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PREFACE

Aircraft corrosion is a very expensive phenomenon in terms of inspection, of maintenance and repair, of manpower
requirements, and of decreased aircraft availability. In the Spring of 1981 the Corrosion Sub-Committee of the Structures
and Materials Panel called a Specialists’ Meeting at which experts in the various corrosion-related disciplines discussed
problems of mutual interest. There was strong support from this meeting for a proposal which had already been mooted by
the Panel to publish a Handbook on Aircraft Corrosion.

The work was put in hand forthwith, and this volume, the first of a two-part Handbook, is a result of the Panel’s
initiative. This part covers the theory of, and some experiences with, metallic corrosion as related to the observed behaviour
of real aircraft structures. The second part will concentrate on specifications for corrosion protection as practised by various
NATO nations.
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CHAPTER 1

INTRODUCTION
1.1 General

Aircraft structures experience severe conditions in service. The loads developed in flight and during ground maneouvres are
generally high, and in the interest of achieving low overall weight structural materials are selected that have high strength, high stiffness
and low specific gravity. High strength materials allow excess weight to be kept to a minimum. However other properties, such as the
ability of the materials to resist corrosive attack are also important. Unfortunately low weight and high strength in aircraft structures
and materials may not always be compatible with high resistance to corrosion, and therefore trade-offs may need to be made. By proper
attention to corrosion at the design stage and in assembly, and by careful inspection and early repair of corrosion damage and repair of
damaged protective systems, it is generally agreed that corrosion consequences of these trade-offs can be minimized.

1.2 The Deterioration of Aircraft Structures

Aireraft structures will begin to deteriorate from the time they leave the manufacturers plant. Deterioration will occur in the
form of mechanical damage such as abrasion, galling, wear or fatigue, which depend primarily on the design of the aircraft and the
loads experienced in service. Deterioration will also occur by corrosion, which depends on the detailed design of the structure, the
materials used for fabrication and protection, and also on the chemical nature of the operating environment of the aircraft. Other
modes of deterioration will occur, such as corrosion fatigue, stress corrosion and fretting, which depend on both the chemical and
mechanical aspects of the environment. This handbook is concerned with corrosion in aircraft structures, and with mechanical forms of
deterioration to the extent that they are affected by corrosion.

Corrosion damage generally increases with time, and as an aircraft becomes older the effects of corrosion will become more
severe, If corrosion damage is not detected early and repaired it may eventually become a serious hazard to the structural integrity of
the aircraft. A particularly serious consequence of corrosion is that it can accelerate other forms of damage, such as fatigue, and it acts
conjointly with fatigue to lower the overall structural integrity of the aircraft. It can therefore have a marked effect in reducing the life
of the aircraft, particularly with aircraft intended to remain in service for long periods of time.

This is shown schematically in Figure 1-1 (Ref. 1-1) where corrosion damage is superimposed on fatigue damage of short-life
and long-life aircraft. Since corrosion damage occurs slowly it may represent a small part of the total damage of a short-life aircraft at
retirement. However, since corrosion damage is cumulative it may represent a substantial part of the total damage of a long-life aircraft
at retirement, and hence be responsible for major reduction in life.
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Fig. 1-1 The effect of corrosion on the fatigue lives of long and short-term aircraft (Ref. 1-1)

It is obvious that if an aircraft is to remain operationally effective for the whole of its long-life, corrosion-preventative meas-
ures must be of the highest possible standard at all times so that the designers’ original fatigue and operational-life predictions remain
valid.

1.3 The Costs of Corrosion

The costs of corrosion are known to be large, but accurate estimates are difficult to obtain. The direct costs of corrosion,
including material lost and preventive measures taken, have increased steadily over the past four decades, as indicated in Table 1-1.

Table 1-1 Estimates of the total annual cost of corrosion in the UK. and U.S.A. over the period 1950-1978

Direct cost of corrosion ($ Millions)

Year: 1950 1960 1970 1978
United Kingdom (Refs. 1-1, 1-3) 1500 3000
United States (Refs. 1-2, 2-14) 5500 12000 X104

Even though our knowledge of engineering design, materials science, and corrosion theory have increased considerably over
the past thirty years, Table 1-1 indicates that corrosion costs have continued to escalate.
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The estimates of Table 1-1 assume particular significance when it is appreciated that the costs of corrosion and protection
in industrialized countries correspond to 2.5-3.5% of the gross national product (Ref. 1-3). Some of these costs are unavoidable such as
those due to the higher price of more corrosion resistant materials, or the cost of painting or other protective measures. However, it
has become clear that doing something about corrosion is in most cases cheaper than just letting it run its course, if only by avoiding
unplanned down-time of equipment (Ref. 1-4). It has also been estimated (Ref. 1-3) that about 15% of the present corrosion costs
could be saved by the application of existing knowledge of corrosion prevention and control, i.e., by using better protective systems,
by improving design, and by improved materials selection.

The information in Table 1-1 is not specific to aircraft, but the information that is available indicates that corrosion costs in
aircraft have followed a similar upward trend. An unconfirmed report has estimated the total cost of detecting and repairing corrosion
in the U.S, Air Force at $1 billion/year, while the total direct cost of corrosion to members of the International Air Transport Associa-
tion (IATA) (Ref. 1-2) in 1979 has been estimated to be $100 million, based on 1976 operations. The study also found that mainte-
nance costs due to corrosion represented between 6% and 8% of direct air frame maintenance costs, and between $5 and $12 per flying
hour depending on operations and aircraft type. These latter figures excluded maintenance overhead. Ryan (Ref. 1-5) has extimated
that maintenance and operational costs exceed 50% of the total cost of ownership of military aircraft, and that 30% of each mainte-
nance dollar is spent on corrosion and corrosion related problems. Furthermore, he estimates that corrosion related deterioration
accounts for almost 256% of all causes of component failure and replacement.

It is obviously difficult to determine the costs of corrosion accurately, but it should be understood that corrosion in aircraft
systems can lead to severe penalties in terms of;

(a) systems failures and loss of aircraft and human life.

(b) non-availability of aircraft due to corrosion damage.

(c) direct costs associated with inspection, and with both preventative and corrective maintenance.
1.4 Purpose and Scope of this Handbook

A need exists to keep aircraft operators and maintenance personnel aware of the science and technology of corrosion as it
applies to aircraft structures. Manuals on aircraft corrosion have been prepared by some of the larger NATO countries (Refs. 1-1, 1-6),
* but similar documents do not exist in some of the smaller countries.

This handbook aims to address this problem and to provide state-of-the-art information which will be available to all NATO
member countries. It has been prepared in two sections. Section I consists of Chapters 1 to 6, and includes information on the aircraft
operating environment, a simple outline of corrosion theory, the common airframe materials andtheir response to corrosion, the detec-
tion of corrosion, and finally a description of methods employed to control or prevent corrosion in aircraft structures and materials.

Section II, Chapters 7 to 14, provides case histories of the deterioration or failure of components in aircraft typical of those
in use in NATO member countries. Where possible information is also given of the means by which damage was detected and the
remedial actions taken. The case histories are selected to describe the common forms of corrosion observed in aircraft systems. It is
hoped this information will assist inspection and repair personnel in all NATO countries to make early diagnosis of developing corrosion
problems, and to select appropriate corrective measures. Because of the special nature of microbiological corrosion a special chapter
has been prepared on this by Dr. P.V. Kandachar, and this is included as Chapter 15.
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SECTION I
CHAPTER 2

THE OPERATING ENVIRONMENT

2.1 General

The operating environments of aircraft in the collective NATO fleet vary widely, even within any one country. Consequently
corrosion can also vary considerably. For stationary structures the corrosion severity of the atmosphere can provide an indication of the
probable life of the part. For many reasons the problem is much more complicated with aircraft structures, not the least of which is the
fact that in flight the aircraft experiences widely varying conditions, as a result of geographical location, range, altitude and weather
changes. Nevertheless, an aircraft spends a considerable amount of time on the ground, and the environment of the base is an important
consideration.

It should also be remembered that aircraft may experience particularly severe conditions for short periods of time. During
take-off and landing an aircraft will be impacted by dust, gravel, stones and de-icing salts from the runway, which can damage bare
metal or paint. Similarly, aircraft are exposed to a wide variety of cleaning and de-icing fluids which also create unusual environmental
conditions, although these are obviously selected to minimize corrosive attack. Aircraft operating from ocean carriers will be exposed
to severe salt spray, while the emission from the ships stack will contain a wide variety of corrosive gases and particulate matter which

may also be damaging. A more complete list of hazards associated with normal operating and maintenance activities has been given by
Mitchell, Table 2-1, Ref. 2-7.

Table 2.1 Operational/Maintenance materials and hazards affecting aircraft

(a) Oils and hydraulic fluids.

(b) Cleaning materials and paint strippers.

(¢) Maintenance actions causing scratches and abrasions.
(d) Accidental damage during maintenance and in operation.
(e) Battery acid.

(f) Exhaust gases.

(g) De-icing and de-frosting fluids.

(h) Toilet and galley spillages.

(i) In flight turbulence causing spillage.

(j) Cargo breakage and/or spillage.

(k) Contaminated fuel (kerosene).

2.2 Classification of Atmospheres

For corrosion purposes atmospheres are usually classified as rural, industrial, marine or marine-industrial, although it should
be realized that wide variations in corrosive attack may occur in any one atmosphere. This classification is based largely on the cleanli-
ness of the atmosphere, since industrial pollutants such as suphur dioxide, ammonia, or smoke particles can accelerate corrosion mark-
edly. Similarly, sodium chloride in marine or coastal atmospheres is also extremely damaging. A listing of impurities and their typical
concentrations in various atmospheres is given in Table 2-2 (Ref. 2-8).

Table 2-2 Typical concentrations of atmospheric impurities, (Ref. 2-8)

Impurity Typical concentrations (ug/m?)
Sulphur dioxide Industrial region: winter 350, summer 100
Rural region: winter 100, summer 40
Sulphur trioxide Approximately 1% of the sulphur dioxide content
Hydrogen sulphide Industrial .region: 1-5-90 ]
Urban region: 0-5-1'7 i\ th efADEiE
Rural region: 0:15-0-45
Ammonia Industrial region: 48
Rural region: 2-1
Chloride Industrial inland: winter 8-2, summer 2'7
(air sampled) Rural coastal: annual average 54
Chloride Industrial inland: winter 7°9, summer 53
(rainfall sampled) Rural coastal: winter 57, summer 18
(these values in mg/1)
Smoke particles Industrial region: winter 250, summer 100

Rural region: winter 60, summer 15,

Climate is also a major factor affecting corrosion since it introduces the two important variables of temperature and
humidity. A simple classification of atmospheres according to corrosion severity is given in Table 2-3 (Ref. 1-1).

Table 2-3 Types of corroding atmospheres

Rate of corrosion Type of atmosphere
Highly conducive to corrosion Tropical Industrial
Marine
Moderate corrosion Temperate Suburban
Inland
Low rate of corrosion Arctic Rural
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Table 2-3 shows that the atmosphere most conducive to corrosion is the tropical industrial marine atmosphere. Fortunately

this is fairly uncommon due to lack of heavy industry in most tropical countries. However the temperate industrial marine atmosphere
is also aggressive and is common to many of the NATO countries.

Table 2-4 gives a crude guide to the relative corrosivity of various atmospheres throughout the world on the light alloys used
in aircraft construction. Corrosivity index (1) in the classification is the most corrosive atmosphere while index (8) indicates the least

corrosive atmosphere.

TABLE 2-4 Relative corrosivity of the atmosphere at various sites on aircraft alloys (Ref. 1-1)

Location Atmosphere Corrosivity Index
Persian Gulf Tropical marine 1
Singapore Tropical marine 2
Guinea Tropical marine 3
Halifax (Canada) Industrial marine 4
London (UK) Temperate industrial 5
Brixham (UK) Temperate marine 6
Banbury (UK) Semi-rural temperate 7
Cold Lake (Canada) Arctic marine 8

The effects of long time exposure of a selection of aluminjum alloys to rural, industrial and marine (sea-coast) atmospheres
in the United States are shown in Figure 2-1. In this figure the extent of corrosive attack is indicated by loss of tensile strength on pre-

machined tension specimens of the various materials. The loss of tensile strength could be appreciable since the tension specimens
were thin.
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Fig. 2-1 A.S.T.M. 20-year corrosion tests: m 2017-T3, o 3003-H14, 2 6051-T4, © 1100-Hi4, e Alclad 2017-T3
(a) State College, Pa. (rural). Premachined tension specimens 0.89 mm thick. Curves for 1100-H14,
3003-H14 and Alclad 2017-T3 fall below curve shown;
(b) New York, N.J. (industrial);
(¢) LaJolla. Calif. (seacoast) (Ref. 2-9)

The results show that the severity of attack increases in moving from the rural to the industrial to the marine atmosphere.
The figure also shows that corrosive attack occurs rapidly at first and then tends to slow down, probably as protective corrosion prod-
ucts or films form on the surface. The effects of protective surface films is discussed later in Section 3.3.

2.3 Temperature

Temperature is an important variable and its effects are demonstrated in Tables 2-3 and 2-4. High temperature generally
increases the rate of corrosive attack on metals since corrosion reactions are thermally activated. Corrosion in steel for example is
strongly affected by temperature, while only a slight effect is observed with zinc (Refs. 2-10, 2-11). Temperature can change the mode
of attack on aluminium alloys in moist or wet atmospheres from localized corrosion, or pitting, to uniform attack (Ref. 2-12). Temper-

ature is also important since it affects the drying of corrosive solutions on the metal surface, and the consequent concentration of
damaging impurities.

2.4 Humidity

Water vapour in the atmosphere is important since it can lead to the formation of a thin, often invisible film of water on the
metal surface. The moisture will provide an electrically conducting medium to create an electrolytic cell on the metal which allows
rapid corrosion to occur. This is described in Chapter 3.
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Most metals will form a very thin surface oxide film at low humidities, which is usually protective, and serious corrosion
will not occur until a critical level of humidity is reached. This is usually about 60% R.H. Further rapid increases in corrosion rate may
occur at higher humidities due to the condensation of moisture in the oxide layers, or the vapourization of the corrosion products. In
iron such accelerations of corrosion rate occur at about 75-80% R.H. and 90% R.H. respectively.

For some metals critical humidity may be influenced by impurities in the atmosphere which react with the water vapour.
This is illustrated in Figure 2-2 for copper. This shows that corrosion on copper is slow in an atmosphere containing up to 63% relative
humidity and 10% sulphur dioxide. At higher levels of humidity the adsorbed sulphur dioxide can collect sufficient water for catalytic

oxidation to form sulphuric acid, which attacks copper readily in the presence of oxygen. Thus, at relative humidities of 75% and 99%
the rates of corrosion are much higher.

w2t Relative humidity
i —

3 1 et
E
o
o
E ek
L
]
=X
W aoh
]
=
@
@
=
BN
¥ i = —50%
0 10 20 30
TIME (days)

Fig. 2.2 Corrosion of copper by air containing 10% sulphur dioxide
and different degrees of moisture (Ref, 2-13)

2.5 Atmospheric Impurities
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Fig. 2.3 Plots of iso-pH for rain water falling over Western Europe, 1980
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The damaging effects of industrial and marine atmospheres noted in Tables 2-3 and 2-4 are due to the presence of impurities
such as sulphur dioxide, hydrogen sulphide, ammonia, sodium chloride, and smoke particles. Typical concentrations of these constit-
uent in various atmospheres are given in Table 2-2. Other damaging contaminants may be found in the local environments of chemical
plants or behind the smoke stack on aircraft carriers where particularly severe corrosion can occur.

The general effect of these impurities is to acidify the atmosphere and the rainfall produced from it. A recent survey of rain-
fall analyses for Europe has shown that, with the exception of the U K., the acidity and sulphate content of rainfall markedly increased
during the period 1956 to 1966, pH values having fallen by 0.05 to 0.10 units per year (Ref. 2-8). Even in the U.K. a pH of 4 is not
uncommon for rainfall in industrial areas, Figure 2-3 indicates the acidity of rainwater falling over Westexrn Europe in 1980, while
Figure 24 shows similar data for the United States. The data in Figure 2-3 is in the form of iso-pH lines and it indicates the high acidity
(pH < 4.0) of the rain falling over parts of West Germany and Holland. Figure 2-4 shows that similarly high acidity is observed in the
rain falling over many of the large industrial cities in the United States.

SAM FRAMSISC

(] pH GREATER THAN 5.5

pH BETWEEN 5.0 AND 5.5

V] pH BETWEEN 4.0 AND 5.0
B - LESS THAN 4.0

Fig. 2-4 pH distribution for rain water falling in the United States, 1980
2.6 The Environment at Base

As explained in Section 2.1, the environment of the air base is an important factor affecting corrosion in aircraft structures.
This is because the aircraft spends much of its life, either outdoors on the airfield, or indoors in the hangar. Unfortunately there is
no published data on different airfield environments, but some interesting data has been provided by one European country which
is probably typical of several others.

Weather conditions were monitored outdoors over a ten month period, during which the amount of precipitation, the
maximum and minimum humidities, and the time of wetness were measured. This latter was a measure of the time during which
exposed non-conducting surfaces were sufficiently wet to allow the passage of an electric current.

Figure 2-5 shows the weekly mean precipitation and the time of wetness during the period of the investigation. It can be
seen that the total precipitation varied from 0 to about 50 mm/week, but more important was the observation that the mean time
of wetness was about 50 hours/week. A large part of this should be attributed to condensation and dew forming at sunrise. Although
it may not be possible to relate a high time of wetness to the measure of corrosive attack, since the presence or absence of impurities
is not considered, it is reasonable to conclude that for a considerable part of the time the outdoor environmental conditions were
such that corrosion might easily occur.

From the daily measured maximum and minimum relative humidity a humidity range could be plotted as shown in
Figure 2-6. This figure shows that the relative humidity was more than 70% for about 50% of the time. As explained in Section 2.4,
fairly rapid corrosion will occur in most metals when the relative humidity exceeds some critical value, usually about 60%. The
present results therefore indicate that conditions conducive to corrosion existed for about 70% of the time during the period of
the investigation.
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Fig. 2.5 Recorded time of wetness and precipitation during the total exposure period at a European airfield

During the course of this investigation measurements were also made of the temperature and the relative humidity in one of
the aircraft shelters at the same base. From the records the mean values for each week were determined, and the results are shown in
Figure 2-7. The results show that the relative humidity increases with decreasing temperature, and for a long period of time exceeds the
80% level. At these high relative humidity values an electrolyte can be easily formed by the water absorbent pollution products, and
fairly rapid corrosion may occur.
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Fig. 2.6 Duration of humidity ranges from 1 June 1977 to 31 March 1978 at a European airfield

It was noted during this investigation that a large percentage of flights from this base involved either low altitude flights
in a marine environment, or navigation flights performed in industrial environments at low level in the range 150-1500 m. Thus the
contamination experienced in operational flights may result in severe corrosive attack when the aircraft return to the humid shelter
climate.
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CHAPTER 3

AN OUTLINE OF CORROSION THEORY

3.1 General

Metals are seldom found in nature in their elemental state. They usually exist as compounds such as oxides, hydroxides,
sulphides, silicates, carbonates and nitrates, which are fairly stable. Much energy is consumed in extracting the base metals from their
compounds, in melting and mixing them to form alloys, and in forming these alloys into useful engineering structures. Most pure metals
and alloys are not stable and will tend to revert back to their natural states by combining with elements in the atmosphere to form
stable compounds. If this happens the engineering structure is weakened, or even destroyed, and the energy and money expended in
producing the structure is lost.

The chemical reactions by which metals revert back to their natural state are known as corrosion reactions and the detailed
path followed by these reactions depends on the metal or alloy and the conditions under which the reactions occur.

For simplicity it is convenient to consider two types of corrosion;

(i) corrosion involving a liquid phase where an electrically conducting solution is present to assist in the transfer of metal ions
and electrons between the oxidizing or anodic site of the metal and the reducing or cathodic site. The corrosion reaction is
therefore an electrochemical reaction, and the anodic and cathodic sites may be different areas of the same metal, or two
completely different metals that are in electrical contact.

(ii) dry corrosion involves a metal/gas or metal/vapour reaction, where non-metals such as oxygen, halogens, hydrogen sulphide
or sulphur vapour lead to the formation of a film or scale on the metal surface without the intervention of a liquid electro-
lyte. However, these reactions may also be considered in terms of electrochemical processes.

Corrosion reactions can be understood if the system is fully described in terms of the prevailing thermodynamics, electro-
chemistry, physical chemistry and metallurgical condition of the metals involved. Thermodynamics is based on knowledge of the
equilibrium condition of a system and therefore can be used to indicate whether a chemical change is energetically feasible. Electro-
chemistry can be used to describe the transfer of electrons in the system and to predict the reaction products that will be produced.
Metallurgy is able to describe the internal structure of the metals involved, in terms of their grain and grain boundary structures and
the distribution of alloying elements and alloy phases that may affect local electrochemical conditions at an exposed surface. Finally,
physical chemistry can provide information on the surface condition of the reactants and hence can describe the physical sites where
electrochemical reactions may occur. In the following sections of this chapter the important aspects of metallic corrosion will be
examined in terms of these four scientific disciplines.

3.2 Thermodynamics
Chemical reactions, such as those involved in corrosion, will only occur spontaneously if a driving force exists. The driving
force for a corrosion reaction is the change in free energy AG of the system, if this is negative it denotes a loss, or decrease in free

energy. The reactants, therefore, will tend to combine spontaneously since by doing so they change their total free energy from a
relatively high value to a lower value. If the change in free energy were positive, the reaction would involve an increase in energy, and

() (al ® (b)

AG Change in

AG Change in
free energy frea anergy
@ (c)

AG Change in
free energy

Fig. 3-1 The mechanical analogy of the free energy change of a corrosion reaction proceeding by different paths
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additional energy would be required by the system from some external source to cause the reaction to occur. The change in free energy
of a reaction therefore provides an indication of the direction that the reaction will tend to follow. However, it provides no information
on the velocity of the reaction, since it is independent of the path by which the reaction occurs.

These points can be understood by considering the analogy of a ball rolling down a hill, Figure 3-1a. If the ball rolls from
point A to point B it lowers its potential energy, and this represents a decrease in free energy AG. This is the spontaneous direction for
this system, while the reverse reaction is not spontaneous since it would require the input of energy.

If the ball were required to negotiate any humps (Fig. 3-1b), such that it covered a longer path in rolling from A to B, it
would obviously take a longer time to complete the journey. Thus while the free energy change AG is the same as before, the reaction
rates are much slower. If a hill lay in the path of the ball, Figure 3-1c, between A and B, the ball would not roll to B unless it were first
pushed to the top of the hill. The free energy change involved in rolling from A to B would be the same as before, but energy would
have to be provided from an external source to allow the reaction to occur. Situations of this type can occur in corrosion, where the
reaction will not occur unless external energy is provided to overcome some barrier. The external energy may be in the form of heat

from the sun or from aircraft engine exhausts, or mechanical energy that may result in a rubbing action between components to break
up protective oxide films,

The free energy change AG for an electrochemical reaction is given by the equation:
AG = -nFE (8.1)

where n is the number of electrons involved in the reaction, F is the Faraday constant, and E is the cell potential which is discussed
later.

3.3 Dry Corrosion and Oxidation

When a metal combines with the atoms or molecules of a gas it loses electrons and an oxidation reaction is said to have oc-
cured. At the same time the electrons must be accepted by the non-metal involved, which is said to be reduced. Oxidation therefore
involves a transfer of electrons, and may therefore be considered an electrochemical process. It need not involve oxygen itself. Any
combination of metal and non-metal that can react to form a compound, and transfer electrons in the process are capable of producing
oxidation reactions. The overall reaction can be described by two separate reactions occurring simultaneously:

Metal M > M™* + n electrons Oxidation (3.2)
Oxygen O, + n electrons > ;— 0%~ Reduction (3.3)
M+ 0, > MOn/2 Combination (3.4)

The oxidation of the metal, reduction of the non-metal, and their combination to form a compound occur at the same time
and at the same place on the metal surface to form a film or scale.

3.4 Nature of Films and Scales

The films or scales produced by corrosion will affect the corrosion process, since they will tend to form a barrier between the
metal and the corrosive environment. This is illustrated in Figure 3-2, which shows the oxidation reaction rates for several iron-
aluminum alloys at 900°C.
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Fig. 3-2 The oxidation of several FE-Al alloys at 900°C (Ref. 3-1)

For any given aluminium content the rate of oxygen uptake, or corrosion rate, decreases with time as an oxide film forms to
protect the underlying metal. The figure also shows that the aluminium content of the iron has a marked effect in decreasing the
overall rate of corrosion. This is due to the formation of protective alumina films at high aluminium contents as opposed to iron oxide
(FeO, Fe, 0, or Fe,0,), or mixed iron-aluminium oxide scales at low aluminium contents. Thus the reaction rates for the oxidation
of iron-aluminium alloys at 900°C may vary depending on aluminium content, exhibiting parabolic growth rate behaviour at low
aluminium contents to logarithmic behaviour at high aluminium contents. These growth rate laws are shown schematically in Figure 3-3a.

Alloying clearly provides an important method for improving the corrosion resistance of metals, and may be applied in bulk or locally
at the surface of the metal.
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Situations may arise where the oxides, or other corrosion products fail to protect the underlying metal and various results
can occur.

(1) The oxides may react chemically or combine with water vapour to produce films that are not impervious to the passage of
oxygen. The reaction will then continue at the initial rapid rate or at only a slightly reduced rate, as indicated by curves
“a-b” in Figure 3-3a.

(2) If the volume of the oxide is less than the volume of metal from which it was produced the oxide may not give adequate
protection from the very start (Ref. 3-2). An oxidation curve similar to ‘b’ in Figure 3-3a might be expected.

(3) If the volume of the oxide is much higher than the volume of the metal large stresses will be set up in the oxide, which will
tend to crack and spall off. (Ref. 3-2). If the oxide film is inherently protective the rupture of the film may lead to an overall
rate of reaction which appears to be linear, rather than logarithmic or parabolic. This is indicated by curve b, in Figure 3-3b.
Cracking and spalling may also occur during temperature changes as a result of thermal expansion mismatch between the
oxide and the metal.

(4) The oxide may volatize; for example molybdenum dioxide (Mo0,) volatilizes above 750°C. Or the reaction may be exo-
thermic so that temperature increases and an accelerating growth-rate occurs (Ref. 3-3). This is indicated by curve ‘a’ in
Figure 3-3b. Equivalent situations can occur during wet corrosion, for example when the corrosion products are soluable in
the liquid environment.

(5) An otherwise protective film may be mechanically damaged due to impact from foreign objects (e.g. stones or sand) or due
to rubbing of moving metal surfaces.

As a result of the above, oxidation rates or corrosion rates may not decrease in time in the expected logarithmic manner, but
may show any one or any combination of the growth rate laws shown schematically in Figure 8-3. In all cases, if these reactions occur
spontaneously the change in state of the system involves a decrease in free energy and the free energy change AG is negative.

3.5 Corrosion Involving a Liquid Phase

It was pointed out in Section 3.1 that corrosion is an electrochemical process involving the action of minute electrical cells
on the surface of the metal. Corrosion involving liquids often provides conditions more typical of the conventional electrolytic cell than
dry corrosion, because the reaction often occurs between discrete anodic sites where electrons are produced, cathodic sites where
electrons are consumed, and an electrolyte such as water which allows the passage of charged particles. The reaction involves the cor-
rosion and dissolution of the anodic area, while the cathodic area remains unharmed. These two areas may be minute local regions
within the same piece of metal or may be areas of dissimilar metal or non-metal structure.

Before considering the conventional electrochemical cell it is worth considering the dissolution of a single piece of metal by

an acid, which is probably the simplest form of electrochemical process. Most metals, such as aluminium, will dissolve in dilute acids.
The process involving hydrochloric acid can be described by the reaction:

2Al1 + 6HCI - 2AICl; + 3H, (3.5)
In this reaction aluminium metal is converted to aluminium ions, hydrogen ions are converted to molecular hydrogen gas,
and the chloride ions remain unchanged. Therefore the reaction can be considered as two partial reactions, one involving the oxidation
of aluminium and the other the reduction of hydrogen ions. Thus two reactions are involved, one of which is anodic and involves the
oxidation or corrosion of aluminium, and the other which is cathodic and involves the reduction of hydrogen.

2A1 - 2AI13* + 6e Anodic Reaction (3.6)

6H' + 6e ~ 3H, Cathodic Reaction (3.7)
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The electrochemical nature of corrosion can be illustrated further by referring to Figure 3-4, which shows a very simple
electrolytic cell, consisting of two dissimilar metals, aluminium and copper, connected by a wire and partially immersed in water. The
aluminium or anode will corrode, its atoms entering the electrolyte as positively charged particles or ions. This results in electrons
being left behind on the anode which flow along the external conductor (wire) to the cathode. This flow of an electric current along
the wire could be detected and the current measured if a milliameter were added to the circuit. Alternatively, the potential difference
or voltage, causing the current flow could be measured by adding a millivoltmeter. However, the voltage measured in a case such as this
would depend on the current, if any, being drawn from the cell. This point is explained later.

ELECTRON FLOW
—_—

ALLIMIMIUT

Fig. 3-4 Copper, aluminium and water electrolytic cell
This description of the corrosion process can be broken down into three distinct components or reactions.

(1) The electrolyte reaction involves, in this case, the partial dissociation of water;

H,0 = H* + OH- (3.8)
(2) At the anode electrons are generated according to the reaction;

Al > AB* + 3¢ 3.9)
(8) At the cathode electrons are consumed according to the reaction;

%0, + H,0 + 2¢- —» 20H (3.10)

The net result of these reactions is that the anode (aluminium) dissolves into the solution while the cathode reaction leaves the copper
essentially unaffected.

It is apparent that four elements must be present at the same time for corrosion to occur, These include an anode, a cathode,
a metallic path for the conduction of electrons, and an electrolyte — or continuous liquid or ionized gas path — capable of conducting
an ion flow. If any one of these elements is removed the corrosion process stops, or at least is substantially reduced. This set of condi-

tions required to cause corrosion has been described in one corrosion manual (Ref. 1-6) as the ‘Vicious Circle’, and is illustrated in
Figure 3-5.
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CONTINUOUS LIQUID PATH |Process (Desiga
{Water, usually in the form Enge. } Engr. ]
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Fig. 3-5 The “Vicious Circle” of corrosion

The electrochemical cell shown in Figure 3-4 involved large, easily identifiable anode and cathode sites which were separate
pieces of dissimilar metals. In other cases, the entire surface of a single piece of metal may consist of anodic and cathodic sites which
may be continually changing (Ref. 3-3). This is shown schematically in Figure 3-6.

