
8.4 Stress-corrosion Cracking of

High-tensile Steels

Introduction

There are many applications in which the yield strength of the material of
construction is a limiting factor in the design. For example a large propor-
tion of the weight of an offshore oil production platform consists of the
structure required to resist wave forces, with a relatively small proportion
being the 'topside' equipment which actually does the work. If the strength
of the material of the structure could be increased, this would allow the
structure itself to be made lighter, with the consequence that the weight of
the topside equipment could be increased. Thus materials offering high
strength-to-weight or strength-to-volume ratio are in high demand in many
fields of engineering. Steels can be produced with yield strengths above 2 000
MPa, and at first sight one might expect these to have widespread applica-
tion. Unfortunately things are not that simple, and as the yield strength of
materials is increased, so other mechanical properties tend to decrease. In
particular the materials become more susceptible to brittle fracture, espe-
cially when assisted by environmental factors such as hydrogen embrittle-
ment or stress-corrosion cracking. Stress-corrosion cracking failures of
high-strength steels have been observed in a wide range of environments, and
have been encountered in the chemical, petrochemical, oil, aircraft and
nuclear industries. The related problem of hydrogen-induced blister forma-
tion or hydrogen-induced cracking tends to be more of a problem in lower
strength steels used for crude oil transmission pipelines.

It is now well-established that high-strength steels are, with relatively few
exceptions, susceptible to embrittlement as a result of dissolved hydrogen,
and the majority of stress-corrosion cracking failures of these materials are
attributed to hydrogen embrittlement. This should not be taken to imply that
other mechanisms of stress-corrosion cracking do not occur. However, the
ease with which hydrogen can be picked up from aqueous environments
is such that other stress-corrosion cracking processes are rarely a practical
problem for high-strength steels.

Despite considerable developments in the study of stress-corrosion crack-
ing mechanisms in recent years, it remains difficult to draw a clear distinction
between those situations which involve hydrogen embrittlement, and those



which do not. It is often suggested that one can distinguish between dissolu-
tion and hydrogen embrittlement processes by way of the effect of applied
polarisation on the cracking. Unfortunately, the electrochemistry of iron is
complex, particularly in cracks, crevices and pits, and detailed study shows
that it is possible for hydrogen embrittlement to occur with applied anodic
polarisation.

A very thorough review of the hydrogen embrittlement of steels was pub-
lished in 1985'.

Hydrogen Embrittlement of High-strength Steels

Entry of Hydrogen into Steel

Hydrogen can enter steel either from the gas phase or, by way of the elec-
trochemical reduction of hydrogen-containing species, from the aqueous
phase.

Entry from the gas phase Several models have been proposed for the entry
of hydrogen from the gas phase, and the details of the process remain uncer-
tain. In general terms however, the reactions involved are the adsorption of
molecular hydrogen (or other gas such as hydrogen sulphide), the dissocia-
tion of the hydrogen molecule to produce hydrogen atoms adsorbed onto the
surface, and the subsequent diffusion of the adsorbed hydrogen atoms into
the metal lattice. For perfectly clean and film-free iron surfaces the rate-
controlling step in this process may be the dissociation step2. In more
realistic situations surface films, such as the air-formed oxide film, or the
presence of gases, such as oxygen, which adsorb competitively with hydro-
gen may play an important role.

Entry from the aqueous phase The mechanism of electrochemical produc-
tion of hydrogen on steel in aqueous solution has received much attention.
It is accepted that the reaction occurs in two main stages. The first of these
is the initial charge transfer step to produce an adsorbed hydrogen atom.
In acid solution this involves the reduction of a hydrogen ion:

H3O+ + e~ -> Hads + H2O

In neutral and alkaline solution, where the concentration of hydrogen ions
is very low, the reaction switches to the reduction of water molecules:

H2O + e~ -+ Hads + OH-

The second stage of the reaction to produce molecular hydrogen may occur
through either of two mechanisms. In the first of these, known as chemical
desorption or chemical recombination, two adsorbed hydrogen atoms com-
bine to produce a hydrogen molecule:

Hads + Hads -» H2

Alternatively the adsorbed hydrogen atom may participate in a second
electrochemical reaction, known as electrochemical desorption:



Hads + H3O+ + e~ -> H2 -h H2O (acid)

Hads -I- H2O + e~ -> H2 + OH ~ (neutral or alkaline)

For iron it is reasonably well established that the reaction goes by way of
chemical recombination under most circumstances, although there is some
evidence that electrochemical desorption may take over in very alkaline solu-
tions or at large overpotentials.

A third reaction, which goes in parallel with the desorption reaction, is the
entry of atomic hydrogen into the steel from the surface adsorbed state:

Hads ~* Hmeta,

In most circumstances the kinetics of this reaction are controlled by the rate
at which the hydrogen can diffuse into the underlying steel, and this reaction
is essentially in equilibrium. Consequently it is difficult to study the kinetics
of this reaction. A particular situation in which this may be very important
relates to the conditions at crack tips, where the hydrogen may be trans-
ported into the bulk by dislocation motion, giving rise to very high rates of
hydrogen entry.

As the hydrogen entry reaction is generally in equilibrium, the hydrogen
concentration just below the entry surface is directly related to the surface
concentration or coverage. Consequently the rate of entry of hydrogen into
the steel is controlled by the balance between the first and second stages
of the hydrogen evolution reaction, since these control the coverage of
adsorbed hydrogen. In the case of chemical recombination as the second
stage in the reaction, the rate of hydrogen evolution is proportional to
[Hads]

2 (since two adsorbed hydrogen atoms are involved in the reaction),
while the rate of hydrogen entry (or the equilibrium concentration just below
the surface, which is usually the controlling factor) is proportional to
[Hads]. Thus, as the cathodic current increases so the subsurface hydrogen
concentration (and hence the rate of hydrogen diffusion through a mem-
brane) increases as the square root of the cathodic current (assuming that
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Fig. 8.38 Hydrogen permeation current as a function of applied potential, showing effect of
change in reaction mechanism below — 120OmV (SCE) (after Obuzor2)



the current due to hydrogen entering the steel is small compared with that
due to hydrogen evolution, as is usually the case).

However, when the second stage in the hydrogen evolution reaction is
electrochemical desorption, the rate of this reaction is increased as the poten-
tial falls, and the adsorbed hydrogen concentration may remain constant or
fall, according to the detailed electrochemistry. This results in curves such
as that shown in Fig. 8.38 for steel in sodium chloride solution.

Whether the adsorbed hydrogen is produced from the gas phase or from
aqueous solution, it appears that the presence of hydrogen atoms distorts
the crystal structure of the metal surface4, and this results in a surface
solubility which is higher than that of the bulk. The depth of this distortion
is not clear, but it seems possible that the distorted zone may play an impor-
tant part in initiating brittle-fracture processes.

Location of Hydrogen in Steel

Hydrogen exists in metals in the monatomic form, and is commonly
described as atomic hydrogen. In practice the state of charge of the hydrogen
atom is not known with any certainty, but it seems probable that it tends
to acquire a slight negative charge by attracting electrons from the valence
orbitals of the metal lattice. It has been suggested that this results in a
weakening of the metal-metal bond which is responsible for hydrogen
embrittlement5.

Hydrogen has a very low solubility in the iron lattice, which makes direct
observation of the location of the hydrogen atom in the lattice very difficult.
The hydrogen definitely occupies an interstitial site in the bcc iron lattice.
Two such sites are normally associated with interstitial solutes in bcc struc-
tures, the tetrahedral and the octahedral sites (see Fig. 8.39). Indirect
evidence6 suggests that hydrogen occupies the tetrahedral site.

