
1.2 Nature of Films, Scales and

Corrosion Products on Metals

The study of corrosion is essentially the study of the nature of the metal reac-
tion products (corrosion products) and of their influence on the reaction
rate. It is evident that the behaviour of metals and alloys in most practical
environments is highly dependent on the solubility, structure, thickness,
adhesion, etc. of the solid metal compounds that form during a corrosion
reaction. These may be formed naturally by reaction with their environment
(during processing of the metal and/or during subsequent exposure) or as a
result of some deliberate pretreatment process that is used to produce thicker
films or to modify the nature of existing films. The importance of these solid
reaction products is due to the fact that they frequently form a kinetic barrier
that isolates the metal from its environment and thus controls the rate of the
reaction; the protection afforded to the metal will, of course, depend on the
physical and chemical properties outlined above.

In general, reaction products (films*, scales and corrosion products) may
be formed under the following environmental conditions.

(a) Direct reaction with a gas (O2, CO2, CO, H2-I-O2 , H2S, etc.) at
temperatures that range from ambient to very high (1 000-200O0C).

(b) Direct reaction with an aqueous solution with the formation of a thin
invisible film (passivation) or of a thick visible corrosion product (pro-
tective or non-protective).

(c) By the deliberate formation of thick oxide films (e.g. anodising) at
elevated potentials or by changing the nature of existing films by
chemical treatments (e.g. chromating or phosphating).

For example, in a dry atmosphere a reactive metal such as aluminium may
carry a natural protective oxide film of only some 3 nm thickness, while for
increased corrosion resistance aluminium may be anodised to give a coat-
ing 104 times thicker (see Section 15.1). However, thickness alone does not
provide a criterion of protection; and although a thick protective layer of
millscale is formed on iron and steel during processing it is not continuous
owing to spalling, and the attack on the exposed substrate at the discon-
tinuities is far greater than if the surface was bare. Thus the kinetics of attack

* The distinction between a film and scale is not well defined, but it is usual to use the former
when referring to a thin continuous layer of reaction product (visible or invisible) whilst the
latter is normally used for thick high-temperature layer (always visible).



will be related to a variety of other factors such as composition, structure,
continuity, adhesion to the substrate, cohesion, mechanical properties, etc.
of the film or scale of reaction products.

This section describes in general terms the variation in the nature of very
thin films originating in the initial reaction of a metal with its environment
and their progression to the thicker overgrowths that control the kinetics.
Recent developments in instrumental techniques have led to significant
advances in the characterisation of these film- and scale-forming systems,
and a summary of the experimental approaches available is provided at the
end of the section. It is appropriate to consider first the products of reaction
formed by a gaseous oxidising atmosphere and then to proceed to a con-
sideration of the effect of water and aqueous systems.

Initial Surface Reaction States

The application of ultra-high vacuum techniques to low-energy electron
diffraction (L.E.E.D.) studies of very clean metal surfaces in low-pressure
oxidising and sulphidising atmospheres over a range of temperatures above
ambient has provided detailed information on the initial states of inter-
action1'2. The following sequence of events is generally observed in the case
of exposure to oxygen:

1. Rapid physical adsorption of molecular oxygen.
2. Chemisorption of atomic oxygen to form a partial or complete

monolayer.
3. Further chemisorption of atomic oxygen into a second layer and/or

further physical adsorption of O2.
In Stage 2 a distinct structural modification to an expanded lattice at sub-
monolayer coverages has been observed on nickel, indicating that the oxygen
ions become progressively incorporated into the metal lattice. These two-
dimensional crystals then gradually transform into a three-dimensional
nickel oxide lattice as more oxygen becomes incorporated. Subsequent expo-
sure to high-temperature conditions (> 1 OCO0C) has confirmed the extreme
stability of the Stage 2 state.

Similarly, under low-temperature conditions (<25°C) three stages have
been recognised and defined3 as follows:

1. Physical adsorption of oxygen resulting in the formation of one or more
monolayers of oxide and requiring no activation energy.

2. Electron tunnelling through the stable oxide film to the adsorbed
oxygen which sets up a potential and causes ion drift, thus resulting in
logarithmic oxide growth.

3. Film rearrangement resulting in the formation of oxide subgrain and
grain boundaries; these paths of easy ion migration promote the forma-
tion of oxide 'islands' and result in an increase in the growth rate of the
oxide.

Oxide films formed at low temperatures are initially continuous and amor-
phous, but may undergo local crystallisation with the incorporation of the
oxide 'islands', a process that is facilitated by water, heat, high electric fields
and mechanical stress4.



Thin-Film Region

Studies of thermally grown oxides in the thin-film region (< 100 nm) have
revealed5 on single crystal substrates interesting details of epitaxy, stress
generation, mosaic structure and film topography, and oxidation rate aniso-
tropic behaviour. Mismatch between the oxide lattice and the metal substrate
gives rise to stresses which may find relief in the generation of mosaic struc-
tures consisting of small crystallites (5-100nm diameter) whose lattices are
slightly twisted or tilted with respect to one another. Their boundaries repre-
sent potential paths of easy diffusion through the oxide.

The uniformity of film thickness is dependent upon temperature and pres-
sure. The nucleation rate rises with pressure, such that at pressures above
atmospheric the high rate of nucleation can lead to comparatively uniform
oxide films, while increase in temperature reduces the density of oxide nuclei,
and results in non-uniformity. Subsequently, lateral growth of nuclei over
the surface is faster than the rate of thickening until uniform coverage is
attained, when the consolidated film grows as a continuous layer2.

Growth of oxide nuclei may also be accompanied by the appearance of
whiskers and platelets under certain conditions6. It has been demonstrated
that oxidation of iron in air at about 20O0C initially leads to nuclei of Fe3O4
developing to form a porous layer. Over this homogeneous oxide layer,
nuclei of Qi-Fe2O3 appear and spread over the Fe3O4, but no 7-Fe2O3 is
observed. After 30 days whiskers of a-Fe2O3 appear, ultimately reaching a
length of 1 ̂ m. At higher temperatures, too, whiskers of Q-Fe2O3 appear
and subsequently develop into crystallographic platelets. In general, pro-
ducts of this nature occur as fine features developing from otherwise protec-
tive films.

Scale-Forming Situations

In considering film growth at higher temperatures, a changeover to diffusion
control, which is dependent on concentration gradients, tends to give rise to
parabolic and paralinear kinetics as substantial scales form at thicknesses
of 1-100/mi or more. This is the area of vital concern in the development
and application of engineering alloys for high-temperature resistance, and
is in distinct contrast to the thin-film regime. Nevertheless, the initial state
of the metal surface can still influence subsequent oxidation behaviour.
Thus, different oxidation patterns may be observed depending upon whether
the surface is electropolished, hydrogen reduced, mechanically abraded or
cathodically pretreated. When metals of variable valency become subjected
to the oxidising potential gradient across the scale, a duplex or multiple series
of layers forms. The classical case of iron oxidised above 60O0C has been well
established6, and it has been shown that the system consists of Fe/FeO/
Fe3O4XFe2O3XO2. In these situations film thickening occurs by transport of
cations, anions, vacancies and electrons across the various phase boun-
daries, which is possible owing to the non-stoichiometric composition of the
various coexistent oxides (see Sections 1.8, 1.9 and 7.2).

A rather different situation arises when mild steel is exposed to liquid
water or dilute sodium hydroxide at 300-36O0C. Here a duplex Fe3O4 scale
is formed, consisting of an inner adherent protective film in contact with



an outer poorly adherent crystalline layer of magnetite (see Section 1.10).
In alloy systems the course of events is complicated by such factors7'8 as:
1. The affinity of the component metals for each other and for the non-

metal.
2. The diffusion rates of atoms in the alloy and of ions in the compounds.
3. The mutual solubilities of the products present in the oxidation layers.
4. The formation of ternary compounds, e.g. spinels (see Table 1.4).
5. The relative volumes of the various phases.
In practice, thermal cycling rather than isothermal conditions more fre-

quently occurs, leading to a deviation from steady state thermodynamic
conditions and introducing kinetic modifications. Lattice expansion and
contraction, the development of stresses and the production of voids at
the alloy-oxide interface, as well as temperature-induced compositional
changes, can all give rise to further complications. The resulting loss of scale
adhesion and spalling may lead to breakaway oxidation9'11 in which linear
oxidation replaces parabolic oxidation (see Section 1.10).