The anodic and/or cathodic sites may correspond to local regions within the microstructure of the material that differ from
their surroundings in either a chemical manner or in the way their atoms are arranged. Examples include grain boundaries, which may be
either enriched or depleted in alloying elements compared to the grain interiors and which have an irregular arrangement of atoms, and
precipitates or inclusions of a second phase. Distorted and strained areas in metals resulting from processes such as shearing or abrading
may act anodically with respect to adjacent unstrained areas, and therefore suffer electrochemical corrosion if the remaining conditions
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Fig. 3-6 Simplified corrosion cell (Ref. 1-6)

shown in Figure 3-5 are satisfied. Sheet metal forming processes such as stamping or deep drawing can also erack naturally protective
oxide films on metals formed under harmless dry conditions. Such cracks may expose unprotected bare metal to the atmosphere, and

again if the critical conditions of Figure 3-5 are satisfied, then accelerated local electrochemical attack of the exposed bare metal will
occur.

Damage of any protective film or covering is potentially dangerous, whether it be a naturally formed oxide layer, an artifj-
cially formed oxide (anodized) layer, a layer of cadmium, tin or zinc plate, or a layer of paint or primer. This damage may lead to local
corrosion, and possibly pitting of the exposed bare metal which is more severe than if no protective coating were there at all. Examples
of this type can be found in Section II. However, to reinforce this discussion of corrosion as an electrochemical process we will consider
the corrosion of iron at a break in an oxide scale, when the iron is immersed in sodium chloride solution.

The physical situation is shown schematically in Figure 8-7, and represents an electrochemical cell where an electric current
will flow from the bare metal, which acts as the anode, to the oxide scale which acts as the cathode.

Air

Rust NaCi
/ solution
2 XXXy

X
Cathode  NaOH  J FeCly %  NaOH

W// /%AL’PPW///:

Scale

Fig. 3-7 Corrosion at breaks in oxide scale on iron immersed in sodium chloride solution (Ref. 3-4)

The current will continue to flow so long as the cathode has a ready supply of oxygen so that a cathodic reaction, such as
that described earlier (3.10) can proceed unabated:

%0, + H,0 + 2¢” - 20H- (3.11)
At the anodic site the iron will pass into solution, usually as ferrous ions, according to the reaction:
Fe - Fe?* + 2¢~ (3.12)

Since sodium and chloride jons are present in solution, the product of the cathode reaction can be regarded as sodium
hydroxide, while the anode product is ferrous chloride. Both products are soluable and therefore they will not precipitate to block the

reaction. They may however revert to form ferrous hydroxide which will usually oxidize to ferric hydroxide (Fe2 O, - H,0) which is
recognized as yellow rust.

3.6 Electrode Potentials

In the example of the two-metal (aluminium-copper) electrolytic cell used in Section 8 4, it is apparent that only one of the
electrodes (aluminium) actually dissolved, while the other (copper) remained unaffected. Thus it is clear that the aluminium could more
easily enter the electrolyte and build up a high electrical charge or potential then could the copper. Any metal immersed in a solution

containing its ions will tend to dissolve, its ions going into solution, until an equilibrium is established between the metal and the
solution.

The thermodynamic driving force for the aluminium-copper cell, or indeed any two metal cell, is the difference in galvanic
potential of the two metals. The metal of lower potential in such a cell forms the anode and is oxidized or corroded, while the cathode
receives electrons from the anode reaction which are consumed at the cathode surface by the cathode reaction.

As a further example we can consider the electrochemical cell containing copper and zinc plates partially immersed in dilute
suphuric acid, which are electrically connected through an ammeter and voltmeter, Figure 3-8a. A potential difference exists between
the plates, which causes a current to flow in the direction shown in Figure 3-8a. The zine forms the anode to the cell and is oxidized
to its positively charged ions which dissolve in the suphuric acid electrolyte. At the surface of the copper plate, which is the cathode
of the cell, a balancing reaction occurs when the electrons formed in the anode reaction and conducted through the external circuit of
the cell, meet with positively charged hydrogen ions to give hydrogen gas.
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Fig. 3-8 Electrochemical reactions in the copper-zinc primary cell showing (a) the simple cell, (b) the electrochemical
potential in the equilibrium cell, and (c) the reaction occurring in the copper half cell at equilibrium

Electrochemical corrosion processes with balanced anodic and cathodic reactions occur in acidic electrolytes or neutral
electrolytes such as water, or water containing traces of dissolved inorganic matter. The anodic reaction will involve oxidation (corro-
sion) of the metal with the lower galvanic potential, but the cathodic reaction will usually be the reduction of oxygen dissolved in the
electrolyte.

The electrode processes can be expressed chemically as:

(1) Anode reaction

M > M2* + 2¢” (3.13)
where M is a divalent metal.
(2) Cathode reaction in an acidic electrolyte
2H* + 2¢” — H, (3.14)
(3) Cathode reaction in a neutral electrolyte
0, + 2H,0 + 4¢” ~ 40H" (3.15)

The net direction of reactions such as these depends on the electrode potentials generated by each electrode for the reactions
that they sustain. To understand the source of the electrode potentials it is convenient to consider individual half cell reactions for
electrodes that are at equilibrium with their ions in solution. The corresponding cell for the two metals used in the example of Fig-
ure 3-8a is shown in Figure 3-8b. In this example the two electrodes are separated by a porous membrane to retard mixing and a high
impedance voltmeter is used to measure the voltage between them so that no current flows. The equilibrium reactions in each half-cell
can be written

Cu = Cu?* + 2 (3.16)
Zn = Zn%t + 2e- (3.17)

When the concentrations of metal ions are maintained at unit activity, that is each solution contains approximately 1 gram-atomic
weight of metal ions per litre and both electrodes are at equilibrium each will generate a certain potential which is known as the
reversible half-cell potential (E,). The equilibrium reaction in the copper half-cell involves the simultaneous oxidation of copper atoms
to cupric ions, and the reduction of cupric ions to metallic copper at other sites on the electrode as indicated in Figure 3-8¢. An equiv-
alent reaction occurs in the zinc half-cell.

The oxidation and reduction reactions required to maintain equilibrium at each electrode can be considered as separate
anodic and cathodic reactions respectively, with a current I, or IC associated with each one. Thus for the copper electrode:

I
Cu & Cu™ + 2 (3.18)
L
Since this electrode is in equilibrium there is no net transfer of material between the electrode and solution and no net current flows.
This implies that the anode and cathode currents are equal and opposite, and since normal sign convention establishes the anode current
as positive and the cathode current negative I, = - I.. In contrast to this situation, if this single electrode were not in equilibrium a net
transfer of material would occur, either to or from the electrode, a net transfer of charge would occur, and therefore a current would
flow. For a net dissolution reaction the local anode current would exceed the cathode current | I, [ > | I, |, while for a net deposition
process the cathode current would exceed the anode current and | I, | > |I, |. According to Faraday’s Law the mass (M) of material
transferred in a time (t) is proportional to the net current (I) flowing, where I = I, + I;, and

M=elt=—1I¢ (3.19)

where e is the electrochemical equivalent Am is the atomic mass and n is the valency of the metal. The flow of current indicates a net
chemical reaction, and the case where |I, | > |I, | would represent a corrosion reaction. In practice the important consideration is


http://www.abbottaerospace.com/technical-library

cotrosion rate (M/t), which is proportional to the current flowing, and these quantities are often considered in terms of corrosion

rate per unit area of specimen or anode, and current density (i) accordingly. Any changes made to a system to reduce current density
would lead to a decrease in corrosion rate.

The reversible half-cell potentials of individual electrodes can be measured by means of a suitable reference electrode and

high impedance voltmeters to prevent any current and hence maintain equilibrium. The most convenient reference electrode is based on
the equilibrium hydrogen ionization reaction;

H, = 2H" + 2¢” (3.20)

and the electrode potential for this reaction is arbitrarily set at zero. Since it is not possible to make an electrode out of gas, for experi-
mental measurements an inert electrode such as platinum is used. The platinum is immersed in a solution containing hydrogen ions

and hydrogen gas is bubbled through the solution at 1 atmosphere pressure to maintain unit activity. The platinum simply provides a
stable surface and sites where hydrogen ions can be reduced to hydrogen gas, and other sites where hydrogen gas can be oxidized to

hydrogen ions. Electrons flow between the different sites to maintain the balance. This hydrogen oxidation/reduction reaction is
indicated by Equation (3.14).

When the reversible potentials of the equilibrium copper and zine electrodes shown in Figure 3-8b are measured against the
standard hydrogen electrode it is found that the potential of the copper is higher than that of the zinc. That is, the zinc is more
electronegative and therefore it is anodic with respect to copper. Since the two cells are at equilibrium there is no net transfer of charge,

{I.1 = | I, [, and the potential between the electrodes or the reversible cell potential or electromotive force (e.m.f.) is a maximum
and is equal to the difference between the reversible potentials of the two electrodes

Er,ce]l = Er,c - Er,a (321)

where E, . is the reversible e.m.f. of the cell and E;c and E, ; are the reversible potentials of the cathode and anode respectively.
However, once these electrodes are joined by an external conductor to allow a current to flow as shown in Figure 3-8a equilibrium
conditions will not be maintained and the potentials of each electrode will deviate from their equilibrium values. This change in
electrode potential is known as polarization and is explained later.

3.7 Electrochemical Series

Because of the large number of different half-cells which can exist, it would be a massive task to measure and catalogue the
full cell potentials or e.m.f. for every combination of these. To simplify the problem the standard H, /Pt half-cell, described in Sec-
tion 3.6 has been established against which all others can be measured. The half-cell potentials for some common oxidation-reduction
reactions at unit activity and 25°C are given in Table 3-1. The full listing of such potentials for all metals provides the electrochemical
series. The cell potential for many electrochemical reactions can be determined by taking the algebraic difference between the half-cell
reactions for the individual reactions. For the copper-zine cell discussed earlier the difference in half-cell potentials for the two reac-
tions (3.16) and (3.17) is 1.1v and zinc, which is more electronegative, would be the anode of the cell and current would flow as
indicated in Figure 3-8a.

Table 3-1 Standard Oxidation-reduction (redox) Potentials (Ref. 3-5)
35°C, volts vs. normal hydrogen electrode*

Au=Aut? + 3e +1.498
0, +4H* +4e = 2H,0 +1.229
Pt =Pt*2 + 2e +1.2
Pd = Pd** + 2e +0.987
Ag=Agt +e +0.799
2Hg = Hg,** + 2¢ +0.788
Fet3 + ¢ = Fet2 +0.771
Oy + 2H,0 + 4e =4 OH +0.401
Cu=Cu*2 +2e +0.337
Sn*4 + 2e = Sn*2 +0.15
2H* +2e =Hy 0.000
Pb =Pb+2 + 2e -0.126
Sn=Sn*2 + 2e -0.136
Ni = Ni*2 + 2e -0.250
Co=Co*2 +2e -0.277
Cd=Cd*2 + 2e -0.403
Fe=Fe*2 + 2¢ -0.440
Cr=Cr*3 + 3e -0.744
Zn=7Zn*2 + 2e -0.763
Al=Al*3 + 3e -1.662
Mg = Mg*2 + 2e -2.363
Na=Na* te -2.714
K=K*+e -2.925

L Electrode potential values are given and are invariant (e.g., Zn = Zn*2 + 2e, and Zn*? + 2e = Zn, are identical and represent zinc in equilibrium with its

ions with a potential of —-0.763 volts vs. normal hydrogen electrode).
SOURCE: A.J. de Bethune and N.A.S. Loud, “Standard Aqueous Electrode Potentials and Temperature Coefficients at 25°C,” Clifford A. Hampel,
Skokie, Ill., 1964.
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Both temperature and concentration of the reactants (activity) affect the potential of any cell. Where the reactants are not
at unit activity the cell potential (E) can be obtained from the equation:

Aoxid

RT
E=E +23 oF log (3.22)

red

where E,, is the standard half cell potential, R is the gas constant, T is the absolute temperature, a,x;q and a,q are the activities (con-
centrations) of oxidized and reduced species, and n and F are as defined previously.

For engineering purposes it may not be necessary to know half-cell reactions and cell potentials accurately, but a knowledge
of the electrochemical potential of a metal or alloy, relative to another in a given solution may be sufficient to provide an indication of
the corrosion susceptibility of the system. Tables such as that shown in Table 3-2 have been prepared for some of the common engineer-
ing alloys. A metal appearing high in the table would generate a high (negative) electrical potential with respect to a second metal
standing lower in the table and would therefore behave anodically and would corrode when coupled to the second metal and immersed
in sea water. It should be noted that the term ‘High Potential End’, in this table indicates a high negative potential.

Table 3-2 Grouping of Metals and Alloys (Ref. 3-7)

ANODIC GALVANIC SERIES (SEA WATER)

Magnesium
Magnesium Alloys
Beryllium
Zinc
Galvanized Steel
Aluminum Alloys
Chromium
Gallium
Cadmium
Mild Steel
Wrought Iron
Indium
Low-Alloy Steels
Cast Iron
Low-Alloy Cast Iron
4,—6% Cr Steel
Ni Cast Iron
12—14% Chromium Steel and 25—30%
Lead-Tin Solders
16—18% Chromium Steel

High
Potential End

f Austenitic Cr-Ni Stainless Steel
Austenitic Cr-Ni-Mo Stainless
Lead
Tin
Manganese Bronze
Naval Brass
Cobalt
Nickel
Inconel (13% Cr, 6.5% Fe, Bal. Ni)
Yellow Brass
y Admiralty Brass
E Aluminum Bronze
B = Red Brass
3 k=) Antimony
2 Copper
< Silicon Bronze
Nickel Silver
70-30 Copper Nickel
Titanium

Monel
Composition G Bronze (88% Cu, 2% Zn, 10% Sn)

Composition M Bronze (88% Cu, 3% Zn, 6.5% Sn, 1.5% Pb)
Silver Solder

Nickel (Passive)
70-30 Nickel Copper
Stainless Steels (Passive)
Silver
Palladium
Gold
Rhodium
Platinum
Carbon

CATHODIC



http://www.abbottaerospace.com/technical-library

The greater the difference in electrochemical potentials between dissimilar metals in a couple the greater is the driving force
for corrosion, and generally the more rapid will be the corrosive attack. However, in real situations the rate of corrosive attack is in-
fluenced by many other factors, some of which are discussed below, and therefore Tables 3-1 and 8-2 should only be used as guides
to the probable direction of a corrosion reaction. Taking the opposite view, half-cell potentials or thermodynamics can indicate un-
ambiguously when corrosion will not occur.

A further useful engineering guide of the corrosion susceptibility of bimetallic contacts has been given in Reference 3-8,
and is reproduced in Table 3-3.

Table 3-3 Degree of Corrosion at Bimetallic Contacts (Ref. 3-8)

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

Gold, Monel Cupro- Copper, Nickel Lead Steel Cadium Zinc Mag- Stainless steels Chro- Tita- Alu-

CONTACT plati- Inconel, nickels, brasses, tin, and nesium mium nium minium
METAL num nickel/ silver nickel and soft cast and and
— 3 rho- molyb- solder, silvers solders iron mag- alu-

dium, denum alu- nesium minium
METAL silver alloys minium alloys alloys
CONSIDERED bronzes, {chro- | Aus-
tin mated) | tenitic|18/2 {13%
bronzes, 18/8 |[Cr/NilCr
gun- Cr/Ni
metals
1 Gold, platinum, - A A A A A A A A A A A A A A A
rhodium, silver
2 Monel, Inconel, nickel B — A A A A A A A A A A A A A A
molybdenum
3 Cupronickels, silver ck BorC — A A A A A A A BorC B A BorC BorC A®°
solder, aluminium
bronzes, tin bronzes,
gunmetals
4 Copper, brasses, nickel Ck BorC BorC9 - BorC BorCP A A A A BorC BorCA BorC BorC A®
silvers
5 Nickel C B A A - A A A A A BorC BorCA BorC BorC A
6 Lead, tin and soft C BorCt BorCd BorC9 B - AorC" A AorC' A BorC BorCBorC BorC BorC A
solders
7 Steel and cast iron c c c (G ck ¢k -  Am Am A c c -C ck ¢ Bm
a fw
8 Cadmium Y o] (o} c c Cc B Cc - A A C C Cc C o} B
9 ZincY C Cc Cc c (o3 B [ B - A (o} (o] Cc (o} o] c
10 Magnesium and mag- D D D D D c D BorC BorC - [ c c [ [ BorC®
nesium alloys
{chromated) b2
1 Austenitic A D A A A A A A A A - A A A AY A
Stain- 18/8
12 |less 18/2 Cr/Ni C AorCs AorCs  AorCs A A A A A A A - A A g A
steels
13 13% Cr C (G Cc (o4 BorC A A A A A c [ - c [ A
14 Chromium A A A A A A A A A A A A A - A A
15 Titanium A A A A A A A AX A A A A A A - A
16 Aluminium and alu- D c De De ck BorC BorC A A A BorC BorCBorC BorCd C -

minium alloys n.3.W

Key A indicates the corrosion of the metal is not likely to be increased by the contact metal
B indicates the corrosion of the metal may be slightly increased by the contact metal

C indicates the corrosion of the metal may be markedly increased by the contact metal. {Accelerated corrosion, however, is likely to occur only
when the metal is wetted with moisture containing an electrolyte such as salt, acid, combustion products, etc, Under less severe conditions the
increase in corrosion may be slight.)

D indicates that when moisture is present this combination is inadvisable without adequate protective measures.
Superscript symbols refer to the Table notes printed below.

Notes to Table 3-3

a)  The exposure of iron, steel, magnesium alloys and unclad aluminium-copper alloys in an unprotected condition in corrosive environments should be
avoided wherever possible even in the absence of bimetallic contact.

{b)  The behaviour of magnesium alloys in bimetallic contacts is particularly influenced by the environment and depends especially on whether an electrolyte
can collect and remain as a bridge across the contact. The behaviour indicated in Table 3-3 refers to fairly severe conditions. Under conditions of total immer-
sion, magnesium alloys should be electrically insulated from other metals. In less severe conditions complete insulation is not necessary, but steel, brass and
copper parts should be galvanized or cadmium plated and jointing compound used during assembly. Under conditions of good ventilation and drainage, even
contacts classified as D have given satisfactory service.

(c)  Where contact between magnesium alloys and aluminium alloys is necessary, adverse galvanic effects will be minimized by using aluminium alloys
containing little or no copper {0-1% max}.

(d)  If aluminium and aluminium alloys are in contact with thin {decorative) chromium plate, the symbol is C, but with thick plating (as used for wear
resistance) the symbol is B.

(e} When contacts between copper or copper-rich materials and aluminium alloys cannot be avoided, a much higher degree of protection against corrosion
is obtained by first plating the copper-rich material with tin or nickel and then with cadmium, than by applying a coating of cadmium of similar thickness.

(f)  The corrosion of mild steel may sometimes be increased by coupling with cast iron, especially when the exposed area of the mild stee! is small compared
with the cast iron.
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{g) Instances may arise in which corrosion of copper or brasses may be accelerated by contact with bronzes or gunmetals. For example, the corrosion of
copper, seawater-carrying pipelines may be accelerated by contact with gunmetal valves, etc.

{h) When magnesium corrodes in sea water or certain other electrolytes, alkali formed at the aluminium cathode may attack the aluminium.

(i) When it is not practicable to use other more suitable methods of protection (for example, spraying with aluminium), zinc may be useful for the protec-
tion of steel in contact with aluminium despite the accelerated attack upon the coating.

(k) Statement (j} should not necessarily discourage the use of the contact metal as a coating for the metal considered, provided that continuity is good.
Under abrasive conditions, however, even a good coating may become discontinuous.

(I}  In most waters at temperatures above 60° C, zinc may accelerate the corrosion of steel.
{m) In the circumstances indicated in the Table the contact metal may provide an excellent protective coating for the metal considered. The latter is usually
electrochemically protected at gaps in the coating.

{n} When aluminium is alloyed with appreciable amounts of copper it becomes more noble and when alloyed with appreciable amounts of zinc it becomes
less noble. These remarks apply to bimetallic contacts and not to inherent corrosion resistance. Such efforts are mainly of interest when the aluminium alloys
are connected with each other.

(o) No data available.
{p) In some immersed conditions the corrosion of copper or brass may be seriously accelerated at pores or defects in tin coatings.
{a) In some immersed conditions there may be serious acceleration of the corrosion of soldered seams in copper or copper alloys.

{r}  When exposed to the atmosphere in contact with steel or galvanized steel, lead can be rapidly corroded with formation of PbO at narrow crevices where
the access of air is restricted.

(s)  Serious acceleration of corrosion of 18/2 stainless steel in contact with copper or nickel alloys may occur at crevices where the oxygen is low,

(t}  Normally the corrosion of lead/tin soldered seams is not significantly increased by their contact with the nickel-base alloys but under a few immersed
conditions the seams may suffer enhanced corrosion.

(u}  The corrosion product on zinc is, in certain circumstances, more voluminous and less adherent than that of cadmium. Where this is known to be so it
should be considered in making a choice between these two metals.

(v}  Joints of the metals shown are liable to enhanced corrosion in crevices where these are not filled with jointing compound.

{w)} Corrosion products from iron or steel reaching aluminium, or corrosion products from aluminium reaching iron or steel, may sometimes cause serious
local corrosion through oxygen screening or in other ways.

{x) Under some conditions cadmium can penetrate titanium alloy and embrittle it.

3.8 Polarization

When the electrodes in the copper-zine cell of Figure 3-8a are connected through an external variable resistance (R,) a
driving force exists for an electrochemical reaction which is related to the reversible or equilibrium e.m.f. of the cell. This driving
force is the free energy change AG, which is given by Equation (3.1) where E is the cell potential equal to E, ooy when the external
resistance is high. In this case no current flows between the electrodes and no corrosion occurs. However, in practice if the external
resistance is not high, a current will be drawn from the electrochemical cell, corrosion will occur and the cell potential will deviate
from its initial value. This deviation in cell potential due to the current flow is known as polarization and is of practical importance
since it influences the current flowing and therefore the corrosion rate. In the example of Figure 3-8a, a current would flow if the
value of the external resistance R, were lowered from its initial high value and corrosion would occur. The net reaction would be
given by:

7Zn = Zn2t + 2e- (3.23)

and the rate of this reaction would be determined by the current flowing. The electrodes would become mutually polarized and their
potentials would be mutually displaced from their equilibrium values, as indicated by Figure 3-9. The polarized potential of the anode
(Zn2*/Zn) would become more positive, while that of the cathode (H*/H) would become more negative. The displacement of the
potential of an electrode from its equilibrium value is the overpotential z, and is given by

z = E;-E, (3.24)
where E, is the polarized potential and E, is the equilibrium (reversible) potential.

The cathode overpotential z, is always negative, while the anode overpotential z, is always positive, and these overpotentials
are given by (3.24) as

Zz = E,, - E (3.24a)

pP.a r,a
Ze = Epe - Brge (3.24b)

The polarization or overvoltage in a cell is simply the sum of the magnitudes of the overvoltages at each electrode z, + z, where the
negative sign of the cathode overvoltage is omitted.

As the current is increased by decreasing the value of the external resistance R,, the magnitudes of z, and z, increase thus
decreasing the magnitude of the polarized e.m.f. of the cell E}, .o1. For any given current I, the polarized potential of a cell E; . is
given by

Ep,cell = Er,cell = (2za *+ 2o + I Rgypy) (3.25)

where z, and z, are the magnitudes of the overpotentials and Ry, is the resistance of the solution. Since the polarized cell potential
Ep,cell = IRe, then

Er,cell - (Za tzp+ I Rso]n)

= 2
I R, (3.26)

which shows that for any given value of R, the current flowing and therefore the rate of the corrosion reaction increases as:
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Fig. 3-9 Current-potential diagram for a typical corrosion reaction showing the relationship
between reversible electrode potential (E,), polarized potential (Ep) and overvoltage for the
cathodic and anodic half reactions

(a) the magnitude of the reversible e.m.f. of the cell increases
(b) the magnitudes of the anode and cathode overpotentials decrease
(¢) the electrolytic resistivity of the solution decreases.

However low the resistance of the total circuit the current flowing could never exceed the value represented by the value of
the abscissa at the intersection point, P. In practice the maximum current I, is always slightly less than indicated by P because of
the finite resistance of the solution. However at currents close to I, the acting e.m.f. would become vanishingly small. If the current
flowing is I amperes, the corrosion rate will be I/F gram-equivalent per second.

3.9 Polarization at Single Electrodes

The reaction at any single electrode can be considered in terms of counteracting anodic and cathodic components, as in-
dicated by the forward and reverse reactions and the currents I, and I, in Equation (8.18) for the copper dissolution reaction.
Considering the cathodic reaction, copper ions which are the oxidized species must migrate through the electrolyte to the surface
of the electrode where they must take up the required number of electrons, and then locate themselves as atoms in the metal lattice.
If the cathode product was a gas, then in the final stage the gas molecules would have to move away from the surface to make room
for other jons to make contact and participate in charge transfer. Each one of these stages in the overall process involves an activation
energy and this energy must be supplied to allow each stage to proceed. Whichever reaction occurs slowest will determine the overall
rate. Different types of polarization may be observed depending on which step in the overall reaction is rate controlling. If the process
of charge transfer is rate controlling the polarization occurring is known as activation or charge transfer polarization. If the transfer of
ions through an electrolyte is rate controlling then diffusion polarization is said to occur. This is also known as transport polarization
or concentration polarization.

Activation polarization

In Equation (3.18) the currents I, and I, and therefore the current densities i, and i, are equal and opposite if the electrode
is in an equilibrium condition. The current density in this case is known as the exchange current density and is identified as i . These

-AG

electrode reactions are governed by Arrehenius equations of the type K=A e a where K is the rate constant, A is a pre-
exponential factor and AG is the activation energy representing the energy barrier between the transition states. The forward (anode)
and reverse (cathode) reactions are influenced by their respective activation energies AG, and AG, and since the electrode is at equi-
librium the exchange current density i, = i, = i, or

-AG, -AG,
i, = A, exp Ev A, exp RT (3.27)

where i, is in amps/ecm2, and A, and A, are dimensionless constants. AG, and AG,, are in joules/mole and these are approximately
equal.

If a potential is applied to cause an imbalance in the forward and reverse reactions so that metal dissolution occurs, this poten-
tial is the anodic overpotential z,. This imbalance arises from the effect of the applied potential on the free energy changes associated
with the forward and reverse reactions. For the forward reaction the free energy change AG is decreased by an amount anz, F, while
AG for the reverse reaction is increased by an amount (1-a)nz, F. These free energy changes are derived from Equation (3.1), and «
is the charge transfer coefficient with values in the range 0 to 1.

The current flowing as a result of the imbalance is the difference between the rates of the forward and reverse reactions. The
reaction can be made to flow in either the forward or reverse directions depending on polarity of the overpotential, and the current
flowing (i) is given by,
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AG, - anFz AGg + (1-a)nFz
P=faexp |\ pr (| T AP\ T TRT

and i=i [exp{a?:,;‘z ] = (5 {_ Q“’QTL“}] (3.28)

The polarization curves showing the relationship between the net current i, the two partial currents i, and i, and applied
overpotential are shown in Figure 3.10a.

{al (b)

Fig. 3-10 Polarization diagrams for a single electrode showing activation polarization

(a) Overpotential versus current
(b) Overpotential versus log. current

For large values of overpotential (| z! > 0.1v) one of the two terms in Equation (8.28) may be neglected and the equation
may be written

2.3
Z, = ey (log i, - log i°> for anodic overpotential
anF
-2.3RT . . . .
or Zy = m (log i, - log 10) for cathodic overpotential

or in the general case
z =a+ blogi (3.29)
where a and b are the Tafel constants.

Equation (3.29) indicates that a plot of overpotential versus log i would yield a straight line at high values of overpotential
and the extrapolation of this straight line to zero overpotential would indicate the exchange current density i, as indicated in
Figure 3.10b. This diagram is known as a Tafel diagram. The exchange current density is an important characteristic of an electrode
reaction and provides an indication of the response of the reaction to any overpotential. For reactions with a large exchange current
density the overpotential required to reach a certain external current is smaller than for reactions with a small exchange current
density, and therefore resistance to polarization is small. See Reference 3-6 for a further discussion of these points.

Diffusion polarization
The above discussion dealt with electrode processes controlled by the rate of charge transfer occurring at the electrode,
but if the rate of charge transfer is high or a high overpotential is applied the electrode process may be controlled by the rate of

arrival of ions at the electrode surface or the removal of molecules. These reactions are effected by mass transfer through the solution,
which is controlled primarily by diffusion behaviour with moderating effects due to migration and convection.

For a diffusion controlled electrode reaction the current density i is given by Reference 3-6 as,
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Co-C

i = - nFD
1 n 5

(3.30)

where D is the diffusion coefficient, C, is the concentration of the bulk solution, C is the concentration at the electrode surface and & is
the width of the boundary layer. A limiting current may exist corresponding to the greatest concentration gradient, where the concen-
tration at the electrode surface is negligible compared to the bulk concentration. In this case Equation (3.30) becomes

C

i, = - nFD T° (3.31)

The limiting current therefore increases as the concentration of the solution increases, and the relationship between diffusion over-
potential and current is given by the equation

=122 g <1- _‘—) (3.32)
nF 17,

This shows that the smaller iy, and the lower the concentration of the solution the greater is the overpotential due to diffusion. Any
factor which causes iy, to increase will result in an increase in the corrosion rate.

The polarization curve for a cathodic reaction showing diffusion polarization is indicated by Figure 3-11a, where the variation
of overpotential with current is given by Equation (3.32). When both diffusion and activated charge transfer are rate controlling the
curve is modified to that shown in Figure 3-11b, where a linear region of slope ‘b’ appears corresponding to the Tafel region.