In addition to interstitial sites in the lattice, hydrogen atoms are also
strongly attracted to defect sites in the metal, and these are referred to as
'traps'. Trap sites include vacancies, solute atoms, dislocations, grain boun-
daries, voids and non-metallic inclusions. Of the various trap types in iron
and steel, vacancies are relatively unimportant at ambient temperatures,
simply because of their low concentration. Somewhat surprisingly it appears
that grain boundaries in pure iron also trap very little hydrogen, although
segregation of carbon and other impurity atoms to the grain boundary can
increase the tendency for trapping7. The more important trap sites in iron
and steel appear to be phase boundaries, dislocations, voids and inclu-
sions8. Trap types may be classified in various ways, two of the more
important being related to the number of hydrogen atoms which can be
accommodated in the trap and to the binding energy of the trap. These are
summarised in Table 8.3. It should be noted that the terms 'saturable' and
'reversible' are rather loosely defined in relation to hydrogen trapping. Thus
some workers take the view that reversible and non-saturable traps are the
same (since the equilibrium hydrogen content of the trap will vary with the
fugacity). Similarly the term 'reversible' is given a slightly different meaning
from that in electrochemical reaction kinetics, where it relates to the activa-
tion energy of a reaction, rather than the overall free energy change.



There are many ways in which trapping can be studied, but the wide range
of trap types and geometries make it difficult to determine the properties of
specific trap sites.

Hydrogen trapped in voids consists of adsorbed hydrogen on the walls of
the void, together with molecular hydrogen in the void itself. With high
fugacities of hydrogen in the steel, such as can be developed in steels in con-
tact with acidic solutions containing hydrogen sulphide, very high pressures
may be developed in the void. When combined with the hydrogen embrittle-
ment of the steel around the void, this can lead to the growth of cracks
around the void. Such cracks typically develop around non-metallic inclu-
sions which have been flattened by rolling, giving characteristic blisters lying
parallel to the rolling direction. This phenomenon is known as hydrogen-
induced cracking.

Classification

Saturable

Non-saturable

Reversible

Irreversible

Description

The number of sites for hydrogen atoms is fixed (e.g. boundaries,
dislocations).

The number of sites for hydrogen atoms in the trap varies according to
the fugacity (e.g. voids).

The trap binding energy is relatively small, and hydrogen may escape from
the trap as well as enter it.

The trap binding energy is large, and hydrogen will not leave the trap at
ambient temperature.

Fig. 8.39 Octahedral (a) and tetrahedral (b) sites in the bcc lattice

Table 8.3 Classification of trap types

(a) Tetrahedral Site (b) Octahedral Site



Fig. 8.40 Hydrogen permeation cell (schematic)

Transport of Hydrogen in Iron and Steel

As a small interstitial atom, hydrogen diffuses rapidly in iron, the diffusion
rate being of a similar order to that of solutes in aqueous solution.

The study of the transport of hydrogen in steel is commonly undertaken
by hydrogen permeation measurements. This involves the permeation of
hydrogen through a thin steel membrane (typically less than 1 mm thick).
Hydrogen entry may be from the gas phase or from solution, while the flux
of hydrogen through the membrane may be determined either by vacuum
extraction of the gas to a suitable detector, or, somewhat more simply, by
electrochemical oxidation of the hydrogen to hydrogen ions. The latter
method forms the basis of the electrochemical hydrogen permeation cell
developed originally by Devanathan and Stackurski9 and illustrated in
Fig. 8.40. This has subsequently been developed into a monitoring technique
by Berman etal.10, while Arup11 has developed a small self-contained sen-
sor using battery technology, shown in Fig. 8.41.

In permeation measurements the first signs of hydrogen diffusing through
1 mm steel membranes can be observed in a few minutes. The practical
measurement of diffusion parameters tends to be rather unreproducible,

Fig. 8.41 Permeation cell using battery technology (after Arup l l)
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because of the role of the various forms of trap, which tend to increase the
solubility of hydrogen in the steel, and thereby decrease the apparent diffu-
sion coefficient. For pure iron at temperatures above around 350 K, the
activation energy for diffusion is approximately 7.6kJ/mol, with D0 being
in the region of 1 to 2.5 x 10~7m Vs. At ambient temperatures the activa-
tion energy ranges from about 4 to 7 kJ/mol, with D0 ranging from about
0.5 to 1.2 x 10~7mVs. Diffusion coefficients at 298 K are thus about
7 xlO-9mVs.

The above data relate to very pure iron samples with low dislocation
densities. In real steels the trapping effects result in much lower apparent
diffusivities, which are dependent on the metallurgical state of the steel, as
well as its chemical composition. Typical values for the apparent diffusion
coefficient of hydrogen in high-strength alloy steel at room temperature are
in the region of 10"11 mVs.

Sources of Hydrogen

The thermodynamics of the reaction of iron with water are such that iron
is always thermodynamically capable of displacing hydrogen from water,
although the driving force is small at ambient temperatures, except in rea-
sonably strong acids. Thus iron does not suffer from serious corrosion in
oxygen-free neutral or alkaline solutions. However, rates of hydrogen evolu-
tion which are insufficient to cause significant corrosion may still produce
enough hydrogen to create a serious embrittlement problem for high-
strength steels. The hydrogen that is produced dissolves readily in the steel,
and remarkably small concentrations of hydrogen (less than 1 ppm) can
cause embrittlement. In addition to corrosion itself, many of the standard
chemical and electrochemical treatments employed to protect steel against
corrosion also tend to drive hydrogen into the steel. Some of the major
sources of hydrogen are reviewed below.

Welding Hydrogen introduced into welds produces a particularly acute
problem, as the weld and the heat-affected zone are inevitably regions of high
residual stresses, contain inherent defects and are frequently intrinsically
more brittle than the parent material. Thus it is important to minimise the
introduction of hydrogen into welds, even for lower strength steels. Gas
welding of steels using an oxyacetylene flame will inevitably introduce
hydrogen as a result of the hydrogen-containing gases in the flame. In theory
electric-arc welding, particularly if the arc is protected from atmospheric
moisture by inert gas shielding, will not introduce hydrogen. However, with
normal manual metal arc welding using flux-coated electrodes it is possible
for the flux coating to absorb moisture from the atmosphere, and this will
react with the molten steel to produce hydrogen. For this reason it is good
practice to store coated welding electrodes in an oven in order to drive off
any moisture (Section 9.5).

Acid Pickling This process is widely used for removing rust and millscale
from steel, or for removing internal scales from boilers. The objective of the
process is the dissolution of iron oxides or hydroxides or hardness scales, but
at the same time the iron will also tend to corrode in the acid, with hydrogen



evolution as the cathodic reaction. This leads to hydrogen entry into the
steel, which may lead to hydrogen embrittlement or blister formation due to
hydrogen-induced cracking.

As dissolution of the steel is normally an undesirable side effect of the
pickling process, resulting in loss of metal and wasteful consumption of
acid, it is normal practice to add inhibitors (usually referred to as 'pickling
restrainers') to the acid. Unfortunately many of these work by interfering
with the hydrogen recombination reaction, rather than the initial produc-
tion of adsorbed hydrogen atoms. This has the effect of increasing the sur-
face coverage by adsorbed hydrogen atoms, and consequently the rate of
entry of hydrogen into the steel is increased, even though the overall rate
of hydrogen production is reduced. For this reason it is most important
that pickling restrainers for use with high-strength steels should be tested
for their effects on the uptake of hydrogen as well as their efficiency as
inhibitors.

