41. The effects of some transition
metal and heavy metal cation on dissolution of aluminium in neutral and acid
chloride containing solutions has been reported by Khedr and Lashien42

while the corrosion rate of aluminum conductors in integrated circuits has
received the attention of Lerner and Eldredge43. An experimental pH-
potential diagram for aluminium in seawater is available44. The environ-
mental chemistry factors affecting surface film destruction have received
some discussion45 and the energy transfer in aluminium dissolution is repre-
sented by a potential energy surface diagram46. The cathodic protection of
aluminium in seawater in considered by Gundersen and Nisancioglu47'48.

Mal



The sources of characteristic emission generated in aluminium alloys
exposed to various environments is presented by Arora49 while Graver and
Wiedmer have undertaken an electrochemical investigation into Al-rich
intermetallics50, Larsen-Basse has reported on the corrosion of aluminium
alloys in ocean thermal energy conversion seawaters51, Ahmed on corrosion
and its prevention in de-salination plants52, Lashermes on marine environ-
ment effects53, similarly Huppartz and Krajewski54, Kunze on the corro-
sivity of various foodstuffs to aluminium packaging materials55, Rogozhina
et al. in the corrosion of a range of aluminium alloys used in agricultural
enclosures56, while reactions with nitric acid have been covered by Singh
etal.51 and Horn58. Singh has shown that surface roughness has an impor-
tant effect on the well-water staining of aluminium and its alloys59.

The addition of magnesium to A-Li-Cu-Zr-Ge alloy results in a more
consistent corrosion behaviour60. Overageing increases the exfoliation cor-
rosion resistance as well as the resistance to electrochemical corrosion. On
the other hand, the addition of germanium to Al-Li results in the underaged
alloy being more stable in terms of breakdown and repassivation compared
to pure aluminium or the binary alloy61 although ageing can produce a
grain boundary structure and associated precipitation effects that reduce the
corrosion resistance62. Mauret and Lacaze studied the water corrosion of
Al-Mg and Al-Cu-Mg using gas chromatography of hydrogen63, Huppartz
and Wieser report on the electrochemical behaviour of Al-Mg-Mn and Al-
Mg-Si in seawater and hard water with the relevant E-Z diagrams64 and
Shirkhanzadeh and Thompson provide information concerning the corro-
sion of Al-Ga in alkaline solutions65.

As seen above Moran etal., has commented upon the exfoliation corro-
sion of Al-Li-Cu-Zr-Ge60. The mechanism has been investigated by Reboul
and Bouvaist66 and a mathematical model suggested by Robinson67. The
influence of alloy elements in Al-Zn-Mg has been reported by Reboul68 and
it has been shown that exfoliation corrosion of Al-Mg-Si in irrigation water
is also governed by alloy and impurity concentration69.

A number of studies have been undertaken concerning the suitability
of various inhibitors including p-quinone and acetic acid70, the former
being of little value in the case of AA1060 alloy in aqueous potassium
nitrate, carboxyliacids71, Diamines72, Complexons such as zinc phos-
phate73, oxalates74, and morpholine and thiosemi-carbozide derivatives75.
An XPS investigation of dichsomate and molybdate in chloride ion-
containing solutions showed that, under the conditions used, chromium
exists on the surface primarily as Cr(III) whereas molybdenum exists as
Mo(IV) and Mo(VI)76. Zanzuichi and Thomas report on the use of inhi-
bitor for aluminium films in integrated circuits77.

Pitting corrosion always remains a worthy subject for study, particu-
larly with reference to mechanism, and the problem conveniently divides
into aspects of initiation and growth. For 6061 alloy in synthetic seawater,
given sufficient time, pit initiation and growth will occur at potentials at or
slightly above the repassivition potential78. In an electrochemical study, it
was found that chloride ions attack the passive layer as a chemical reaction
partner so that the initiation process becomes one of cooperative chemical
and electrochemical effects79.

A focused laser beam was used by Alkine and Feldman80 to create local



depassivation thus providing a novel and specific approach to initiation of
value in fundamental studies; yet Bonora etal*1 found that pitting resis-
tance may be improved if the entire surface area be irradiated with such a
beam; it was argued that a chemically inert surface was produced by the
irradiation treatment. Thompson etal*2 report on the involvement of pre-
existing flaws or weak spots in the surface film and Fokin and Koteneu83

describe an ellipsometric study or pit formation and repassivation.
Increasing the hydrostatic pressure can increase pitting susceptibility

and decrease the passivation range as a result of the decreased thickness
and increased number of defects in the oxide layer84. Hunkeler and Bohni85

quantitatively examined pit growth as a function of time, potential and
electrolyte conductivity. They considered that growth occurred as a result
of a primary change in the properties of the surface area of the pit caused
by adsorption of chloride ions while growth is ohmically controlled which,
under ideal conditions, results in a square root growth law86. Alwitt etal*1

found what they consider is a unique form of pitting corrosion during the
anodic dissolution of aluminium in hot chloride ion containing solution.
A high density of fine etch tunnels were produced extending along the
<100> directions and evolving from cubic etch pits when all but one wall
of a pit becomes passivated; dissolution rate is high from this active pit
surface.