+ : +
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c o i - io//
R | R ¥
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INCREASING DIFFUSION
TEMPERATURE POLARIZATION
CONCENTRATION .
- . . VELOCITY _ . i
logi log i
(a) (b)

Fig. 3-11 Plots of overpotential versus current when the reaction rates are controlled (a) by diffusion
(b) a combination of diffusion and charge transfer or activation

3.10 Graphical Representation of Corrosion Rates

Diagrams of the type shown in Figure 3-9 provide a simple means of visualizing corrosion reactions and of estimating the
effects of changes in polarization behaviour of the electrode(s) on corrosion rates. These diagrams are known as Evans diagrams after
their originator (Refs. 3-9, 3-10), and can be applied to single metals dissolving in corrosive solutions or to dissimilar metal couples
undergoing galvanic corrosion. In either case the diagrams indicate the change in electrode potentials with current for each anodic and
cathodic reaction. These changes were originally presented by straight lines, and the points of intersection of the lines indicate the
corrosion potential E, and corrosion current I .. A typical diagram where the corrosion rate is equally affected by changes in
anodic and cathodic polarization is shown in Figure 3-12a, However, this diagram assumes that the resistance of the electrolyte (or
corrodent) is small so that the anodic and cathodic lines intersect. For neutral salt solutions of low concentration the resistance may
be high so that a significant IR drop occurs in the solution and the lines may not intersect. This is shown in Figure 3-12b, where
the corrosion rate indicated by I, is said to be under resistance control. A similar result may occur if a non-conducting oxide film
forms on the metal surface.

For reactions where the rate of the cathodic polarization reaction is much greater than the rate of the anodic polarization
reaction, indicated by the slope of the appropriate E, - Iline, the reaction is said to be under cathodic control and any change in the
rate of this polarization reaction will exert a greater 1nfluence on the rate of corrosion than a similar change in the anodic process. If
the slope of the anodic curve is much greater than the slope of the cathodic curve, the opposite occurs and the reaction is said to be
under anodic control. These cases are illustrated in Figures 3-12c and 3-12d respectively. In the case of cathodic control, the anodic
reaction is lmportant since a change in anode metal which would lead to a significantly higher or lower reversible cell potential,
indicated by E in Figure 3-12c, would cause a corresponding change in corrosion rate indicated by Icorr

It was stated earlier, Section 3.7, that the greater the difference in electrode potentials between dissimilar metals the greater
the driving force for corrosion, and generally the more rapid will be the rate of corrosive attack. In practice however the corrosion
current, and therefore the rate of corrosion, is influenced by many variables including potential difference and polarization behaviour.
Figure 3-12e illustrates a situation where the corrosion current I, between electrodes with potentials E, and Ej, is greater than that
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Fig. 3-12 Plots of E| - I (or i) for typical corrosion reactions or Evans diagrams showing;
p

(a) Mixed control  (b) Resistance control  (c) Cathodic control  (d) Anodic control  (e) Situation where corrosion current
is greater at low thermodynamic driving force than for high driving force, determined by rates of polarization (f) Situationsinvolving
different corrosion currents for the same corrosion potential E,,  (g) Dissimilar metal corrosion when the anode is larger than the
cathode  (h) Dissimilar metal corrosion when the cathode is larger than the anode (Ref. 3-11)
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occurring between two electrodes E, and E, even though the potential difference is greater in the latter case. This arises since the rates
of polarization of the electrodes in the former case are much less than in the latter. Examination of Figures 3-12a to d will indicate
that By, provides no indication of corrosion rate, and this is further illustrated in Figure 3-12f. In this illustration the corrosion poten-
tial By, is the same for two cases where the corrosion currents, I, and Iy, and potential differences E.- E, and E; - E, are
widely different.

It is evident from Section 3.9 that the polarization of electrode reactions depends on current density i, rather than current I,
In the case of single electrodes I, = I,, and since the same surface area is available for the anode and cathode reactions i, =i,. To under-
stand corrosion reactions in dissimilar metal couples where the surface areas available to support the anode and cathode reactions are
different it is preferable to plot E,, versus i for such reaction. Typical cases are illustrated in Figure 3-12g and 3-12h. Figure 3-12¢g
illustrates the case where the surface area of the anode is much greater than the surface area of the cathode, and therefore for the over-
potentials indicated the anode current density is much less than the cathode current density. Figure 3-12h illustrates the reverse situa-
tion where the cathode surface area is much greater than the anode surface area, and therefore for the overpotentials indicated, the
anode current density is much greater than the cathode current density, this case of large cathode and small anode is the most serious
case and should be avoided.

3.11 Pourbaix Diagrams

Corrosion reactions are not only affected by cell potentials but also by the acidity or hydrogen ion concentration (pH) of the
electrolyte. In practice both can be varied independently, cell potentials can be varied by coupling dissimilar metals with different half-
cell potentials or by applying an external potential, and hydrogen ion concentration can be adjusted by the addition of acids or bases.

The influence of these variables on chemical and electrochemical equilibrium can be represented graphically using a series of
diagrams due to M. Pourbaix, which indicate the equilibrium between a metal and a liquid under various conditions of potential and pH.
Each diagram indicates conditions under which a metal would either corrode, be immune or develop a protective solid film to become
passive. The diagrams are constructed from calculations based on thermodynamics and the Nerst Equation (3.22), and on solubility data
for the chemical compounds tending to form.

2.0 20
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pH pH
Fig. 3-13a Simplified Pourbaix diagram for Iron Fig. 3-13b Pourbaix diagram for iron at 25°C (Ref. 3-4)

A typical diagram is shown in Figure 3-13a, and is composed of lines representing different types of equilibria. Horizontal
lines represent equilibrium reactions that involve electrons, but which are independent of pH. For example the horizontal R1 represents
the equilibrium:

Fe = Fe?* + 2¢” (3.33)

The potential for this, and any other dissolution reaction is dependent on the activity of the ferrous ions in solution in
accordance with Equation (8.22). According to this equation the potential of a univalent metal will change by 59.9 mV for every
tenfold change in activity of the metal ions in solution at 25°C. Thus a complete Pourbaix diagram would show sets of parallel reaction
lines indicating conditions for solutions of different activity, instead of the single lines shown in Figure 3-13a. A more complete version
of this diagram is shown in Figure 3-18b which contains sets of parallel lines 0, -2, -4 and -6, cotresponding to ferrous ion activities
of 10°, 102, 10-4 and 10-6 times normal, and spaced at intervals of 2 X 59.9 mV as determined by Equation (3.22). The important
point to note is that iron will not dissolve below the horizontal line R1 once the liquid in which it is immersed contains Fe2* ions at
the concentration appropriate to the line selected, and therefore it will be immune. Conversely if the potential were to be raised above
the line R1, the metal would corrode.

The vertical lines in Figure 3-13a and 3-13b represent reactions involving hydrogen ions (H*) or hydroxyl ions (OH"), but not
electrons. Thus they are affected by pH but not cell potential. The line marked R2 represents the hydrolysis:

Fe3* + H,0 = Fe(OH)2* + H* (3.34)

The sloping lines in Figure 3-13a indicate reactions involving both hydrogen fons (H*) and electrons, and therefore they are
affected by both pH and potential. The line marked R3, for example, indicates the reduction and dissolution of solid ferric oxide to
ferrous ions in the liquid;

2Fe2+ + 3H,0 = Fe,0; + 6H* + 2e- (3.35)
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Considering, for example, the corrosion of iron in a mildly acid solution (e.g. pH = 6) at an applied potential of ~0.4 volt,
the corrosion could be arrested by raising the potential above line R3, so that a solid oxide film would form to obstruct the passage
of further iron into the solution. Under these conditions the iron would become passive. If, on the other hand, a strong acid were to be
added to the solution to increase pH and move the equilibrium to the left of the sloping line R3, the corrosion reaction would continue
with the dissolution of the ferric oxide film.

The region between the lines marked ‘a’ and ‘b’ on Figure 3-13a indicate conditions under which water is stable. Above the
oxygen line ‘b’ oxygen is evolved, while below the hydrogen line ‘a’ hydrogen is evolved. The oxygen and hydrogen evolution reactions
involve the release or capture of electrons respectively, and therefore potential must move in opposite direction to support each
reaction:

2H* + 2e — H, (1 gas) (3.36)
40H- - Oy (1 gas) + 2H,0 + 2e (3.37)
3.12 Passivity

Figure 3-13a indicates that the anodic reaction occurring at a metal surface may involve the dissolution of the metal by
forming ions which are soluable in the corrosive solution, or the formation of a insoluable solid compound. When the solid compound
forms as tightly adherent and impermeable film on the metal surface it tends to impede the corrosion reaction and the metal is said to
be passive. The conditions of potential and pH which allow passivation to occur are indicated by the appropriate Pourbaix diagram.
Under conditions where passivation may occur, the anodic polarization curve of a metal will be markedly different to that observed in
a freely corroding situation.

If a metal is cleaned by pickling in a strong acid, and then immersed in an electrolyte it will establish a potential in the active
region B, as indicated in Figure 3-14. If the electrolyte contains metal ions at unit activity the potential developed will be the revers-
ible potential E.. If an external potential is applied to raise the electrode potential the corrosion current will increase. However, in
metals capable of passive behaviour a maximum current will be reached at some potential E;, depending on the metal and the electro-
lyte. The potential E, is known as the passivation potential, and above E; the corrosion current suddenly begins to decrease. According
to Hoar, Reference 3-12, this is caused by the formation of an oxide monolayer which becomes a compact barrier between the metal
and the solution. As a result, the corrosion current fails abruptly to a very low density (i, ) and remains stable at that level even if the
potential continues to increase. At some potential Eg at the positive end of the passive range the passive film loses its protective prop-
erties and even with no further potential increase the corrosion current increases by several orders of magnitude. The material is now in
the transpassive condition where it undergoes rapid dissolution.

The appearance of transpassive behaviour is an indication of a secondary anodic reaction occurring. This may occur when the
passivating oxide is anodized to a soluable substance by high positive potentials, Reference 3-12. In certain cases it may not be due to
the metal itself, but may be due to the appearance of the oxygen evolution reaction, Reference 3-6, e.g.

Hy0 > 0, + 4H* + 4e (at 1.23v) (3.38)

It is because of their tendency to become passive that metals such as aluminium, zine, stainless steel and titanium exhibit low
corrosion rates in many corrosive environments. However it is important that if an external potential is applied to any such metal, for
example by coupling with a conducting dissimilar material, the potential must not lie above Eg or below E;. When the dissimilar
material is a highly cathodic material, such as carbon, high potentials above the transpassive potential may arise. For this reason careful
attention must be paid to the selection of metals to be used in airframe structures in contact with carbon or graphite reinforced com-
posites, e.g. Reference 3-13.

TRANSPASSIVE

PASSIVE

ELECTRODE POTENTIAL mV
(o]
T

ACTIVE

' l i

LOG CURRENT DENSITY

Fig. 3-14 Schematic anodic polarization curve for a metal which can be passivated

To establish the corrosion current flowing, and therefore the corrosion rate for a metal which exhibits active-passive behav-
iour it is necessary to consider the anodic polarization curve together with the cathodic polarization. Several types of behaviour may be
observed, and three of the more important have been described by Reference 3-6, and these are illustrated in Figure 3-15.
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Fig. 3-15 Polarization diagrams for metals which can be passivated, Ref. 3-6

In Figure 3-15a, where the cathode reaction has a high equilibrium potential, the anodic and cathodie polarization curves
cross only in the passive region and the corrosion current (i.o,, ) is equal to the anode passivation current (ip), and spontaneous and
stable passivity is obtained. If the cathode equilibrium potential is much lower several situations can arise as illustrated in Figure 3-15b
and 3-15c. In Figure 3-15b, the curves cross at three points and the processes occurring depend on the physical condition of the anode
at any time. If the anode is initially passive the reaction will be represented by point 1, where the corrosion current is low. However, if
the passive film becomes damaged to expose an active spot, the active spot cannot be repassivated and the reaction occurs at a corro-
sion rate indicated by point 3. This condition is known as an active-passive state, and it involves the combination of a small anode and
a large anode. Since the cathode reaction is unable to lift the active metal over its critical passivation current density this situation
usually leads to serious localized corrosion of the type observed, for example in pitting. Point 2 in Figure 3-15b is of no practical
interest since it is electrically unstable and the system would move spontaneously to points 1 or 3.

The final diagram, Figure 3-15¢, shows the case where the cathode equilibrium potential is below the passivation potential
(E) for the anode, and passivation is no longer possible. The corrosion rate is given by the point of intersection of the two curves, and
this represents the case of corrosion of an active metal.

3.13 Special Cases of Practical Interest

Area effects

As indicated in Section 3-11 above, particularly serious localized corrosion can occur where the active site or anode is small
with respect to the cathode area. In this situation the anodic current density (i,) will be high and the corrosion rate correspondingly
high. The lower is the ratio of the cathode area to the anode area, the lower is the rate of corrosion. Conversely, where there is a large
cathode and a small anode the rate of corrosion tends to be severe.

An important practical application of these rules occurs in fastener selection where invariably the fastener surface area will
be small with respect to the surrounding area of structure. Generally therefore, it is a sensible precaution to select a fastener material
which will respond as a cathode to the adjacent structure, rather than the reverse situation. In this case any corrosion occurring as a
result of electrical contact between the fastener and structure would be minimized. However, in the ideal case the galvanic potential
between the fastener and the structure would be eliminated completely, or if dissimilar metals were unavoidable, the two would be
electrically isolated.

Oxygen concentration corrosion

Corrosion cells can be set up by local differences in composition of an electrolyte. This frequently occurs where one part
of the electrolyte is exposed to the atmosphere and therefore contains the maximum of dissolved oxygen while another part may be
isolated from the atmosphere and may become deficient in oxygen as a result of the initial stages of oxidation. This is sometimes
referred to as differential aeration, and may occur in a tight crevice or underneath loosely adhering surface deposits or coatings.

Regions of metal in contact with liquid having a high concentration of oxygen will become cathodic and be protected from
corrosion, while regions where the oxygen concentration is low will become anodic and will corrode. The electrochemical conditions in
crevices also change due to decreases in pH arising from hydrolyses of metal ions, and the decreased oxygen content will tend to make
repassivation more difficult and corrosion more severe.

Electrochemical corrosion between alloy phases

Galvanic corrosion of a highly localized nature can occur in single metals due to the presence of inclusions or second phase
particles with chemical compositions and therefore electrochemical potentials that are different to the major phase. Since the different
phases are in electrical contact with each other, electrochemical corrosion will occur in the presence of an electrolyte with the dis-
solution of the anodic phase. Values for the electrode potentials of some of the common intermetallic compounds found in aerospace
aluminium alloys are given in Table 3-4, where they are compared with values for the bulk alloys. These values are all measured against
a standard calomel electrode.
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Table 3-4 Electrode potentials for some common alloys and their inclusions

Alloy or Phase Condition Potential V
2024 Wrought, T3- -0.69
6061 Wrought, T6 -0.83
7075 Wrought, T6 ~-0.83

356 Cast, T6 -0.82
Silicon Particles -0.26
Fe Al Particles -0.56
Cu AL,y Particles -0.73
Alg Mg Particles -1.24

If the inclusion is more electronegative than the surrounding matrix it will form the anode of the cell, and will corrode, and
since generally the surface area of the anode will be small with respect to the cathode the rapid corrosion described above will occur.
If the inclusions are in the form of long continuous or semi-continuous stringers deep pits may form, or if they are concentrated at
grain boundaries severe intergranular corrosion and cracking may occur.

Electrochemical corrosion due to temperature variations

Corrosion may oceur in a single metal exposed to an electrolyte if it is exposed to local heating which produces temperature
gradients within the metal. It follows from Equation (3.22), that the warm spots will develop higher electrode potentials than the cooler
areas and the potential differences between the different areas may be sufficient to create corrosion cells. This may be important in the
corrosion of heat exchangers and boilers, but it may also be a factor in areas of aircraft structure close to engines or areas heated locally
by the sun.
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CHAPTER 4

COMMON AIRCRAFT ALLOYS AND THEIR RESPONSE TO CORROSIVE ATTACK

4.1 Introduction

By far the most widely used materials in airframe structures are aluminium alloys, but titanium alloys, and a wide range of
specialty steels and occasionally magnesium alloys and nickel alloys are also used. The nickel, cobalt, titanium and ferrous alloys used in
engines will not be dealt with specifically in this review, except where their use is related to airframe or undercarriage applications.
Copper and various copper alloys are used in electrical equipment, and cadmium, zine, aluminjum, chromium, nickel and silver are used
either alone or in combination for protective coatings. The main airframe and undercarriage structural alloys can be sub-divided into
different alloy types, such as casting alloys and wrought alloys, and further sub-divisions can be made depending on whether the alloys
are strengthened by mechanical working or heat treatment. Examples of the main alloy types are given in Table 4.1, along with notes
describing some of their typical applications. Their general metallurgical and corrosion characteristics are described below. More
detailed accounts of the mechanisms of the different modes of corrosive attack are given in Section II.

4.2 Steels — General

Many different steels are used in airframe structures and the susceptibility to corrosion and the modes of corrosive attack
vary enormously depending on alloy composition and heat treatment condition. Plain carbon steels or low alloy steels can suffer from
uniform corrosive attack, pitting or intergranular attack. Many high alloy and stainless steels are virtually immune to uniform attack,
being protected from all but the most aggressive environments by thin passive films. However, these alloys are nevertheless prone to
pitting attack, hydrogen embrittlement, stress corrosion cracking and other forms of mechanically aided corrosive attack. Generally,
when moisture is present the cotrosion products are reddish-brown scales or films, which are easily recognized.

4.2.1 Carbon and low alloy steels

Quenched and tempered low alloy steels such as T1 (Table 4-1) may be used where yield strengths of 620-700 MPa are
required together with good toughness. Corrosion resistance depends on alloy composition, but small additions of Ni, Cr and Cu lead to
improved corrosion resistance compared to plain carbon steels. In the specific case of T1, atmospheric corrosion resistance is about
four times greater than for equivalent plain carbon steels (Ref. 4-1). It is also fairly resistant to stress corrosion cracking in water and
sodium chloride containing atmospheres, but water saturated with H,S and agricultural ammonia contaminated with air are both
known to cause stress corrosion cracking (Ref. 4-2).

Higher yield strengths can be obtained in quenched and tempered low alloy steels such as 4130, but these alloys are also
prone to general rusting, pitting, and stress corrosion cracking, particularly in industrial and marine atmospheres. These alloys should
therefore be protected by electroplating or painting, or a combination of the two. However these alloys are also susceptible to hydrogen
embrittlement in chromium, nickel and cadmium plating solutions and in hydrochloric acid pickling. Alkaline cleaners and anodic acid
cleaners usually cause fewer problems. Baking at 190°C for times up to 24 hours, depending on the severity of the embrittlement is
effective in relieving the embrittlement (Refs. 4-3, 44).

4.2.2 Ultra high strength steels

Ultra high strength steels such as 4340 and 8630 are also low alloy steels but have superior hardenability than those discussed
previously. They may be used therefore where yield strengths are required in excess of 1400 MPa. The higher strength alloys such as
4340 can provide yield strengths up to 2000 MPa.

The general corrosion resistance of these steels is poor, and similar to other low alloy steels where corrosion protection is
required. Ferritic and martensitic steels such as 8630 exhibit uniform corrosion in the presence of moisture or moist air. The rate
of corrosive attack increases with temperature, acidity of the corrosive solution, and the velocity of the fluid flow. Under normal
conditions these steels do not develop protective oxide films and they suffer from galvanic attack when in contact with more noble
(cathodic) metals,

Heat treatment of alloys such as 4340 to strength levels in excess of 1400 MPa produces material with severe sensitivity
to hydrogen embrittlement and processes involving exposure to hydrogen, such as acid pickling, cathodic cleaning or electroplating
must be carried out with care. Hydrogen embrittlement may lead to brittle failures at very low stress levels, and particularly at stress
concentration_in notches. Delayed failure under sustained static loads may also occur as a result of hydrogen embrittlement (see
Chapter 12). Relief from hydrogen embrittlement may be achieved by baking at temperatures in the range 150-350°C, and times of
1-24 hours depending on the alloy and the type of surface treatment causing the embrittlement.

The 18% nickel maraging steels can also be included in this group, and three types of alloy exist in this class providing
strength levels up to 1400, 1725 and 1950 MPa respectively. The alloys contain 18% nickel, together with varying amounts of cobalt,
molybdenum, titanium and aluminium, while carbon is held at very low levels up to 0.03%. Quenching from the austenitic region causes
the transformation to martensite at relatively low temperatures (95-200°C), and a very fine structure. Alloys of very high strength and
toughness are then developed by aging.

The alloys were designed to provide better resistance to crack propagation then the low alloy steels. The alloys also provide
superior resistance to oxidation, corrosion, stress corrosion cracking (Refs. 4-5, 4-6), corrosion fatigue (Refs. 4-7, 4-8) and hydrogen
embrittlement (Refs. 4-7, 4-9) then low alloy steels such as 4340.

4.2.3 Austenitic stainless steels

The austenitic stainless steels include a wide range of iron based alloys containing a minimum of 16% chromium and 6%
nickel, and which possess outstanding corrosion resistance and good formability when in the annealed condition. Both cast and wrought
forms are available. The high corrosion resistance of these alloys is due to the formation of very thin, highly adherent and uniform
oxide films of chromium and nickel, and corrosion resistance increases as the concentration of these elements increases. Accordingly,
alloys similar to type 310 stainless steel, which contains about 25% Cr and 20% Ni, provide the greatest corrosion resistance.
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Table 4-1 Common metals used in airframe construction

Alloy Type Examples UNS* Code Typical Uses
Carbon and low T1: Fe, 0.15C, 0.92Mn, 0.88Ni, 0.5Cr, K11576 Quenched and tempered low alloy steels, used
alloy steels 0.46Mo, 0.32Cu, 0.26Si where strengths are required to 700 MPa.
4130: Fe, 0.3C, 0.95Cr, 0.2Mo G41300
Ultra high 4340: Fe, 0.4C, 1.8Ni, 0.8Cr, 0.25Mo G43400 Gears, landing gear components, pinions, connect-
strength steels 8630: Fe, 0.3C, 0.55Ni, 0.5Cr, 0.25Mo G86300 ing rods, bolts.
Austenitic 316: Fe, 18Cr, 13Ni, + Mo 531600 Used predominantly in engine applications such as
stainless steels 347: Fe, 18Cr, 12Ni, + Nb 534700 exhaust manifolds and after-burners. Minor use for
310: Fe, 25Cr, 20Ni S$31000 specialty fittings in airframe.
Martensitic 403: Fe, 12Cr, low carbon 540300 Used predominantly in engines in the form of
stainless steels 440: Fe, 17Cr, 0.5Mo, high carbon 544004 forgings and castings. Used for specialty low
volume parts in airframe where corrosion resistance
without protection is required.
Age hardening 17-4PH: Fe, 17Cr, 4Ni, 4Cu 517400 High strength fasteners and forgings, cold drawn
steels Custom 455: Fe, 12Cr, 8Ni, 2Cu, 1Ti, S$45500 thin section parts, aircraft pressure vessels.
+ Nb, low carbon
AM362: Fe, 15Cr, TNi, Ti 536200
Nickel chromium A286: Fe, 25Ni, 15Cr, 2Ti, 1.5Mn, K66286 Turbine discs, exhaust components. Little use in
steels 1.3Mo, 0.3V airframe.
RA330: Fe, 35Ni, 19Cr, 1.25Si N08330
Incoloy 800: Fe, 32Ni, 20Cr, 0.75Mn
Cast aluminium 355: Al, 58i, 1.3Cu, 0.5Mg A03550 Impellors and compressor parts, sand and perma-
alloys nent mold castings.
A356: Al, 7Si, 0.3Mg A13560 Aircraft wheels, pump parts, valve bodies, control
brackets, pulleys.
518: Al, 8Mg A05180 Die castings with good corrosion resistance,
instrument casings.
Wrought heat 2024: Al, 4.56Cu, 1.5Mg, 0.6Mn A92024 Wing and fuselage skins, cowls, fasteners,
treatable 6061: Al, 1Mg, 0.6Si, 0.25Cu, 0.2Cr A96061 Applications requiring intermediate strength, with
aluminium alloys corrosion resistance and weldability, water tanks,
tubing.
7049: Al, 7.6Zn, 2.5Mg, 1.5Cu, 0.15Cr A97049 Forgings requiring high strength and SCCresistance.
7050: Al, 6.2Zn, 2.25Mg, 2.3Cu, A97050 Landing gear forgings, sheet, plate and extrusions.
0.127Zr Replaces 7075 where resistance to exfoliation,
stress corrosion, and high toughness are required.
7075: Al, 5.6Zn, 2.5Mg, 1.6Cu, 0.3Cr A97075 Wing spars, forgings, sheet, plate and extruded
products. One of the first high strength alloys.
T7178: Al, 6.8Zn, 2.7Mg, 2.0Cu, 0.26Cr A97178 Machined integrally stiffened skins, space vehicles.
7475: Al,5.7Zn, 2.3Mg, 1.5Cu, 0.21Cr, A97475 Wing spars, integrally stiffened panels, components
low Si, Fe, Mn, Ti requiring good strength and toughness.
Wrought, non- 5052: Al, 2.5Mg, 0.25Cr A95052 Electrical housings, hydraulic tubing; spun, drawn
heat treatable 5456: Al, 5.1Mg, 0.8Mn, 0.1Cr A95456 or cast pressure receptacles.
aluminium alloys
Cast magnesium AZ92A: Mg, 9Al, 2Zn M11920 Sand, permanent mold, and die castings for low
alloys QE22A: Mg, 2.5Ag, 2.0Di, 0.4Zx M18220 cost, lightweight parts. The alloys provide a range
EZ33A: Mg, 3Re, 2.57n, 0.6Zr M12330 of strengths, weldability and castability. Alloys
ZH62A: Mg, 1.5Th, 5.7Zn, 0.7Zx M16620 such as QE22A maintain tensile strengths to
ZK61A: Mg, 6Zn, 0.8Zr M16610 temperatures in the region of 200°C.
Wrought, heat AZ80A: Mg, 8.5Al,0.5Zn M11800 Forgings, aircraft wheels, extrusions.
treatable LA141A: Mg, 14Li, 1A1 M14141 Instrument housings, armour plate, aerospace
magnesium alloys structures.
Wrought, non- AZ31B: Mg, 3Al, 1Zn Mi11311 Sheet and plate with good formability and corro-
heat treatable sion resistance. Extrusions and forgings.
magnesium alloys AZ61A: Mg, 6Al,1Zn M1i1610 Extrusions and forgings.
Cast titanium Ti-6Al-4V R56400 Impellors, compressor wheels, window frames,
alloys Ti-5Al-2.58n R54520 hubs, bearing housings.
Wrought titanium Ti-5Al-2.58n, ELI** R54521 An intermediate strength alloy used where good
alloys toughness is required. Sheet, plate, bar, wire and
forged products.
Ti-8Al-1Mo-1V R54810 Used in high temperature applications.
Ti-6Al-2Sn-4Zr-2Mo R54620 Jet engine compressor parts and airframe skin
components.
Ti-61-4V, ELY R56401 A wide range of sheet, plate, bar, wire and forged
airframe and engine products.
Ti-6Al-6V-28Sn R56620 Replaces Ti-64 where higher strength is required,
but at the expense of toughness,
Ti-6Al-2Sn-4Zr-6Mo R56260 Disc and fan blade compressor forgings.
Ti-8Mo-8V-2Fe-3Al R58820 High strength sheet.
Ti-13V-11Cr-3Al R58010 Sheet, bar and forged products. High strength

fasteners.

*UNS
**ELI

]

Unified numbering system
Extra low interstitial grade
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Carbon is another key element affecting corrosion resistance since it will tend to combine with chromium to form Cry3Cg
carbides, which will precipitate at intergranular and intragranular sites when the alloys are cooled through the temperature range
880°-425°C. Similar precipitation can occur during long time service exposure in this temperature range. Since these carbides are rich
in chromium they will deplete the surrounding matrix or grain boundary regions of chromium and may render them sensitive to
corrosive attack. Intergranular corrosion will often occur because of this problem, although it can usually be prevented by annealing
the alloy to dissolve the carbides and to relieve residual stresses. This problem may be severe in high carbon alloys, and in the fusion
zones and heat affected zones of welds which are allowed to cool slowly through their critical carbide precipitation ranges. To avoid
this problem low carbon alloys are available, as well as alloys such as types 321 and 347 which contain additions of niobium, titanium,
tantalum or molybdenum that act as carbide stabilizing elements.

Since the alloys are austenitic at room temperature they cannot be strengthened by allotropic transformations and they do
not exhibit significant precipitation hardening. They are strengthened therefore by cold, or warm working, although certain alloys such
as type 304 contain small amounts of nitrogen (0.1%-0.16%) to increase strength and creep resistance through the formation of
nitrides. In the cold worked condition many of the alloys are susceptible to stress corrosion cracking.

Some of these alloys, such as type 310 are embrittled by hydrogen, although only in very thin sections and therefore it is not
considered a serious problem. Pitting and crevice attack may also occur in several of these alloys when exposed to severe atmospheric
conditions. The addition of molybdenum (2-4%) in types 316 and 317 stainless steel provides increased resistance to pitting corrosion
and stress corrosion cracking compared to the other 300 series alloys, although these forms of attack may still occur in sea-water. By
comparison, type 321 is resistant to stress corrosion cracking in sea-water but is still susceptible to stress corrosion cracking and pitting
in coastal regions or on aircraft carriers where alternate wetting and drying of chloride containing rain ot spray can occur. It is usually
recommended that most austenitic stainless steels be protected by coatings, and anodic protection is often applied when the steels are
used in marine atmospheres for significant lengths of time (Ref. 4-10).

4.2.4 Martensitic stainless steels

The 400 type stainless steels are air hardening alloys, generally providing high strengths but lower corrosion resistance than
the 300 series austenitic stainless steels. They contain chromium in amounts from 12-17% to provide corrosion resistance, and a wide
range of minor alloying additions including nickel, molybdenum, tungsten, niobium and vanadium in amounts up to 3%. Both wrought
and cast forms of these alloys are used.