Examination of the structural consequences of these complex interact-
ing factors is now being elucidated in considerable detail by systematic
application of electron optical and X-ray analysis techniques9, as well as by
a range of other methods10.

In certain systems the oxidation reactions may lead to a particularly pro-
tective single phase being formed at the surface, e.g. magnetite (Fe3O4) in
the case of iron and steel and 7-Al2O3 in the case of aluminium. The 'spinel'
(MgAl2O4) lattice is important in relation to the protection it affords to
alloys used at high temperatures, and such structures often occur with a con-
tinuously varying stoichiometry as a 'double oxide' phase, which may pro-
vide an effective kinetic barrier to the oxidation process (e.g. NiO-Cr2O3
spinel in Cr-Ni-Fe alloys). Some examples are given in Table 1.4.

The spinel structure is of especial significance in the corrosion behaviour
of iron and alloy steels both at high temperatures and in aqueous environ-
ments. Its crystallographic unit cell can be represented as SXY2O4 (°r

XB Y16 O32) in which the valencies of the metal ions X and Y may be (a) X11,
Ym- (b) Xlv, Y11 (giving rise to the so-called '2-3 spinels' or the '4-2
spinels'; and (c) XV1

9 Y1. The structure is based on a cell containing 32
oxygen atoms in a close-packed cubic arrangement. This provides for the
incorporation of the X atoms in eight equivalent tetrahedral sites and the Y
atoms in 16 equivalent octahedral sites. 'Inverse' spinels follow a different
arrangement, represented by Y(XY)O49 in which half of the Y atoms are
located tetrahedrally, while the remaining Y atoms together with the X
atoms are randomly arranged among the 16 octahedral positions. More
generally, some spinels exist with a fraction X of Y cations in tetrahedral sites
where O > X < \.

Table 1.4 Spinel phases encountered in alloy oxidation

/i-type

/7-type

MgFe2O4
NiFe2O4

ZnFe2O4

MgCr2O4
FeCr2O4

CoCr2O4

ZnCo2O4
MgAl2O4

ZnAl2O4

ZnCr2O4
CoAl2O4

NiAl2O4



It should be noted that single metal oxides such as Fe3O4 and Co3O4 are
inverse spinels, while Mn3O4 is a normal spinel. The spinel structure is pro-
minent in the oxides on iron and aluminium18'19. The oxides M2O3 (and also
the hydroxides and oxy-hydroxides M(OH)3 and MO-OH) exist in the a
and 7 forms. Corundum and haematite represent the isostructural a forms,
while the 7 forms have cubic spinel-like structures deficient in metal ions. For
example, in 7-Fe2O3 there are only 21 JFe3+ ions per unit cell of 32O2~
ions, and these are randomly distributed among the eight tetrahedral and 16
octahedral 'available' sites. In magnetite, represented as Fe3+(Fe2+ Fe3+)O4,
one third of the cations are Fe2+ and continuous interchange of electrons
between Fe2+ and Fe3+ ions in the 16-fold positions accounts for its
extremely high electronic conductivity. Careful oxidation of Fe3O4 yields
7-Fe2O3, which may be converted back into Fe3O4 by heating in vacuo at
25O0C. Because wustite (FeO) ideally has the NaCl-type structure (f.c.c.
anion lattice), with four Fe2+ and four O2" ions per unit cell, deviations
from stoichiometry lead to not every octahedral site being filled in the metal
deficient lattice (e.g. at 57O0C Fe0-93O contains cation vacancies and com-
pensating Fe3+ ions). At lower temperatures disproportionation occurs:

4FeO^a-Fe + Fe3O4

Therefore the relationship between these interconvertible structures origi-
nates from a cubic anion lattice of 32O2~ ions in the cell. With 32 Fe2+

ions in the octahedral holes stoichiometric FeO is formed. Replacement of
a number of Fe2+ ions with two-thirds of their number of Fe3+ ions main-
tains electrical neutrality but provides non-stoichiometric Fe1^O. Conti-
nual replacement in this way to leave 24 Fe atoms in the cubic cell produces
Fe3O4, and further exchange to an average of 2IyFe3+ ions leads to
7-Fe2O3

Fe1 .,0-+Fe3O4 -* 7-Fe2O3

In actual oxidation, the cubic anion lattice becomes extended by the addi-
tion of new layers of close-packed O2~ ions into which Fe atoms migrate to
give rise to the appropriate stable structures.

The defect 7-structures may be stabilised by the presence of Li+ or H+

ions (e.g. LiFe5O8). Cation diffusion rates in these and other lattices
developed on metal surfaces play an important role in governing corrosion
behaviour.

Surface Reaction Products Formed in Aqueous Environments

Whereas a film formed in dry air consists essentially of an anhydrous oxide
and may reach a thickness of 3 nm, in the presence of water (ranging from
condensed films deposited from humid atmospheres to bulk aqueous phases)
further thickening occurs as partial hydration increases the electron tunnel-
ling conductivity3. Other components in contaminated atmospheres may
become incorporated (e.g. H2S, SO2, CO2, Cl~), as described in Sections
2.2 and 3.1.

Films may thus range from thin transparent oxides (passive films on Al,
Cr, Ti and Fe-Cr alloys), or thin visible sulphides (on Cu and Ag) to thicker



Visible films, which may be compact, adherent and protective (anodic oxide
films on Al and Ti, PbSO4 films on Pb, etc.) or bulky, poorly adherent and
non-protective (rust on steel, 'white rust' on Zn). In some cases, fairly precise
limits can be placed on the nature and thickness of the products formed
under different conditions, as with aluminium illustrated in Table 1.5. In
other cases, the undesirable wastage of the basis metal (e.g. the rusting of
steel) is of more significance than the thickness of the corrosion product,
although the nature of the latter may provide information useful in inter-
preting the mechanism of its formation.

Thus in industrial atmospheres the presence of FeSO4.4H2O has been
identified in combination with OL- and 7- FeO.OH, and the two latter incor-
porate free water in excess of the composition Fe2O3 .H2O. Furthermore,
although some of the corrosion product may be adherent, most of it is
not12 (Sections 3.1 and 3.2).

In the fully immersed situation where the corrosion product is produced
by a secondary reaction such as M2+ + 2H2O -> M(OH)2 + 2H+, as in the
case of iron or zinc in dilute aqueous aerated chloride solutions, the sites
of the anodic and cathodic processes are separated, and widely so in the
partially immersed condition. Thus OH~ ions are formed at the cathode
and A/2+ ions at the anode, giving rise to dispersed Af(OH)2 where they
meet and react; under these circumstances the corrosion product cannot
influence the kinetics. If chloride or sulphate is present, a basic compound
Mx(OH)y(X)z may form whose range of stability will depend upon the con-
centration of the anion pX and the pH of the solution; diagrams with axes
pX and pH have been constructed that show the range of stability of these
basic compounds. In the case of iron, the Fe(OH)2 formed initially is subse-
quently oxidised to yellow FeO(OH) or Fe2O3.H2O, or in low oxygen con-
ditions black Fe3O4 is formed containing green reduced corrosion products.
Vertical surfaces allow ready detachment of the products formed, while they
may settle on a horizontally corroding surface and provide some blanketing
action, restraining access of oxygen to the surface. Precise identification of
the products and a knowledge of the pH at their location on the surface may
provide information on the conditions of formation13.

Thin Passive Films

In considering passivity and passivation (Sections 1.4 and 1.5), the nature of
the surface product (the passivating film) entering into the process between

Table 1.5 Variations in the nature and thickness of the product formed on
aluminium under different conditions

Formation conditions

Dry air or O2
Humid atmosphere
Boiling water
Chemical conversion
Anodic oxidation

(barrier films)

Nature of oxide film

Amorphous Al2O3
AlOOH + Al2O3 .3H2O
AlOOH(Or Al2 O3 .H2O
AlOOH + anions of solution
Amorphous + crystalline

Al2 O3 + anions of solution

Thickness
(nm)

1-2
50-100

500-2000
1000-5000
1000-3000



the curve for active dissolution and that for the onset of film breakdown or
oxygen evolution, assumes considerable significance.