Degreasing and Cleaning Various processes can be applied for the removal
of grease and other contaminants prior to painting, electroplating or other
surface treatments. Degreasing in organic solvents (e.g. vapour degreasing)
is unlikely to generate significant quantities of hydrogen unless the fluid is
contaminated with water or other species, such as hydrogen chloride, capa-
ble of liberating protons. Cleaning in aqueous alkali without applied polar-
isation is also unlikely to introduce much hydrogen, although any tendency
for pitting corrosion due to chloride contamination could give rise to local
problems. Cathodic cleaning, in which hydrogen is deliberately evolved on
the steel, is clearly undesirable.

Electroplating Electroplated metal coatings provide a convenient and
effective means of protecting steel against atmospheric corrosion, with zinc
and cadmium being particularly useful because of their ability to provide
sacrificial protection to the steel substrate at breaks in the coating. Unfor-
tunately, all metal deposition processes require the application of potentials
at which hydrogen evolution is possible (in theory it would be possible to
deposit copper and more noble metals above the hydrogen evolution poten-
tial, but as this would also be a potential at which iron would dissolve
anodically, this would not produce good deposits). Thus the electrodeposi-
tion of coatings almost inevitably introduces hydrogen into the metal. The
majority of electrodeposited coatings on iron are much less permeable to
hydrogen than iron, the major exceptions to this being other bcc metals, with
chromium being the only example in widespread use (although even here
chromium is generally used with an undercoat of nickel or copper, which will
act as a barrier). Consequently most of the hydrogen uptake occurs in the
early stages of the deposition process, before a complete coverage of the
coating metal has been achieved, and the start of the deposition process is
particularly critical in determining the amount of hydrogen absorbed.
Clearly the highest possible ratio of metal deposition rate to hydrogen
generation rate is required in this period, and this tends to be favoured by
high current densities. For this reason (among others) a high current density
'flash' deposit of metal is often used as the first stage of a two-stage plating
scheme. Bath composition is also important in controlling the entry of
hydrogen into the steel.



Once high-strength steel components have been electroplated, it is possible
(and often mandatory) to reduce the damaging effects of the hydrogen by
baking at around 20O0C. In part this serves to allow hydrogen to diffuse
through the coating and out to the atmosphere, but the redistribution of the
remaining hydrogen within the steel, reducing damaging local high con-
centrations, is probably also an important part of this de-embrittlement
treatment.

A very important area of use for electroplated high-strength steels is
fasteners and other high stress components in aircraft. These are generally
protected by cadmium plating, although the toxicity of cadmium and its
compounds is giving rise to a search for alternatives. In this application the
avoidance of hydrogen embrittlement is clearly essential, and as a result a
wide range of standard procedures and tests for cadmium plating of high-
strength steels are available as civil or military specifications and codes of
practice12.

Phosphating Phosphating, which is widely used as a pretreatment for steel
prior to painting, involves the controlled corrosion of the steel in acid solu-
tion, and inevitably leads to the uptake of hydrogen. By limiting the free acid
in the phosphating bath, and by introducing oxidising agents to raise the
working potential, the uptake of hydrogen may be reduced.

Painting Conventional paints are normally innocuous, but it seems possi-
ble that some modern water-based paints, particularly those applied by
cathodic electrophoresis, may introduce significant quantities of hydrogen
into the steel. Fortunately, these paints are generally stoved after applica-
tion, and this is effective in removing the hydrogen, which permeates very
easily through the paint film13. Additionally, these paints are applied pri-
marily to lower-strength steels in motor vehicle bodies and similar applica-
tions, and as far as the author is aware no problems have been experienced
in service. However, suitable tests would be advisable if it is intended to use
these processes with high-strength steels.

Paint strippers may give rise to hydrogen entry into steel, and in critical
applications, such as the treatment of aircraft components, commercial
paint strippers should be tested before use.

Corrosion in Service Most of the modes of hydrogen entry discussed above
involve a single brief charging period, and as a result are treatable, in that
the hydrogen can be removed by a suitable de-embrittlement treatment
(providing the embrittlement is not so severe that cracks are formed before
the de-embrittlement treatment can be applied). In contrast the entry of
hydrogen due to corrosion in service is generally continuous. Thus de-
embrittlement is not feasible, and the control of hydrogen embrittlement of
high-strength steels presents a much.more difficult problem.

In general hydrogen will enter steel during any corrosion process involv-
ing hydrogen ion or water reduction as one of the cathodic reactions. It is
frequently implied that the applied potential must be below the equilibrium
potential for hydrogen evolution before hydrogen entry into steel is possible.
However, for two related reasons this is not true. First, the equilibrium
potential for hydrogen evolution at a given pH is that potential at which
protons or water molecules at the metal-solution interface are in equilibrium

Mal



with molecular hydrogen at a partial pressure of 1 atmosphere. As the partial
pressure of hydrogen is reduced, so the equilibrium potential will increase,
in accordance with the Nernst equation, and even at potentials 200 mV above
the 1 atmosphere equilibrium potential there will be a significant concentra-
tion of hydrogen at the metal surface. Secondly, for high-strength steels the
matrix concentration of hydrogen required to cause embrittlement is very
small, as the hydrogen tends to concentrate at phase boundaries and other
trap sites. Thus hydrogen embrittlement has been observed in high-strength
steel in contact with gaseous hydrogen at pressures below 0.001 atm.

A second difficulty in predicting the effect of particular corrosion con-
ditions on the rate of hydrogen uptake by steel is the strong influence of
local conditions. For passive steel, where the corrosion potential is several
hundred millivolts above the 1 atm hydrogen equilibrium potential, one
would not expect problems of hydrogen embrittlement, and this is fre-
quently used as an argument against a hydrogen embrittlement mecha-
nism of stress-corrosion cracking in environments such as phosphate and
carbonate/bicarbonate. However, the local environment in pits, cracks or
crevices may be very different from conditions at the free surface. In par-
ticular, acidification may occur due to metal-ion hydrolysis (especially for
chromium-containing steels), and the potential in the localised corrosion
cavity may be considerably more negative than that measured at the free
surface. The net result is that the conditions within the cavity may be
favourable for hydrogen evolution, even though the free surface conditions
imply that hydrogen embrittlement is very unlikely.

In neutral saline environments, such as seawater, the rate of hydrogen
entry is controlled by (among other things) the applied potential. In this
case (and probably many others) the response observed, even at a smooth
surface, is not as simple as might be expected, largely because of changes
in the chemistry of the liquid in immediate contact with the steel. This
is indicated in Fig. 8.42 due to Earth and Troiano14, which shows the rate
at which hydrogen permeates through a steel membrane in response to a
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Fig. 8.42 Hydrogen permeation current as a function of applied potential, showing effect of
oxygen concentration and applied potential (after Barth and Troiano14)
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range of applied potentials. Similar behaviour has been observed in more
recent work which has taken account of the shielding effect of a crack or
crevice15, and this has shown that the effects of applied potential can be
explained on the basis of the local potential and pH in relation to the
hydrogen equilibrium potential. Figure 8.43 shows typical results obtained
in this work, and it can be seen that the hydrogen overpotential and the
rate of hydrogen entry into the steel increase with both anodic and cathodic
polarisation. Detailed prediction of the effect of applied potentials on the
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Fig. 8.43 Potential and pH in a simulated crevice, and effect on hydrogen permeation current
(after Taqi and Cottis15)



rate of hydrogen entry require very careful consideration of many factors,
including the exact composition of the solution (especially with respect to
the oxygen concentration), the geometry of the component (especially the
presence of any cracks or crevices) and the mass transport conditions. In
general terms, however, when considering the performance of steel in sea-
water it seems probable that slight cathodic polarisation to about -750
or -800 mV (SCE) may reduce the rate of hydrogen entry compared with
free corrosion conditions, because the increased pH obtained as a result of
the cathodic polarisation outweighs the lowered potential. Further decrease
in potential increases the rate of hydrogen entry down to about -1200 mV
(SCE), when electrochemical desorption takes over as the second stage of
the hydrogen evolution reaction, and at more negative potentials the rate
of hydrogen entry remains roughly constant.