These alloys are generally resistant to atmospheric corrosion and attack by fresh water, however they are prone to stress
corrosion cracking and to hydrogen embrittlement, Their sensitivity to these forms of attack depends on the particular alloy chemistry
and its heat treatment. For example type 420, which is a simple iron-chromium alloy, is particularly sensitive to salt water stress
corrosion cracking when quenched or air cooled and then tempered in the range 370-480°C. Resistance to general corrosion also
decreases as a result of this type of treatment. Generally, the higher strength conditions are more prone to stress corrosion cracking
and hydrogen embrittlement. The addition of minor elements nickel, molybdenum, tungsten and vanadium, found in type 422 steel,
provides increased resistance to stress corrosion cracking and also improved creep strength. However sensitization to salt water stress
corrosion cracking also occurs if tempering is performed in the intermediate range of 370-570°C, and temperatures outside this range
are therefore recommended.

Many of these alloys possess outstanding oxidation resistance and alloys such as Greek Ascoloy, niobium modified 410 and
type 440 can be used continuously at temperatures up to 600°C, 670°C and 760°C respectively. For this reason they are often used in
the hot sections of gas turbine engines.

4.2.5 Age hardening steels

This series of alloys includes the martensitic and semi-austenitic stainless steels such as 17-4PH and PH15-7Mo, which are
also amenable to strengthening by precipitation hardening. They contain chromium and nickel as the major alloying elements, and
their combined content is generally in excess of 20%. These elements are used in combination with smaller additions of Mo, Al, Ti, Co,
and occasionally Cu and Nb. The alloys have atmospheric corrosion resistance similar to 304 stainless steels and oxidation resistance
generally better than the martensitic 400 type stainless steels. Various heat treatments and thermomechanical processing treatments
are available to produce ultimate tensile strengths at room temperature up to 2000 MPa, and yield strengths up to 1800 MPa in alloy
17-TPH. Several of the alloys retain high strengths at temperatures in the range 425-540°C.

The corrosion resistance of these alloys also depends on their heat treatment condition. Most alloys in this series are resistant
to general corrosion in rural or moderate industrial atmospheres, but they are prone to crevice corrosion and pitting. Several of the
alloys, such as AM-350 are susceptible to stress corrosion cracking in severe atmospheres such as coastal marine atmospheres and salt
spray. Stress corrosion cracks tend to form at corrosion pits and to propagate intergranularly along prior austenite boundaries, or grain
boundaries containing delta ferrite, These alloys are also prone to corrosive attack in weld heat affected zones unless post weld heat
treatments involving full solutioning and aging are carried out.

4.2.6 Nickel chromium steels

These alloys are similar to the age hardening steels in providing outstanding combinations of strength, corrosion resistance
and oxidation resistance. The alloys however have more stable austenitic matrix structures which are achieved by large additions of
nickel, usually in excess of 20%, supplemented by smaller additions of chromium. Included in this class are the single phase austenitic
alloys, such as RA-330 and Incoloy, which may contain additional elements such as Si and Mn. These alloying additions provide no age-
hardening response, and therefore the alloys can only be strengthened by cold or warm working.

Several alloys contain smaller amounts of alloying additions such as Ti, Mo and V which allow strengthening by age hardening
through the precipitation of various carbide phases. Several high carbon alloys are available, including Incoloy 802, which provide
strengthening through a carbide dispersion-hardening mechanism which remains effective to quite high temperatures.

Also included in this class are alloys such as A-286 which exhibit age hardening characteristics through the precipitation of
a '-Nig(Al, Ti) phase, similar to that which forms in nickel-base superalloys. These alloys are therefore sometimes called iron-base
superalloys or stainless superalloys. The age hardenable alloys provide high strength levels, with ultimate tensile strengths up to
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1050 MPa and yield strengths of 760 MPa at ambient room temperature. However these alloys are prone to over-aging at very high
temperatures and therefore service operating temperatures are generally limited to 650-850°C. The non-age hardenable alloys provide
lower strengths, usually in the range 400-700 MPa at 25°C, but service temperatures up to 1200°C are feasible. Carbide dispersion
strengthened alloys provide higher strengths in the intermediate temperature range, 760-1000°C.

The age hardenable alloys were originally developed for use in gas turbine engines and they provide good oxidation resistance
in engine atmospheres in the temperature range given above. Consequently they can be used for continuous operation at these temper-
atures, and for intermittent service at higher temperatures. However, as noted in Chapter 12, alloy A-286 is susceptible to hydrogen
embrittlement which leads to brittle intergranular fracture.

The non-age hardenable alloys also exhibit high resistance to oxidation and alloys such as Incoloy are resistant to corrosion in
strongly oxidizing solutions such as nitric and sulphuric acids. Like other austenitic alloys, these alloys can be sensitized to intergranular
attack by prolonged heating or slow cooling in the range 540-760°C. This problem is particularly severe in the high carbon alloys. Full
solution treating and controlled aging should be used to stabilize these alloys and produce the correct grain boundary carbide phases.
Stabilization annealing in the range 940-960°C is also used with age hardenable alloys like Incoloy 801 to provide maximum resistance
to stress corrosion cracking.

4.3 Aluminium and Aluminium Alloys — General

As indicated by its position in the electrochemical series, aluminium is thermodynamically one of the most reactive metals,
behaving anodically with respect to all metals except magnesium, beryllium and zinc. In practice however it is often resistant to
corrosion since it is protected by oxide films which form rapidly in most environments.

The conditions for thermodynamic stability of the oxide film are given by the Pourbaix diagram of Figure 4-1. Aluminium is
passive in the pH range of about 4 to 8.5, depending on temperature and the rate at which the oxide film dissolves in the electrolyte.
Outside of this range aluminium may corrode, by the formation of Al*** ions in acid solutions or the formation of Al0,™ ions in
alkaline environments. Some special cases exist where aluminium does not corrode outside the passive region, and these may occur for
example when the oxide film is not soluble or where it is maintained by the oxidizing nature of the solution.

Very localized corrosion of aluminium may occur in the passive range, leading for example to pitting. The propensity for
pitting can be established from the pitting potential, which is simply the potential in a particular solution above which pits will initiate
and below which they will not. The pitting potential can be found by applying a variable external potential between the metal (as
anode) and a cathode which are immersed in an electrolyte free of cathodic reactants. The relationship between anode potential and
current is determined, and conditions are established where the metal polarizes, potential levels off to a steady value and rapid increase
in current occurs. This potential is the pitting potential, and this is indicated in Figure 4-2 for 1100 aluminium immersed in neutral
sodium chloride solution. Only when cathodic potential is sufficient to polarize the metal to its pitting potential will significant current
flow and pitting occur. Pitting is common in aluminium alloys in aerated solutions containing halide ions since it develops electrode
potentials that equal or exceed the pitting potential. In deaerated solutions of equal halide (e.g. chloride) concentrations, in the
absence of the cathodic reactant O,, aluminium may not corrode by pitting since it is not polarized to its pitting potential. Generally,
aluminium does not develop pitting in aerated solutions of most non-halide salts because its pitting potentials in these solutions are
considerably more cathodic than those in halide solutions, and it is not polarized to these potentials (Ref. 4-12).
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The corrosion behaviour of aluminium alloys is strongly influenced by the chemical composition of the alloys as determined
by impurity elements and alloying additions, since these affect the electrolytic solution potentials of the alloys. The solution potential
is primarily determined by the composition of the aluminium-rich solid solution which is the predominant phase in the alloys. But
second phase particles such as inclusions, dispersoids and precipitates are also important to corrosion since they will have electro-
chemical potentials different from the aluminium solid solution and may therefore create local galvanic couples. These may be
responsible for special cases of corrosion such as intergranular corrosion or exfoliation.

The principal alloying elements in aluminium alloys include Zn, Mg, Si, Cu, and Mn, and the effects of these elements on the
solution potential of aluminium are shown in Figure 4-3. The reactive elements zinc and magnesium decrease the solution potential of
aluminium, producing very reactive binary alloys. Silicon, copper and manganese have the opposite effect on solution potential, and
since the effects of these alloying elements in ternary or higher order alloys are approximately additive the solution potentials of
commercial alloys span a wide range.

* -0.66
[S]
5 -0.70 TR
S e
w5 -0.74 g
q ////
g w-0.78 /
249
= < -082 0-0-0
= si
]
S -0.86
M -
2 -0.90 :
S
>~ -0.94
I
= -0.98 \ —— SOLID SOLUTION
u 5 Zn —=—=—iN EXCESS OF
*5 g ~-1.02 \ SOLID SOLUTION
o«
E ~-1.06 A A
o
= =l
* e] | 2 3 4 5 6 7 8

ADDED ELEMENT, WT %

Fig. 4-3 Effects of principal alloying elements on
electrolytic solution potential of aluminium
(Ref. 4-12)

Potentials are for high-purity binary alloys solution heat

treated and quenched. Measured in a solution of 53 g/L NaCi
plus 3 g/L HyO) maintained at 25°C.

4.3.1 Cast aluminium alloys

The cast aluminium alloys used in the aerospace industry are heat treatable alloys based on the Al-Si-Mg, Al-Si-Cu-Mg and the
Al-Cu-Mg alloy systems. They are used because of their high fluidity, low solidification shrinkage tendencies, high resistance to hot
cracking and good pressure tightness, These are the main properties required to ensure good castability. However the major alloys also
have high corrosion resistance and weldability.

Silicon is a major alloying element in many alloys and free silicon or silicide particles exist in large amounts. These particles
are highly cathodic to the aluminium matrix by several hundred millivolts and therefore they would be expected to promote corrosion.
However the effects on corrosion resistance are minimal because of the low corrosion current densities resulting from the fact that the
silicon particles are highly polarized (Ref. 4-11).

The ternary Al-Si-Mg alloy 356 has outstanding corrosion resistance and it can be used in industrial and sea coast environments
without cracking. It is also highly resistant to stress corrosion cracking and no service failures due to SCC have been reported. Alloy 355
which contains 1.3% Cu also has high resistance to corrosion and stress corrosion cracking, although it is inferior to alloy 356. Other
higher strength casting alloys are available, However, as the strengths of these alloys increase their propensity for corrosion, and partic-
ularly for stress corrosion cracking increases. Copper is added up to about 5% and this has a significant and generally deleterious effect
on corrosion resistance.

4.3.2 Wrought heat treatable aluminium alloys

These are by far the most important and most widely used alloys in airframe construction and many different types are in
service. The most important alloys are of the Al-Cu-Mg type (2xxx series) or Al-Zn-Mg type (7xxx series). Alloys of the 6xxx series,
Al-Mg-Si system, such as 6061 are also used to a lesser extent. Table 4-2 gives the solution potentials for a number of such alloys used
in aerospace, while Table 4-3 gives their typical room temperature mechanical properties.
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Table 4-2 Solution potentials of some commercial heat treatable aluminium alloys used in aerospace

Potential V versus

Alloy Temper standard calomel electrode
2014 b “o78
2219 Ly i
2024 o “os1
6061 b T083
7005 6 -0.94
7049 76 ot
7050 76 o4
7075 Pl o84
475 e Cos4
7178 6 -0.83

Table 4-3 Typical room temperature mechanical properties of some common aerospace aluminium alloys

Tensile % Modulus Brinell Fatigue Fracture
Form and y 4 Elong. of elasticity Hardness toughness
Alloy condition ‘1;};“ mﬁ‘;‘*‘te in MPa X 103 500 Kg load S“;\‘,’I‘I’,gth MPa+/m
a a 50 mm (d) 10 mm ball i (g)
2014 T4 sheet (a) 290 428 73 105 140 (e)
T6 sheet (a) 414 483 73 135 125 (e) 23-26
T351  sheet (a) 248 359 17 73 103 (e)
2219 T62 sheet (a) 290 415 10 73
T8 sheet (a) 390 475 10 73 28-32
T3 sheet (a) 345 480 18 73 120 140 (e) 33-50
2024 T4 sheet (a) 325 470 20 73 120 140 (e)
T8 sheet (a) 450 480 6 73 2227
6061 T4 sheet (a) 145 241 22 69 65 97 (e)
T6 sheet (a) 276 310 12 69 95 97 (e)
7005 T6351 extrusions (b) 320 375 12 715 130-150 (f) 50-53
7049 T73 forgings (c) 475 535 115 70 135 275-315 (f) 32-36
7050 T7351 plate (b) 462 525 13.8 72 170-300 (f) 34.-36
T7651 extrusions (b) 530 575 13 72 30-32
7075 T7351 plate (b) 435 500 10 72 31-35
T651  sheet (a) 500 580 9 72 150 159 (e) 27-31
7475 T7351 plate (b) 430 500 205-235 (f) 51-53
T651  sheet (a) 462 524 12 72 4143
7178 T6 plate (b) 538 607 10 72 21-25
T76 plate (b) 504 573 11 71 200-290 (f) 29-33

(a) 1.6 mm thick sheet.

(b) 50 mm thick plate or extrusions.
(c) Properties of forgings across grain flow.

(d) Average of tension and compression values,

(e) 5X 108 cycles of completely reversed stress, R.R. Moore type, tests.
(f) Axial tests on smooth specimens (R = 0.0), 50 mm thick plate.
(g) Longitudinal-transverse orientation.


http://www.abbottaerospace.com/technical-library

The alloys are strengthened by precipitation hardening treatments which involve solution heat treatment, rapid quenching
and either natural aging at room temperature or artificial aging at elevated temperatures. The hardening response of these alloys, as
well as many other properties such as corrosion resistance are sensitively dependent on heat treatment parameters, the details of which
are beyond the scope of this handbook, however some general effects should be noted. Solution temperatures, quenching rates, and the
degree of aging as influenced by aging time and aging temperature are the most important parameters to be considered and information
will be given on these with respect to specific alloy systems.

Figure 44 illustrates the effect of quenching rate on the corrosion resistance of alloys 2024-T4 and 7075-T6, in terms of the
percentage loss in tensile strength caused by exposure to corrosive solutions. It can be seen that slow quenching rates, of about 1°C/s
lead to intergranular corrosion in 2024 and mixed intergranular corrosion plus pitting corrosion in 7075. As the quenching rate
increases the rate of corrosion also increases until a maximum is reached at between 10 and 50°C/sec. At even higher quenching rates
the corrosion resistance increases and the mode of corrosion changes from intergranular to pitting. These variations in cooling rate
during quenching lead to slightly different effects on the age hardening response of the alloys. In the case of 7075, a decrease in quench-
ing rate below 103°C/sec will lead to a significant loss of age hardening response and strength before any significant change in corrosion
resistance occurs. However, with alloy 2024 age hardening response remains fairly constant over a wide range of quenching rates from
about 50°C/s to about 104°C/s, while corrosion resistance decreases rapidly as quenching rate drops below about 103°C/s. For this
reason many heat treatment specifications will require demonstration of both strength or hardness and resistance to intergranular
corrosion.
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Fig. 4-4 Effect of quenching rate on corrosion resistance of nonclad
wrought aluminium alloy specimens (Ref. 4-25)

Corrosion resistance is indicated by percentage loss in tensile strength due to corrosion and by changes in
predominant type of corrosive attack, Specimens of alloy 2024-T4 (left), 1.63 mm (0.064 in.) thick, were
exposed to 48 h of alternate immersion in standard sodium chloride — hydrogen peroxide solution. Speci-
mens of alloy 7075-T6 (right), also 1.63 mm thick, were exposed to three months of alternate immersion in a
3.5% aqueous solution of sodium chloride.

These types of alloy are used in a number of temper conditions, the most common of which are as follows:

For O : Asfabricated or annealed respectively.

H : Strain hardened wrought products.

W : Solution heat treated (treatment prior to natural aging).
T3 : Solution treated, cold worked and naturally aged.

T4 : Solution treated, naturally aged.

T6 : Solution treated, artificially aged.

T7 ¢ Solution treated, stabilized (overaged).

T8 : Solution treated, cold worked, artificially aged.

One or more digits following these basic temper designations are indicative of variations in the amount of cold work, aging time or both.

Alloys of the 2xxx series are used in all of the above temper conditions and their corrosion behaviour varies accordingly.
Electrochemical effects on corrosion can be stronger in these alloys than in many others because of the presence of copper. As indicated
in Figure 4-3, variations in the concentration of copper in solid solution lead to appreciable changes in electrode potential and local
variations in composition can therefore give rise to local galvanic cells. There is also a tendency for copper which has first dissolved in a
solution to replate on the free surface to form small copper cathodes which again cause local microscopic galvanic cells. These alloys are
particularly susceptible to stress corrosion, particularly when stressed in the short transverse direction. However both stress corrosion
resistance and exfoliation resistance can be improved by heat treatments such as T6 or T8 involving artificial aging.

The 6xxx series alloys are intermediate strength materials which provide corrosion resistance superior to most of the 2xxx
and 7xxx series alloys. They are strengthened by the precipitation of an ionic compound Mg, Si, which is both anodic to aluminium and
reactive in acidic solutions. However the precipitation of Mg, Si has a negligible effect on the electrode potential of aluminium and
therefore corrosion resistance is not markedly affected. Small amounts of chromium, manganese and zirconium may be added for
contro!l of grain structure, but at levels which do not affect corrosion resistance significantly. Copper is used in alloys such as 6061 to
enhance strength, and this may be responsible for the slightly inferior corrosion resistance of this alloy compared to copper free alloys
such as 6063. Corrosion resistance generally decreases as copper content increases, but most commercial alloys have copper contents
less than 1%.

The Txxx series alloys contain large amounts of zinc and magnesium and include copper free alloys such as 7005, and a
greater number of alloys such as 7010, 7050, 7075, 7178 and 7475 which contain copper. The alloys are strengthened by the sequential
precipitation of solute rich zones (G-P zones) and precipitates such as n’and i (MgZn,). These alloys provide strengths over a wide
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range, and are among the highest strength materials available when considered on the basis of strength to density ratios. The alloys
are also more resistant to general corrosion than the 2xxx series alloys, however they are particularly susceptible to stress corrosion
cracking and exfoliation corrosion unless appropriately heat treated to develop immunity to these forms of attack.

Copper is a key alloying element in terms of both strength and corrosion resistance. Copper is needed to develop the highest
strength levels possible, and it is present in amounts in excess of 1.8% in alloys such as 7050 (2.3%) and 7178 (2%). Although lower in
strength the copper free alloys are quite resistant to general corrosion, and they compare quite well with some of the corrosion resistant
alloys of the 3xxx, 5xxx and 6xxx series. The addition of copper leads to a general decrease in the resistance to general corrosion, but
at the same time has a beneficial effect on stress corrosion resistance. Of particular importance is the fact that high copper content
allows the alloys to be aged at higher temperatures without excessive loss of strength, and therefore the T'76 and T73 treatments have
been developed to provide resistance to exfoliation corrosion and stress corrosion cracking with only moderate loss of strength from the
T6 peak strength condition. These strength losses typically amount to 6-8% and 10-15% for the T76 and T'73 conditions respectively.

Many of these alloys are used with surface claddings to provide corrosion protection. The cladding alloy is selected to be
anodic to the core alloy by 80 to 100 mV so that it provides cathodic protection to the core, The cladding, which is normally used
with sheet and tube products, is applied in such a way as to achieve a metallurgical bond with the core and may be applied to one or
both faces of the product. Because of the cathodic protection provided by the cladding, any corrosion will progress only to the core-
cladding interface, and then spread laterally. This is an effective method to avoid perforation of thin sheet products such as wing and
fuselage skins. 7072 is a widely used cladding, used with 2219, 6061, 7075 and 7178 aluminium alloys.

4.3.3 Wrought, non-heat treatable aluminium alloys

The 5xxx series alloys are the most important alloys of this type used in the aerospace industry and they contain magnesium
with smaller amounts of manganese and, or chromium. In alloys containing less than about 3% of alloying additions, the elements
either remain in solid solution or are distributed as finely dispersed second phase particles of AlgMgs. These alloys have high corrosion
resistance, almost equivalent to that of commercially pure aluminium. In more heavily alloyed materials an aimost continuous network
of AlgMg; may form along grain boundaries unless precautions are taken during processing to achieve a upiform distribution within the
grains. Continuous intergranular precipitation of AlgMg; can cause susceptibility to exfoliation corrosion and stress corrosion cracking.

The most heavily alloyed materials in this series, such as alloy 5090, may contain magnesium contents up to 7% and are
capable of developing strengths in excess of those for 2024-T3. Although not as strong as 7075-T6, because of their lower density and
excellent corrosion resistance they might be used in place of alclad 7075-T6 for some applications. While 5090 is anodic to other high
strength alloys such as 2024, 7075 and other 5xxx series alloys which contain less magnesium, it is compatible with 7072 which is one
of the most common cladding alloys. Alloy 5090 is also highly resistant to exfoliation and stress corrosion cracking (Ref. 4-14).

4.4 Magnesium Alloys — General

Unalloyed magnesium is not extensively used for structural purposes and therefore interest is principally with the higher
strength alloys of magnesium which contain additions of aluminium, lithium, zine, rhenium, thorium and silver. Minor additions of
elements such as cerium, manganese and zirconium may also be used. These alloying elements are selected to enhance response to
strengthening treatments and also to provide compatibility with magnesium in terms of corrosion resistance. Other elements such as
iron, nickel, cobalt and copper have severely deleterious effects on corrosion resistance of magnesium and are therefore regarded as
impurity elements with definite tolerance limits imposed to ensure acceptable corrosion resistance.

Table 44 Standard four-part ASTM system of alloy and temper designations for magnesium alloys (Ref. 4-25)

First part Second part Third part Fourth part
Indicates the two principal Indicates the amounts of the  Distinguishes between different Indicates condition (temper)
alloying elements two principal alloying alloys with the same percent-
elements ages of the two principal

alloying elements

Consists of two code letters Consists of two numbers Consists of a letter of the Consists of a letter followed by a
representing the two main corresponding to rounded- alphabet assigned in order as number (separated from the third
alloying elements arranged off percentages of the two compositions become standard  part of the designation by a
in order of decreasing main alloying elements hyphen)
percentage (or alphabetically and arranged in same order
if percentages are equal) as alloy designations in

first part

A-Aluminium Whole numbers Letters of alphabet except I F-As fabricated

E-Rare Earth and O O-Annealed

H-Thorium H10 and H11-Slightly strain

K-Zirconium hardened

M-Manganese H23, H24 and H26-Strain hardened

Q-Silver and partially annealed

S-Silicon T4-Solution heat treated

T-Tin T5-Artificially aged only

Z-Zinc T6-Solution heat treated and

artificially aged
T8-Solution heat treated, cold
worked and artificially aged
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The alloy designation system used in this document is the four part system of alloy and temper designations developed by
ASTM. This is explained in Table 4-4. As applied to alloy AZ92A listed in Table 4-1, the first two letters indicate that aluminium (A)
and zinc (Z) are the two principal alloying elements. The second part of the designation, 92, indicates that the alloy has an aluminium
content nominally of 9% and a zinc content of 2%, The third part of the designation, A, indicates this alloy was the first alloy standard-
ized with 9% Al and 2% Zn as the principal elements. The fourth part of the designation, which is not shown in Table 4-1, is the temper
designation which is similar to that used for aluminium alloy. For example T6 indicates that an alloy is solution treated and artificially
aged.

Aluminium and zinc are among the most widely used alloying elements in magnesium alloys because they have high solubility
and give rise to some of the highest strength alloys available with tensile strengths of about 275 MPa at room temperature. Manganese is
often used as a ternary addition with aluminium and zinc to improve corrosion stability, and is present in AZ92A at about 0.1%.

Because of the position of magnesium and magnesium alloys at the anodic end of the galvanic series they will corrode rapidly
when coupled with most other metals in a high conductivity environment. The rate of galvanic attack is approximately in proportion
to the potential difference between the metal and the cathode. In the case of aluminium alloys the galvanic effect with magnesium is
strongly influenced by the presence of elements such as iron, copper, nickel and zinc in the aluminium. Small amounts of iron up to 1%
in 6061-T6 aluminium can increase galvanic corrosion rates of magnesium alloy AZ31B by almost two orders of magnitude in 3% NaCl
solution. It follows that low iron content in 6061 aluminium would render this alloy more compatible with AZ31B in terms of
corrosion resistance. However, effects of this type depend on the particular magnesium alloy and the potential that the alloy is able to
generate. For example the improvement observed with Mg-Th alloys, such as HK31A, is small because they develop appreciably higher
potentials.

To determine galvanic corrosion hazzards requires that exposure tests be carried out on typical joint assemblies using the
same bolt or rivet materials intended to be used in the structure. Generally it is found that magnesium alloys are reasonably compatible
with certain aluminium alloys such as 5052, 6053, 6061 and 6063, and these are the alloys that would normally be considered for use
in washers, shims, fasteners and mating structural members. Stainless steel, titanium, copper, Monel, and aluminium alloys such as 2024,
Alclad 2024, 7075 and Alclad 7075 will corrode magnesium when coupled with it under corrosive conditions, and therefore protection
is required. The corrosion protection systems may take many different forms. A moisture impervious film should be applied at least to
the dissimilar metal so that any defect in the film allowing electrochemical contact between the metals will result in the least damaging
combination of small cathode area and large anode area. The magnesium metal surface should also be protected. Faying surfaces
between metal to metal joints should also be protected. Magnesium to magnesium assemblies may be protected by an inhibited
(e.g. chromate pigmented) primer or the use of wet assembly techniques. In wet assembly a sealing compound is placed between the
surfaces during assembly to ensure that there is no crevice at the joint into which water can gain access by capillary action.

4.4.1 Cast magnesium alloys

Both sand and permanent mold castings are made from magnesium alloys and all of the alloys used in aerospace applications
are made from heat-treatable alloys. At least five different alloy systems are used, including the Mg-Al-Zn system (AZ series),
Mg-Ag-Rare Earth system (QE series), Mg-Rare Earth-Zn system (EZ series), Mg-Zn-Th system (ZH and HZ series) and the Mg-Zn-Zr
system (ZK series). Selection of a particular alloy system is made on the basis of foundry qualities and the ability to produce the
required shape, and the physical, mechanical and chemical properties of the resulting casting.

All of these alloys are subject to general and pitting corrosion when exposed to most natural environments, and must be
properly surface treated and protected. It is doubtful whether these alloys are suitable for use where continuous or long time immersion
in water or salt solution is involved because of the rapid corrosion that would occur in the event of a breakdown in the corrosion
protection system.

The highest strength levels are achieved in alloys such as AZ63A, where tensile strengths of about 275 MPa can be obtained
at ambient room temperature (21°C). However the higher strength alloys are inferior with respect to porosity, pressure tightness and
weldability, compared to lower strength alloys such as AZ91. The thorium containing alloys, HZ31A and HZ32A, provide outstanding
high temperature properties among the magnesium casting alloys, and the presence of 2.1% Zn in HZ32A provides optimum creep
resistance at temperatures of 260°C and above.

4.4.2 Wrought, heat treatable magnesium alloys

Several of the alloy systems discussed above are also used to produce wrought products in the form of forgings, extrusions,
sheet and plate, and the corrosion properties of the wrought alloys are similar to those of their cast equivalents. Several alloys are
prone to stress corrosion cracking, including AZ80A, HK31A, HM31A and ZK60A. Consequently efforts have been made to develop
stress corrosion resistant alloys, and several such alloys are now available. These include alloy EK31A, which is relatively free from
stress corrosion cracking and which exhibits a low corrosion rate in 3% NaCl immersion tests. The Mg-Th-Mn alloy HM21A is also
resistant to SCC, and sheet specimens in the T8 condition have been found to be immune to SCC when exposed to rural environments
for over 7 years when stressed to 75% of their yield strength.

Several lithium containing alloys have been developed, and these are among the newer wrought magnesium alloys available.
Alloy AL91A is a two phase material, consisting of hexagonal a-phase in a body-centered-cubic -phase matrix, while AL141A con-
taining a larger amount of lithium (14%) is an all beta alloy. These alloys are among the lightest. weight structural alloys available, and
they have high stiffness-to-weight ratios, ductilities and impact properties.

Alloy LA141A is strengthened by an age hardening reaction involving precipitation of a transition phase, however there is
some doubt whether LA91A is also a heat-treatable alloy. Full strength appears to be developed by working treatments which break-up
and disperse the a-phase.

The corrosion resistance of these alloys varies inversely with lithium content, and therefore LA91A is the more corrosion
resistant of the two. However chrome pickle or dichromate or anodic surface treatments are required, together with painting to provide
corrosion protection. Resin based coatings have also been used. The corrosion products on LA91A are less adherent than those on
most other commercial magnesium alloys and the corrosion rates, particularly in salt water or salt spray, are more rapid. While corrosion
rates will decrease with time for most alloys as oxide films form, the films formed on magnesium-lithium alloys will provide little or no
protection and corrosion rates will tend to remain constant. For alloy LA141A evidence has been found of intergranular corrosion
occurring in unprotected weldments,
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4.4.3 Wrought, non-heat treatable magnesium alloys

Magnesium-aluminium-zine alloys containing less than about 8% aluminium plus zine do not respond to heat treatment and
must be strengthened by mechanical working. The two important alloys of this type are AZ31B and AZ61A, which contain 3% and
6% aluminium respectively together with 1% zinc. AZ31B is a widely used alloy providing good mechanical properties and excellent
formability. However, surface treatments and painting are required to provide corrosion protection. AZ61A provides improved
corrosion resistance, due to the higher aluminium content, and it is resistant to attack by most alkalies and some acids and salt
solutions. The alloy does not corrode in dry air, but corrosion occurs in moist air particularly in the presence of chloride ions, and the
alloy is also prone to stress corrosion cracking.

4.5 Titanium Alloys — General

Titanium is an attractive metal for aeronautical applications because it has a low density of about 4.5 Mg/cm3, and its alloys
also have low densities in the range 4.5-4.84 Mg/em?, high strength-to-weight ratios, and high corrosion resistance. Titanium itself is
resistant to corrosion in industrial environments, sea water, other chloride salt solutions, and salts such as Fe Clg and Cu Cl, which
tend to pit most other metals actually inhibit corrosion of titanium. The outstanding corrosion resistance of titanium is due to the
formation of an extremely protective film of Ti Oy. The most protective films form when the atmosphere contains water, even in trace
amounts. Exposure to strongly oxidizing atmospheres in the absence of moisture produces a non-protective film. Similarly, titanium
and its alloys corrode rapidly in environments that destroy the protective oxide film, Hydrochloric, hydroflouric, sulphuric, phosphoric
and formic acids will attack titanium. Dry chlorine and dry fuming nitric acid will oxidize titanium rapidly and the reactions can be
pyrophoric. However titanium is resistant to wet chlorine (1% moisture) and to other oxidizing gases such as SO, and COs,.