As the system passes from the active to the passive state the initial inter-
action depends on the composition of the aqueous phase14. An initial
chemisorbed state on Fe, Cr and Ni has been postulated in which the
adsorbed oxygen is abstracted from the water molecules2. This has features
in common with the metal/gaseous oxygen interaction mentioned pre-
viously. With increase in anodic potential a distinct 'phase' oxide or other
film substance emerges at thicknesses of l-4nm. Increase in the anodic
potential may lead to the sequence

M -» M-OH -> M(OH)2 -» MO
monolayer multilayer phase oxide

which has been suggested for Ni in acid solutions, and Cd and Zn in alkaline
solutions. On the other hand, Fe in strong H2SO4 first forms a layer of
FeSO4 crystals, which at higher potentials is replaced by an Fe2O3 film, the
normal product formed during anodic polarisation in dilute acid15. In near-
neutral solutions the passive film on Fe (2-6 nm thick) has been characterised
as the so-called cubic oxide 7-Fe2O3 overlying a thin film of Fe3O4 on the
metal surface16.

The nature of 7-Fe2O3 in passive films is very significant and has been
reviewed in detail17. Here again a spinel structure is prominent (derived
from magnetite). Its structure is considered to be cation defective with pro-
tons (H+) progressively replacing Fe2+ ions in the Fe3O4 spinel, and leading
to a continuous series of solid solutions of which Fe3O4 and Fe2O3 are the
end products. In some cases an HFe5O8 composition is indicated in which
some Fe2+ ions have been replaced by protons. The implication of this
mechanism of replacement of Fe2+ ions is that water is incorporated into
the passive film by a process of oxidative hydrolysis of the initial Fe3O4

substrate as the potential of the metal is progressively raised.
An important feature of such films is their low ionic conductivity that

restricts cation transport through the film substance. Electronic semi-
conduction, however, permits other electrode processes (oxidation of H2O
to O2) to take place at the surface without further significant film growth.
At elevated anodic potentials adsorption and entry of anions, particularly
chloride ions, may lead to instability and breakdown of these protective films
(Sections 1.5 and 1.6).

Thick Anodic Films

Where the electronic conductivity of the film substance is low, as in the
case of the 'valve' metals (Al, Nb, Ta, Zr, Ti), an increase in anode potential
gives rise to a high electric field across the passive layer. Under these circum-
stances ion transport occurs and film growth continues to several hundred
volts with thicknesses rising to hundreds of nanometres. At low voltages
an amorphous or microcrystalline 'barrier' oxide is formed, which may
recrystallise thermally or by the action of a high field to 7-Al2O3, /3-Ta2O5

or TiO2, etc. A 'mosaic' structure has been attributed to these amorphous
films17 to account for their high field conduction properties. In the case of



a valve metal with variable valency a number of anodic oxides may form over
a range of anodic potential, e.g. Ti in strongly oxidising conditions gives
TiO2, while anodic passivation at lower potentials leads to Ti2O3, 3-4
TiO2, or even Ti3O5. Furthermore, different structural modifications can
be produced depending on the precise conditions of formation. For exam-
ple, with Al20 and Ti21 high temperatures and high formation voltage tend
to favour crystalline modifications as compared with the more commonly
observed amorphous oxides. While, in general, anodic films produced repre-
sent those expected from thermodynamic data, significant free-energy gra-
dients may exist across the film substance. Such situations may lead to
complex geometrical arrays of different compounds as shown by Burbank22

Potential (V;S.H.E.)

Fig. 1.4 Schematic representation of the reaction products formed on lead in sulphuric acid
and their distribution over a range of anodic potentials (after Burbank )
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TechniqueThickness range (approximate) of techniqueTechniqueTechnique (electrochemical)

Field ion microscopy, scanning
tunnelling microscopy
(morphology; analysis, etc.)

L.E.E.D. (structure)
Auger electron \

spectroscopy
X-ray photo-electron

spectroscopy (composition,
Secondary ion mass thickness)

spectrometry
Ion scattering

spectroscopy /
Electron diffraction (structure;

epitaxy; grain size; preferred
orientation)

Transmission electron microscopy
(topography; local thickness;
substructure -all thickness ranges)

STEM/EDX
Scanning electron microscopy

(thickness; topography; porosity;
barrier layers; fracture sections)

Energy dispersive X-ray analysis
(EDX)

Electron probe microanalysis
(composition; diffusion profiles;
local thickness)

X-ray absorption "\
spectroscopy I (composition,

X-ray absorption I structure)
fine structure )

1 nm ADSORBED LAYERS, VERY
THIN FILMS AND NUCLEI

I FILMS I

Stress measurements

Adhesion

200 nm Stress/strain characteristics

Creep

1 ^m Hardness (oxide mechanical
• properties; oxygen solution

in metal)

100 fim Thermal cycling tests

Ellipsometry (kinetics)
Electrometric reduction

(kinetics; thickness)
Interference colours and

spectrophotometry (kinetics;
thickness)

A. C. impedance (thickness;
conduction mechanisms and
profiles; compactness;
crystallinity)

Electrical methods (kinetics;
thickness)

Manometric and volumetric
methods (kinetics)

Thermogravimetry (kinetics
from very thin films to thick
scales; stoichiometry)

Electrical conductivity of
oxides and allied methods
(defect structures;
conduction mechanisms;
transport numbers)

Radioactive tracers and allied
methods (kinetics; self
diffusion; markers)

Inert markers (transport
mechanisms)

Gas adsorption (surface area)

Cyclic voltammetry
(adsorption, monolayers)

Potentiodynamic polarisation
(passivation, activation)

Cathodic reduction (thickness)
Frequency response analysis

(electrical properties,
heterogeneity)

Chronopotentiometry
(kinetics)

Chronoamperometry (kinetics)
Photoelectrochemical methods

(electronic properties,
heterogeneity)

Table 1.6 Schematic representation of experimental techniques and their range of application (extended from the table of Wood10)



Surface-enhanced Raman
spectroscopy (chemistry)

Laser microprobe mass spectrometry
(composition)

X-ray fluorescence analysis
(composition; thickness)

X-ray diffraction (structure; grain
size; preferred orientation; stress)

Scanning laser microscopy
Optical microscopy (local thickness;

topography; nucleation; general
morphology; internal oxidation)

LR. spectroscopy (specialised analysis
and applications)

Spectrographic analysis (trace element
analysis)

Chemical analysis (analysis;
stoichiometry)

Vacuum fusion analysis (oxygen
solubility in metal)

I SCALES I



for anodic films of lead in sulphuric acid (Fig. 1.4) in which it can be seen
that the nature and thickness of the oxidation products are highly dependent
on the anodic potential.

In the particular case of aluminium in acid electrolytes, an initially formed
thin barrier film breaks down to give a porous coating which can be grown
to a considerable thickness (Table 1.5). The voltage remains low as the
porous anodic coating continues to thicken. Significant amounts of the acid
anion (SOj", PO^", CrOj") may be incorporated into the oxides so pro-
duced, together with protons to provide a degree of hydration (see Section
15.1). These features can significantly influence the structure and properties
of the coatings obtained.

Techniques of Examination

This limited survey has indicated the wide range of chemical compounds,
particularly oxides, which may be formed on a metal surface as a result of
a corrosion process. The nature of such films and scales needs to be carefully
characterised. Fortunately, a wide spectrum of experimental techniques is
now available to provide such valuable information, and others are under
development. A convenient summary is provided in Table 1.6.