In deaerated neutral salt solutions anodic polarisation of chromium-free
steel tends to lower the rate of hydrogen entry, as the fall in pH due to ferrous
ion hydrolysis is relatively limited, and cannot compensate for the increase
in potential. However, in aerated solution the ferrous ion can be oxidised
to ferric in solution by dissolved oxygen, and as ferric hydroxide is much
less soluble than ferrous hydroxide the pH can fall much lower. (This reac-
tion is a serious problem when trying to measure the solution pH in cracks
and crevices, and much of the early work which shows very acid pH values
in cracks in carbon steels is now known to be incorrect because this reac-
tion was allowed to occur between extracting the crack solution and mea-
suring its pH.) In addition to lowering the surface pH, it seems possible
that the precipitated film of ferric hydroxide/oxide also presents an ohmic
resistance, and may thereby allow the surface potential to become lower
than that measured in the bulk solution. It seems probable that the com-
bination of these two effects was responsible for the increase in permeation
current observed for anodic polarisation by Earth and Troiano14. Many
steels contain small, but significant concentrations of chromium, and it
should be appreciated that chromium concentrations of around 1% can
markedly increase the tendency for local acidification, owing to the much
stronger tendency for chromium ion hydrolysis.

As considerations such as those discussed above have become more
widely appreciated, it has become clear that it is quite difficult to specify
aqueous environments in which hydrogen entry into steel will occur at
a sufficiently low rate that the possibility of hydrogen embrittlement can
be discounted. The main candidates for such an environment are strong
alkalis and highly oxidising environments, such as nitric acid or nitrates,
which are free of species, such as chloride, which predispose to pitting or
crevice corrosion, and high temperature environments such as water at
25O0C (since the deleterious effects of dissolved hydrogen decrease at high
temperatures).

Effect of Hydrogen on Mechanical Properties

Elastic Constants While there is some evidence of small changes in the
elastic properties of steel as a result of dissolved hydrogenI6, these changes
are small, and of little practical consequence. This is perhaps to be expected



in view of the very low solubility of hydrogen in the iron lattice and the
small effect on the metal-metal bond strength.

Yield Stress The effect of hydrogen on the yield stress of iron and steels is
unpredictable. For very pure iron single crystals and polycrystals the yield
stress is frequently found to be decreased by hydrogen, but it may increase
or stay the same, depending on the dislocation structure, crystal orientation
and purity of the iron17. Little information is available for steels.

Plastic Behaviour The effect of hydrogen on the plastic behaviour of iron
and steel is somewhat complex, as hydrogen may harden or soften the mate-
rial, according to its structure and the mode of slip. On the basis of work
on single crystals of pure iron Lunarska17 has concluded that segregation of
hydrogen around dislocations decreases their elastic stress fields. At room
temperature (where the rate of diffusion of hydrogen is sufficiently high that
it can keep up with a moving dislocation) this leads to a softening of single
crystals when only one slip system is operative. The hydrogen also suppresses
cross-slip of screw dislocations, and this results in increased work hardening
when multiple slip systems are active. Lunarska also notes that 'the presence
of residuals (even at very low concentration) can drastically change all of
these effects'.

It is partly because of the variable effect of hydrogen (giving both soft-
ening and hardening, according to the nature of the slip) that the extra-
polation of model experiments on very pure iron to predict the behaviour
of commercial materials is so difficult. It is further hindered by the ability
of dissolved hydrogen to modify the dislocation structure of a straining
material.

Brittle Fracture Processes By far the most important impact of dissolved
hydrogen on the mechanical properties of steels and particularly high
strength steels is the production of brittle fracture where the steel would
normally behave in a ductile fashion. If a steel contains dissolved hydrogen
this can result in immediate fracture at stresses approaching the fracture
stress in the absence of hydrogen, or it may result in delayed failure at lower
stresses (Fig. 8.44). The latter behaviour is most pronounced fpr tensile tests
on notched or pre-cracked specimens, as the stress field around the notch or
crack creates a high triaxial stress which dilates the metal lattice and tends
to attract hydrogen from other parts of the specimen.

Some typical properties of common steels when exposed to environ-
ments supplying hydrogen are presented in Table 8.4. This table is pre-
sented to illustrate the order of magnitude of hydrogen embrittlement
effects, and it is important to appreciate that the heat treatment and mech-
anical processing of a particular material, as well as the exposure condi-
tions, can markedly affect its resistance to hydrogen embrittlement. Many
of the data presented in this table have been extracted from the reviews of
Sandoz18 and Mclntyre19, to which the reader is referred for further infor-
mation. One useful fact which is indicated by the data in Table 8.4 is the
good hydrogen embrittlement resistance of maraging steels when used some-
what below their ultimate capability. These data also illustrate the general
result that a given steel will usually have a greater susceptibility to hydrogen
embrittlement as it is tempered to a higher strength.



* The failure time presented is the approximate time to failure at an applied stress of 75% of the yield stress of the material.

The Influence of Microstructure and Composition

The influence of the composition and metallurgical structure of steels on
their susceptibility to hydrogen embrittlement has been discussed from a
theoretical basis by Bernstein and Pressouyre5. They considered the nature
of the various trap sites in the steel, both with respect to their tendency to
accumulate hydrogen, and their sensitivity to fracture in the presence of
hydrogen. This approach seems to offer considerable potential in designing
alloys for hydrogen resistance without sacrificing other properties, although
with our current knowledge the methods are probably more relevant for the
rationalisation of results.

As a general rule the damage due to dissolved hydrogen tends to become
more severe as the strength of the steel increases. In part this may be asso-
ciated with the greater resistance of the stronger material to plastic defor-
mation, which facilitates the transition to brittle behaviour. In addition the
size of the crack-tip plastic zone, which defines the size of the region to
which hydrogen is attracted, is inversely proportional to the yield strength
of the material. Hence, for the stronger steels a given amount of dissolved
hydrogen will be concentrated into a smaller region, and will therefore have
a more damaging effect. However this general effect of strength level does not
explain all aspects of hydrogen embrittlement of high strength steel, and
steels with the same mechanical properties may be affected by hydrogen in
quite different ways as a result of their different microstructures.

A particularly important aspect of the microstructural state of the steel is
the condition of the grain boundary. As noted in above, 'pure' grain boun-
daries do not act as major sites for the trapping of hydrogen, but it is clear
that impurity segregation and carbide precipitation at the grain boundary
may significantly modify its behaviour. Thus it is now widely recognised that
there is a strong link between various forms of temper embrittlement and
hydrogen embrittlement, and quite small changes in tempering treatment can
give large variations in hydrogen embrittlement resistance20'21.

On a more positive note, it seems clear that steels can be made more
resistant to the effects of hydrogen by incorporating as many strong, finely
dispersed traps in the microstructure as is possible, while ensuring that
there are no continuous trap sites (such as embrittled grain boundaries).