Titanium and its alloys passivate rapidly in acqueous (wet) environments and it has surprisingly good compatibility with many
other alloys. Since it behaves cathodically with respect to all aluminium and magnesium alloys, and most ferrous alloys except some
passive stainless steels, when coupled with these metals in airframe structures it is the coupled metal rather than titanium that would
tend to corrode in a galvanic cell. Titanium is anodic to carbon, and therefore galvanic corrosion of titanium might be expected to occur
if it were brought in contact with carbon or graphite fibres of the type now being used in fibre-reinforced composites. However this
does not occur with titanium alloys because of the stability of the passive film, and it has been shown that very high potentials are
required to cause the transition from passive to transpassive behaviour, when the passive film would be anodized to a soluble substance
(Ref. 4-15). This study (Ref. 4-15) showed that of six common fastener materials investigated Ti-6Al-4V exhibited the highest trans-
passive potential, Table 4-5, and was likely therefore to be the most resistant to galvanic corrosion when in contact with carbon. It was
concluded that Ti-6Al-4V, Inconel 718 and MP35N could be used with confidence for fastener in composite structures, PH13-8Mo
and A286 were considered marginal while Monel was considered unsatisfactory because it could be raised to the transpassive state by
contact with carbon.

Table 4-5 Comparison of galvanic cell potentials with transpassive potentials and comparison of
galvanic corrosion currents with sweep corrosion currents (Ref. 4-15)

Sweep corrosion

Short circuit Transpassive Cell corrosion current at cell
cell potential potential current potential
(mV) SCE (mV) SCE (uA/cm?) (uA/em?)
Material 7 Days 24 Days T Days 24 Days T Days 24 Days

Ti-6Al-4V -12 370 2500 0.005 0.001 0.96 0.214
Inconel 718 203 165 900 0.028 0.006 0.201 0.20
MP35N 33 270 815 0.055 0.025 154 1.43
A286 75 100 130 0.010 1) 7.5 5.3
PH13-8Mo 54 -28 200 0.086 3.31 0.93 517
Monel -55 106 -275 14.7 0.004 2763

(l)Broken lead wire prevented measurement,

Titanium is resistant to oxidation up to about 590°C, but nevertheless it is a reactive metal that absorps interstitial elements
such as oxygen, nitrogen and hydrogen. Pick up of these elements causes hardening and embrittlement and therefore strict limits are
imposed on these elements in commercial alloys. Also, the use of titanium at high temperatures is limited, even though the pure metal
has a very high melting point of about 1668°C.

Titanium has a hexagonal-close-packed (HCP) structure at room temperature, known as the a-phase, but this transforms to
the body-centred-cubic §-phase at about 882°C. This temperature is strongly affected by the presence of interstitial elements, oxygen,
nitrogen and hydrogen, and also by alloying elements. The alloying elements are classified either as o-stabilizers which raise the a-8
transformation temperature, or S-stabilizers which lower this temperature. Aluminium and tin are the principal a-stabilizers, while
vanadium, molybdenum and chromium are the main B-stabilizers. These elements also affect the strength and corrosion resistance of
the principal phases. Other elements such as zirconium and silicon may be used to enhance strength and creep resistance.

The presence of an allotropic transformation allows titanium alloys to be strengthened by heat treatment, with martensitic
structures being produced by quenching from the g-phase field. A wide range of two phase o-f structures can be produced, where the
amount and morphology of each phase can be adjusted by control of alloy chemistry, thermo-mechanical working and heat-treatment.
The control of microstructure in these alloys is discussed in detail elsewhere (Ref. 4-16) and therefore this information will not be
repeated. However it is convenient to point out that the commercial titanium alloys fall into one of three classes; alpha or near alpha
alloys, alpha-beta, and beta alloys. The alloys listed in Table 4-1 are among the most widely used titanium alloys in aerospace. Of the
wrought alloys listed the first two are alpha or near-alpha alloys, Ti-64, Ti-6242, Ti-6246 and Ti-662 are alpha-beta alloys, while the last
two are beta alloys. The typical room temperature properties of these alloys are listed in Table 4-6.
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Table 46 Typical room temperature mechanieal properties of some common aerospace titanium alloys

. Fatigue
Alloy g:))::itzg: Yiel(;r enlsﬁl;mate El‘fng ox?ai:il:iiy ?mh:‘)l:::i, o S)lt(;??nf;il]es Hardness
MPa MPa d MPa X 106 J MPa
Ti-6Al-4V As-cast 895 1014 10 11.7 23 483(a) 311 BHN
Low oxygen

Ti-5Al-2.55n Ann sheet 793 827 10 11 25.8 36 R,
Ti-8Al-1Mo-1V Ann forgings 827 896 10 12.7 20-33 565 36 R,
Ti-6Al-2Zn-4Zr-2Mo Ann 827 896 10 11.3 36 R,
Ti-6Al-4V Ann sheet 827 896 10 11.3 24.4 36 R,
Ti-6Al-6V-2Sn Ann sheet 999 1069 11.7 13.6-20.3 | 159,-276,,
Ti-6Al-2Sn-4Zr-6Mo Ann sheet 1172 1269 10 11.3 42R,
Ti-8Mo-8V-2Fe-3Al STA sheet 1283 1366 7 11-11.25 427 40 R,
Ti-13V-11Cr-3Al STA sheet 1173 1311 10 10.34 8.13 552 32-36 R,

n = notched, un = un-notched, a = annealed, STA = solution treated and annealed

4.5.1 Cast titanium alloys

The «-§ alloy Ti-6Al-4V is the most common titanium alloy used for castings, although other alloys such as Ti-5Al-2.5Sn and
Ti-6Al-2Sn-4Zr-2Mo have also been used. The alloys are melted by induction heating or by consumable electrode skull melting, and cast
by precision or investment casting techniques. In general, for comparable heat treatments these cast alloys exhibit the same or slightly
lower strengths, ductilities, creep and fatigue strengths, and elevated temperature stabilities than their wrought counterparts. Corrosion
properties are also similar to those of the wrought alloys.

Molten titanium alloys have inferior fluidity, compared to steels, and severe porosity and hot tears are common problems.
Techniques such as hot isostatic processing are now being examined to close and heal shrinkage porosity, but hot tears must be repaired
by welding and therefore alloys used for casting must be weldable.

4.5.2 Wrought titanium alloys

The wrought titanium alloys are remarkably resistant to pitting, stress corrosion, galvanic corrosion, crevice corrosion,
erosion-corrosion, and corrosion fatigue in marine environments (Ref. 4-17). However many alloys are susceptible to stress corrosion
cracking in aqueous environments containing halide ions when a pre-crack is present, and liquids such as methanol, ethanol, and
ethylene glycol have been found to cause cracking in titanium alloys even in the absence of a pre-crack and occasionally when no
externally applied stress has been present.

Stress corrosion cracking. A detailed review of the stress corrosion cracking of titanium alloys has been given in Reference 4-18. It has
been shown that SCC occurs in aqueous solutions, organic liquids, hot salts, nitrogen tetroxide (N3 0,), red fumic nitric acid, molten
salts, liquid metals and gases. It has also been shown that the a-phase, the g-phase, or both may be susceptible to SCC.

Alloys such as Ti-8A1-1Mo-1V and Ti-5A1-2.55n are susceptible to SCC in distilled water. The addition of halide ions ClI°,
Br and I” can increase the rate of cracking in alloys that are susceptible to SCC in distilled water, and also induce SCC in alloys that
are immune in distilled water. Alloys such as Ti-6Al-4V are included in this latter group which includes the majority of alloys. In « and
atf alloys the characteristic mode of SCC in aqueous solutions is cleavage of the a-phase and a compilation of the environment-
material combinations for which «a-cleavage during SCC occurs has been given by Reference 4-19.

Table 4-7 Relative resistance of titanium alloys to hot-salt stress corrosion (Ref. 4-23)

Least Resistant Modetately Resistant Most Resistant
Ti-5A1-2.55n (M.A.) Ti-8Mo-8V-2Fe-3Al Ti-4Al-3Mo-1V
Ti-12Zr-7Al Ti-5Al-58n-58r-1Mo-1V Ti-10Sn-5Zr-2A-1Mo-0.2Si
Ti-8Al-1Mo-1V (M.A.) Ti-6Al-28n4Zr-2Mo
Ti-5A1-58n-5Zrx Ti-5Al1-2.75Cr-1.25Fe Ti-11.5Mo-6Zr-4.55n
Ti-6Al-6V-25n Ti-13V-11Cr-3Al
Ti-5Al-1Fe-1Cr-1Mo Ti-8Al-1Mo-1V (T.A.) Ti-8Mn

Ti-2Fe-2Cr-2Mo
Ti-4Al-4Mo
Ti-6Al14V

M.A. = Mill annealed
Triple annealed

=3
>
[}
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In g alloys the 8-phase may be susceptible to stress corrosion cracking in aqueous salt solutions, and this may occur by
intergranular and transgranular fracture. In the case of the more highly susceptible alloys the presence of a pre-crack is not necessary,
and mill and duplex annealed Ti-8Al-1Mo-1V is susceptible to SCC when a notch is present, while the same alloy and Ti-13V-11Cr-3Al
are susceptible without a notch when they are step-cooled (Refs. 4-20, 4-21).

However not all alloys are susceptible to aqueous stress corrosion cracking and at least one alloy, Beta-C with a nominal
composition Ti-3A1-8V-6Cr-4Mo-4Zr, has been reported to be immune to salt water stress corrosion cracking at ambient temperature
(Ref. 4-22). Specimens which had been aged at 565, 621 and 676°C were fatigue pre-cracked and submerged in 3.5% NaCl solution
with crack tip stress intensities equal to the fracture toughness of the alloy, and no crack growth was observed in more than 2000 hours
of exposure,

Stress corrosion cracking can also occur in organic solutions such as methanol, ethanol or ethylene glycol. This is of practical
concern since these solutions are constituents of many industrial substances such as marking fluids, de-icers, and paint removers. In
methanol at least two types of SCC behaviour have been identified (Ref. 4-18). Type-A cracking occurs intergranularly in titanium
and all alloys when halogens are present in the solution. Type-B cracking occurs transgranularly in alloys which are also susceptible to
aqueous SCC.

Hot salt stress corrosion cracking. The presence of solid salts containing C1™, Br™ or I” ions can cause embrittlement and, or stress
corrosion cracking in titanium alloys at high temperature. The measured salt deposits and operating temperatures and stresses of
compressor components in current turbine engines are sufficient to cause failure by this mode in laboratory specimens, but no such
service failures have been reported to date. In laboratory tests the phenomenon has been observed at temperatures of about 290°C and
above, and stresses as low as one third of the yield strength of the material. A wide variety of halogen salts have been found to produce
stress corrosion cracking, and pure sodium chloride has been found to be among the most damaging and is more severe than artificial
sea salt (Refs. 4-23, 4-24). The mechanisms of hot salt cracking are not well understood but many ideas have been proposed which
involve complex chemical reactions leading eventually to the formation of either chlorine, oxygen, hydrogen, or hydrogen chloride

gas which cause embrittlement. The general consensus is that oxygen is involved in some form, such as TiO,, and that corrosion is more
rapid in moist rather than dry environments. The mechanisms of hot salt cracking have been reviewed in References 4-18, 4-23, and
4-24. This latter reference has provided a rating of the resistance of some of the commercial titanium alloys to hot-salt stress-corrosion,
as shown in Table 4.7,

Most titanium alloys are susceptible to some degree, and the response of an individual alloy may be affected by heat
treatment condition. For example, as shown in Table 4-7, the alloy Ti-8Al-1Mo-1V is less susceptible in the triple annealed condition
than in the mill annealed condition. The alpha alloys appear to be more susceptible than the alpha-beta alloys, but the degree of suscep-
tibility increases with increasing aluminium content.
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5.1 Introduction

CHAPTER 5

AIRCRAFT INSPECTION FOR CORROSION
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All aircraft must be inspected for signs of corrosion and condition of protective coatings during scheduled inspections. These
must be carried out more frequently when the aircraft is known to contain materials or structural details that are highly susceptible to
corrosion, and when the aircraft is operated under extreme conditions of humidity and temperature, Usually inspections for corrosion
are carried out along with more general inspections for other forms of damage such as fatigue, and would be carried out at different

times at different levels of scrutiny.

Prior-to-flight inspections involve simple walk-around visual inspections of airframe and control surfaces, as well as opera-
tional checks on engines and flight controls. Line inspections are carried out at pre-determined intervals, typically of 50-150 hours,
depending on aircraft type and operational role. These would involve detailed examinations of prescribed areas of structure and compo-
nents and typically may involve three levels of effort (Ref. 5-1).

—  Visual inspections would be carried out on all visible external structural surfaces, plus all internal structure visible through
quick access doors either by direct line of sight or by using mirrors.

—  Aided visual inspection would be carried out less frequently, but would represent the standard thorough inspection carried
out on all internal and external surfaces accessible without major disassembly. Simple inspection aids such as mirrors,
magnifying glasses, fibre-optics probes, mechanical probes and gauges would be employed.

—  Special inspections are carried out on known problem areas using the same devices as above together with simple non-
destructive inspection methods such as liquid penetrants, or eddy currents.

—  Detailed inspections are performed on parts requiring special inspection methods such as x-ray, magnetic particle, flourescent
penetrant, ultrasonic inspection, or on components or areas of structure requiring unusual levels of disassembly (Ref, 5-2).

These inspections should be designed and timed to detect all forms of structural deterioration at an early stage. A serious
consequence of even minor corrosion is that it may obscure the presence of other forms of damage such as fatigue cracks and therefore
an aim of current research is to develop NDI techniques that can differentiate between different types of damage, see Reference 5-3.

5.2 Inspection for Corrosion

The first appearance of corrosion on unpainted surfaces may be in the form of deposits or spots. This occurs around skin
seams; lap and butt joints; areas where sand and dirt collect; or in crevices or joints where traces of chemicals such as cleaning com-
pounds or corrosion removal compounds have collected. Particular attention must be paid towards areas where moisture does not
rapidly evaporate. Areas exposed to battery electrolytes, engine exhaust products, smoke and gunfire gases must be inspected carefully
and frequently. Several metals produce corrosion products with characteristic colours and the appearance of discolouration and streak-
ing on clean metal surfaces may also provide an early indication of corrosion. The appearance of the corrosion products on some
common aircraft alloys is indicated in Table 5-1.

Table 5-1 Corrosion of Metals — Nature and Appearance of Corrosion Products (Ref. 5-4)

Alloys

Type of attack to which
alloy is susceptible

Appearance of
corrosion product

Aluminium Alloys

Surface pitting, intergranular and exfoliation.

White or gray powder.

(4000-8000 series)

Titanium Alloys Highly corrosion resistant. Extended or No visible corrosion products.
repeated contact with chlorinated solvents
may result in degradation of the metals
structural properties.
Magnesium Alloys Highly susceptible to pitting. White powdery snow-like mounds, and
white spots on surface.
Low Alloy Steels Surface oxidation and pitting, surface and Reddish-brown oxide (rust).

intergranular,

Corrosion Resistant Steel (CRES)
(300-400 series)

Intergranular corrosion (due to improper heat
treatment). Some tendency to pitting in
marine environment (300 series more corro-
sion resistant than 400 series). Stress corrosion
cracking,

Corrosion evidenced by rough surface;
sometimes by red, brown or black stain.

Nickel-base Alloys (Inconel)

Generally has good corrosion-resistant qualities.

Sometimes susceptible to pitting.

Green powdery deposit.

Copper-base Alloy, Brass, Bronze

Surface and intergranular corrosion.

Blue or blue-green powder deposit.

Cadmium (used as a protective
plating for steel)

Good corrosion resistance. If attack occurs,
will protect steel from attack.

White, powdery corrosion products.

Chromijum (used as a wear-resistant
plating for steels)

Subject to pitting in chloride environments.

Chromium, being cathodic to steel, does
not corrode itself, but promotes rusting
of steel where pits occur in the coating.
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Corrosion should be less severe on painted, clad or plated surfaces than on unprotected surfaces. However corrosion will
occur if the protection system is damaged and the bare metal is exposed to the corrosive medium. The corrosion protection system may
then tend to hide the corrosion damage, and the first indications may be discolouration of the coating system or blistering or flaking of
paint, Damaged areas of coatings must be removed to allow closer inspection of the underlying metal, and repairs effected in both the
metal and the coating system.

5.3 Corrosion Prone Areas

Recurring corrosion problems may appear in different areas of aircraft depending on the aircraft type and the local operating
environment. Figure 5-1 shows some of the corrosion prone areas in a typical small transport aircraft (Ref. 5-5). Other corrosion prone
areas that are not shown specifically in Figure 5-1 include:

Transport aircraft — Main undercarriage.
— Nose undercarriage.
— Rudder and elevator shroud areas.
— Aileron and flap track area, flap tracks and trailing edges.
— Freight doors and ramps.
~~ Access doors.
— Control cables.
— Leading edges, hinge lines and air ducts.
— Radome area.

Jet fighter aircraft — Missile and gun blast areas.
— Engine intake areas.
— Cockpit frames.
— Wing fold areas.

-- Main rotor head assembly.

— Tail rotor assembly.

— Transmission housing.

— Main rotor blades and leading edges.

Helicopters

1 UNDER DE-ICER BOOTS 6 INTEGRAL FUEL TANKS
Moisture may collect under the boots and Corrosion may occur at low points inside the
result in corrosion. integral fuel tanks where water condensate
gathers. Integrally stiffened panels do not have
aluminium cladding and are more prone to

(]

FLOOR SUPPORTS AND FLOORING

Metal floors and substructure will corrode if
continually in contact with moisture of any
kind.

PASSENGER, CARGO, AND CREW DOORS
Floors and structure in these areas corrode

as a result of exposure to rain water and
condensate.

GALLEY AREAS

Spilled food, fruit juices, and other liquids

in prolonged contact with metal structure
will cause corrosion, particulary when
protective coatings are allowed to deteriorate.

AREAS IN PATH OF EXHAUST GASES
Exhaust gases on the nacelle and wing skins
and seeping into the wing structure may
permeate the protective finish and cause
corrosion underneath,

corrode.

LAVATORY AREAS

Soapy water and human wastes in these areas
promote rapid corrosion and deterioration of
structure.

BATTERY AREAS
Spilled battery electrolytes are extremely
corrosive,

Fig. 5-1 Most susceptible areas (Ref. 5-5)
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External skins

The external surfaces of magnesium alloy or aluminium alloy skins are particularly susceptible to corrosion along rivet lines,
lap joints, fasteners, faying surfaces, or where protective coatings have been damaged or neglected. These areas must be carefully
examined by visual inspection, employing visual aids such as magnifying glasses, mirrors, fibre-optic probes, mechanical probes, and
various other devices. These inspections would normally pay particular attention to the following areas.

—  Corrosion may be evident in spot-welded skins by corrosion products appearing at the crevices through which the corrosive
agents entered and is usually more prevalent on external areas (Fig. 5-2).

—  Piano-type hinges are also prime sites for corrosion, Figure 5-2, as are edges of honeycomb panels and drilled holes.

—  Lower fuselage, wing and flap areas aft of wheels suffer damage in protective coatings due to impact from particles thrown up
from the runway on take-off and landing.

—  Canopy and passenger/crew/cargo door structures and associated hinges, fittings, and mechanisms may be damaged due to the
combined effects of mechanical and corrosive action.

—  Windows and door frames may be similarly affected.

BARE STEEL
HINGE PIN ALUMINIUM ALLOY EXTRUSIONS

HIDDEN CORROSION OCCURS HERE.

JOINT FREEZES AND LUGS BREAK

OFF WHEN HINGE IS ACTUATED
df#&? G bt Z%ﬂ% G

CORROSIVE AGENTS ENTER _
HINGE CORROSION POINTS AT UNSEALED SKIN EDGES

RIVET

CORROSION BUILK-UP HERE CAUSES
BUCKLING OF QUTER SKIN

et
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Fig. 5-2 Vulnerable areas (Ref. 5-5)

Exposed hardware

Exposed hardware such as control surface actuating rods, fittings, attaching and hinge bolts, nuts, washers and cotter pins, are
generally made from alloys different to those of the structure on which they are mounted, and several dissimilar metals may be used in
the hardware itself. These items and the adjacent areas of airframe structure are therefore prime sites for galvanic corrosion. Corrosion
may occur in these parts particularly when organic or chemical coatings have been damaged or have deteriorated, or when protective
films or lubricants have been removed by cleaning solvents or detergents during cleaning, Protective films and lubricants can also be
removed by de-icing fluids, Other areas requiring close inspection include:
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—  Bonding jumpers, grounding studs and receptacles, attaching hardware and adjacent areas.

—  Access panels, antenna and radome attaching screws, countersinks and adjacent areas.

—  Navigation lights, landing lights and other external light installations and their attaching hardware and adjacent areas.

- Jacking pads, tie-down fittings, attaching hardware and adjacent areas.

—  Boarding and access ladder mounting devices and attachments for engine run-up screens and blanking devices.
Undercarriage bays

Wheel wells are exposed to flying debris from landing strips which damages paintwork and lodges in inaccessible areas,

between stiffeners, ribs and lower surfaces. Undercarriage assemblies must be examined with particular attention to magnesium wheels,
paintwork, exposed switches and electrical equipment. Frequent cleaning is required followed by treatment by water displacing fluids
and re-lubrication to ensure continued safe operation. Other areas of the undercarriage requiring regular inspection and maintenance

are:

—  All pivot points including pivot and trunnion pins, lay shafts and securing hardware; bearings, bushings, attachment and pivot
lugs, and attachment fittings.

—  Exposed surfaces of shock strut and actuator pistons. These components should be extended to allow the piston surfaces to
be inspected.

—  Axles, wheels, wheel bearings, brakes and their securing hardware,

—  Openings and recesses where water and debris may collect.

—  Surfaces of landing gear main members,

—  All operating and locking mechanisms including bushings, bearings, rollers, springs, adjustment devices and securing hardware.
—  Exposed tubing, especially at nuts and sleeves, and under clamps and identification tags.

—  Valves and other fittings.

Battery compartments and vent openings

If not promptly treated, battery electrolyte spillage can cause severe corrosion particularly where protective paintwork has
been damaged. Inspections in these areas are performed for the following:

—  Cleanliness and condition of protective coatings.

—  Internal areas adjacent to battery compartments must be inspected since fumes from heated battery electrolytes are difficult
to contain and will spread beyond the compartment.

—  Supporting racks are examined for evidence of electrolyte spillage.
Fuel tanks
Top coating materials used in integral fuel cells are impervious to fuel but not completely impervious to water. Since it is
impossible to keep fuel completely free of water, moisture may penetrate through the top coat material and cause fretting or inter-
granular corrosion on airframe structural parts. Micro-organisms which live in fuel may become attached to the top coating and may
result in deterioration of such materials, see Chapter 15. This is more likely to occur in warm climates, and the use of fuel system
icing inhibitors in cold climates should reduce the likelihood of such corrosion. Fuel tanks are therefore inspected for the following:
— Condition of the top coating materials.
—  For signs of active corrosion, particularly around water drainage points.
—  For evidence of micro-biological corrosion.
—  To establish the condition of metal under loose or removed sealing and coating materials, and accumulated residues.
Exhaust trail areas
Fairings and skins located in engine-exhaust areas are subject to highly corrosive exhaust gas. They should be examined and
cleaned regularly to ensure that exhaust deposits do not accumulate in joints, crevices, seams or hinges. The following inspections are
usually carried out:

—  Fairings and access panels in the exhaust gas path are removed and all surfaces are inspected.

—  Special attention is paid to skin joints, hinges, fasteners and fairings since deposits may become trapped and not be removed
during routine cleaning,

—  Internal areas of structure in the path of exhaust gases, such as wings, flaps and nacelles are inspected.
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Engines and nacelles

The protective finish on leading edges and engine intake areas may be subject to rain erosion and abrasion by dust. These
areas should be cleaned, examined and reprotected as regularly as possible, particularly when operating in marine or desert environ-
ments. Problems occur both in jet engines and reciprocating engines and inspections usually include the following specific tasks:

—  Frontal areas of engines are inspected, particularly cylinders and push rod housings on reciprocating engines.

— Accessory mounting brackets and particularly cadmium plated parts are examined for signs of corrosion or mechanical
damage.

—  Cooling air paths that can become obstructed are inspected, as are any crevices where salt deposits may build up.
—  Carburettors and other air intake structures are examined, particularly at faying surfaces and fasteners.

—  Propellor surfaces and particularly leading edges are examined for nicks, pits or other damage that might lead to corrosion or
fatigue.

—  Engine mounts and struts are examined, and particularly under clamps or tape, and at welded joints,

Toilet and galley areas

Fluid spillage in toilet and galley areas often gains access to inaccessible places beneath floor structure. Waste products from
these areas are highly corrosive and should be removed as soon as possible. The inspections in these areas should ensure that:

—  All areas, particularly deck areas behind toilets, sinks and ranges where spilled food and waste products may collect are clean,
dry and free of corrosion.

—  Bilge areas under galleys and toilets should likewise be inspected for cleanliness and to ensure integrity of protective treat-
ments and coatings.

Helicopter rotating assemblies

Helicopter rotor heads, main rotor blades, tail rotor blades, gearboxes, transmission shafts and bearings are susceptible to
corrosion as a result of exposure to the elements. Several of these components may be made of high strength steels which may be
susceptible to stress corrosion cracking and therefore very regular cleaning and careful inspection using available non-destructive testing
methods are required to detect pits or cracks before they become serious.

Titanium alloys, aluminium alloys and fibre reinforced composites are now being used in rotor heads and blades, and regular
inspections are required to ensure the good condition of these materials, particularly in joints and seals. Rotor blades may contain foam
fillers, and these must be kept in good condition to avoid the absorption of moisture. Careful inspection is required wherever moisture
absorbing materials such as leather, paper, foam rubber, sound proofing and insulation materials are used either in helicopters or other
forms of aircraft.

Miscellaneous areas

Any areas where foreign matter and moisture may accumulate are potential sites for corrosion. Containers or enclosures of all
types, including housings for electrical and avionics equipment are prime areas for concern. Access panel seals may deteriorate to allow
ingress of water, and the housings may be vented which may allow moist air or spray to enter and corrosion to occur. Electrical equip-
ment may not be adequately designed to resist corrosion and therefore this should be inspected for signs of corrosion and performance
at regular intervals. Examples of corrosion problems in electronic systems have been given in Reference 5-6.

Potential corrosion areas exist in wing fold joints, flaps, ailerons, elevators, spoilers and speed brake recesses where dirt and
moisture may collect when such control surfaces are in the closed condition. Control cables are also prone to corrosion, particularly

where they are exposed or where they pass through seals. Aircraft exposed directly to salt spray such as fighter aircraft or helicopters
operating from aircraft carriers, or amphibious aircraft must be inspected more frequently than land based aircraft.

5.4 Specialized Non-Destructive Inspection Techniques
When it is not possible to monitor the corrosion deterioration of a structure by direct visual examination or when the

corrosive attack is highly localized and not visibly apparent, special techniques of non-destructive inspection are required to provide
reliable indications. The general techniques employed include:

—  liquid penetrant inspection

— magnetic particle flaw detection

—  x-ray and neutron radiography

— ultrasonic inspection

— eddy current inspection

— acoustic emission
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With the exception of acoustic emission, these techniques are able to detect cracks in metal structures, including those due to
fatigue, corrosion fatigue and stress corrosion cracking. However they are generally less effective in detecting uniform hidden corrosion,
and the accumulation of corrosion products in and around fatigue cracks can render these techniques significantly less sensitive and less
reliable than they would be on clean cracks. Reference 5-3 describes a study performed to determine probability of dection, sensitivity
and accuracy in the detection of fatigue cracks in aluminium alloy sheet specimens, using eddy currents, ultrasonics, x-rays and pene-
trants. In this study ultrasonics and radiography were the least reliable and accurate, while penetrant inspection gave a probability of
detection greater than 90% for corrosion free cracks of 1 mm depth or greater. After corrosion sensitivity and probability of detection
for all NDI methods fell although eddy current and ultrasonic inspections retained the original accuracy. After corrosion, penetrant
inspection remained the most sensitive but eddy current inspection appeared to be more reliable (Figs. 5-3, 54, 5-5).
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Fig. 5-4 Plots of POD vs. crack depth

The dashed horizontal lines represent the point estimates (P) in every interval, the area underneath has been shaded. The continuously drawn hori-
zontal lines give the lower limit (py) of the 95% confidence interval with the available data grouped according to the optimized probability method.
To produce conservative graphs both types of calculated data were considered to be applicable to the largest flaw in each interval; therefore the right
hand sides of the horizontal lines were connected (Ref. 5-3).
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5.5 Liquid Penetrant Inspection (LPI)

Liquid penetrant inspection is a physical-chemical NDI method used to detect and expose surface discontinuities, such as
cracks, porosity, laps, seams and other surface defects. The method can be applied rapidly, economically and with a high degree of
reliability. The surface length of a defect can be determined but not its depth. The method can be used to detect cracks whether they
be due to fatigue, corrosion fatigue, stress corrosion cracking, or intergranular corrosion cracking. However, as stated in Section 5.3,
it becomes less reliable when the component is uniformly and heavily corroded. Surfaces for examination must be accessible for visual
or optical inspection, and must be clean, dry and preferably free from oxide scales and coatings. Clearly therefore, the method is not
useful for determining the depth of uniform corrosion on a surface.

The technique employs oil or water based solutions with good wetting characteristics which are wiped or sprayed onto a
surface. The penetrants contain coloured dyes which are clearly visible under white light, or fluorescent dyes which respond to ultra-
violet light. The penetrant will seep into a surface connected crack and the surface excess is removed. The presence of the crack is
then indicated under the appropriate illumination by the penetrant seeping out of the crevice. A developer may be used to enhance
the indications by the penetrant.

LPI is outstanding for its simplicity and remarkable sensitivity in revealing very small surface cracks and surface-connected
discontinuities. Equipment varies from a simple kit of cleaning agents and aerosol spray penetrant to major automated installations
(Ref. 5-7). In its simplest form the technique can be applied to aircraft in the field and power supplies are not required. Many
penetrants and developers provide magnification of the width of fine cracks allowing otherwise invisible cracks to be detected. Also
the colour or brightness contrast of penetrants provides a further aid, both for visual inspection and automated inspection systems.
These latter typically involve television cameras or flying-spot laser scanners with photo-electric detectors which are used to produce
remote displays for computer analysis (Ref. 5-1).