In this scheme the nature of the surface product is arbitrarily divided into
(a) adsorbed layers, very thin films and nuclei (1-200 nm thickness); (b) thin
films (200 nm-1 /xm), and (c) scales (above 1 pun). The principal techniques
are located as appropriately as possible to indicate their areas of useful
application. The spectrum thus ranges from the regime of very clean metal
surfaces to grossly thick scales which may result from exposure to industrial
oxidising atmospheres. Initial interaction may be studied by field-ion or field-
emission spectroscopy and low energy electron diffraction, after which time
the kinetics of the growth process may be followed by such techniques as
ellipsometry, thermogravimetry, or electrometric reduction, while the struc-
ture may be examined by electron microscopy, electron diffraction or X-ray
microanalysis. Stoichiometric and defect characteristics may be examined by
a number of electrical methods. As the thickness approaches scale dimen-
sions less sensitive techniques become applicable. Information on stress
distribution, hardness, porosity, adhesion as well as thermal cycling charac-
teristics also become accessible. Chemical analysis, scanning electron micro-
scopy, X-ray diffraction techniques and gas adsorption data may provide
further information on the composition, structure and porosity of thick
scales, while electron probe microanalysis permits detailed examination of
the concentration profiles across specimen sections. Many of these tech-
niques are equally applicable to films formed under aqueous electrochemical
conditions.

Recent Developments

In recent years the number of techniques available for analysis of metal
surfaces has proliferated greatly23'30. Many of the new methods are ultra-
high vacuum (UHV) techniques suitable for analyses of films ranging in



thickness from a single monolayer to around a micrometre23 28. These tech-
niques are still being improved and updated and many of them have attained
a high degree of accuracy and sensitivity. Most noteworthy and probably
most widely spread are X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES). These highly sensitive UHV techniques pro-
vide quantitative chemical analyses of surfaces and are sensitive to even sub-
monolayer levels of atoms. They are sensitive to all atoms except hydrogen
(and helium for AES). Even here, XPS can be used to provide some informa-
tion on the presence of H+ in oxide films by analysis of the oxygen signal.
AES has the great advantage over XPS of being highly spatially resolved,
enabling chemical 'maps' to be generated; these show the distribution of
elements across the surface. XPS, although less spatially resolved (recent
developments of the technique have improved this significantly), has the
advantage over AES of being sensitive to the chemical state of the atoms; the
technique can distinguish readily atoms in different oxidation states. Both
techniques can be used to generate depth-profiles of the composition. Secon-
dary ion mass spectrometry (SIMS) and ion scattering spectroscopy (ISS)
fulfil a similar function to AES and XPS. They are less widely available, but
can be used to great sensitivity (sub-monolayer up to around a micrometre,
with depth profiling) and can be used for elemental mapping. To date, they
are less quantitative than AES and XPS.

The composition of surface films can be determined as a function of depth
using these UHV techniques. Such depth profiles are usually provided by
sequential removal and analysis of layers of the surface films, removal being
achieved by sputtering with an ionized noble gas beam. XPS can alterna-
tively achieve a depth/composition profile by angular resolution, a non-
destructive technique, successful for films up to the escape depth of the
photoelectrons, typically around 1 to 3 nm in thickness. The technique finds
widespread use in the analysis of the very thin passivating films formed elec-
trolytically on metals such as stainless steels, for which it is very powerful
indeed. These UHV methods generally provide ex-situ analyses, that is to
say, the surface must be removed from the environment in which the film was
formed and transferred to a UHV chamber; some features of the surface
films may be altered by the analytical technique itself, particularly with very
thin films which are formed electrochemically. The same is true of laser
microprobe mass spectrometry (LAMMS), a very rapid method of produc-
ing a spot elemental analysis of a surface to a depth of around a micrometre,
but not yet fully quantitative. LAMMS operates by transient ablation of the
surface with an intense focused laser beam, and issues a mass spectrum of
the ablated fragments. Because AES uses a primary electron beam as a
probe, the technique can be more destructive to the surface than XPS, which
employs a beam of soft X-rays.

Several UHV techniques which have been developed have not found such
wide use in corrosion analysis, despite potential applicability. Ultraviolet
photoelectron spectroscopy (UPS) is one of these, operating in a similar
fashion to XPS (but using an ultraviolet excitation), and probing the valence
electrons, rather than the core electrons of the atoms. Because the energies
of the valence electrons are so very sensitive to the precise state of the atom,
the technique is in principle very informative; however exactly this high
sensitivity renders the data difficult to interpret, particularly as a routine



analytical procedure. By and large the techniques which find application in
corrosion are those which are relatively easy to use and easy to interpret.

Electrical characteristics of surface films formed electrochemically can
be analysed using frequency response analysis (FRA) (sometimes called elec-
trochemical impedance spectroscopy, or EIS)23"25'29'30'31. This technique is
capable of detecting separate components of films by resolving their separate
resistance and capacitances in situ, for which most other electrochemical
techniques are blind. The method has found wide application in the analysis
of the passive state. It is also widely used to yield useful information on the
state of applied surface coatings, such as paints.

Measurement of photocurrents generated by illuminating the surface
while it is polarized in solution is increasingly being used to probe electronic
properties of surface films generated electrochemically23'24'30. By focusing
the light source and scanning the probe over the electrochemically polarised
surface, this technique can be used to yield a photocurrent map of the sur-
face. Other in situ measurements employing illumination of thin surface
films generated electrochemically also yield characteristic information on
passivating oxide films; these include ellipsometry, infrared spectroscopy
and surface-enhanced Raman spectroscopy (SERS)23*24'30'31.

The very new techniques of scanning tunnelling microscopy (STM) and
atomic force microscopy (AFM) have yet to establish themselves in the field
of corrosion science. These techniques are capable of revealing surface struc-
ture to atomic resolution, and are totally undamaging to the surface. They
can be used in principle in any environment in situ, even under polarization
within an electrolyte. Their application to date has been chiefly to clean metal
surfaces and surfaces carrying single monolayers of adsorbed material,
rendering examination of the adsorption of inhibitors possible. They will
indubitably find use in passive film analysis.

C. J. L. BOOKER
G. T. BURSTEIN
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1.3 Effects of Metallurgical

Structure on Corrosion*

The objective of this section is to show by means of specific examples how
the various crystalline defects and structural features described in Section
20.4 can affect the form, location and kinetics of the corrosion of metals and
alloys.

Effect of Crystal Defects on Corrosion—General
Considerations

Before considering specific examples it is appropriate to note that there are,
in principle, two quite distinct ways in which crystal defects can affect corro-
sion behaviour.

Firstly, they might be expected to have an effect when corrosion occurs
under conditions of active (film-free) anodic dissolution and is not limited
by the diffusion of oxygen or some other species in the environment. How-
ever, if the rate of active dissolution is controlled by the rate of oxygen diffu-
sion, or if, in general terms, the rate-controlling process does not take place
at the metal surface, the effect of crystal defects might be expected to be
minimal.

Secondly, crystal defects might be expected to affect the corrosion behav-
iour of metals which owe their corrosion resistance to the presence of thin
passive or thick protective films on their surface. The crystal defects and
structural features discussed in Section 20.4 might, in principle, be expected
to affect the thickness, strength, adhesion, porosity, composition, solubility,
etc. of these surface films, and hence, in turn, the corrosion behaviour of the
filmed metal surfaces. Clearly, this is the more common situation in practice.

Finally, it should be noted that in both cases the effect of crystal defects
and microstructural features must, in general, be to tend to make the corro-
sion less uniform and more localised.

* The basic concepts of physical metallurgy are considered in Section 20.4, which should be
regarded by those who are not conversant with the subject as an introduction to this section.
Some of the diagrams referred to here will be found in Section 20.4.



Active Dissolution and Crystal Defects—Energy
Considerations

The crystal defects described in Section 20.4 are all regions of higher energy
than the adjacent perfect crystal lattice; they are therefore all inherently
more chemically active and hence are potential sites for preferential attack
under conditions of active dissolution. This preferential attack is, however,
masked in highly aggressive environments, when there is very rapid dissolu-
tion and severe general corrosion, and it is not observed when the corrosion
rate is controlled either by oxygen diffusion or some other process not occur-
ring at the metal/environment interface. Furthermore, although the energy
associated with the various defects may be quite large in metallurgical terms,
when converted to a potential difference it is quite small in electrochemical
terms, being not more than a few millivolts, at the most.

Etching of Single Crystals and Polycrystals

There is no evidence that any particular crystal structure is more readily cor-
roded than any other. For example, the difference in the corrosion behaviour
of austenitic and ferritic stainless steels is, of course, due to compositional
rather than structural differences.