Material

HY130
30OM
4340
4340
4130
4130
18Ni maraging steel
18Ni maraging steel
18Ni maraging steel

Yield stress
(MPa)

900
1600

1400-1800
<1400
1300
1050
1900
1500
1200

Failure time*
•00

no failure
40-150

400
10000

no failure

K1

(MPa Vm)

130-170

40-100
180
160

^Iscc.
(MPa Vm)

60-140
115
20

30-80
30

120
5-35

40-100
120

Plateau velocity
(m/s)

5 X 10~8

10~8

io-5-io~2

io~6-io-4

io"-5

Table 8.4 Typical properties of common high-strength steels in salt solutions



This may explain the better resistance of steels hardened by cold-working
compared with quenched and tempered steels22. Whatever the reason, this
effect is particularly fortunate in the production of prestressed concrete,
where cold-drawn pearlitic (or 'patented') wires give high strength levels
(around 1 700 MPa) with good resistance to hydrogen embrittlement. In this
particular case it is probably also important that most of the phase boun-
daries in the structure lie parallel to the tensile axis, allowing them to collect
large quantities of hydrogen without serious detriment to the performance
of the wire.

Similarly it seems that retained austenite may be beneficial in certain cir-
cumstances23, probably because the austenite acts as a barrier to the diffu-
sion of hydrogen, although in high concentrations (such as those obtained
in duplex stainless steels) the austenite can also act as a crack stopper (i.e.
a ductile region in the microstructure which blunts and stops the brittle
crack).

Theories of Hydrogen Embrittlement

Despite the major technical importance of hydrogen embrittlement, and
the wealth of research work on the subject, the mechanism (or perhaps
mechanisms) of hydrogen embrittlement remains uncertain. Much of the
book edited by Oriani, Hirth and Smialowski1 is concerned with mech-
anistic aspects of hydrogen embrittlement, and the reader is referred in
particular to the summary by Thomson and Lin24.

In considering hydrogen embrittlement mechanisms it is important to keep
in mind the concentration of hydrogen in the steel, as matrix concentrations
are very low, typically of the order of one hydrogen atom for every 106 iron
atoms. It is very difficult to see how such small amounts of hydrogen can
modify fracture properties so markedly, and it must be supposed that
hydrogen present in traps or possibly in surface layers (where the solubility
may be markedly increased4) is the main cause of embrittlement. Thus
realistic mechanisms of hydrogen embrittlement will be based on the effect
of hydrogen on dislocation behaviour, on the effect of hydrogen at phase
boundaries or grain boundaries or on the effect of hydrogen at the metal
surface. It might be argued that the role of triaxial stress is to concentrate
the hydrogen in the lattice to such a level that it can affect the mechanical
behaviour of the steel, but very large concentration factors would appear to
be necessary, and in any case the trap sites will presumably still contain much
more hydrogen.

Steels are normally ductile at ambient temperatures, although they are
often close to brittle behaviour, as is indicated by the ductile-brittle transi-
tion temperature. If the conditions at the tip of a sharp crack are considered,
it can be seen that brittle fracture will occur if it is easier to break the atomic
bond at the tip of the crack than it is to emit a dislocation to blunt the crack
(see Thompson and Lin24). As dislocation emission is more temperature
sensitive than the bond strength it becomes more difficult at low tempera-
tures and brittle fracture occurs. The very severe effects of hydrogen on the
performance of steels can be attributed to its role in allowing brittle fracture



at ambient temperatures. On the basis of these concepts two possible effects
of hydrogen can be identified:

1. Hydrogen can decrease the strength of the metal-metal bond, thereby
facilitating brittle fracture. Both the decohesion and surface energy
models are based on this premise.

2. Hydrogen can increase the stress required to emit dislocations from the
crack tip, thereby making ductile fracture more difficult.

It should be appreciated that these effects are not mutually exclusive.
A third mode of action of hydrogen assumes that the fracture remains

inherently ductile, but that the deformation becomes highly localised,
thereby markedly reducing the critical strain energy release rate.

In considering the various theories it is also apparent that many of them
may be considered as alternative descriptions of essentially the same physi-
cal process, or as descriptions of parallel processes which collaborate in the
failure. Thus a complete description of hydrogen embrittlement in a given
situation will almost inevitably incorporate aspects of several of the follow-
ing theories.

The Pressure Theory The earliest theory of hydrogen embrittlement was
probably the planar pressure theory advanced by Zappfe and Sims25 in
1941. This essentially proposes that the effect of hydrogen is to create very
high pressures of hydrogen gas in voids and other defects within the metal,
thereby assisting in the fracture of the steel. While this is an important
aspect of the blistering of steel by hydrogen-induced cracking, it cannot
of itself explain the hydrogen embrittlement of high-strength steels, where
fracture may occur in steel in equilibrium with hydrogen at very low pres-
sures26. Some concentration of hydrogen may occur as a result of disloca-
tion transport, but it is difficult to see how significant internal pressures can
be generated by hydrogen entering from an external pressure of 0.001 atm.

Decohesion Theories The decohesion models proposed by Troiano, Oriani
and others27"29 suggest that the role of hydrogen is to weaken the inter-
atomic bonds in the steel, thereby facilitating grain boundary separation or
cleavage crack growth. In view of the very low hydrogen concentration in the
matrix it is necessary for some method to exist by which the hydrogen can
be concentrated at the site of the fracture. For cracking along phase or grain
boundaries this can be explained in terms of the trapping of hydrogen at the
phase boundary. It is a little more difficult to see how transgranular cracking
can be explained; processes which have been invoked include the concentra-
tion of hydrogen at the region of triaxial tensile stress at the crack tip and
local high concentrations of hydrogen being generated by reaction or adsorp-
tion at the crack tip.

Surface Energy Theories Surface energy theories were first proposed by
Fetch and Stables30. By lowering the surface energy of the newly-formed
crack, the hydrogen reduces the stress intensity required for brittle fracture.
As with the decohesion models, surface energy models only seem reasonable
for the case of hydrogen derived from surface layers or grain boundaries,
since the hydrogen adsorption must occur at the same time as the fracture



event in order for the reduction in surface energy to be effective in lowering
the energy required for fracture.

Hydride Formation In some systems, notably titanium alloys, hydrogen
embrittlement has been attributed to the formation of brittle hydride phases
at the crack tip. This has been postulated by Gahr etal.31 as a mechanism
of hydrogen embrittlement of niobium. While there is little evidence for
hydride formation in steels, it can be argued that hydrides would be unstable
and would dissolve as soon as the crack had propagated through them. In
view of recent evidence of significant structural rearrangement of steel sur-
face containing chemisorbed hydrogen4, the possibility should also be con-
sidered of the induction of cleavage by a brittle surface film, similar to the
film-induced cleavage model of stress-corrosion cracking32.

Local Plasticity Theories Various workers have suggested that hydrogen
acts by reducing the stress required for dislocation motion. This follows
observations by several workers (summarised by Morgan and McMahon33)
of enhanced dislocation motion in thin films exposed to hydrogen. More
recently Lynch34 has proposed that fracture by hydrogen embrittlement
involves very fine scale ductility. He found very similar fractography for
liquid metal embrittlement and hydrogen embrittlement, and proposed that
both processes involve the facilitation of dislocation emission at the crack
tip. Thus the crack growth occurs by an extremely localised plastic deforma-
tion at the crack tip.

Of the various theories, those based on decohesion appear to give the
most satisfactory explanation of the more common case (for high-strength
steels) of intergranular hydrogen embrittlement. Transgranular hydrogen
embrittlement is somewhat more problematic, with the most critical test
probably being the explanation of the effects of hydrogen at relatively low
matrix concentrations. A decohesion process may be supported by con-
sideration of such factors as dislocation transport and the concentration of
hydrogen at regions of high triaxial tension, but local plasticity and the
effects of surface 'hydride' films may also explain the observed behaviour.