As stated in Section 5.3, LPI becomes less reliable when the component is uniformly corroded, Painted or coated surfaces
must be stripped and cleaned prior to inspection, and these coatings must usually be replaced to protect sound parts during subsequent
service. In virtually all cases, surfaces must be thoroughly cleaned after liquid penetrant inspection to remove any residues which might
cause corrosion.

An excellent review of the methods and materials used in LPI, and its application to engineering problems is given in
Reference 5-1.

5.6 Magnetic-Particle Inspection (MPI)

In MPI a magnetic field is induced in the component to be inspected using a magnet or electromagnetic coil. Crack-like
discontinuities or cavities at the exposed surface interfer with the induced magnetic field, and the discontinuity is revealed by the
pattern produced by magnetic particles attracted to the surface, The advantage of MPI over LPI is its ability to reveal discontinuities
filled or coated with contaminants that could prevent entry and formation of indications by liquid penetrant.

In practice magnetic-particle inspection is severely limited in all aircraft applications because it is limited to magnetic
materials, the components must be made part of an electrical or magnetic circuit, and magnetized components must be demagnetized
after inspection and all magnetic particles must be removed. The majority of aircraft materials are non-magnetic, and for the few
magnetic components, the requirements for magnetization and demagnetization are difficult to satisfy without removing the compo-
nent from the aircraft. Also, false indications can be obtained in parts containing screw threads or sharp changes in section. As with
LPI, the method can only be used on visibly or optically accessible surfaces and only for detecting sharp and relatively clean cracks.

5.7 Radiography

Radiography is based on the differential absorption of penetrating radiation by the component being inspected. The radiation
may be electromagnetic radiation of very short wavelength such as x-rays or y-rays, or particulate radiation such as a neutron beam.
When the component is bathed in radiation differential absorption may occur in the component due to local variations in thickness or
composition. The unabsorbed radiation passing through the part may be recorded on a film to produce a permanent image or viewed
on a fluorescent screen or image-intensifier as a real time image. These latter methods are sometimes referred to as fluoroscopy.

Radiographic examinations are carried out by NDT operators to detect corrosion in areas of aircraft such as the internal
surfaces of skins, stringers, engine-bearer tubes and the mating surfaces of rivetted structures. The suitability of radiography to detect
service induced degradation of engineering alloys has been summarized in Reference 5-8, as shown in Table 5-2. This table deals with
engineering alloys in a general sense and problems may arise when these methods are applied to actual engineering components or
structures which are characteristic of the particular application. For example in aircraft structures the presence of chromate paints,
Redux bonding and various jointing compounds reduces the sensitivity of the technique. Also, loss of material or change in density
must occur for radiographic methods to be successfully employed. This does not always take place, especially when the corrosion
is between mating surfaces. Corrosion of metals usually has only a small net effect on the absorption of x-rays and, except where
corrosion is advanced, only low-contrast detail is obtained on a radiograph. As a consequence of these problems the early stages of
corrosion are difficult to detect. Also, the complex structure of an aircraft limits the coverage which can be obtained and consequently
radiographic corrosion-detection techniques are restricted to areas of relatively simple construction.

One factor limiting the detection of defects by radiography is poor contrast in the x-ray film. A recent development has
been the use of image enhancement techniques to increase contrast in those parts of the image corresponding to regions where corrosion
might be expected to occur. Packer (Ref. 5-9) digitized radiographs of corroded 7075-T6 specimens using a spatial resolution of 100 um
and 256 uniformly spaced grey levels to quantitize the data. Contrast in regions of interest around fastener holes was enhanced by
expanding the grey scale in appropriate ranges and compressing bands of lower interest. The detection of corrosion was made much
easier, and it was suggested that further analysis of the digitally processed image might lead to a method for determining the sequence
of events in regions where corrosion had occurred.
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Table 5-2 Suitability of three radiographic methods for inspection of light and heavy metals

Light Metals Heavy Metals
X-ray Fluoroscopy yray Xeray Fluoroscopy y-ray
Fatigue cracks F(a) U P(a) P U P
Stress corrosion F U P F U P
Blistering P U P P U P
Thinning F P F F P F
Corrosion pits F P P G P P

G = Good, F = Fair, P = Poor, U = Unsatisfactory.
(a) = Radiation must be parallel to the cracks.

5.8 Ultrasonic Inspection

In ultrasonic inspection high frequency sound waves are introduced into the material being inspected to detect surface and
subsurface flaws. The sound waves travel through the material with some attendant loss of energy (attenuation) and are reflected at
interfaces. The reflected beam is detected and analyzed to define the presence and location of flaws. Most ultrasonic inspections are
performed at frequencies between 1 and 25 MHz, and the instrumentation will attempt to measure one or more of the following:

— reflection of energy at an interface in the specimen
—  time of transit of a wave through the specimen
—  attenuation of the beam of sound waves by absorption and scattering in the specimen.

These measurements are made either by the pulse-echo method, or the through transmission method. In the pulse-echo
method short bursts of ultrasonic energy are introduced into the test article at regular intervals of time, If the pulses encounter a
reflecting surface some or all of the energy is reflected. The proportion of energy reflected is dependent on the size of the reflecting
surface in relation to the size of the incident beam. The direction of the reflected beam depends on the orientation of the reflecting
surface with respect to the incident beam. Both the amount of energy reflected in a specific direction and the time delay between
transmission of the initial pulse and receipt of the echo are measured. In transmission testing flaws are detected by comparing the
intensity of ultrasound transmitted through the test piece with the intensity transmitted through a reference specimen. Transmission
testing can be performed either with direct beams or reflected beams, and it requires two ultrasonic heads, one to transmit the beam
and a transducer to receive it.

The reflection of a wave at a surface depends on the physical state of the interface and the process is more efficient for
gas/solid interfaces than for liquid/solid or solid/solid interfaces. Thus when applied to corrosion problems, the method can be useful
for detecting crack-like discontinuities such as stress corrosion cracks, intergranular corrosion cracks, corrosion fatigue cracks or deep
pits. The sensitivity of the method decreases when the cracks are filled with dense, chemically bonded oxide scales since these effec-
tively change the nature of the interface.

In order to detect corrosion with ultrasonic methods on one surface of a component, access to the other side of the
component or exceptionally to the same side must be available. This access is not always possible. Also the conventional methods of
ultrasonic inspection are less reliable on thin-gauge materials than on thick sections, and therefore only severe corrosion can be
detected.

Some recent research efforts have concentrated on the application of computer based pattern recognition procedures for
differentiating between stress corrosion cracks and other defects in metal structures (Ref. 5-10), and the use of deconvolution
procedures to increase the time resolution of signals from corroded thin plates (Ref. 5-11). Further work in these areas may resolve
some of the problems now affecting aircraft corrosion inspection.

5.9 Eddy Current Inspection

In eddy current inspection a coil carrying an electrical current is brought into close proximity with the part to be tested to
cause an eddy current to be set up in the part by induction. The method involves electromagnetic induction and does not rely on direct
electrical contact with the part. The part to be inspected must be electrically conductive and may be made of a ferromagnetic or non-
ferromagnetic material. The induced currents in the part flow within closed loops and their magnitude and phase depend on the primary
field established by the excitation current, the electrical properties of the part and the electromagnetic fields established by the currents
flowing within the part. The excitation current is kept low to minimize heating in the part and frequencies are usually in the range
200 Hz to 6 MHz, depending on thickness of the part to be inspected, the desired depth of penetration, the degree of sensitivity or
resolution required, and the purpose of the inspection. The lower the frequency in the inspection coil the greater is the penetration of
the induced current in the part.

The induced electromagnetic field is affected by the presence of cracks in the part or the presence of non-conductive or non-
magnetic coatings on a conductive or magnetic base metal. The condition of a part can be monitored by observing the effect of the
resulting field on the electrical characteristics of the exciting coil, such as its electrical impedance, induced voltage or induced currents.
Alternatively, the effect of the electromagnetic field can be monitored by observing the induced voltage in one or more other coils
placed within the field near the part being inspected. The techniques and equipment used for eddy current inspection are described in
detail in Reference 5-8.
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Eddy current inspection is used extensively for detecting fatigue, corrosion fatigue, stress corrosion and intergranular
corrosion cracks in airframe structures and engine components. Several commercial instruments are available with specially designed
probes for inspection of fastener holes and some are capable of dealing with holes with fasteners installed.

An application of eddy current inspection for the measurement of corrosion depth in thin sheet aluminium specimens has
been described in Reference 5-12. The specimens were riveted and adhesively bonded lap joints in 1.25 mm thick sheet, with a
reinforcing stringer as shown in Figure 5-6. This specimen is typical of modern aircraft construction and corrosion is known to occur
both in the lap joint and on the rear surface of the skin. Ultrasonic thickness gauges were found to be unsuitable for this inspection
because of the number of interfaces in the joint and the thin gauge of the skin. An amplitude sensitive eddy-current gauge also gave
spurious readings due to thickness changes, dents and other irregularities. However, by using a phase and amplitude sensitive eddy
current inspection system and tuning the coil frequencies to suit the thickness of the sheet a clear phase separation was obtained to
distinguish between the effects of corrosion and the bond line spacing. The phase relationships for three frequencies are shown in
Figure 5-7. From Figure 5-7(b) at 28 KHz, which provided the optimum tuning for the 1.25 mm thick skin, the approximate depth of
corrosion on the back face could be determined. The method was used for sheet specimens ranging in thickness from 0.8 mm to 3 mm
using frequencies from 5 KHz to 30 KHz, and the minimum depth of corrosion was found to be about 5% of skin thickness.
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Fig. 5-7 Eddy current indications obtained using phase and amplitude sensitive equipment with the assembly
shown in Figure 5-6. Plots (a) to (c) show the effects of frequency, plot (b) shows the optimum phase
separation between back face corrosion and aluminium sheet spacing for 1.25 mm thick sheet

5.10 Acoustic Emission

Acoustic emission is defined as the high-frequency stress-waves generated by the rapid release of strain energy that occurs
within a material during crack growth, plastic deformation or phase transformation. This energy may originate from stored elastic
energy as in crack propagation, or from stored chemical free energy as in phase transformation (Ref. 5-8). Acoustic emissions can be
detected and recorded to provide information on the intensity and rate of occurrence of acoustic events. The typical equipment is
described in Reference 5-8.

Acoustic emission can be used in the detection of subcritical growth of flaws, such as fatigue crack growth, stress corrosion
cracking and hydrogen embrittlement. The technique is capable of detecting growing flaws at least an order of magnitude smaller than
those detectable by any other known non-destructive testing method and is capable of locating one or more discontinuities while they
are growing (Ref. 5-14). When the discontinuity approaches critical size, the acoustic-emission count rate increases markedly, warning
of impending instability and failure.

As indicated above, acoustic emission has been used to detect crack propagation due to stress corrosion cracking, but it also
has the potential to detect general corrosion in its early stages and at hidden interfaces. The early applications of acoustic emission
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monitoring to corrosion have been reviewed in Reference 5-15. The majority of subsequent applications have involved the detection

of corrosion induced crack growth. Thus a number of studies have been carried out of stress corrosion crack growth, including inter-
granular crack growth in welded stainless steels (Ref. 5-16) and aluminium alloys (Refs. 5-17 and 5-18). In a study of exfoliation
corrosion the authors, Reference 5-19, suggested that acoustic emission was not expected because of the purely electrochemical nature
of the corrosion process, however they found that AE signals varied over a wide range depending on transducer location. Reference 5-20
studied galvanic corrosion of aluminium alloys and suggested that acoustic emissions in these alloys occur as a result of hydrogen
formation in pits. Reference 5-15 has reviewed the information available on the nature of the acoustic emission events associated with
corrosion and has concluded that such events can be readily detected and are not always due only to hydrogen bubble formation. This
paper also reviews some applications of AE to aircraft corrosion inspection. In one application an AE system was used to detect hidden
corrosion in honeycomb material in the F-111 aircraft. The ingress of moisture to metal honeycomb material causes corrosion which

is concentrated in the bond region and therefore leads to local bond failure. A single transducer was used to scan the surface of the
structure until the source of acoustic activity was located. Since the honeycomb material was highly attenuative to sound waves it was
necessary to inspect within 150 mm of the source to detect the corrosive reaction. Local heating was also used to increase the corrosion
reaction rate and to generate detectable noise from differential expansion at regions of disbond.
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CHAPTER 6

PREVENTION AND CONTROL OF CORROSION IN AIRCRAFT

6.1 Introduction

It has been stated (Ref. 6-1) that the present state-of-the-art in aircraft structural technology should allow a design objective
of at least 20 years of operational life free from significant corrosion to be achieved. However to meet this objective requires a full
awareness of the consequences of corrosion and careful attention to detail at all stages in the design, manufacture, assembly, and
eventually the use and maintenance of aircraft. It is also generally recognized that careful attention to detail at the design stage in
terms of materials selection, surface preparation, and design detail will lead to significant cost benefits over the life of the aircraft,
although the initial procurement costs may be increased. The corrosion requirements of most aircraft structural assemblies and com-
ponents will be satisfied if the following are taken into consideration;

(a) proper choice of environmentally stable materials,
(b) parts should be designed to minimize exposure of corrosion prone ‘end’ grain boundaries to moisture,
(c) parts should be designed to prevent the ingress and accumulation of moisture,

(d) protective treatments or surface coating should be carefully selected to enhance corrosion resistance of components operating
in particularly aggressive environments,

(e) assembly techniques should be used to avoid damage to protective coatings and to seal structure against moisture penetration,
(f) parts should be designed to allow access to all areas of structure for inspection and maintenance,

(g) inhibitors and water displacing fluids may be used for supplementary protection but should not be relied upon as the primary
form of corrosion protection,

(h) since corrosion is inevitable in the long term, some allowance should be made for the effects of corrosion in the initial design.

6.2 Materials

Materials for structural applications must meet a wide range of design requirements, not the least of which are high static
yield and ultimate strengths, high stiffness, fatigue and fracture mechanics properties, good formability and low cost. However since the
economiic life of an aircraft may be limited by corrosion, rather than fatigue, it is important that corrosion resistance be given due
consideration during the design stage.

Operating experience with aircraft has led to the identification of several structural materials which should not be used in
aircraft structures. These include the following.

Aluminium alloys such as 7079-T6 in all forms, and 7075-T6 plate, forgings or extrusions should be avoided because of their
inferior stress corrosion resistance. It should be noted that 7079 does not respond to the T76 and T73 averaging treatments for
improved corrosion resistance, as 7075 does, and therefore the effectiveness of treatments of this type must be established for any
new 7000 series alloys that are introduced. Alloys such as 7178 and 2020 are generally not recommended, and the International Air
Transport Association has recommended they not be used (Ref. 6-1). References 6-2 and 6-3 have provided tables showing the relative
susceptibilities of various aluminium alloys to general corrosion, exfoliation corrosion and stress corrosion cracking. Both references
provide information on the effects of product form, and include data on thin sheet, plate, tube, extruded bar and sections, and forgings.
Reference 6-3 provides information on the effects of grain orientation, while Reference 6-2 provides additional information on the
relative susceptibilities of various steels to stress corrosion cracking and includes data on bars and forgings, bolt stock, sheet and plate,
tube, and castings. These two references provide a broad data base that may be useful in the selection of material during preliminary
design,

Although having reasonably good corrosion resistance in mild environments, magnesium alloys suffer severe pitting in
aggressive environments, and particularly when natural protective coatings or artificial coatings are damaged. Because of their position
in the galvanic series they suffer severe corrosion when coupled with conductive dissimilar materials. Corrosion of magnesium alloys is
also difficult to inhibit and while chromates can be effective, much higher concentrations are required than can be achieved by leaching
chromate pigments from a paint film. The United Kingdom Ministry of Defence has developed specifications for the corrosion
protection of magnesium alloy structure, and these involve a complex process involving mechanical and chemical cleaning, chromate
filming or anodizing, sealing by the application of a stoving epoxy resin in several layers, and finally one or more coats of epoxy paint
primer and one or more coats of paint finish or a plastic (e.g. nylon) coating (Ref. 6-2). The aim is to completely encapsulate the
magnesium and to isolate it from the environment and where possible from any surrounding structure. This latter however may not be
possible with studs or interference fit bushings, and in these cases maximum use should be made of sealants and caulking compounds
to provide a barrier through which moisture diffusion is minimized. Notwithstanding these measures, there is concern over the use of
magnesium in aircraft structures, and Reference 6-1 has recommended against its use.

Titanium alloys are generally resistant to corrosion in aircraft structures and they provide strong resistance to corrosion
in chloride containing solutions, as discussed in Chapter 4, However they are rapidly attacked by phosphate ester fluids at high
temperatures, and this type of exposure can lead to severe corrosion. Also, as noted in Table 3-3, cadmium may penetrate titanium
under certain circumstances and cause embrittlement, and contact between these two metals should therefore be avoided.

Non-corrosion resistant steels should not be used in high temperature areas, and high strength maraging steels which have
been used in the past for bolts have a poor record of failures due to hydrogen induced delayed static failures or stress corrosion
cracking, and their use in bolts is therefore not recommended by some authorities. For example, Reference 6-1 includes maraging steel
bolts in a list of materials that should be “prohibited in structural applications except in controlled situations”, where “controlled”
refers to complete part development, from design through manufacture to aircraft application, and must account for all environmenta!
aspects.
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Materials which absorb moisture should be avoided. A basic aim in aircraft design is to exclude moisture and prevent the
build up of pools of water, and this is dealt with later under design principles. However, this objective will be aided if internal pockets
are filled with adherent, inert, non-porous and lightweight materials (Ref. 6-2). The use of moisture absorbent porous materials should
be avoided. Similarly the use of structural adhesives, such as the cold curing adhesives which are sometimes used to improve the
dynamic strength of riveted joints, should be used with caution since they absorb moisture and may cause corrosion in the joint.
These adhesives should only be used on anodized surfaces which are pre-treated with corrosion inhibiting adhesive primer. The use of
phosphoric acid anodizing has been recommended (Ref. 6-4). Structures manufactured in this manner require appropriate mechanical
and environmental testing.

One of the most important requirements in aircraft structural design is that of galvanic compatibility between dissimilar
structural materials in contact. Materials selection must therefore be carried out early in the design process, using information such as
that given in Table 3-3. This allows compatible materials to be selected and their strength and damage tolerance limitations to be
recognized early in the design process. Where significant galvanic potentials cannot be avoided, even greater attention must be paid to
detailed design and assembly to ensure a corrosion free structure over the targeted design life. Further information on these points is
given later. Further information on the corrosion resistance of specific aitframe alloys is given in Chapter 4.
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Fig. 6-1 Lightening holes in horizontal diaphragms

INSULATING TAPE
WATER OR SEALANT

{a} .13 / 'NhTy

. . DRAIN HOLE
TSKIN T SATISFACTORY

UNSATISFACTORY

INSULATING TAPE
OR SEALANT

DRAIN HOLE

(c)
UNSATISFACTORY DRAIN HOLE
SR SATISFACTORY

Fig. 6-2 Water traps and faying surfaces

6.3 Design Principles

The requirements for corrosion prevention and control should be considered at all stages of the design process. The aim
should be to ensure that the final structure is of an optimum configuration, not only for immediate flight performance, but also to
allow manufacture, assembly, and in-service inspection and maintenance to be performed easily and in a manner that will maintain
the quality of the structure and its ability to resist corrosion.

During preliminary design, basic structural shapes should be considered to avoid those which introduce natural traps for
water or other corrosive fluids. Channel-type structures or U-section structures should be arranged where possible with the open side
facing downward so that moisture will not collect in the bottom of the channel, and all areas of structures where moisture may collect
should be provided with drainage holes. This applies particularly in the case of closed, or box structures which may be difficult or
impossible to gain access to for inspection. In these cases multiple holes in the lower surface will not only aid drainage, but will allow
free circulation of air to help drying and avoid condensation. Drainage holes should always be located in gravity fed areas, and the
internal structural details so arranged to allow moisture to run freely to the drain for escape. Similarly, flanges or lips on sheet metal
structures should be directed downwards to allow moisture to run freely over their edges to escape. This point is illustrated in
Figure 6-1, with reference to the design of a lightening hole in a horizontal diaphragm (Ref. 6-5).
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Fig. 6-3 Dissimilar-metal corrosion (bolted and riveted joints). (Ref. 6-5)

The first requirement in design is to avoid the initial entry of moisture into the structure, and where possible this is achieved
by sealing. However since this is impossible to achieve in practice, all parts should be designed to allow access for inspection, and have
geometries which are easily cleaned and repaired. Sharp corners and cavities where dirt and moisture can collect should be avoided, and
curved surfaces should have a large radius to facilitate cleaning, inspection and repair.

Faying surfaces provide natural crevices where moisture may collect and corrosion occur, assisted in a detrimental sense by
mechanical interactions at the interface and any galvanic differences between the contacting metals. Faying edges should be sealed in
all cases, and where dissimilar metals are involved interface compounds or films should be inserted to isolate the metals. Many of the
sealants presently in use are heavily enriched with chromates which provide additional protection as inhibitors. Figure 6-2 illustrates
the use of an insulating tape or sealant at a faying surface formed between a fuselage skin and an angle section of an internal stiffener.
This figure also illustrates the correct location of drainage holes, and demonstrates that the isolation of dissimilar metals must take
into account the natural water level of any small pools that may collect.

Mechanically fastened joints invariably involve dissimilar metals, either in the structural members being joined or the fastener
which holds them together. The detailed design of joints is therefore a matter requiring careful attention. Figure 6-3(c) shows one
method of dealing with a bolted or riveted joint where the fastener and the sheet materials are all dissimilar. The aim of this design is
to avoid metal-metal contact in all areas. It also ensures that the fastener which provides the smallest surface area is made of the most
cathodic material so that in the event of a breakdown in the protection system the requirement of large anode and small cathode, as
indicated in Figure 6-3(b), is maintained. In recent years there has been a move towards “wet installation” of fasteners where the
fastener hole is filled with an inhibiting sealing compound prior to insertion of the fastener. This leaves a film of sealant between
the bore of the hole and countersink and the shank and head of the fastener to provide insulation and to prevent moisture from
penetrating. This practice is now generally recognized as an effective measure for preventing corrosion. In butt-joints the same
precautions must be taken to exclude moisture from crevices. Usually a gap of between 2 and 5 mm is left between the ends of the
plates or sheet and the joint is made through a backing plate or strap. The butt-joint gap is then filled with sealant so that the sealant
forms a head overlapping the butting ends. Typical arrangements are shown in Figure 6-4. The exposed edges of butt and lap joints
should be sealed in a similar way, as indicated in Figures 6-5 and 6-6.
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Fig. 6-6 Sealing lap joints


http://www.abbottaerospace.com/technical-library

56

The most widely used material for sealants are polysulphides, cross-linked to remain elastomeric down to ~60°C, and capable
of operating for the life of the airframe at temperatures up to 120°C (Ref. 6-2). Fluorcarbons which remain elastomeric down to -15°C
and can be used up to 200°C are used for higher temperature applications. Non-setting materials are used as jointing compounds in areas
where disassembly is required for routine servicing and where sealants would cause problems (Ref. 6-2).

6.4 Attention to Corrosion During Manufacture

Review of the corrosion case histories of Section II will reveal that many problems occur because of insufficient attention
to detail during component manufacture, This problem has been recognized by Scolaris (Ref. 6-4), who has listed the following
precautions that should be taken.

Attention should be paid to all forms of machining, heat treatment, and metal forming processes to avoid residual stresses.
Since residual stresses may contribute to problems such as stress corrosion cracking or hydrogen induced delayed static failure in
otherwise lightly loaded structures, they should be eliminated before proceeding with the next stage of manufacture,

Corrosion may occur during the manufacturing process itself, and while this may not be serious on its own, it may provide
initiation sites for further corrosion damage or mechanical damage in service. The temporary protection and cleanliness of parts during
manufacture and storage should therefore be recognized as priority requirements.

Several cases can be found in Section II where corrosion occurred because of the removal of previously applied corrosion
protection systems during hole drilling or boring operations. If this is unavoidable, a corrosion protection system at least as effective
as the original one should be applied later, Such drilling operations may be particularly damaging if they expose grain boundaries lying
perpendicular to the short transverse direction in plate or extruded products. This is because of the susceptibility of transverse grain
boundaries to stress corrosion cracking. The same concern arises during machining of thick section components, and the designer can
partly alleviate these concerns by selecting preforms, such as forgings, in which the grain flow follows as closely as possible the final
contour of the finished part. This principle is illustrated in Figure 6-7, where the length of the horizontal leg in Figure 6.7(b) is
increased over that shown in Figure 6-7(a). This leads to improved grain flow in the forging where fewer transverse grain boundaries
are exposed to the environment by machining.

SHAPE

GRAIN FLOW
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Fig. 6-7 Improving grain flow (Ref. 6-5)

6.5 Corrosion Prevention Through Protective Treatments and Surface Coatings

Exposed surfaces of aircraft structure can be modified chemically to render them less susceptible to corrosion, or they
can be protected by metallic coatings or paints. Processes such as cladding are applied at the mill stage by the manufacturers of sheet,
plate or tubing. Processes such as anodizing, chromate filming or plating are usually applied by the aircraft manufacturers or their
subcontractors. Surface pre-treatment by chemical or mechanical means is also important in painting, and the methods used are
designed to ensure good adhesion of the paint to the alloy surface. The methods used for surface preparation prior to painting depend
on the type of alloy to be protected, as indicated in Table 6-1.

6.5.1 Cladding

Many of the high strength aluminium alloys used in aircraft structures, and particularly those containing copper as the
principal age hardening constituent are susceptible to corrosion. Corrosion resistance can be improved by metallurgically bonding to
the susceptible core alloy a surface layer of pure aluminium, or an alloy with good corrosion resistance. The cladding is selected not
only to have good corrosion resistance but also to be anodic to the core alloy by about 80 to 100 mv. Thus if the cladding becomes
damaged by scratches, or if the core alloy is exposed at drilled fastener holes, the cladding will provide cathodic protection by corroding
sacrificially. Because of the cathodic protection provided by the cladding, corrosion progresses only to the core/cladding interface and
then spreads laterally, thus helping to prevent perforations in thin sheet. The cut edges of the clad product should be protected by the
normal aircraft finish, or by jointing-compound squeezed out during wet assembly.

For aluminium-copper alloys (2000 series) dilute aluminium alloys such as 1230, 6003 or 6053, containing small amounts of
manganese, chromium or magnesium may be used as cladding material. These contain low copper contents, less than 0.02%, and low
iron content less than 0.2%. However these alloys are not sufficiently anodic with respect to the A2-Zn-Mg-Cu alloys of the 7000 series,
and they do not provide cathodic protection in these cases. The 7000 series alloys are therefore usually clad with aluminium alloys
containing about 1% zinc, such as 7072, or aluminium-zinc-magnesium alloys such as 7008 and 7011, which contain higher zinc
contents.

The thickness of the cladding is usually between 2% and 5% of the total sheet or plate thickness, and since the cladding is
usually a softer and lower strength alloy, the presence of the cladding can lower the fatigue strength and abrasion resistance of the
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Table 6-1 Typical protection schemes for aluminium, magnesium and non-corrosion resistant steels. Derived from Reference 6-2

Treatment

Aluminium alloys

Magnesium alloy castings

Non-corrosion resistant steels

1. Cleaning

One or more of the following:
(a) degrease

(b) alkaline clean

(c) abrasive clean

(d) pickle or etcl

(a) Preliminary cleaning by an
approved method, or
— rough machining
— pickling
— chemical milling.
(b) Fluoride anodizing.

Various methods are allowed
depending on the strength of
steel. See Reference 6-2 for
typical specifications.

2. Pre-treatment

One or more of the following:
(a) anodize

(b) chromate filr:

(c) etch primer.

(a) Hard anodize,
or

(b) Fluoride film removal
followed by chromate
filming.

Cadmium plate or
(a) aluminium,
(b) zinc

or
(c¢) phosphating.

3. Surface sealing

May be required by anodizing

specification, see Reference 6-15.

Sealing by stoving epoxy resins
to a minimum thickness of

25 um. Resins may be chromate
pigmented.

4. Paint primer

Epoxy primer, typically 20 um
or 40 um minimum thickness
depending on corrosion severity.

Chromate pigmented epoxy.

Epoxy.

5. Paint finish
(a) interior
(b) exterior

Primer only or primer plus.
Acrylic or polyurethane,
typically 30 pm minimum
thickness.

Epoxy or polyurethane.

Depends on position in aircraft
as for aluminium alloys.

6. Further protection

Polyurethane finish may be
specified where high resistance
to polar liquids is required.

Organic coatings such as nylon
with a thickness of 100 um may
be used for finishing.

Stoving enamel to replace 5 and
6 where ultra high performance
is required.

product. In the case of thick plate where substantial amounts of material may be removed from one side by machining so that the
cladding becomes a larger fraction of the total thickness, the decrease in strength of the product may be substantial. In these cases the
use of the higher strength claddings such as 7008 and 7011 is preferred.

6.5.2 Surface-conversion coatings

Surface-conversion coatings are produced by chemical action, with or without electrical assistance. The treatments change the
immediate surface layer of metal into a film of metallic oxide or compound which has better corrosion resistance than the natural oxide
film and provides an effective base or key for supplementary protection such as paints.

Anodizing: This involves the electrolytic oxidation of a surface to produce a tightly adherent oxide scale which is thicker than the
naturally occurring film. The oxidized surface is hard and abrasion resistant, and it provides some degree of corrosion resistance.
However anodizing cannot be relied upon to provide corrosion resistance to corrosion prone alloys, and further protection by painting
is usually required. Fortunately the anodic coating provides an excellent surface both for painting and for adhesive bonding. Anodic
coatings break down chemically in highly alkaline solutions (pH > 8.5) and highly acid solutions (pH < 4.0). They are also relatively
brittle and may crack under stress, and therefore supplementary protection, such as painting, is particularly important with stress

corrosion prone alloys.

Anodic coatings can be formed in chromic acid, sulphuric acid, phosphoric acid or oxalic acid solutions. Chromic acid
anodizing is widely used with 7000 series alloys to improve corrosion resistance and paint adhesion, and unsealed coatings provide a
good base for structural adhesives. However these coatings are often discoloured and where cosmetic appearance is important sulphuric
acid anodizing may be preferred. International standards for chromic acid anodizing include processes performed at 20 v DC and 40 v
DC. However processes may be modified so that voltage is increased in a stepwise fashion to 50 v to give an anodic film of about 2 um

thick (Ref. 6-2).