Using single crystals it has been shown that different low-index crystal
faces (see Section 20) exhibit different corrosion rates. However, the relative
corrosion rate of the different faces varies with the environment and these
structural effects are of little practical significance. On the other hand, the
fact that polycrystal grains of different crystallographic orientation may cor-
rode at different rates, is of some importance.

A freshly polished metal surface appears quite featureless even when
viewed at high magnification, while on etching different grains are attacked
to differing degrees, as shown in Fig. 20.28 (bottom). The surface of grain
B in Fig. 20.360 probably corresponds to a low-index low-energy plane while
the surfaces of grains A and C correspond to high-index high-energy planes.
In fact, the surfaces of grains A and C actually consist of low-index terraces
separated by ledges with kinks in them. Since dissolution occurs most readily
from kinks and ledges, owing to the lower co-ordination number of atoms
at such sites, grains A and C will be attacked more rapidly than grain B, as
illustrated schematically in Fig. l.5a. It must be emphasised, however, that
this is primarily a laboratory effect, albeit an important one. In practice,
preferential corrosion of grains of a particular crystallographic orientation
is not generally a problem. One possible exception to this is the etching of
coarse-grained brass door-handles by sweaty hands!

Dislocations, Etch Pits and the Effect of Cold Work
on Corrosion

Preferential corrosion or attack at many other types of crystal defect may
also be best illustrated during the etching of metallographically polished



Fig. 1.5(0) Grain boundary intersecting an etched metallographic surface and (£) etch pit at
a dislocation intersecting an etched metallographic surface

surfaces. Thus emergent dislocations intersecting metal surfaces may be
revealed by the use of appropriate etchants. There is preferential attack at
each dislocation, and small crystallographic etch pits are produced1 as
shown schematically in Fig. l.5b. However, this effect is again of little prac-
tical significance, and the development of etch pits is used primarily as a
research technique in the study of dislocations. Moreover, the technique
must be used with some caution with metals, since there is often doubt as to
whether there is a one-to-one correlation between etch pits and emergent
dislocations, and because etch pits can also develop at other defects in sur-
face films. Finally, there are many instances where it is thought that etch pits
are produced only as a result of segregation of impurities to the dislocations.
'Clean' dislocations may not result in etch pits.

Dislocation

Elch pit

Grain A Grain B

Apparent width
of grain-boundary



Potentially of somewhat greater practical significance is the effect of cold
work on the corrosion of metals. When an annealed material is heavily cold
worked, something of the order of 8-80 k J/kg mol of energy may be stored
in the material, as a result of the increased dislocation density, etc. This
energy difference is, however, only equivalent to a potential difference of a
few millivolts or so between the annealed and the cold-worked material.
There is thus at the most only a small difference in the driving force for
corrosion in the two cases. However, it is possible that the kinetics of the
various anodic and cathodic processes could nevertheless be quite different
on annealed and cold-worked surfaces; this would also result in annealed
and cold-worked metals exhibiting significantly different corrosion rates.
Certainly it has been experimentally observed that cold work markedly
increases the corrosion rate of steel and aluminium in acids. The interpreta-
tion of this effect is, however, still not clear. Several authors suggest that the
increased corrosion rate is due to the increased dislocation density per se,
possibly as a result of an increased number of kink sites on the surface
increasing the anodic exchange current density. On the other hand Foroulis
and Uhlig2 suggest that the increased corrosion rate is due to the segrega-
tion of carbon and nitrogen to dislocations, and that the cathodic (hydrogen
evolution) reaction is kinetically easier at these sites; this is supported by
their observation that cold work does not increase the corrosion rate of high-
purity iron.

In natural waters, cold-worked commercial carbon steels of the same com-
position corrode at more or less the same rate as annealed steels, presumably
because the corrosion rate in this case is controlled by the diffusion of
oxygen. Unprotected carbon steels are sometimes exposed to natural waters,
and it is this latter situation which is of greater practical importance than
the behaviour of steels in acids, since steels should never be used in these
environments unless they are protected.

Etching of Grain Boundaries and lntergranular
Corrosion

During metallographic etching, twin and grain boundaries are preferen-
tially attacked, as is apparent in Fig. 20.28 (bottom). Shallow grooves
develop at these boundaries, and they therefore appear, in the microscope, as
dark lines of finite width, as illustrated schematically in Fig. 1.50. The best
experimental evidence available indicates that even the grain boundaries in
very high purity metals are slightly grooved by appropriate etchants. This
is due to the grain boundaries being inherently more active than the adjacent
crystal lattice, as implied by the energy associated with grain boundaries in
metals. However, the grain boundaries in impure metals and alloys are
generally much more readily etched, primarily as a result of segregation to
them of the impurities and alloying additions. In this context it is important
to note that grain-boundary regions may be preferentially attacked either
because segregation makes them more base or because segregation makes
them more noble; in the latter case the grain boundary itself acts as a local
cathode, and the region immediately adjacent to the grain boundary



is preferentially attacked. The subject of segregation and preferential attack
at grain boundaries has been reviewed by Aust and Iwao3.

Again it must be emphasised that preferential etching of twin and grain
boundaries is predominantly a laboratory effect. There are no practical
instances of significant corrosion problems resulting from the preferential
attack of twin boundaries. In practice, grain-boundary effects in metals and
alloys are usually of little or no consequence in the corrosion of metals.
Severe intergranular corrosion (in the absence of tensile stress) is generally
observed as a practical problem only when there is very gross segregation or
solute depletion at grain boundaries, or, in certain instances, when there is
marked intergranular precipitation, as discussed below.

Intergranular Corrosion of Austenitic Stainless Steels (Section 3.3)

Time ,(s)

Fig. 1.6 Curves of the effect of temperature on the time required to sensitise two austenitic
stainless steels of different carbon content
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Fig. 1.7 Light micrograph showing intergranular corrosion of a sensitised austenitic stainless
steel; x 200

As is well known, certain austenitic stainless steels may be 'sensitised* by
certain heat treatments and made highly susceptible to intergranular cor-
rosion. Sensitisation occurs when the alloys are held in, or slowly cooled
through, the temperature range 1120-820 K. Quenching through the critical
temperature range does not result in sensitisation. The degree of sensitisa-
tion, and therefore the susceptibility to intergranular corrosion, depend
critically on the time at temperature, the temperature within the critical
range or on the cooling rate through the critical temperature range, as well
as on alloy composition, in particular the carbon content. These effects are
illustrated schematically in Fig. 1.6. The intergranular corrosion, an example
of which is shown in Fig. 1.7, is observed in a wide variety of environments
in which austenitic stainless steels would normally be expected to have good
corrosion resistance.

The generally accepted mechanism for sensitisation and the resultant
intergranular corrosion was first proposed by Bain, etal.4 and is basically
as follows. During sensitisation, thin feathery precipitates of a chromium-
rich carbide (M23C6 where M = Fe0.2_0.3Cr0.8_0.7) nucleate and grow in the
austenite grain boundaries. These carbide particles, which can only be seen
using electron microscopy, are only stable below about 112OK; at higher
temperatures they do not form, or if already present, tend to dissolve. On
the other hand, below about 820 K, the diffusion rate of chromium in steels
is too low for precipitation of the chromium-rich carbide to occur within a
practical time scale. During precipitation of the carbide, which contains
70-80 wt. % Cr, the austenite matrix adjacent to the grain boundaries
becomes depleted of chromium. In particular, the chromium level in these
regions falls below the approximately 12% Cr required in solid solution to
confer corrosion resistance, i.e. to permit the formation of a complete and
protective passive film on the steel surface. The regions adjacent to the grain
boundaries are therefore no longer passive and hence corrode preferentially.
This mechanism is illustrated schematically in Fig. 1.8. The preferential
attack of the non-passive chromium-depleted regions adjacent to the grain
boundaries will be accelerated by the fact that these regions will be less noble
than both the carbide precipitates in the grain boundary and the passive grain



Fig. 1.8(0) Intergranular precipitation of chromium carbide particles in a sensitised austenitic
stainless steel and the consequent chromium-depleted zones adjacent to the grain boundaries,
(b) variation of the chromium content across a grain boundary in a sensitised austenitic stainless

steel (18Cr) and (c) intergranular corrosion of a sensitised austenitic stainless steel
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interiors. This effect is, of course, further exacerbated by the unfavourable
high cathode/anode area ratio. It should be emphasised, however, that there
will generally be little or no potential difference between the carbide precipi-
tates and the passive grain interiors. Intergranular corrosion is therefore only
observed when there is chromium depletion of the grain-boundary regions
and not when there is carbide precipitation without chromium depletion.