Hydrogen Embrittlement Tests

There are several classes of test for hydrogen embrittlement, according to
the application. Three general types of mechanical test can be identified,
together with chemical and electrochemical tests intended to determine
the hydrogen content of steels or the rate of entry of hydrogen from an
environment.

Constant Stress Tests The simplest test for hydrogen embrittlement
involves applying a constant stress to a specimen. This can be applied both
to the testing of samples that already contain hydrogen (e.g. as a result
of electroplating) and to the testing of samples in environments causing
hydrogen entry. The specimen may take various forms (see the section on
tests for stress-corrosion cracking), but is commonly a tensile specimen.
Particularly where the test is being used to examine the effect of dissolved
hydrogen already present in the steel, the specimen can be notched, in order



to develop a region of triaxial stress at the tip of the notch which will tend
to concentrate hydrogen.

When a constant stress test of a notched specimen is being used for the
evaluation of samples containing hydrogen it is commonly referred to as a
sustained load test, although the terms stress rupture and static fatigue are
also used in the older literature. The results of a typical sustained load test
are shown in Fig. 8.44. At a stress which is frequently (though not neces-
sarily) below the notch tensile strength for hydrogen-free material the speci-
men will fail instantaneously as a result of the damaging effect of the uniform
hydrogen concentration in the steel. At lower stresses delayed failure occurs
as hydrogen diffuses to the region of triaxial stress at the tip of the notch.
Eventually, as the stress is reduced, the quantity of hydrogen in the neigh-
bourhood of the notch is insufficient to cause failure, and a critical or thres-
hold stress is reached. The behaviour of a steel sample in this test is a
function of both the material and the hydrogen concentration, with an
increase in hydrogen concentration giving instantaneous failure at lower
stresses, shorter times to failure and a lower critical stress. Testing at lower
temperatures will give longer failure times, since the rate-controlling process
is hydrogen diffusion, but the critical stress will go down, as the intrinsic
tendency of the steel to brittle rather than ductile failure is increased. At
elevated temperatures hydrogen may be lost by degassing and by trapping,
and in this case the critical stress will increase. The failure stress is also
strongly influenced by the notch tip radius, with a smaller radius giving
shorter times to failure and failure at lower stresses. This can be explained
in terms of the size and intensity of the region of triaxial stress at the notch
tip, with a sharper notch giving a smaller triaxial region, which can develop
a higher hydrogen concentration in a given time. Because of the difficulty
of obtaining a reproducible notch tip geometry the sustained load test tends
to give rather scattered results. Smooth specimens can be used for sustained
load testing, but in this case the defects responsible for local hydrogen
concentration will typically be surface or near-surface non-metallic inclu-
sions, and the chance organisation of these will give highly scattered results.

Notch Tensile Strength

Increasing
Hydrogen
Content

Threshold Stress

Log Time to Failure

Fig. 8.44 Typical results of static load tests
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Smooth specimen results will also tend to be non-conservative, as the major-
ity of real components are liable to contain stress concentrators of one form
or another.

In addition to testing for the effects of pre-existing hydrogen in the steel,
sustained load tests can also be used to test for the effect of hydrogen entering
from the environment. Both smooth and notched specimens can be used. At
short times the results obtained will differ from those for steels containing
dissolved hydrogen, since time will be required for the hydrogen to enter the
steel. However this time can be very short, since hydrogen can diffuse about
10 /mi in Is, and failure times of the order of seconds can be obtained for
severe environments and loading conditions. For tests at ambient temper-
ature it is found that the critical stress is reached fairly quickly, and it is
generally found that failures will occur within a month of exposure of the
samples. This provides something of a problem in relating service behaviour
to laboratory tests, since service failures are often observed after much
longer exposure times. This may be a result of variations in exposure condi-
tions in service or it may be associated with the need to develop initiating
defects by pitting corrosion or similar processes. Whatever the cause, it does
lead to the conclusion that sustained load tests cannot be used to predict
service life with any accuracy.

Controlled Strain-rate Tests Controlled strain-rate tests were first devel-
oped by Parkins (see Ugiansky and Payer35) for the study of stress-
corrosion cracking. These took the form of constant strain-rate tests (also
known, perhaps more accurately, as constant extension-rate tests). Since
then alternative forms of test have been developed to modify the conditions
under which the specimen is exposed.

The slow strain-rate test is based on the principle that stress-corrosion
cracking processes are normally dependent on plastic strain in the mate-
rial. By extending the specimen very slowly any stress-corrosion cracking
phenomena are given every possible opportunity to occur, hence the slow
strain-rate test can quickly reveal any tendency to cracking in a given
metal-environment combination. A particular advantage of the slow strain-
rate test is that failure of the specimen will always occur in a reasonable time,
if only by normal ductile fracture processes. Test durations clearly depend
on the strain rate and the ductility of the metal, but typical test durations
for steels in hydrogen embrittling environments are around one week. In
addition to providing a rapid indication of the possibility of stress-corrosion
cracking in a particular system, the slow strain-rate test can also be used to
study the effect of material and environmental factors on the susceptibility.
For example Fig. 8.45 shows the effect of environment composition and
tempering temperature on the reduction in area obtained for tests on a
quenched and tempered steel in various aqueous solutions. The minimum in
the reduction in area which can be seen for tempering temperatures of 35O0C
provides evidence of the interaction between hydrogen embrittlement and
temper embrittlement.

While the conventional slow strain-rate test offers many benefits, it does
suffer from a tendency to overstate the susceptibility of materials to hydro-
gen embrittlement. Thus structural steels of modest strength will fail even
under conditions giving relatively low rates of hydrogen entry. This is



Tempering Temperature (0C)

Fig. 8.45 Variation of reduction in area as a function of tempering temperature (after
Johnston et a/.21)

because the enforced plastic deformation provides a very severe test con-
dition, which may not be reproduced in service when relatively low stresses
are applied to components. This problem is partly addressed by the sustained
load test, but this may be unduly mild, as there will be no plastic strain in
the specimen once the initial creep strain has died away. In order to provide
a test with intermediate severity, Erlings etal.36 developed a test which
exposes the specimen to a quasi-constant strain rate, but at the same time
keeps the specimen within the elastic range. This involves prestraining a slow
strain-rate specimen up to the yield stress. Then the specimen is exposed to
a regular cycle, the stress being reduced (typically) to 90% of the yield stress,
slowly strained to 95% of the yield stress, then dropped back to 90%. This
test is proposed as a part of a sequence of tests, starting with the low-cost
slow strain-rate test, for the qualification of materials for service, as indi-
cated in Fig. 8.46.
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Fig. 8.46 Hydrogen embrittlement test strategy

Another modification to the slow strain-rate test involves the superimposi-
tion of a low amplitude sine wave ripple on the slow uniform extension
(Fig. 8.47). In effect this produces higher strain rates (which appear to be
more damaging for hydrogen embrittlement), while still giving a long test
duration, with adequate time for the accumulation of hydrogen in the
steel37.