Computer simulation of etch pit morphology provided good agreement
with experiment for Idemoto and Koura48, morphology in chloride ion and
nitrate ion containing solution also having been investigated by Klinger
and Feller89 while both Mansfield etal.** and Sharland and Tasker91'92 have
been involved with mathematical modelling of pitting corrosion. Further-
more reports are available concerning the pitting of aluminium foils93,
the effect of molybdenum94, rapid solidification processing95, both of the
latter being beneficial, alternating current96, brazing97 and in Al-Zn-Mg-Cu
alloy98 and 5083/6061 alloys99.

Hitzig et al. have produced a simplified model of the aluminium oxide
layer(s) to explain impedance data of specimens prepared under different
layer formation and sealing conditions 10°. The model also gives considera-
tion to the formation of active and passive pits in the oxide layer. Shaw
et al. have shown that it is possible to electrochemically incorporate moly-
bdenum into the passive film which, as previously noted101, improves the
pitting resistance.

Interest has been aroused in connection with the formation of electro-
chemical films on aluminium covered with a thermally grown film I02~4. Both
the thermally and the anodically grown film are amorphous normally but
growing ananodic film on top of a thermal film results in the anodic film
being crystalline. Less charge seems to be required compared with the
anodising of a 'clean' aluminium surface and so presumably the crystallised
film can withstand a higher electric field than the amorphous film. Funda-
mental studies elucidating the growth and properties of barrier-type films
have been reported by Skeldon etal.106, Csanady etal.w\ Ebihara etal.m,
Fukuda and Fukushima109, Menezes etal.lw, Wittberg etal."\ and Thomp-
son et al.m.

Strazzi has reviewed methods of sealing oxide films113 and Omata etal.
find that adhesion of paint films to anodised layers depends on penetration



of the paint into the micro-pores of the anodic layer114. Faller has made a
comparison of a number of anodising processes and process parameters after
weathering the anodised specimens for five years in industrial and marine
atmospheres115. Elevated temperature oxidation behaviour of Al-Mg-Li116

and Al-Zn-Mg117 have also been reported.
Film dissolution in acetic acid-acetate buffers has been investigated by

Valand using the potential step method118 in neutral and acid solutions
using high potential cathodic polarization119 and dissolution in KF solution
has been shown to follow an empirical relation incorporating a film thickness
parameter120. A change in dissolution rate occurred indicating a duplex
oxide with the inner layer dissolving more easily than the outer layer.

The volume of reported work concerning the environmentally assisted
cracking of aluminium alloys, particularly the Al-Zn-Mg type, is quite
phenomenal and cannot adequately be reviewed in this general update.

Surface reactions and their relation to environmentally assisted cracking
of Al-Mg has been reported by Ford121 and Pathania and Trumaris122 while
Lee and Pyum123 have undertaken an electrochemical study of Al-Cu-Mg
showing that its SCC rate is affected by prior metallurgical history. Dietzer
etal.{24 determined Kiscc of 2024 in 3-5% sodium chloride solution finding
that the value was little affected by the three different loading methods used
in their study. With the Al-Li-Cu alloy fatigue bonded in 3 -5% sodium
chloride solution, pitting was found to be important to crack initiation but
this was dependent on the strain rate range involved125. For the Al-Li-Cu-
Mg126"8 Kiscc decreased with increasing ageing time, no doubt a result of the
precipitation of S-(Al-Li) at high angle boundaries and associated PFZ
(precipitate-free-zone) formation.

The Al-Zn-Mg alloy122'129"142 studies have been mainly concerned with
Kiscc determination for different bonding modes, environmental condi-
tions and sample metallurgical history. Failure is very much a function of
grain size, grain boundary precipitation and formation of PFZs; thus, work
that attempts to improve the situation by alloy/microstructure modifica-
tion is prominent. This involves compositional changes and heat treatment
designed to affect segregation phenomena and precipitate type, morphology
and location as a result of ageing. There are two generally accepted mech-
anisms for SCC; film rupture with anodic dissolution and hydrogen-assisted
cracking. Which of these occurs appears to be dependent on environmental
chemistry and the potential of the alloy in the environment131'140 although
bonding mode can also be important133. A number of studies have
addressed the role of hydrogen in SCC of aluminium alloys122'131'139'143'145.
Although there is still no general consensus of opinion, it does seem that
hydrogen affects the plastic deformation properties of the aluminium matrix
in the crack tip zones.

The related alloy system, Al-Zn-Mg-Cn is also well documented146"152.
Overageing is reported to be beneficial since modification of the grain boun-
dary precipitate aspect ratio occurs148.

Bucci113 has produced a useful and extensive report of value for the selec-
tion of suitable aluminium alloys to resist both SCC and corrosion fatigue
while Khobaib154 discusses a range of beneficial inhibitors suitable under
conditions of corrosion fatigue.



Finally, reports are available on the durability of adhesively bonded
aluminium joints155'156.

J. C. BAILEY
F. C. PORTER
A. W. PEARSON
R.A. JARMAN
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