In practice, three methods are available for preventing sensitisation and
intergranular corrosion of austenitic stainless steels:

1. Quenching through the critical temperature range (if necessary after
heat treating well above 112OK to dissolve any existing chromium
carbides).

2. The use of very low carbon (usually < O • 03%) austenitic stainless steels,
in which intergranular carbide precipitation does not occur within prac-
tical time scales.

3. The use of stabilised austenitic stainless steels to which small amounts
(usually < 1%) of strong carbide formers such as titanium or niobium
have been added. The carbides of these elements form preferentially to
chromium carbide at temperatures above the critical temperature range;
chromium depletion of the grain-boundary regions is therefore not
observed after slow cooling through that range.

In principle it is also possible to eliminate the effects of sensitisation by
prolonged heat treatment within the critical temperature range to allow diffu-
sion of chromium from the grain interiors to level out and eliminate the
region of chromium depletion adjacent to the grain boundaries. In practice,
however, the times involved (many hundreds of hours) are too long.

A more detailed treatment of sensitisation of austenitic stainless steels, of
intergranular corrosion of austenitic stainless steels without sensitisation,
and of sensitisation and intergranular corrosion of ferritic stainless steels and
high-nickel alloys, is given by Cowan and Tedmon5.

Weld Decay and Knife-Line Attack

A particularly important manifestation of sensitisation and intergranular
corrosion of austenitic stainless steels is the phenomenon of weld decay,
which is illustrated schematically in Fig. 1.9. During the welding of austenitic
stainless steels that are potentially susceptible to sensitisation (i.e. steels that
are not stabilised or low-carbon), a band of material in the heat-affected zone
adjacent to the fusion zone of the weld is held within the critical temperature
range and becomes sensitised (B in Fig. 1.9). Metal nearer the fusion zone
is held above the upper limit of the critical temperature range (A in Fig. 1.9)
while metal further away does not reach the lower limit of the critical
temperature range (C in Fig. 1.9). An intermediate band of material parallel
to, but away from, the fusion zone is therefore susceptible to severe inter-
granular corrosion, as shown in Fig. 1.96. Weld decay is more severe with
gas welding than with electric arc welding, and with thick plates rather than
thin sheets, owing basically to different temperature-time profiles (see also
Section 9.5).



Fig. 1.9(cr) Curves showing the variation of temperature with time at various points adjacent
to a fusion weld in an austenitic stainless steel and (b) weld decay in an unstabilised austenitic

stainless steel

heated to within the critical temperature range (e.g. to relieve residual
stresses or during multi-pass welding) chromium carbide will precipitate
rapidly but the temperature will be too low to precipitate niobium or
titanium carbide (other than very slowly). The narrow band of material
which during welding reached a temperature high enough to dissolve the
stabilising carbides (>1 50OK) thus becomes sensitised and susceptible to
intergranular corrosion. The remedy is to heat the fabricated structure or
component to about 1 340 K after welding so that the chromium carbide
dissolves and titanium (or niobium) carbide forms; following this solution
treatment the rate of cooling is not important.

A somewhat similar phenomenon is knife-line attack which may be
observed after welding titanium or niobium stabilised austenitic stainless
steels. In this case there is a very narrow band of severe intergranular attack
along the interface between the parent metal and the fusion zone. During
welding, the parent metal immediately adjacent to the fusion zone is heated
to just below the melting point and both chromium carbides and niobium or
titanium carbides dissolve completely. On cooling rapidly, the conditions are
such that when relatively thin sections are welded, neither chromium carbide
nor niobium or titanium carbide have time to precipitate. If the weld is now
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lntergranular Corrosion of Aluminium Alloys

A number of aluminium alloys may also, depending on their metallurgical
structure, be susceptible to severe intergranular corrosion. The alloys con-
cerned are primarily the precipitation-hardenable Al-Cu and Al-Zn-Mg
based alloys and the work-hardenable Al-Mg alloys containing more than
3% Mg. Since there is much less inherent difference in the corrosion
resistance of the grain-boundary regions and the grain centres than there is
in the case of sensitised austenitic stainless steels, the mechanism of the
intergranular corrosion in these alloys is primarily electrochemical, involv-
ing local cell action between grain-boundary precipitates and the adjacent
matrix.

Aluminium alloys in which intergranular precipitation is not observed
(e.g. commercial purity Al and Al-Mn alloys) or in which there is little or
no potential difference between the matrix and any intergranular precipitates
(e.g. balanced Al-Mg-Si alloys with Mg2Si intergranular precipitates) are
generally not markedly susceptible to severe intergranular corrosion. On the
other hand, aluminium alloys in which the intergranular precipitates are
markedly more noble than the matrix phase (e.g. Al-Cu base alloys with
CuAl2 intergranular precipitates), or alloys in which the precipitates are
markedly more base (e.g. Al-Mg alloys and Al-Zn-Mg base alloys with
Mg2Al3 and MgZn2 intergranular precipitates, respectively) may be suscep-
tible to severe intergranular corrosion. The latter precipitates corrode
preferentially, while the former stimulate preferential corrosion of the
adjacent matrix. The degree of susceptibility to intergranular attack depends
on the nature, amount, size, distribution, etc. of the mter-granular pre-
cipitates (and to a lesser extent of the /Vita/granular precipitates), and hence
on the heat treatment of the alloy (see Figs 20.31 and 20.34). In general, the
precipitation-hardenable alloys are more likely to be susceptible to inter-
granular corrosion when aged to peak hardness and less likely to be suscepti-
ble in the overaged condition. In the work-hardenable Al-Mg alloys the
tendency to intergranular precipitation (and hence to intergranular corro-
sion) increases with increasing Mg contents, with increasing cold work and
with increased ageing times at temperatures below about 40OK. Chloride-
containing environments, in particular, are liable to cause severe inter-
granular corrosion of susceptible aluminium alloys.

lntergranular Corrosion in Other Alloy Systems

A number of other alloy systems may also be susceptible to intergranular
corrosion. For example, zinc die-casting alloys containing aluminium may
be susceptible to intergranular attack in steam- and chloride-containing
environments. Stray currents often result in intergranular corrosion of lead
cable sheaths. These instances are, however, relatively unimportant com-
pared to the intergranular corrosion of sensitised stainless steels and, to a
lesser extent, to intergranular corrosion of intermediate- and high-strength
aluminium alloys.



Effect of Grain Structure on Corrosion

The grain structure of alloys, as well as intergranular precipitation, can also
markedly affect their corrosion behaviour. For example, the corrosion
resistance of certain wrought metals may be less on surfaces perpendicular
to the hot-or cold-working direction than on surfaces parallel to this direc-
tion. Typically there may be severe localised corrosion starting on the faces
perpendicular to the working direction and proceeding into the metal in
the working direction, while the surfaces parallel to the working direction
remain relatively unattacked. Such end-grain attack, which is basically the
result of the grain structure being elongated in the working direction, has
been observed in austenitic stainless steels, titanium alloys and mild steel.

Layer Corrosion

The most marked effect of grain structure on corrosion is observed in
wrought aluminium alloys. These alloys generally do not recrystallise
during heat treatment after rolling, extrusion, etc. mainly because their grain
boundaries are pinned by inclusions; they therefore exhibit the elongated
pancake-shaped grain structure shown in Fig. 20.34. As a result of this struc-
ture, these alloys may be susceptible to exfoliation (also known as layer or
lamellar) corrosion. The attack proceeds along a number of narrow planar
paths (usually but not necessarily intergranular) parallel to the working
direction. The corrosion products formed force the layers apart and cause
the metal to swell and, in severe instances, to disintegrate into separate sheets
of metal (i.e. to exfoliate). Exfoliation is most common and severe in Al-Cu,
Al-Zn-Mg and Al-Mg based alloys, but mild exfoliation also occurs in
Al-Mg-Si alloys. Since the exfoliation is normally intergranular it is clear
that exfoliation and intergranular corrosion are associated, and exfoliation
is usually affected by intergranular precipitation and hence by heat treat-
ment. However, aluminium alloys that are susceptible to intergranular
attack will not be susceptible to exfoliation corrosion if they have an
equiaxed grain structure. Transgranular exfoliation is thought to be the
result of segregation in the original ingot persisting in the wrought alloy.