The A%,0; coating produced by anodizing is typically 2 um to 25 um thick, and consists of a thin non-porous barrier layer
next to the metal with a porous outer layer that can be sealed by hydrothermal treatment in steam or hot water for several minutes.
This produces a hydrated oxide layer with improved protective properties. Improved corrosion resistance is obtained if the sealing is
done in a hot metal salt solution such as a chromate or dichromate solution. The oxide coatings may also be dyed to provide surface
colouration for decorative purposes, and this can be performed either in the anodizing bath or afterwards. International standards for
anodic treatment of aluminium alloys have been published by the International Standards Organization and cover dyed and undyed

coatings (Refs. 6-6 to 6-9).

Anodizing treatments are also available for magnesium and titanium alloys. Two treatments are commonly used with
magnesium alloys, the Dow 17 treatment and the HAE treatment. These both involve several processing options to produce either thin
coatings of about 5 um thickness for flexibility and surfaces suitable for paint adhesion, or thick coatings, up to about 30 um for
maximum corrosion and abrasion resistance. Details of the solutions used, temperatures, current densities and coating times are given
in Reference 6-3, page 603. In the Dow treatment a magnesium flouride coating is formed by anodizing at low voltage and low current

density (55-540 A/m2) in an ammonium hydrofluoride solution.



http://www.abbottaerospace.com/technical-library

58

Anodic coatings are also used on titanium and titanium alloys. When used on fasteners they provide limited protection of
less noble metals against galvanic corrosion, and when used together with solid film lubricants they help to prevent galling. One draft
international standard has been prepared covering a sulphuric acid process (Ref. 6-10). This process employs a variable current DC
power supply to provide an initial current of 0.2 A/dm? at 15 to 20 volts which decreases to 0.05 A/dm? over the anodizing cycle. The
process produces a smooth coating with a uniform texture and appearance, and a uniform blue to violet colour,

Chromate filming: A number of proprietary chromate filming treatments are available for aluminium, magnesium, cadmium and zinc
alloys. The treatments usually involve short time immersion in strongly acid chromate solutions, but spraying or application by brushing
or swabbing can also be used for touch-up of parts. The resulting films are usually about 5 um thick, and are coloured depending on the
base alloy, being golden yellow on aluminijum, dull gold on cadmium and zinc, and brown or black on magnesium. The films contain
soluble chromates which act as corrosion inhibitors, and they provide a modest improvement in corrosion resistance of the base metal.
However their main purpose is to provide a suitable surface for sealing resins or paints. Epoxy primer, for example, which does not
adhere well to bare aluminjum, adheres very well to chemical conversion coatings. Among the best known coatings used with aluminium
alloys are those produced by the Alodine 1200 or Alocrom 1200 processes. A draft international standard covering chemical conversion
coatings for aluminium alloys has been prepared (Ref. 6-11).

A process for zinc alloys has been described in Reference 6-12, to consist of immersion for a few seconds in a sodium
dichromate solution at a concentration of 200 g/litre and acidified with sulphuric acid at 8 ml/litre. The treatment is performed at room
temperature and is followed by rinsing and drying to produce a dull yellow zine chromate coating.

Phosphate coatings: A number of proprietary treatments such as ‘Parkerizing’ or ‘Bonderizing’ are available for use on steel. They are
applied by brushing, spraying or prolonged immersion in an acid orthophosphate solution containing iron, zinc or manganese. For
example a solution might contain Zn H, PO, plus H PO,. The coatings consist of a thick porous layer of fine phosphate crystals,
tightly bonded to the steel. The coatings do not provide significant corrosion resistance when used alone, but they provide an excellent
base for oils, waxes or paints, and they help to prevent the spreading of rust under layers of paint. Phosphating is not widely used for
aircraft structures since electroplated cadmium, although more expensive, is generally considered more effective.

Phosphating should not be applied to nitrided or finish-machined steel, and steel parts containing aluminium, magnesium or
zine are subject to pitting in the bath. Some restrictions apply also to heat treated stainless and high-strength steels (Ref. 6-5).

Nitriding: Steels containing nitride forming elements such as chromium, molybdenum, aluminium and vanadium can be treated to
produce hard surface layers providing improved wear resistance. Many of the processes employed are proprietary, but typically they
involve exposure of cleaned surfaces to anhydrous ammonia at elevated temperatures. The nitrides formed are not only hard, but also
more voluminous than the original steel and therefore they create compressive residual surface stresses. Because of this nitrided steels
usually exhibit improved fatigue and corrosion fatigue resistance, Similar beneficial effects can be achieved by shot peening.

Passive films: Austenitic stainless steels and hardenable stainless steels such as martensitic, precipitation hardening and maraging
stainless steels are seldom coated but their corrosion resistance depends on the formation of naturally occurring transparent oxide
films. These films may be impaired by surface contaminants such as organic compounds, metallic or inorganic materials. Treatments
are available for these materials to clean and degrease surfaces and produce uniform protective oxide films under controlled conditions.
These usually involve immersion in an aqueous solution of nitric acid and a dichromate solution, and details are given in draft
international standards (Refs. 6-13 and 6-14).

6.5.3 Metallic coatings

Metallic coatings are deposited by electroplating, electroless plating, spraying, hot dipping, chemical vapour deposition and
ion vapour deposition, The most important coatings in airframes and landing gear structures are cadmium, chromium, nickel, aluminium
and zinc. Copper, gold and silver are also used in electrical equipment and occasionally for specialty fastener applications. Copper is
used as a base layer in multiple-plate electroplatings, silver is used for anti-fretting purposes, and both silver and gold are sometimes
used to provide electrical conductivity in waveguides and at contacts (Ref. 6-5).

Cadmium: Cadmium is widely used as an electroplating on steel fasteners and bearing assemblies because it provides a galvanically
acceptable couple with aluminium, Cadmium is also anodic to steel and will cathodically protect the substrate at scratches or gaps in
the coating and at cut edges. It also exhibits surface lubricity, conductivity, resists fretting and fatigue, and its corrosion products do
not cause binding. Platings are usually deposited from cyanide baths, but baths containing fluoborates or sulphamates are also used.
The baths may contain special additives to reduce hydrogen penetration, and the coatings are usually 5 to 25 um thick.

The use of cadmium introduces four problems. The first problem is that it is highly toxic and environmental protection
agencies have been concerned about its release into the environment. Disposal of wastes from cyanide baths is therefore a problem, as
is the eventual disposal of the finished coated part. These problems are discussed in Reference 6-2-The second problem is that the
electroplating process also exposes parts to cathodically produced hydrogen and since many of the high strength steels involved are
highly susceptible to hydrogen embrittlement, stringent requirements exist to bake parts immediately after plating to remove this
hydrogen. Most process specifications for cadmium plating include requirements for baking and subsequent testing of coupons to
demonstrate absence of embrittlement. The problem of hydrogen embrittlement can be avoided by applying cadmium coatings by
an jon-vapour deposition process which does not produce hydrogen. This process is sometimes used on very high strength steels where
hydrogen would be difficult to remove by baking. Once deposited these coatings are essentially similar to electro-deposited coatings,
and should receive the same type of additional paint protection. The third problem is that cadmium has been reported to cause solid
metal embrittlement both of steel and titanium alloys (Refs. 6-15 and 6-16). Finally, cadmium has also been reported to cause
exfoliation corrosion of susceptible aluminium alloys when used on fasteners in contact with these alloys in a riveted or bolted structure
(Ref. 6-17).

Chromium: Chromium is used as a protective coating providing resistance to wear, abrasion and corrosion. It has a hardness in the
range 900 to 1100 HV, low friction characteristics and high reflectivity. It is used as a thin coating, usually in the range 0.2 to 1 um
thick, as the final layer in a multiple-plate copper-nickel-chromium electroplating, or as a thick coating up to 300 um to provide

wear resistance. When used as a constituent of a multiple-plate coating, chromium provides hardness, reflectivity and tarnish resistance.
The corrosion resistance is derived primarily from the barrier effect of the thick nickel plate under the chromium. However, copper,
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nickel and chromium are all cathodic with respect to steel, and corrosion can be accelerated once the coating is breached and the
underlying steel is exposed. For this reason these coatings are not chosen where corrosion protection is the primary concern.

Hard chromium plating is usually applied directly to steel parts in thicknesses up to about 300 um, to provide resistance to
wear, abrasion and corrosion. It is also used to build up worn or undersized parts. In the thicker applications it may be impervious but
is subject to microcracks.

Chromium is a metal with low cathode efficiency, and substantial amounts of hydrogen are deposited on the part along with
the metal being plated. Because of this parts must be baked as soon as possible after plating to drive-off the hydrogen and prevent
embrittlement. Baking temperatures can be used up to the tempering temperature of the steel, and therefore they tend to be less
effective for very high strength steels where tempering temperatures are low.

Nickel: By far the greatest use of nickel plating is on steel in conjunction with copper and chromium as described above. However
nickel can also be deposited, both on metals and non-metals by an electroless or non-electrolytic process. The metal is deposited
spontaneously on the surface of a catalytic substrate immersed in an aqueous solution containing the metal ion and a reducing agent
together with a compound (frequently the salt of an organic acid) which acts as a buffer and a complexing agent for the metallic ion
(Ref. 6-5).

The baths often contain phosphorous or boron, and they provide coatings of uniform thickness even over sharp corners and
into deep recesses. The coatings have low internal stress and are less magnetic than electro-deposited nickel platings, and they have
hardness values of about 500 HV. The coatings can be heat treated to higher hardness of about 1000 HV, which provides wear and
abrasion resistance. This increase in hardness is achieved by a precipitation hardening process involving the phosphorous which is
usually present in amounts of 5 to 10%. The heat treatment is carried out at temperatures of about 400°C.

Electroless nickel coatings about 25 um thick are often used, after baking to remove hydrogen, to provide protection against
stress corrosion cracking of precipitation hardenable stainless steels.

Aluminium: Aluminium coatings can be applied to steel by hot-dipping, cementation, ion vapour deposition or spraying. Ion vapour
deposition is a relatively new process and spraying is the only process that has been used extensively over a long period of time with
airframe parts. Pack cementation is widely used for gas turbine components.

In soft waters aluminium is cathodic with respect to steel, however in sea water or some fresh waters containing chloride ions
or sulphate ions aluminium may become anodic to steel and aluminium coatings should therefore corrode sacrificially and provide
cathodic protection to steel. However, as noted below this may not always be the case.

Sprayed aluminium coatings provide an adherent, somewhat absorbent film about 100 to 150 um thick. They provide very
good protection to steel, and they may be sealed with organic lacquers or paints to provide further protection and delay the formation
of visible surface rust. The surface of the steel must first be grit-blasted to provide a rough surface to aid adhesion. Unfortunately the
thickness and relative roughness of the coatings make them unsuitable for close tolerance parts.

Ion vapour deposited aluminium coatings have been used on a variety of parts including steel and titanium fasteners,
electrical connectors, engine mounts and stator vanes, landing gear components, integrally machined wing skins and a large number of
miscellaneous components (Ref. 6-17). These coatings are soft and ductile and are prepared using commercially available aluminium
(1100 alloy) feed wire which is melted, vapourized and ionized in a glow discharge created by an inert gas. The process is applied in
a batch mode, where parts to be coated are held at a high negative potential relative to the evaporation source. The positively charged
gas ions bombard the surface of the part and perform a final cleaning action. When this is done the aluminium is vapourized and ionized
and the ionized aluminium is accelerated towards the part surface where it plates as a dense, tightly adherent coating.

Minimum coating thicknesses are in the range 8 to 25 um, and coatings may be used as-prepared or with a supplementary
chromate treatment. The thinner coatings are used when close tolerances are required, such as on threads, intermediate thickness
coatings (> 13 um) are used on interior parts or where only mildly corrosive environments are expected, and the thicker coatings
(> 25 uym) are used for exterior parts operating in highly corrosive environments and for engine parts. Ion vapour deposited aluminium
has been considered as a replacement for diffused nickel cadmium and aluminium pigmented paints for use in the cooler sections of gas
turbines, where temperatures are less than 454°C. The process has also been considered as an alternative to pack cementation for the
preparation of aluminide coatings on hot section components. In this case the ion vapour deposited aluminium is diffused into the
nickel base superalloy substrates to form the nickel aluminide coating (Ref. 6-17).

Ton vapour deposition of aluminium is attractive since it avoids the environmental and toxicological problems associated with
cadmium. It does not cause hydrogen embrittlement of steel, nor solid metal embrittlement of steel or titanium, and it should be more
galvanically compatible with aluminium alloy structure and avoid the exfoliation corrosion of sensitive aluminium alloy structure
reported in Reference 6-17. However, views on the ability of aluminium to protect steel fasteners appear to vary. Reference 6-17
reports that cadmium plated steel fasteners in a 7075-T6 alloy plate were more severely rusted, and the aluminium countersinks more
severely corroded when exposed to SO,~ salt spray tests for 168 hours, than when the steel fasteners were coated with IVD aluminium.
However, in another study of the corrosion protection afforded by several coatings on steel and titanium fasteners, aluminium coated
steel fasteners showed red rusting within weeks of exposure in a coastal environment (Ref. 6-18). In contrast cadmium and zine plated
fasteners showed no rust after 52 weeks. However, it is not clear how the aluminium was deposited in this latter study (Ref. 6-18) and
whether the coatings are comparable to the IVD coatings of Reference 6-17. A view expressed in Reference 6-2 is that the presently
available pure aluminium coatings are not able to provide adequate sacrificial protection to steel in a chloride ion environment, and for
this reason a recommendation is made for the development of aluminium coatings containing small amounts of zinc, or other elements
for improved protection.

Zinc: Zinc coatings may be applied either by electroplating or spraying. Electroplatings are normally less than 25 um thick, and may
be as thin as 5 um on threaded parts. However while they provide good protection to steel in rural atmospheres, they do not perform
as well in marine or industrial environments. Reference 6-12 reports that 30 um thick zinc coatings lasted about 11 years or longer in
rural or suburban locations, about 8 years in marine locations and only 4 years in industrial atmospheres. The short life in industrial
atmospheres was attributed to attack by sulphuric acid in polluted atmospheres. Reference 6-5 reports that zinc plating does not
perform as well as cadmium in tropical and marine atmospheres, and therefore cadmium is preferred for aircraft use.
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Where thicker coatings are permissible zinc may be deposited by spraying, but must compete with aluminium which is usually
the preferred material.

6.6 Supplementary Protection Systems

Supplementary protection is provided to surfaces which already have some form of permanent or semi-permanent form of
protection such as cladding or conversion coating. The supplementary protection may be in the form of a material that can be easily
applied and removed, and which will be replaced periodically during the life of the aircraft. Jointing compounds and sealants are
examples of this type. Supplementary protection is also provided in the form of paints and primers, which although intended to last for
the life of the aircraft will generally require renewal and repair periodically.

6.6.1 Jointing compounds and sealants

Jointing compounds are used for protection at joints where they act by excluding dirt and moisture, and by providing a
reservoir of slightly soluble chromates which act as inhibitors, Sealants are applied to joints to prevent the escape of fluids, such as fuel,
but they also exclude moisture.

As explained in Section 6-3, jointing compounds are required to remain flexible so as to allow easy disassembly of parts.
Various synthetic resins are used for this purpose, see for example Reference 6-5. The compounds harden sufficiently at edges to take
paint, but they remain tacky within the joint so that flexure does not cause cracking. Sealants of the type now being specified are also
elastomeric, and the most popular are polysulphide sealants containing corrosion inhibitors, The inhibitive sealants are very effective
when used in faying surfaces and butt joints, for wet installation of fasteners and over fastener patterns. They are also effective in
insulating dissimilar metals (Refs. 6-19 and 6-20).

6.6.2 Paint systems

Primers: Primers perform two functions, they provide a good surface for topcoat adhesion and they provide a supply of inhibitors to
impede corrosion. To perform satisfactorily they must themselves adhere well to the base metal or any surface conversion coating that
might be present. They should also contain an adequate concentration of a leachable inhibitor, where this is considered an important
feature of the protection system, and this is usually a chromate pigment. Primers for magnesium alloys must contain a chromate
pigment, and are generally required to be free from compounds of mercury and lead. Pigmented-synthetic-resin primers give superior
corrosion protection to etch primers, but inferior adhesion (Ref. 6-5). However, epoxy primers are widely used both in Europe and
North America (Refs. 6-2, 64 and 6-19).

A single application of primer might be sufficient to protect internal areas of aircraft where condensation or contamination
does not occur. In other areas a second layer of primer might be used, followed soon after a single layer of a suitable topcoat. Since
paint adds significant weight to an aircraft the use of multiple coatings is avoided where possible.

Topcoats: These provide further protection and provide a decorative function in the case of civil aircraft or, perhaps, camouflage in
the case of military aircraft. They are required to be durable, abrasion resistant, resistant to chalking and crazing, to retain gloss and to
be easy to clean (Ref. 6-19).

The topcoats commonly used include air drying paints and oil-based varnishes which harden by oxidation, acrylics and other
lacquers which dry by solvent evaporation, and polyurethane and epoxy paints which dry by cold-curing chemical reactions. High
temperature curing or stoving can also be used with certain types of epoxy to produce a harder finish, but this also makes them more
difficult to remove.

Polyurethane paints have been widely used on both sides of the Atlantic (Refs. 6-2, 6-4 and 6-19). However these paints are
quite brittle and tend to chip and crack, and Reference 6-2 has indicated a preference for solvent drying acrylic paints for the exterior
finish. These paints can be removed locally by chemical solvents down to the primer and are reported to be easier to touch-up (Ref. 6-2).
Which ever paint system is selected for exterior use it is usual to qualify the system on the basis of its ability to prevent filiform
corrosion. Reference 6-1 describes one such test, although most manufacturers have equivalent test methods.

Flexible paints: References 6-2 and 6-19 have both reported interest in flexible paint systems. Coatings of polysulphide polymers have
been used as intermediate layers below polyurethane topcoats, but these are reported to be dense, thick and difficult to apply because
of short pot life. Other types of elastomeric coatings are being evaluated (Ref. 6-19).

6.6.3 Inhibitors

Inhibitors lead to a decrease in corrosion rate when introduced to the environment at a corroding metal surface. Several
types of inhibitors exist including passivators, organic inhibitors, and vapour phase inhibitors. Further information on these types
of inhibitors are given in Reference 6-12.

Passivators are the most important types in aircraft protection since they are capable of reducing corrosion rates to very low
values. They act by moving the corrosion potential of the metal in the noble direction and this shift may be several hundred milivolts.
The common passivating inhibitors include chromates, nitrates and molybdates (Ref. 6-12), but by far the most important are
chromates which are able to suppress the corrosion of aluminium under a wide range of conditions. Chromates also reduce corrosion
rates in steels, cadmium, zinc and even magnesium under certain conditions (Ref. 6-2).

Passivators in contact with a metal surface are believed to act as depolarizers, initiating high curzent densities at residual
anodic areas which exceed i ;. fOr passivation, as indicated in Figure 6-8. Only those ions which have both an oxidizing capacity
and which are readily reduced can serve as passivators. However, the passivator concentration must exceed a certain critical value to be
effective, as indicated in Figure 6-8. Below this concentration they act as active depolarizers and maintain an increased corrosion rate
at local areas. The critical concentrations for the inhibitors given above are in the range 102 to 10~ M, and for a typical inhibitor such
as sodium chromate 10~3 M would be equivalent to about 160 ppm. Chloride ions and elevated temperatures increase i and
ipassives Which in effect increases the critical concentration required for the passivator to be effective.

critical
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Fig. 6-8 Polarization curves that show effect of passivator
concentration on corrosion of iron. An oxidizing
substance that reduces sluggishly does not induce

passivity (dotted cathodic polarization curve).
(Ref. 6-12)

Adequate concentrations of inhibitor can be maintained at metal surfaces by incorporating them in surface coatings such as
chromate conversion coatings, chromic acid anodized coatings, pigmented primers or paints, or by introducing them to sealants or
jointing compounds. They can also be released from strategically placed inhibitor sacks to protect local structure, or they can be added
to wash water so that a thin film of inhibitor is left behind as the structure dries.

Reference 6-21 has listed some of the important requirements for inhibitors used with aircraft structures, and these include
low toxicity and biodegradibility. Unfortunately chromate salts are toxic and carcinogenic and they create a number of environmental
pollution problems, as discussed in Reference 6-2. A great deal of effort is therefore being focussed on the development of alternative
inhibitors which avoid these problems. Reference 6-2 has discussed the development of zinc thioglycollate which appears to be as
effective as chromate salts in inhibiting the corrosion of aluminium alloys, while Reference 6-21 has described various borax-nitrite
based inhibitors which have also been found to provide protection for high strength aluminium alloys and steels used in aerospace
applications. These latter compounds were also reported to protect the copper-bearing alloys used in electronic components,

6.6.4 Water displacing compounds

Water displacing compounds may be useful in providing supplementary protection for paint systems that have deteriorated or
become damaged in service. They are applied as fluids by wiping, brushing, spraying or dipping, and they are usually immiscible with
water and displace water from surfaces and crevices,

A number of fluids used in the United Kingdom are based on lanolin (PX-1, PX-3 and PX-9) and contain various solvents
and inhibitors. The evaporation of the solvents leave either thin soft films (PX-1), semi-hard films (PX-9) or hard resin films (PX-3)
providing varying degrees of protection. PX-3 contains a zinc chromate pigment which acts as an inhibitor and it can be used in place of
paint on bare metal where only light protection is needed (Ref. 6-5). It may therefore be used on areas of internal structure, but it is
not normally used on external surfaces or on naval aircraft.

Other fluids such as PX-10 and PX-24 may be used to provide short term protection, They exhibit better water displacing
characteristics than PX-1, PX-3 and PX-9, and they leave a thin oily film providing short term corrosion protection. PX-28 is a wax
thickened protective with water displacing properties but without the penetrating power of PX-24. It does not harden with time, but
remains tacky and has an ability to self-heal when damaged. It is not used on exterior surfaces, or areas where regular access is needed,
but it can be used in closed sections or inaccessible areas of structure. PX-7 is a petroleum based product, used to protect battery
terminals and other parts, while PX-13 is a petroleum wax containing inhibitors and other additives and is used to protect engine
cylinder bores, valves and springs (Ref. 6-5).

Water displacing compounds similar to these are used in North America, and two of these have been described in
Reference 6-19. AML-350 is a petroleum sulfonate in a mineral spirit solvent. When applied to a metal surface it spreads over the
surface and under water droplets, and as the solvent evaporates it leaves a soft oillike film of sulfonate which isolates the metal from
the environment and acts as a corrosion inhibitor, The film is built up to a thickness of 2 to 5 um.

AMLGUARD is another North American product (Ref. 6-19), which is a water displacing compound containing solvents,
silicone and silicone alkyd resins, barium petroleum sulfonate and several other additives. It dries to the touch in about 18 hours, but
continues to cure for 1 to 3 months to form a hard, dry, but flexible finish between 25 and 51 um thick. It not only displaces water
but it also leaves a protective barrier coating containing barium petroleum sulfonate and alkyl ammonium organic phosphate as
inhibitors (Ref. 6-19).

AML-350 is intended for use on internal metallic parts and electrical connectors. AMLGUARD is intended for temporary use
on external aircraft parts, such as wheels, wheel wells, cables, landing gear parts, wing leading edges and helicopter blades (Ref. 6-19).
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CHAPTER 7

UNIFORM CORROSION AND EROSION

7.1 Introduction: Uniform Corrosion

Corrosion of metals by uniform chemical attack is the simplest and most common form of corrosion. It may occur in moist
air or other gases, and in a wide variety of liquids including water. It is probably the most common form of corrosion in aircraft
structures, occurring under normal service conditions and particularly in areas where water or condensation is apt to collect. High
temperature oxidation is a special form of uniform attack. In uniform corrosion the anodes and cathodes of the electrolytic cells are
numerous and closely spaced on the surface of a single piece of metal, and therefore uniform corrosion can be considered as localized
electrolytic attack occurring consistently and evenly over the surface.

Uniform corrosion generally produces large areas of damage, and provided the corrosion prone area is accessible for visual
inspection, it can usually be detected fairly early and remedial action taken. Uniform corrosion occurring in sealed interior areas, or
other visually non-inspectable areas can lead to serious damage unless special non-destructive inspection methods, such as x-radiography
or ultrasonic inspection are used for early detection followed by corrective maintenance.

Most of the common engineering metals and alloys produce characteristic corrosion products which allow corrosion to be
recognized fairly easily. Probably the best-known form of corrosion occurs on non-stainless iron and steel and is easily recognized by
the familiar red iron rust (Figs. 7-1 and 7-2). Figure 7-1 shows rusting on a steel track rod adjuster and eye end, originally cadmium
plated but operating in an exposed environment. The cadmium had presumably been totally sacrificed after loss on threads during
assembly or maintenance. Use of a supplementary protective material should have prevented this. Figure 7-2 shows a steel jet pipe
end cap liner which had been subjected to high temperature oxidation over a long period of time. In this figure the blistering and
flaking of a surface protective coating is apparent, and the formation of red rust produets in the underlying steel can be seen. The
materials chosen for this application had simply proven unsuitable for the environment, though quite possibly they were the best
available when the design was established. The fact that the aircraft life had been extended, and these components had been required
to operate for much longer times than originally intended is also an important factor.

Fig. 7-1 Rusting on a steel track rod adjuster and eye after Fig. 7-2 Rusting in a jet pipe end cap liner following
damage occurred to the protective cadmium plating damage to its protective coating

The corrosion products of aluminium and magnesium alloys are evident as white to grey powdery deposits, the latter are
often of a fluffy or granular nature. Figure 7-3 shows the surface corrosion damage to an aluminium alloy stringer, where the chromate
pre-treatment and primer coat had failed, probably through aging and exposure to moisture. Early identification of aluminium or
magnesium corrosion is essential, and frequently the first indications are flaking or blistering of the surface finish. Figure 7-4 shows an
area of general surface corrosion on a magnesium alloy skin of a helicopter on which the chromate pre-treatment had locally failed.
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Fig. 7-3 Flaking of the chromate pre-treatment and primer Fig. 74 Uniform corrosion in a magnesium alloy helicopter
on an aluminium alloy stringer and corrosion of the skin after damage to the chromate pre-treatment
exposed metal
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Fig. 7.5 Corrosion damage in an aluminium alloy honeycomb structure from a fighter aircraft

(a) Inner surface of the aluminium skin showing perforations.
{b) Foam rubber filler material.
(c)and (d) Arrows point out areas of severe corrosion damage in the honeycomb.
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Early attention to uniform corrosion damage is particularly important where the metal skin is used as an outer layer of a
honeycomb sandwich structure, or closed box structure, Failure to do so may lead to penetration of the skin by corrosion, and the
entry of water or other corrodents into the internal structure, Figure 7-5 shows the corrosion damage to an aluminium honeycomb
structure from a fighter aircraft. Figure 7-5(a) shows heavy corrosion on the inner surface of the aluminium skin, with holes which
allowed the ingress of water. Figures 7-5(c) and 7-5(d) show areas of corrosion damage to the aluminium honeycomb, which are
indicated by arrows. Figure 7-5(b) shows a sample of foam rubber filler material which formed a layer between the skin and the honey-
comb, It is uncertain whether the rubber in this case contributed to the corrosion reactions, but the operators of this particular aircraft
did note that the rubber was usually not present. This simply serves to point out that all material combinations should be evaluated
with respect to corrosion before a design is finalized, since one material may contribute to the corrosive environment of another.

The need to prevent the ingress of water and other corrodents to internal structure and equipment is nowhere more
important than with electrical and avionics equipment. In the interests of obtaining specific electrical characteristics, the materials used
are often inferior in terms of corrosion resistance, and serious corrosion problems and often malfunction of equipment can occur if the
equipment is not properly sealed. Figure 7-6(a-c) shows examples of corrosion of electrical equipment in a military aircraft due to
water intrusion around the access door. The general reddish-orange discolouration of the compartment walls and floor, in Figure 7-6(a),
indicates that uniform corrosion has occurred in these areas. The close-up photographs of Figure 7-6(b) and -6(c) show local eruptions
of corrosion products around a screw and binding post, which are probably examples of galvanic corrosion and crevice corrosion.

la) ]

Fig. 7-6 Corrosion in a container used to house electrical equipment

(a) Discolouration indicates general corrosion of the walls and floor of the
compartment,

(b) Localized corrosion around a screw.

(e) Localized corrosion at the base of a binding post.
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7.2 Introduction: Erosion-Corrosion

When corrosion occurs in the presence of a fast moving fluid the rate of attack may be much higher than would occur in a
still, or slow moving environment. This form of attack is known as erosion-corrosion, and the fluid may be either a liquid or a gas. Metal
may be removed from the surface either as dissolved ions in a solution, or as solid particles. In this latter case the process will usually
involve the formation of a corrosion product such as an oxide, hydroxide, sulphate or nitrate, which is then removed from the surface
by mechanical wear and abrasion. Erosion-corrosion will therefore tend to be more severe where the corrosive fluid contains solid
particles which can impact on the metal surface to cause mechanical damage to the corrosion products and any surface protective
coatings.

Erosion-corrosion problems can be quite severe in transport aircraft operating in hot desert climates. Though dry in the sense
of having low rainfall, desert areas are nevertheless often very humid, especially at night, High temperatures accelerate corrosion, distort
skin surfaces and crack protective finishes, while dust and sand often containing a high proportion of salt erode surface finish and also
mix with oils, grease and hydraulic fluid to form extremely abrasive compounds. Loose stones and rocks thrown up from temporary
landing strips damage protective finish leaving areas of bare metal open to corrosive attack. Figure 7-7 shows erosion-corrosion damage
to the undercarriage components of a transport aircraft as a result of operation from a desert landing strip. Damage to the protective
coating system by stone impact and sand erosion has led to exposure of the bare metal which then continues to deteriorate by a combi-
nation of corrosion and erosion.