Fracture Mechanics Tests One problem of both sustained load and slow
strain-rate tests is that they do not provide a means of predicting the
behaviour of components containing defects (other than the inherent defect
associated with the notch in a sustained load test). Fracture mechanics pro-
vides a basis for such tests (Section 8.9), and measurements of crack velocity
as a function of stress intensity factor, K9 are widely used. A typical graph
of crack velocity as a function of Kis shown in Fig. 8.48. Several regions may
be seen on this curve. At low stress intensity factors no crack growth is
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Time

Fig. 8.47 Strain-time history for 'ripple' test (schematic)

observed until a threshold stress intensity factor, Klxc9 is reached. Typically
Khcc is fairly insensitive to the rate of hydrogen entry into the steel (as the
crack is not growing at a significant rate, hydrogen will eventually
accumulate at a sufficient concentration at the crack tip, whatever the rate
of entry). As the stress intensity factor increases above Khcc the crack
growth rate increases rapidly, until a plateau crack velocity is attained. The
plateau velocity is a function of the rate of hydrogen entry, and the plateau
is usually attributed to the availability of hydrogen at the crack tip being the
rate-limiting factor. Finally the crack velocity increases again as the stress
intensity factor approaches the critical stress intensity factor for fast frac-
ture, Klc. In this region the fracture consists partly of ductile tearing and

Plateau Crack Growth

Log Stress Intensity Factor (MPa\^m)

Fig. 8.48 Stress-corrosion crack velocity as a function of applied stress intensity factor
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partly of hydrogen embrittlement, with the hydrogen assisting the fracture
of the tougher areas in the metal.

The above discussion has assumed that the crack is loaded in mode I (the
crack opening mode, with a tensile stress normal to the plane of the crack).
Hydrogen has relatively little effect in modes II or III, as these generate shear
stresses at the crack tip, rather than tensile stresses, and the shear behaviour
of steels is relatively little affected by hydrogen, presumably because dilation
of the lattice at the crack tip (which does not occur in modes II and III) is
required for hydrogen accumulation.

Controlling Hydrogen Embrittlement in Service

Clearly there are two major ways in which hydrogen embrittlement can be
controlled in service; either the hydrogen content of the steel can be reduced
(by limiting the rate of entry or by baking to remove existing hydrogen), or
the steel can be made more resistant to hydrogen.

Reduction of Hydrogen Content Pre-existing hydrogen in steel, intro-
duced by electroplating or other processing, can be reduced by a suitable
de-embrittlement treatment, as discussed above. A more difficult problem is
the limitation of hydrogen entry in service. The feasibility of controlling
hydrogen embrittlement in this way will clearly depend on the application,
and in particular on the source from which the hydrogen is entering the
steel. Thus hydrogen pickup from acid pickling can be reduced by the use
of appropriate inhibitors, and de-embrittlement treatments can be used after
pickling. In contrast hydrogen entry into components in an electrical gene-
rator using hydrogen as the cooling gas cannot easily be modified.

In general preventing the entry of hydrogen from the gas phase is liable
to be difficult. Inhibition is possible; for example small quantities of oxygen
can markedly reduce the rate of hydrogen uptake, presumably as a result of
blocking active sites on the metal surface. Similarly ethylene gas will react
with adsorbed hydrogen atoms, thereby preventing them from diffusing into
the steel. However, there will be few cases in which it is permissible to modify
the environment in this way (adding oxygen to hydrogen will certainly cause
some concern). Organic coatings will not generally be very effective in reduc-
ing hydrogen entry, since these are usually rather permeable to hydrogen.
Furthermore, such coatings are usually susceptible to local damage. Metal
coatings may offer some reductions in hydrogen entry, as most close-packed
metals have a significantly lower diffusion coefficient for hydrogen than iron,
although this is partially compensated for by a higher solubility.

In aqueous solutions it becomes somewhat more feasible to modify the
entry of hydrogen into the steel. This can be achieved by the addition of
inhibitors to the solution, by control of the electrochemical potential of the
metal and by coatings.

In situations such as the acid pickling of steel or the use of steel pipes to
handle sour oil streams, the use of suitable inhibitors can give a significant
reduction in hydrogen entry. In this context it is important to emphasise that
the efficiency of an inhibitor in reducing hydrogen entry is not the same as
its efficiency in reducing corrosion. Thus arsenic and antimony compounds



are effective inhibitors of corrosion of steel in acid, but they achieve this
by inhibiting the hydrogen recombination reaction, thereby increasing the
rate of hydrogen entry into the steel. In contrast the addition of chloro-
platinic acid to a solution will increase the corrosion rate by accelerating
the hydrogen evolution reaction. However a part of this acceleration arises
because the hydrogen recombination reaction is catalysed by the particles of
platinum which are deposited on the surface by an exchange reaction. As
a result chloroplatinic acid acts as an inhibitor of hydrogen entry. This can
be seen in Fig. 8.45, where the addition of chloroplatinic acid to a 3.5%
sodium chloride solution has increased the reduction in area for a given heat
treatment. Clearly this is impractical for service use, but several organic
inhibitors are available which are effective in reducing both corrosion and
hydrogen entry into the steel.

The electrochemical potential has a direct influence on the entry of hydro-
gen into steel from aqueous solutions, and control of potential represents
an obvious way to control hydrogen uptake. Unfortunately the effect of
potential on hydrogen entry is complex, and is strongly dependent on solu-
tion composition. For example, as has been discussed above, it has been
shown14 that anodic polarisation of steel in salt solution will give an
increased rate of hydrogen entry in aerated solution, but negligible entry in
deaerated solution. The situation becomes even more complex in passivat-
ing environments, especially where pitting or crevice corrosion can occur. As
a generalisation, for aerated neutral salt solutions the optimum potential for
minimum hydrogen uptake appears to be slightly below typical free corro-
sion potentials, a typical value for seawater being around -750 to -800 mV
(SCE). This potential is also sufficient to reduce corrosion rates, but it gives
very little margin for potential differences over the structure being pro-
tected. Potentials much below -900 mV will undoubtedly increase the rate
of hydrogen entry, and in view of the hazards involved in overprotection, the
deliberate application of cathodic protection to high-strength steel structures
is probably best avoided.

As in gaseous environments, metal coatings can reduce the rate of hydro-
gen entry by acting as a low-permeability barrier. In addition, the coating
metal may also modify the electrochemical properties at the metal-solution
interface, as in the case of traces of platinum derived from chloroplatinic
acid. For application in seawater and other neutral salt solutions, zinc and
cadmium probably offer the best combinations of properties, having low
exchange current densities for hydrogen evolution and relatively low hydro-
gen permeabilities. In the event that part of the steel substrate is exposed
by mechanical damage, a zinc coating has a rather low corrosion potential
in seawater, and may be expected to give rapid hydrogen entry. However
cadmium gives a potential which is around that at which the minimum rate
of hydrogen entry is observed, and is highly recommended as a coating
material for high strength steels. Unfortunately, there are moves to phase
out the use of cadmium as a result of the toxicity of cadmium compounds.
Proposed schemes for 'cadmium replacement' should be examined care-
fully for their effect on hydrogen embrittlement as well as their corrosion
performance.

Organic coatings such as paints are also effective in reducing the corro-
sion of steel, but as with inhibitors it is not certain that this will also mean



that the rate of hydrogen entry is reduced. Organic coatings are typically
rather permeable to water, and it is possible for this to be reduced to
hydrogen. Whether this hydrogen subsequently enters the steel will depend
on the characteristics of the coating-steel interface, and little is known about
this. It is recommended that suitable tests should be performed before using
organic coatings for protection of high-strength steels.

Increasing Resistance of Steel For a given steel the hardness will play
a major part in determining its resistance to hydrogen embrittlement,
but other factors are also significant. Thus it is particularly important to
obtain an appropriate microstructure, without any temper embrittlement or
other deleterious features (see above). Where possible the use of work-
hardened ferritic-pearlitic structures will probably give better performance
than quenching and tempering, providing the stress is applied parallel to the
working direction.