Stress-corrosion Cracking

Grain structure also affects the stress-corrosion behaviour of high-strength
age-hardenable aluminium alloys. Cracking in these alloys is always exclu-
sively intergranular. When they are stressed in the short transverse direc-
tion (a in Fig. 1.10) their highly elongated, pancake-shaped grain structure
ensures that an easy path for crack propagation is readily available. On the
other hand, when stressed in the long-transverse or the longitudinal direc-
tion (b and c respectively in Fig. 1.10) the possible intergranular crack paths
are clearly complex and difficult. Many high-strength aluminium alloys are
therefore quite susceptible to stress-corrosion cracking when stressed in the
short-transverse direction but quite resistant or immune when stressed in
the long-transverse or longitudinal directions. This result is of considerable



Fig .1.10 Grain structure of a wrought high-strength precipitation-hardening aluminium alloy
showing potential crack growth paths

practical importance: high-strength aluminium alloys can often be used in
sheet form (when the short-transverse tensile stresses are generally negligi-
ble) in tempers in which they cannot normally be used in thick sections of
forgings (when the tensile stresses in the short-transverse direction may be
high). The distinction is, for example, between an aircraft's skin and its wing
spars; with a susceptible alloy stress-corrosion cracking is likely to be a pro-
blem in the latter instance, but less so in the former.

Corrosion of Impure Metals and Single-phase Alloys

Many of the forms of corrosion already discussed have been caused or
affected not only by metallurgical structure but also by the segregation of
impurities or alloying additions to dislocations, grain boundaries, preci-
pitates, etc. However, the presence of impurities or alloying elements in
homogeneous solid solution can also markedly affect corrosion behaviour,
without any segregation effects. In the context of this section it is the dele-
terious effects of soluble impurities and alloying additions that are relevant,
rather than the beneficial effects, such as the addition of chromium and
nickel to iron to produce stainless steels, or the addition of nickel and small
concentrations of iron to copper to give cupronickels.

As is well known, high-purity zinc corrodes much less rapidly in dilute
acids than commercial purity material; in the latter instance, impurities
(particularly copper and iron) are exposed on the surface of the zinc to give
local cathodes with low hydrogen overpotentials; this result is of practical
significance only in the use of zinc for sacrificial anodes in cathodic protec-
tion or for anodes in dry cells. In neutral environments, where the cathodic



reaction is oxygen reduction, there is very little difference in the corrosion
rates of pure and impure zinc.

In contrast, the selective dissolution or leaching-out by corrosion of one
component of a single-phase alloy is of considerable practical importance.
The most common example of this phenomenon, which is also referred to
as 'parting', is dezincification, i.e. the selective removal of zinc from brass
(see Section 1.6). Similar phenomena are observed in other binary copper-
base alloys, notably Cu-Al, as well as in other alloy systems.

Corrosion and Selective Dissolution in Two-phase
Alloys

In principle the selective dissolution of the less noble component of a single-
phase alloy would perhaps be expected and is in fact observed (dezincifica-
tion of an a-brass, etc.) even though the details of the mechanism by which
it occurs is not yet fully understood. In contrast, the preferential attack of
the less noble phase of a two-phase alloy is not only expected and observed
— the mechanism by which it occurs in practice is also quite clear. Selective
dissolution of the more active phase of a two-phase alloy is best exemplified
by the graphitic corrosion (or graphitisatiori) of grey cast iron.

Graphitisation

Cast irons, although common, are in fact quite complex alloys. The iron-
carbon phase diagram exhibits a eutectic reaction at 1 420 K and 4* 3 wt.%C
(see Fig. 20.44). One product of this eutectic reaction is always austenite;
however, depending on the cooling rate and the composition of the alloy, the
other product may be cementite or graphite. The graphite may be in the form
of flakes which are all interconnected (although they appear separate on a

Fig. 1.11 Light micrograph of the microstructure of a pearlitic grey cast iron; x 720



metallographic section), or spheroids, which are all separate. The resultant
alloys are known as white, grey and spheroidal graphite cast irons, respec-
tively. During subsequent cooling the austenite may transform to ferrite,
pearlite or martensite, or it may, in the case of high-nickel irons, be retained
to room temperature. The microstructure of a grey cast iron with a
predominantly pearlitic matrix is shown in Fig. 1.11.

Graphite is more noble than any of the other phases in cast iron and
is a very good cathode material; highly effective galvanic cells therefore
exist between the graphite and the surrounding, less noble matrix. In grey
cast irons, the matrix therefore corrodes preferentially, leaving behind a
network of interconnected graphite flakes which is very porous and weak.
The attack is often not readily apparent on superficial inspection. White cast
irons are not susceptible to graphitisation since they contain no graphite;
spheroidal graphite cast irons are also not susceptible to graphitisation, since
although they do contain graphite it is in the form of discrete spheroids
which have a limited effect, instead of the interconnected graphite flakes in
grey cast iron. Thus not only the existence but also the distribution of a
cathodic phase is important (see also Section 3.6).

Influence of Structure on Surface Films—Pitting
Corrosion

Metals which owe their good corrosion resistance to the presence of thin,
passive or protective surface films may be susceptible to pitting attack
when the surface film breaks down locally and does not reform. Thus
stainless steels, mild steels, aluminium alloys, and nickel and copper-base
alloys (as well as many other less common alloys) may all be susceptible
to pitting attack under certain environmental conditions, and pitting corro-
sion provides an excellent example of the way in which crystal defects of
various kinds can affect the integrity of surface films and hence corrosion
behaviour.

In general, pitting corrosion may be divided into two stages, pit initia-
tion and pit propagation. During pit initiation the passive film breaks down
and does not reform. During pit propagation, the small active sites formed
during the initiation stage propagate, often very rapidly, to form pits. The
most recent ideas on the mechanism of pit initiation and propagation are
dealt with in some detail in Reference 6. The propagation of pits is relatively
well understood and is comparatively insensitive to the structure of the metal
(see Sections 1.5 and 1.6).

On the other hand, pit initiation which is the necessary precursor to
propagation, is less well understood but is probably far more dependent
on metallurgical structure. A detailed discussion of pit initiation is
beyond the scope of this section. The two most widely accepted models are,
however, as follows. Heine, etaL1 suggest that pit initiation on aluminium
alloys occurs when chloride ions penetrate the passive oxide film by diffusion
via lattice defects. McBee and Kfuger8 indicate that this mechanism may
also be applicable to pit initiation on iron. On the other hand, Evans9 has
suggested that a pit initiates at a point on the surface where the rate of metal
dissolution is momentarily high, with the result that more aggressive anions



are attracted to the point and produce a local environment that is favourable
to further dissolution, i.e. an autocatalytic process similar to that operative
in pit propagation. This view has recently found increasing support, since
there is now evidence that pits initiate at flaws or discontinuities in the passive
film which result from mechanical, geometrical or compositional inhomo-
geneities in the metal surface10'11. The latter model, in particular, predicts a
strong influence of metallurgical structure on the integrity of the passive film
and hence on susceptibility to pitting corrosion.

In practice many metallurgical factors do appear to affect pitting corro-
sion. For example, severe cold work increases the pitting susceptibility of
austenitic stainless steels, while molybdenum and nitrogen alloying addi-
tions, in particular, reduce it. Pitting is less likely to occur on smooth,
polished surfaces than on rough, etched, ground or machined surfaces.
Austenitic stainless steels are more susceptible to pitting if they have been
held briefly in the sensitising temperature range. Pure aluminium is much
more resistant to pitting than impure metal and alloys, particularly those
containing copper. In general, the more homogeneous a metal surface
the better is the resistance of passive films on that surface to pitting. In
austenitic stainless steels, pits have been observed to initiate at grain boun-
daries and also at certain sulphide inclusions. These effects are all evidence
of the fact that crystal defects and metallurgical structure and composition
affect the thickness, strength, solubility, porosity, etc. of passive films, and
hence the susceptibility of those films to localised breakdown and pitting.

Effect of Mechanical Stresses on Corrosion

The presence of stresses does not usually affect the general corrosion
behaviour of metals and alloys to any very significant extent. However, two
extremely important forms of localised corrosion may occur when metals
are simultaneously exposed to stress and a corrosive environment. Metals
subjected simultaneously to alternating stresses and any corrosive environ-
ment may be subject to corrosion fatigue, while certain alloys exposed simul-
taneously to tensile stresses and fairly specific environmental conditions may
fail by stress-corrosion cracking. Other sections (see Chapter 8) deal speci-
fically with the mechanism and phenomenology of corrosion fatigue and
stress-corrosion cracking of various alloy systems, and it is not the intention
to duplicate that material in this section. However, the susceptibility of many
alloys to stress-corrosion cracking is determined not only by the presence
of tensile stresses and specific environmental conditions, but also by the
metallurgical structure of the metals. These instances will be discussed
briefly, by way of further examples of the effect of structure on the corrosion
of metals.

Stress-corrosion Cracking of Copper-base Alloys

Single-phase a-brasses are susceptible to stress-corrosion cracking in the
presence of moist ammonia vapour or certain ammonium compounds12.
Here the predominant metallurgical variable is alloy composition, and in



practice brasses containing less than 10-15% Zn seldom fail by stress corro-
sion; above about 15% Zn, the stress-corrosion susceptibility increases with
zinc content. Other structural factors are secondary: cold-worked brass, in
practice, is more likely than annealed material to fail by stress-corrosion
crocking, but this is probably only a reflection of the fact that the residual
stresses are likely to be higher in cold-worked than in annealed alloys. The
stress-corrosion susceptibility of a-brasses increases with increasing grain
size. There is also evidence that decreasing stacking-fault energy results in a
transition from inter- to transgranular cracking in a number of binary
copper-base alloys13 and that the presence of order (see Section 20.4)
increases the susceptibility of certain complex copper-base alloys14. It
must be emphasised, however, that these are only secondary factors which
merely tend to increase or decrease fairly marginally the stress-corrosion
susceptibility.

Stress-corrosion Cracking of Aluminium-base Alloys

Jn contrast to brasses, metallurgical structure plays a predominant role in
determining the susceptibility of high-strength aluminium alloys to stress-
corrosion cracking in the presence of tensile stresses and moist chloride-
containing environments. Under these conditions these alloys may vary from
highly susceptible, to practically immune, to intergranular stress-corrosion
cracking, depending on their microstructure, as determined by heat
treatment15 (see Section 8.5).

The effect of grain shape on the stress-corrosion behaviour of aluminium
alloys has already been discussed. The effect of heat treatment on the
stress-corrosion susceptibility of high-strength precipitation-hardenable
Al-Zn-Mg alloys is illustrated schematically in Fig. 1.12. In the solution-
heat-treated and quenched condition, these alloys are very resistant to stress-
corrosion cracking but they are also too weak to be of much use in this condi-
tion. On ageing, the alloys become progressively stronger (see Section 20.4),
but also increasingly susceptible to stress corrosion, as shown in Fig. 1.12.
Maximum stress-corrosion susceptibility is observed in the intermediate-
strength, under-aged condition; thereafter the alloys become increasingly
more resistant to stress-corrosion cracking. Thus, as shown in Fig. 1.12 the
highest-strength, peak-aged condition is moderately susceptible to stress cor-
rosion, while the intermediate-strength, over-aged condition is relatively
resistant. In practice, therefore, there is a choice between maximum strength
alloys with moderate stress-corrosion susceptibility and somewhat lower
strength alloys with little stress-corrosion susceptibility. As suggested above,
the former condition or temper might be selected for thin sheet applications
while the latter heat treatment would be specified for thick sections. There
is some doubt as to whether the effect of heat treatment on the stress-
corrosion susceptibility of precipitation-hardenable aluminium alloys results
from variations in the precipitate-free zone width and the intergranular
precipitate morphology, or from variations in the interaction of intra-
granular precipitates with dislocations. The effect of microstructure on the
stress-corrosion susceptibility of Al-Cu, although again very substantial, is
somewhat less straightforward than in the case of Al-Zn-Mg alloys15.
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Fig. 1.12 Curves showing the relationship between strength, stress-corrosion susceptibility
and heat treatment for a high-strength precipitation-hardening aluminium alloy

Microstructure also plays a predominant role in determining the stress-
corrosion susceptibility of the work-hardenable Al-Mg alloys. The Al-Mg
system, like the Al-Cu system, exhibits decreasing solubility with decreasing
temperature, and on ageing a solution-heat-treated and quenched alloy,
precipitation of Mg2Al3 is observed. However, the alloy is not strengthened
by this precipitation, as it occurs either as very coarse, widely dispersed
intragranular precipitates (which do not interact with dislocations), or as a
more or less continuous inter granular film. These alloys can therefore only
be strengthened by cold working. Nevertheless, the precipitate morphology
controls the stress-corrosion susceptibility; alloys which exhibit continuous
films of intergranular precipitate are highly susceptible to stress-corrosion
cracking (and to exfoliation and intergranular corrosion), while those which
exhibit coarse intragranular precipitates (or no precipitation at all) are
generally much less susceptible or resistant. The higher the magnesium level,
the greater the degree of cold work, and the lower the ageing temperature,
the more likely is the formation of a continuous intergranular precipitate and
therefore the greater is the potential stress-corrosion susceptibility.
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Stress-corrosion Cracking of Steels

High-strength low-alloy quenched and tempered steels (i.e. steels with yield
strengths greater than about 900MN/m2) may be susceptible to stress-
corrosion cracking in the presence of moisture. The crack path is usually
intergranular with respect to the prior-austenite grain boundaries, and the
mechanism of cracking is generally accepted as involving some form of
hydrogen embrittlement. The major metallurgical variable in this instance
of environmentally induced cracking is the strength level —the stronger the
steel the greater is its susceptibility. However, at constant strength level,
steels with martensitic structures are considerably more susceptible to crack-
ing than steels with bainitic structures (see Section 20.4). Again, at constant
strength level, it has been shown that the crack growth rate decreases and the
time-to-failure increases as the prior-austenite grain size is reduced16.

In practice, by far the most common case of stress corrosion is that occur-
ring when austenitic stainless steels are simultaneously exposed to tensile
stresses and hot, aqueous, aerated, chloride-containing environments. In
this case the major variable is alloy composition and structure; virtually all
austenitic stainless steels are more or less susceptible to stress-corrosion
cracking in these environments, while ferritic and ferritic/austenitic stainless
steels are highly resistant or immune.

Stress-corrosion cracking of all types of steels formed the topic of a recent
conference17, the proceedings of which deal in some detail with the effect of
structure on the stress-corrosion susceptibility of these alloys.

Conclusions

This discussion on the relationships between structure and corrosion should
not be taken as exhaustive. For example, the stress-corrosion cracking
behaviour of titanium-base alloys in a variety of environments is affected
to differing degrees by the microstructure of the alloys18. Again, the effect
of the changes in structure produced by welding on the corrosion behaviour
of metals and alloys is of great practical importance19. This topic has been
considered above in relation to stainless steels, but it is also of considerable
importance in the welding, brazing and soldering of other alloy systems. In
certain instances, the corrosion resistance of a weld is markedly affected by
the structure of the weld metal and the adjacent heat-affected zone. Further
examples of the effect of metallurgical structure on corrosion phenomena
are provided by (d) the possible role of emergent dislocations and slip-steps
in the mechanism of stress-corrosion cracking of austenitic stainless steels,
(b) by the role of 6-ferrite in the corrosion of certain austenitic stainless
steels, (c) by the role of local spheroidisation in 'ringworm' corrosion of mild
steel and (d) by the role of manganese sulphide and other inclusions in the
pitting of mild steel.

Since corrosion is essentially a reaction between a metal and its environ-
ment, the very significant effect of crystal defects and metallurgical structure
on certain corrosion phenomena is to be expected. It is no more possible to



neglect the metallurgical aspects of a corrosion problem than it is to overlook
the environmental and electrochemical factors.

R. P. M. PROCTER
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