In particularly severe conditions it may be found necessary to use
austenitic steels, such as stainless steels from the 300 series. The/cc struc-
ture of austenite is inherently more ductile than bcc ferrite, and it is there-
fore less liable to switch to brittle modes of fracture in the presence of
hydrogen. Additionally the permeability of austenitic steels is less than
that of ferritic. The common commercial grades of austenitic stainless
steel tend to be rather marginal in respect of the stability of the austenite
phase, and they are therefore susceptible to the formation of martensite by
strain-induced transformation. This martensite is susceptible to hydrogen
embrittlement, and it is therefore important to ensure that steels used for
hydrogen service have sufficient austenite-stabilising elements, primarily
nickel. This is illustrated in Fig. 8.49, where the effect of nickel content on
the residual ductility in hydrogen is presented38. Below about 10% Ni there
is a strong tendency to strain-induced martensite formation, and low residual
ductilities are observed. Once the austenite becomes fully stable, however,
there is hardly any loss in ductility due to hydrogen.

Prediction of Behaviour An important aspect of the use of materials in
aggressive environments is the prediction of service life, such that planned
maintenance procedures can be used. A typical approach that might be sug-
gested for steels in conditions where hydrogen embrittlement can occur is to
assume a maximum possible defect in the structure, usually based on the
expected capabilities of the inspection system. Using a suitable relationship
for the crack velocity as a function of stress intensity factor, the time to
failure is calculated by integrating from the initial defect size up to that
necessary for fast fracture. While this method is attractive in theory, in prac-
tice it is liable to be rather unproductive for high-strength steels. The reason
for this is that typical plateau crack velocities for hydrogen embrittlement
are very high (between 10~6 and 10"2 m/s), and the transition from Klscc to
the plateau occurs over a rather small range of stress-intensity factor. Thus,
unless the initial defect happens to give a stress-intensity factor fractionally
above Klscc9 this calculation will predict either no failure or a very short
life (even 10~6 m/s corresponds to a crack velocity of 3.6 mm/h). Currently
the understanding of the failure of components by hydrogen embrittlement
after long periods in service remains somewhat limited, but in many cases it
seems probable that pitting corrosion plays an important part in the slow
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Fig. 8.49 Effect of nickel content on residual ductility of austenitic stainless steels (after

Caskey38)

crack initiation process. Thus prediction of life in hydrogen embrittlement
conditions should be concerned with initiation processes in addition to the
crack growth above A:ISCC, although there is not yet a sufficiently clear
understanding of the initiation processes for this to be a productive exercise.

Stress-corrosion Cracking by 'Non-hydrogen' Mechanisms

As indicated by the discussion above, the major stress-corrosion failure
mode for high-strength steels is hydrogen embrittlement. To some extent
this is probably because of the very marked sensitivity of these materials to
hydrogen, which tends to mask any susceptibility to stress-corrosion crack-
ing by other mechanisms. Additionally, other forms of stress-corrosion
cracking frequently require more plastic strain than can readily be achieved
with these high-strength materials. The reader is therefore referred to the
section on the stress-corrosion cracking of lower-strength steels (Section 8.2)
for a discussion of environments in which high-strength steels may suffer
from stress-corrosion cracking (providing hydrogen does not cause failure
first). In assessing the role of hydrogen in a particular stress-corrosion crack-
ing process, it is important to be fully aware of the complexities of the
chemistry of iron in aqueous solutions, and in particular the possibility of
hydrogen entering the steel in electrochemical conditions which nominally
imply an underpotential for hydrogen evolution.

Commercial Alloys

High-Purity Alloys
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Corrosion Fatigue

Crack Propagation

The large majority of fatigue work in recent years has been concerned with
the growth of cracks in the regime where the crack can be described by
fracture mechanics criteria such as the stress intensity factor range, &K (Sec-
tions 8.6 and 8.9). In many ways the corrosion fatigue crack growth
behaviour of high-strength steels can be described as a combination of the
corrosion fatigue of lower-strength steels superimposed on the hydrogen
embrittlement of the higher-strength material. Thus two regimes of
behaviour can usually be detected (once above the threshold stress intensity
factor range, which is discussed further below).

At values of Kmax below Khcc the crack grows by 'pure' corrosion fatigue
processes similar to those observed with lower-strength steels. The enhance-
ment of crack growth in this region is usually relatively small compared with
tests in air, typically around 3-10 times for aqueous environments, falling
to near-zero close to the fatigue threshold. Typical behaviour for HY130 is
shown in Fig. 8.50 due to Vosikovsky39. This figure also shows the effect of
load cycle frequency, and the transition from little effect of hydrogen at 10
Hz to large effects at frequencies of 0.1 Hz and below is typical. The region
of frequency-independent growth rate at lower &K is somewhat less repro-
ducible. It should be noted that HY130 has particularly good properties for
its strength, and Khcc for the conditions shown in Fig. 8.50 is estimated as
greater than 110 MPaVm. It should also be noted that Fig. 8.50 shows
results for tests at an applied cathodic potential of -1.03 V (SCE), and the
effect of hydrogen embrittlement at higher &K and low frequency is rela-
tively large. Tests performed at the free corrosion potential (-0.67 V) show
a maximum acceleration in growth rate of about four times. For steels with
lower values of Khcc this region of the curve may be entirely swamped by
region (b), as shown in Fig. 8.5140.

As Kmax approaches Khcc the crack can also propagate by hydrogen
embrittlement processes during the higher load parts of the stress cycle.
This forms the basis of various models which have been developed to
describe corrosion fatigue, probably the best-known of which are the super-
position models due to Wei41. In its most recent version this model takes
the form:

da _ da da da
dN^i = dN~ + dAT + dATf '

There remains some doubt as to the strict significance of the various terms
in the superposition model. This applies particularly to da/d7Vcf, which can
currently only be determined by assuming the superposition model and
analysing experimental results accordingly. Similarly, there are questions as
to the correct way to sum the various terms (for example, it can be argued
that one should consider only the larger of the three terms on the right hand
side of the superposition equation). Despite these difficulties, superposition
models have proved valuable in analysing the effect of factors such as fre-
quency and temperature on corrosion fatigue.
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Fig. 8.50 Corrosion fatigue crack velocity as a function of AK for HY130
(after Vosikovsky39)

In crack growth studies on 4130 steel, Gangloff42 found very large
increases in the crack growth rate of small cracks (less than 1 mm in depth),
compared to longer cracks in the same nominal conditions (based on AK).
This was attributed to the difference in the localised conditions at the crack
tip43, which gave a maximum hydrogen activity for the short cracks. Such
marked effects have not been observed for lower-strength steels, probably
because these are not susceptible to hydrogen embrittlement under static
load.
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Fig. 8.51 Corrosion fatigue crack velocity as a function of AA' for 4340 (after Spiedel40)

Crack Initiation and the Threshold Stress Intensity Factor Range

The development of fracture mechanics and its application to fatigue studies
by Paris and Erdogan in the early 1960s44 has tended to eclipse fatigue tests
on smooth specimens, and it is only in recent years that attention has
returned to initiation studies. These have started to give an insight into the
processes of fatigue crack initiation and the growth of small cracks, but the
information available in respect of corrosion fatigue is rather limited.

For tests on smooth specimens it is generally believed that hydrogen will
not affect the behaviour for tests in fully reversed bending at high frequen-
cies (since there will be insufficient time within a cycle for the hydrogen to
collect at regions of high triaxial stress). For tests with a tensile mean stress,
or at low frequencies, there is evidence that dissolved hydrogen can reduce
the fatigue life of smooth specimens. In aqueous solution the application of
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cathodic protection at potentials of around -750 mV (SCE) can be bene-
ficial45, whereas more negative potentials are damaging. This could be
explained on the basis of the effects of potential on hydrogen entry discussed
above, but there is also evidence that pitting corrosion around inclusions and
corrosion of the subsequent fatigue crack plays a major role in the initiation
and early growth of cracks46.

R. A. COTTIS
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