Erosion-corrosion is a common form of damage to aircraft propellors and turbine engine components operating either in the
intake air stream, or in the hot gas path. Components such as impellors, compressor blades, turbine blades, nozzles and guide vanes
are particularly prone to damage. Figure 7-8(a) shows erosion-corrosion damage on the concave surface of a compressor blade from a
fighter aircraft engine after 16.5 hours in an erosion test cell, This particular blade was protected by a proprietary protective coating,
applied by a vapour deposition process. Figure 7-8(b) shows a similar blade protected with a bias sputtered TiCr C coating after a
similar 16.5 hour exposure in the test cell. A great number of hard, erosion resistant coatings are available for protection of engine
coatings, and a great deal of research and development on new coatings continues.

Fig. 7-1 Erosion-corrosion damage on the undercarriage
of a transport aircraft
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(a) VAPOUR DEPOSITED (b) BIAS SPUTTERED

T-58 COMPRESSOR BLADES AFTER 16-1/2 HOURS EROSION TEST (CONCAVE SURFACE)

Fig. 78 Erosion-corrosion damage on the airfoil of a fighter aircraft compressor blade

(a) Damage to a vapour deposited coating after 16.5 hours exposure in an erosion-corrosion test cell,
(b) Blade coated with a bias sputtered Ti Cr C coating after a similar exposure,

7.3 Case Histories
Case history 7-1. Brake disc failure.
The brake disc assemblies were removed from both main wheels of a light single engine aircraft (Fig. 7-9(a)). Both brake

disc assemblies were severely corroded in the fillet radius area between the disc and the sidewall, and there was a 12-15 mm band of
corrosion around the outside surface of the wall as shown in Figure 7-9(a).

[al ]

Fig. 79 Corrosion failure of a brake disc assembly

(a) Disc assemblies showing 15 mm wide band of corrosion
around the sidewall adjacent to the disc. The right
hand brake disc had a completely fractured wall next
to disc where arrowed.

(b) Typical area between disc and sidewall showing severe
loss of wall thickness near to disc (arrows).


http://www.abbottaerospace.com/technical-library

68

The brake disc assembly number 2 had failed around the sidewall circumference adjacent to the disc; this area was severely
weakened due to corrosion to the extent that the wall thickness at the failed section was reduced to approximately one-quarter of the
original thickness. Figure 7-9(b) shows the corresponding section through the disc and sidewall of the unfailed assembly, number 1.
Even though this particular unit had not failed, a serious loss of material had occurred leading to a reduction of sidewall section thick-
ness, as indicated by the arrows in Figure 7-9(b).

The final mode of failure was shear overload of the severely weakened area, resulting from brake application during towing of
the aircraft. Moisture plus salt residues were suspected to be the corrosive agents in this case.

Close visual examination of the disc surfaces alone would have indicated that both brake assemblies were in an unserviceable
condition prior to failure. Proper maintenance and inspection procedures are necessary to prevent the occurrence of such failures.
The materials used for the brake assemblies were not reported in this investigation, but a substitution with materials with improved
corrosion resistance would appear to be warranted.

Case history 7-2. Corrosion of structural steel fasteners.

A substantial amount of corrosion, and high repair and replacement costs are associated with structures and equipment
at airports and ground support stations. Structural steel assemblies and their fasteners located in hot and humid coastal environments
are particularly prone to damage. A sample set of ten nuts and bolts which had been used for about eight years on a mobile service
tower at a base in a temporate coastal climate were inspected for corrosion. The samples examined were representative of 3000 similar
parts still in service, and were originally specified to conform to ASTM-A325. The parts submitted for examination are shown in
Figure 7-10(a).

Visual and optical examination verified that considerable corrosion existed on all part surfaces. However, the most severely
affected areas were found to be on the surfaces of the nuts, as shown in Figure 7-10(b). Cross-sections through the nuts and bolts
revealed the severity of corrosion, and showed that nearly one-third of the cross-sectional area on all ten nuts had been lost to
corrosion. The depth of corrosion, in some areas, extended almost to the bolt surface, as shown in Figure 7-10(c).

i g g sl il A BT A T
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Fig. 7-10 Corrosion of structural steel fasteners

(a) Parts submitted for examination.

(b) Showing severe corrosion on the nut face surfaces,

(c) Cross-section through a typical bolt and attached
nut showing areas most affected by corrosion.

Metallographic examinations of nut-bolt interfaces showed little evidence of intergranular cracking, while the microstructures
were typical of quenched and tempered low carbon steels. Hardness values obtained from the nuts were in the range Ry 80 to 83, and
for the bolts R, 28 to 30. These values were in accordance with the specification requirements called for in ASTM-A325. Chemical
analyses performed on the nuts and bolts showed the materials to be within the compositional limits for 1025 and 1035 carbon steel,
as shown in Table 7-1.

It was concluded that the nuts and bolts conformed to the requirements of ASTM-A325, with respect to hardness and
chemical composition. In view of the substantial corrosion on all component surfaces, and the considerable deterioration of the nut
face surfaces, it was concluded that the future integrity and reliability of the equipment would be seriously jeopardized if these nuts
and bolts were left in service.

It was recommended that all corroded nuts and bolts be removed from service and replaced with corrosion resistant steel
nuts and bolts, or with fasteners that had been coated with a protection system designed for marine use.
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Component Chemical Composition, Weight %

C Mn Si S P
Steel nuts 0.24 0.57 0.10 0.10 0.04
(AISI-1025)
ASTM-A315 Spec. = = = 0.23 max. 0.12 max.
Steel bolts 0.35 0.75 0.26 0.008 0.010
(AISI-1035)
ASTM-A325 Spec. 0.30 min. 0.50 min, = 0.05 max. 0.04 max.

Case history 7-3. Hydrofluoric gas corrosion of a stainless steel pipe.

A particularly serious consequence of uniform corrosion is that it may lead to some other more serious and less obvious form
of corrosion if remedial action is not taken quickly. The full extent of the corrosion damage, which may be in the form of fine cracking,
may be hidden by the initial corrosion products.

Hydrofluoric gas was found leaking from a section of flexible stainless steel pipe on a laser test aircraft. The stainless steel

pipe was subsequently replaced with a section of polyvinyl chloride (PVC) pipe which also leaked gas.

Visual examination of the flexible stainless steel pipe, Figure 7-11(a), revealed the outside surface to be covered with a
light tan powdery residue or corrosion product. A dark brown residue was found on the inside surface when the pipe was sectioned
(Fig. 7-11(b)). The wire mesh was stripped from the convoluted flexible pipe and large cracks were found running circumferentiaily

around the inside or small radius bends of the convolutes (Fig. 7-11(c)).

Fig. 7-11 Hydrofluoric acid corrosion of an austenitic (316) stainless steel pipe

(a) Section of stainless steel pipe used to vent hydrofluoric gas from laser on a flight test
aircraft,

(b) Interior of the flexible pipe showing iron rich corrosion products.

(¢) The arrows indicate circumferential cracks running around the outside of the pipe, while
general corrosion is indicated, The corrosion products had a light tan appearance.

(d) Optical micrograph through the wall of the flexible pipe showing general surface
corrosion, pitting and stress corrosion cracks running from the bottom of the pits.
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Chemical analysis of the convoluted stainless steel showed it to be of the 316 type, while the end fittings were 304 stainless
steel. Both residues on the pipe were determined to be corrosion products consisting predominantly of iron, with nickel, chromium,
and small amounts of other elements. The dark residue on the inside of the pipe was found to have higher concentrations of nickel and
chromium than the light tan residues from the outside of the pipe.

Microscopic examination of the convoluted pipe, Figure 7-11(d), showed that pitting had occurred beneath the corrosion
products and that stress corrosion cracks had initiated at the base of the pits. The stress corrosion was observed only on the inside or
small radius bends of the convolutes, while pitting was observed over the entire internal surface of the flexible pipe.

The polyvinyl chloride pipe was also examined and no damage that would cause a gas leak was observed. However it was
though that PVC might be attacked by hydrofluoric gas and it was therefore recommended to replace all remaining sections of the
stainless steel pipe by polyethylene pipe.

The consequences of the leakage of a highly corrosive gas, such as hydrofluoric gas, in an aircraft structure are particularly
serious and precautions against this should involve frequent careful inspections. In the case of the stainless steel pipe direct visual
inspection was hampered by the outer sheathing of wire mesh. Carefully controlled compatibility studies should be performed before
hardware of this type is placed in service.
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CHAPTER 8

GALVANIC CORROSION

8.1 Introduction

Galvanic corrosion occurs when metals of different electrochemical potential are in contact in a corrosive medium. Common
examples of metal couples susceptible to galvanic corrosion include combinations such as a copper pipe connected to an iron pipe, a
bronze propellor in contact with a steel hull, cold worked metal in contact with the same metal annealed, and grain boundaries in a
metal in contact with the grains of the same metal. The less noble metal will form the anode of the electrolytic cell and will be corroded
while the more noble metal will act as the cathode and will remain largely unaffected. The resulting damage to the anodic metal will be
more severe than if the same metal were exposed to the corrosive environment without the presence of, and contact with the cathode.

Galvanic corrosion can often be identified from other forms of corrosion because the corrosive attack is usually more severe
at the interface between the two dissimilar metals. Perhaps the most common example of this in aircraft structure is the corrosion
which occurs at fastener holes in aluminium or magnesium alloy skin when steel bolts or rivets are used. Examples of this are shown in
Figures 8-1 and 8-2. In Figure 8-1, the skin was 7075-T6 aluminium alloy and the fasteners cadmium plated steel. Figures 8-1(b) and
8-1(c) show individual fasteners with substantial corrosion damage occurring in the adjacent aluminijum.

(b}
Fig. 8-1 Galvanic corrosion occurring around cadmium plated steel fasteners in a 7075-T6 aluminium skin

(a) General view,
{b) and (c) Close-up of individual fasteners.

Cadmium is used as a protective coating and to provide a compatible surface between dissimilar metals in contact. It can be
seen from the galvanic series given in Table 3-2 that cadmium lies between aluminium alloys and the common alloy steels and therefore
the electrochemical potentials formed by the aluminium/cadmium cell, and the cadmium/steel cell are less than the unprotected
aluminium/steel cell and therefore galvanic corrosion will be less severe. In general the greater the difference in electrochemical potential
between two metals in a dissimilar metal cell the greater the rate of chemical attack. The use of cadmium as a protective coating on
steel fasteners therefore serves to moderate any corrosive reactions, but will not stop them completely. In practice therefore attempts
are made to prevent metal contact by placing an insulating material, usually a sealant or jointing compound between the two parts
before assembly. In the example of Figure 8-1, an elastomeric sealant applied over the fastener heads after insertion would also have
assisted by preventing the ingress of moisture between the fasteners and skin. The use of a more corrosion resistant aluminium alloy
tempers such as T'76 or T73, would also have assisted.

The example of Figure 8-2 shows dissimilar metal, or galvanic corrosion damage at fastener holes where steel bolts fastened
through a magnesium alloy skin. The positions of these two materials in the electrochemical series, or galvanic series indicates that a
high electrochemical potential would exist between them when in contact, and severe galvanic corrosion could be expected to occur.

Some care must be taken when using the galvanic series to assess the galvanic corrosion potential of dissimilar metals, since
some metals may occupy different positions in the series. This is most commonly observed with metals such as stainless steels which
can exist in either a passive or active state. In the passive state most stainless steels will occupy positions towards the noble end of the
galvanic series, while in the active state they will behave more anodically. This behaviour is believed to be due to the state of the pro-
tective oxide films which tend to form on stainless steels, and which resist further corrosive attack. When the oxide film is intact and
effective as a protective covering the metal behaves cathodically, whereas a damaged film leaves the metal unprotected and it therefore
tends to behave anodically.
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Fig. 8-2 Galvanic corrosion around fastener holes used to locate
steel fasteners in a magnesium alloy skin

-MONEL SHEET
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Fig. 8-3 Diagrams showing the effects of anode/
cathode surface area ratio in dissimilar metal
couples (Ref. 3-8)

An important practical consideration which can usually be addressed at the design stage is that galvanic corrosion will be
severe if the surface area of the anode is small with respect to that of the cathode. Conversely, the corrosion will tend to be superficial
if the surface area of the anode is large compared to the cathode. Thus in the case of the fastener/skin dissimilar metal combination,
more severe corrosive attack would occur if the fastener were the anode and the skin were the cathode. This is illustrated schematically
in Figure 8-3, using an aluminium/monel metal combination.

8.2 Case Histories
Case history 8-1. Galvanic corrosion in an aluminium alloy skin due to contact with a conductive cement.

Severe corrosion was found during a visual inspection of the outer wings and tail of a light aircraft operating in the
Mediterranean region. The corrosion was found along the edges of an anti-icing boot on the leading edges (Fig. 8-4(a)) and was
associated with an exposed band of the cement used to bond the de-icing boot to the wing. The damage is shown at higher magnifi-
cation in Figure 8-4(b), where flaking of the cement and corrosion in the underlying metal can be seen. More detailed visual inspection
of the tail revealed the presence of a 25 cm long area of complete metal penetration in the corroded region, which formed a crack like
discontinuity in the structure. The area affected by this penetration is shown in Figures 8-5(a) and 8-5(b). Figure 8-5(a) shows the
damage visible on the exterior surface, while Figure 8-5(b) shows the same area viewed from the inside after the affected material was
cut from the structure.

The wings and tail units were fabricated from Alclad 2024 sheet, but metallographic examinations revealed that the
aluminium cladding had been removed during previous servicing operations, The de-icer cement was a proprietary product, but of
particular importance is that it was found to be electrically conducting. Thus, when in direct contact with the bare 2024 aluminium in
a moist corrosive environment the cement would form the cathode of the electrolytic cell while the aluminium would form the anode
and would be prone to severe corrosive attack.

Metallographic specimens of the damaged aluminium skin showed areas of uniform corrosion on the outer exposed surface
(Fig. 8-6(a)) and regions of deep intergranular corrosion (Fig. 8-6(b)), which had led to perforation of the skin panel. Areas of the tail
and wings away from the de-icing cement were protected by Corogard 22 paint, and these areas were not damaged by corrosion,

The personnel involved in the repair and overhaul of this aircraft recommended the use of a rain erosion resistant anti-static
coating system (MIL-C-7439) to replace the conductive de-icer cement. The important requirement is to avoid the use of a conductive
cement in exposed contact with the aluminium. In the example cited, corrosion damage to the 2024 aluminium would have been much
reduced had the bare cement been covered by a protective coating to prevent mechanical damage to the cement and to prevent the
intrusion of water.
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Fig. 8-4 Galvanic corrosion in an aluminium alloy skin due to contact with a conductive cement

(a) General view of a tail section leading edge showing de-icing boot and aluminium panels.
(b) Close-up showing the exposed cement between the de-icing boot and aluminium skin,

[a)

Fig. 8-5 Selected areas of corrosion from Figure 84

(a) Penetration of the aluminium skin viewed from the out-
side.

(b) Corrosion and penetration of the aluminjum skin viewed
from the inside.
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Fig. 86 Metallographic sections through the aluminium skin shown in Figures 8-4 and 8.5

(a) General surface corrosion leading to intergranular attack on the outer surface.
(b) Deep intergranular attack and perforation of the skin.

Case history 8-2. Failure of a king pin lug from the main legs of a fighter aircraft.

The circumstances of this failure were not reported to AGARD, but it is fairly certain that substantial damage would have
occurred to the aircraft if the failure had occurred either on take-off or landing.

The lug was made from a 7075-T6 aluminium forging, and the holes used to mount the king pin were protected from
mechanical damage and wear by steel bushings. The lug, steel bushings and fracture surfaces can be seen in Figures 8-7(a) and 8-7(b).
Visual inspection of the lug revealed corrosion damage. This was restricted to the region between the two steel bushings, as indicated in
Figure 8-7(c). This suggested that galvanic corrosion of the aluminium lug which was in contact with the steel bushings was the cause of
the corrosion damage. The severity of the corrosion damage is indicated by the cross-section of the lug, shown in Figure 8-7(d).

Figures 8-7(e) and 8-7(f) show one of the fracture surfaces produced by the failure. Figure 8-7(e) shows that the fracture
originated at the site of the corrosion damage. Electron fractography of the same fracture surface (Fig. 8-7(f)) revealed mainly ductile
dimples indicative of ductile failure.

Zem
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Fig. 8-7 Galvanic corrosion in a 7075-T6 king pin lug of a fighter aircraft main leg

(a) General view of the failed lug. (Mag. X 0.3)

(b) Fracture faces and steel bushing. (Mag. X 0,7)

(¢) Band of corrosion in the lug between the bushings, (Mag. X 1.7)
(d) Deep corrosion pits revealed in a cross-section. (Mag, X 200)

(e) Crack initiation site in the corrosion band. (Mag. x 1.7)

(f) Dimpled fracture surface indicating ductile fracture, (Mag. X 7000)
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It was concluded that the king pin lug failed in a ductile manner by overload, but that the fracture was initiated by severe
corrosion damage in a ring of exposed material between the two bushings. This corrosion damage could have been prevented by
proper application and maintenance of a protective coating on the aluminium alloy. It was not reported whether the steel bushings
were cadmium plated, but if so this should have provided a degree of compatibility between the steel and the aluminium. A significant
factor in this failure is that the corrosion damage occurred in a closed area which was not readily visible without dissassembly of the
parts.

Case history 8-3. Corrosion of a nose gear strut assembly.

A nose gear strut assembly from an executive twin-engined aircraft was found, during a visual inspection, to be severely
corroded around the drag brace attachment lugs. The strut and the areas of corrosion attack are shown in Figure 8-8(a). The strut
assembly was a magnesium alloy casting and the Jugs contained cadmium plated low alloy steel bushings. The steel type was not
revealed to AGARD, but was reported to contain a high chromium content.

Visual inspection of the corroded lugs (Fig. 8-8(b)) showed that the steel bushings were undamaged while severe corrosion
of the magnesium alloy which was in contact with the steel had occurred. The preferential corrosive attack of the magnesium at the
magnesium/steel interface suggests that the damage was caused by galvanic corrosion, where the magnesium formed the anode of the
electrolytic cell and the steel the cathode. The aircraft in question had been operated in a marine environment, and the moist salt laden
atmosphere would have contributed to the problem. However even a milder environment would likely give rise to a similar problem
given sufficient time,

Both cadmium and zinc type coatings protect steel by anodic protection, which involves the sacrificial corrosion of the
anodic coating to prevent or minimize corrosion in the cathodic steel. However in sea water magnesium alloys are strongly anodic
with respect to both steel and cadmium, and therefore cadmium serves no useful purpose in this case other than to protect the bore
of the steel bushing. It is doubtful whether magnesium alloy castings would be selected at the present time for a component such as
this nose gear strut, which experiences severe conditions and aggressive environments in service. However, in other cases it is important
to provide an insulating interface material between magnesium and any steel parts.

Fig. 8-8 Galvanic corrosion between a steel bushing and a cast magnesium alloy nose gear strut

(a) General view showing areas of attack (arrows).
(b) Close-up of corrosion adjacent to the cathodically protected steel bushing. (Mag. x 2)

Case history 8-4. Galvanic corrosion of an aluminium alloy wing skin caused by the use of a graphite marker.

A maintenance technician reportedly noticed a small nick in the lower wing skin of a fighter aircraft. He circled the defect
using a conventional graphite pencil; however the nick and the pencil marking were not removed immediately. Some months later a disc
of the lower skin, matching the pencilled circle reportedly “fell out of the wing”.

In order to verify that the lost disc might be associated with the pencil marking, laboratory specimens of the high strength
aluminjum alloy skin material were marked with a conventional graphite pencil and with a grease pencil, and were then exposed to salt
mist accelerated corrosion testing. One week of exposure showed no effect on the grease pencilled panel (Fig. 8-9(a)) while the graphite
pencilled panel showed severe corrosion damage (Fig. 8-9(b)).

Whether the reported “lost disc™ actually fell out of the wing cannot be ascertained, but nevertheless the laboratory trials
demonstrate unequivocally that severe galvanic corrosion can occur, even when a thin film of graphite comes in contact with a high
strength aluminium alloy. Table 8-2 shows that graphite (carbon) is one of the most noble materials, and will give rise to a strong
electrochemical potential when coupled with aluminium alloys. Marking of any aerospace hardware should only be performed with
safety-checked markers, such as grease pencils.
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Fig. 8-9 Galvanic corrosion in aluminium alloy wing skin due to conductive markers

(a) Panel after 7 days exposure to salt mist when a grease pencil was used.
(b) Panel after the same exposure when a graphite marker was used, showing galvanic corrosion.

Case history 8-5. Galvanic corrosion in a magnesium alloy flap deflection control lever.

The control levers of a flap deflection mechanism of an aircraft were made from a magnesium casting alloy with a nominal
composition Mg - 6%, Zn - 2%, Th - 0.75 Zr, similar to ZH62A. The levers were protected with a zinc-chromate primer and an epoxy
top-coat. Galvanic corrosion was found in the levers in a socket where steel balls had been located. The ends of the lever arms are shown
in Figures 8-10(a) and 8-10(b), which also show the corrosion damage. Figure 8-10(c) shows a cross-section through the lever arm in the
corroded area and shows deep cavities due to this galvanic corrosion.
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Fig. 8-10 Galvanic corrosion in a cast magnesium alloy flap control lever arm

(a) and (b) End of the magnesium lever showing ball socket and corrosion, (Mag. X 2)

{c) Cross-section through the corroded region of Figure 8-10(a), showing deep pitting.
(Mag. X 25)

(d) Galvanic corrosion in the magnesium lever around a press-fit aluminium bushing,
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Other examples of galvanic corrosion were found in the same fittings. Figure 8-10(d) shows an area of galvanic corrosion
around an aluminium bushing which was press fitted into the lever.

In both these cases the galvanic corrosion occurred because of the highly anodic behaviour of the magnesium with respect
to the metals in contact, and the inability of the protection system to isolate the metals and to exclude moisture. In the case of the
aluminium bushing, a sealant might have prevented ingress of moisture, while an elastic paint was considered as a means of delaying the
galvanic corrosion in the steel ball bearing sockets. However, current aircraft designs tend to avoid use of magnesium alloys, and particu-
larly when the components are in contact with moving parts of a dissimilar metal where damage will inevitably occur to protective
coatings and allow galvanic corrosion to occur.
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CHAPTER 9

PITTING, CREVICE AND FILIFORM CORROSION

9.1 Introduction: Pitting

Pitting corrosion is a strongly localized type of attack which leads to the formation of deep and narrow cavities. All
engineering metals and alloys are susceptible, and the conditions leading to pitting vary from metal to metal, depending in part on
whether the metal is normally active or passive.

For active metals uniform exposure of a large surface area to a corrosive medium would tend to cause uniform corrosion.
Pitting of an active metal will therefore occur as a result of local wetting, or defects in a protective coating which allow very localized
exposure. A severe case of pitting corrosion damage to an active metal component is shown in Figure 9-1(a). The component was a
magnesium alloy casting used as a helicopter structural cleat, and this was originally chromated and sealed. The protective treatment
was damaged locally, possibly by the tools used in applying the fasteners, and not repaired. A similar example is illustrated in
Figure 9-1(b) which shows a corroded magnesium alloy casting of a stringer end cap. This was also chromated and primed, but severe
pitting corrosion occurred, probably due to failure of protection by aging and exposure to moisture.

In passive metals such as certain stainless steels and aluminium alloys, which form naturally protective oxide films, pitting
occurs as a result of localized damage to this protective film, However, whether the metal is active or passive, pitting involves the
formation of small areas which are anodic with respect to the rest of the surface, and which therefore suffer severe corrosive attack in
the presence of an electrolyte.

In aircraft structures pitting corrosion may occur in many areas, but areas subject to local contamination by highly corrosive
media, such as battery compartments, toilet and galley areas, are prime sites. Pitting corrosion is particularly common in aircraft
structures operating in marine environments since the chloride ions promote the local dissolution of protective oxide films. Pitting in
passive metals is uncommon in solutions which do not contain halide ions, since the oxide films would tend to be stable and remain
protective.

Fig. 9-1(b) Severe pitting in a cast magnesium alloy stringer end cap
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Pitting occurs in two stages, initiation and growth. The initiation stage involves the period before visible pits have formed
and may extend over periods of several months or several years, even for nominally constant environmental conditions. Under actual
service conditions, it is likely that a transient exposure to a severe environment involving high concentrations of chloride ions or high
acidity (ph) will be responsible for initiation. Once a pit has formed it can penetrate the metal at an ever increasing rate. This is because
the corrosion process occurring within the pit produces conditions which favour the continued and accelerating dissolution of metal. In
the pitting of a metal by an aerated sodium chloride solution, rapid dissolution of metal within the pit tends to produce an excess of
positive charge in this area. This causes the migration of chloride ions into the pit to balance the positive charge, and the formation of
MCX. The high concentration of chloride ions, together with the high concentration of hydrogen ions arising from hydrolysis, provides
conditions which favour the continued dissolution of the metal. This build-up of high concentrations of metal, chloride and hydrogen
ions in the pit is favoured by a stagnant, or only slowly moving solution, and also by the growth of the pit in the direction of gravity
forces. By increasing the velocity or turbulence in a corrosive solution, or by creating conditions which oppose the formation of highly
acidic conditions in the pit, the pitting action can often be stopped.

Pitting corrosion is one of the most insidious forms of corrosion because the pits are often very small and difficult to see with
the naked eye, and particularly if they are hidden by general corrosion products or coatings. The electrochemical conditions at the base
of a pit can be such that other forms of corrosion, such as intergranular attack will occur, leading to widespread subsurface damage.

In highly loaded structures the stress concentration at the base of a pit can be sufficient to cause fatigue or stress corrosion cracking to
occur. Examples of these forms of combined corrosion action are given in the case histories described below.

(a) Dismantled joint in a magnesium alloy
panel,

(b) Crevice corrosion in a magnesium alloy
skin joint due to inadequate sealing.

(¢) Crevice and galvanic corrosion between
a magnesium alloy floor panel and
aluminium alloy frame member,

Fig. 9-2 Examples of crevice corrosion in aireraft structural parts
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9.2 Introduction: Crevice Corrosion

This is a form of attack which occurs when a corrosive liquid, such as salt spray, gains access to crevices in, or between
components, It is usually associated with small volumes of stagnant solution which become trapped in holes, between gasket surfaces
or lap joints, under surface deposits, or in crevices under bolt or rivet heads. If there are differences in the concentration of dissolved
salts or dissolved oxygen in the entrapped liquid, anodic and cathodic regions may result, and the anodic areas will be attacked. This
anodic region is usually at the bottom of a crevice and a pit develops. The corrosive action at the bottom of the pit accentuates the
difference in concentration of the electrolyte at that point and corrosive attack progresses more rapidly as the depth of the pit
increases. Crevice corrosion has many characteristics in common with pitting. For example it is common in passive metals such as
stainless steels and aluminjum alloys which form protective oxide films, and it is often observed in solutions containing high concen-
trations of chloride ions and hydrogen ions, which promote the breakdown of these films.

Some examples of crevice corrosion are shown in Figures 9-2(a), 9-2(b) and 9-2(c). Figure 9-2(a) shows a corroded and
perforated magnesium panel in a dismantled joint area from a transport aireraft structure. The corrosion damage was due to inadequate
sealing. Figure 9-2(b) presents a similar case of crevice corrosion at the interface of a magnesium alloy skin joint, which was also due
to inadequate sealing. In both examples the most severe damage is away from the edges of the fastener holes which suggests that
galvanic corrosion was not the major factor. Figure 9-2(c) shows a situation where both galvanic corrosion and crevice corrosion con-
tributed to the damage. The corrosion damage has occurred at the junction between a magnesium alloy floor panel and aluminium °
alloy frames and angle plates. This problem was probably aggravated by poor drainage conditions, and inadeauate sealing and surface
protection.

Fig. 93 Crevice corrosion in the outer wing coupling flange of a transport aireraft

(a) Crevice corrosion in aluminium lap joint.
(b) and (¢) Corrosion around bolts and under nuts in the under wing structure,
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Crevice corrosion may be particularly severe with magnesium alloys since they are the most anodic of the common airframe
structural alloys, however similar problems also exist with aluminium alloys. Figures 9-3(a), 9-3(b) and 9-3(c) show examples of crevice
corrosion in the outer wing coupling flange of an older type small transport aircraft which had been operating in the Mediterranean
region. The damage was observed during routine visual inspection, and subsequently x-ray inspection was used to measure the depth of
corrosion in the different areas of structure. The structure was predominantly aluminium alloy sheet and flanges, with steel fasteners,
and the structure was protected by a titanium dioxide (TiO,) pigmented paint finish. Crevice corrosion is evident between the
aluminium alloy flanges and sheet, and at the aluminium lap joints (Fig. 9-3(a)). Corrosion cavities were also observed under the bolts
and nuts (Figs. 9-3(b) and 9-3(c)), and the corrosion can be seen to extend beyond the area of contact of the fasteners. Measurements
of the depth of corrosion showed that this was greatest under the heads of the bolts and nuts, rather than at the immediate edges of the
fastener holes. This suggests that the crevice effect was probably at least as significant as the galvanic effect in this case. The corrosion
repair work led to this aircraft being out of commission for a reported “long period”, although the precise details were not available.
The repair work involved the use of a pigmented zinc chromate primer and top coat, in place of the TiO, finish used originally.

9.3 Introduction: Filiform Corrosion

Filiform corrosion is one of the less common forms of corrosion in aircraft structures and consequently is not as well
understood, or as well documented as some others. It has some of the characteristics of pitting corrosion and also of intergranular
corrosion. It often starts from a corrosion pit, but instead of penetrating deep into the thickness of the metal it spreads out sideways
to form threadlike lines of corrosion near the surface. It is often found in clad aluminium alloys, where the initial pit will penetrate the
cladding, and then will be diverted by the underlying grains to run parallel with the surface in numerous meandering filaments. It is
also found under organic coatings such as paints, and it has been suggested that this may be due to the permeation of moisture through
the painted surfaces under conditions of high humidity and high ambient temperatures. However it is also often found that the
corrosion starts at fastener holes, where the metal is unprotected, and then extends along the surface of the sheet and beneath the
paint.

This form of corrosion may become quite severe before it is detected, since it will often be hidden by either cladding or
paint, and in the latter case may be indicated by blistering. A typical example is shown in Figure 9-4(a), where the paint blistering is
concentrated around the rivet holes in an aluminium alloy sheet. Figure 9-4(b) shows the same area after the paint has been removed,
and the threadlike meanderings of the corrosion filaments can be seen. Filiform corrosion has been observed in magnesium, aluminium,
steel and chromium-plated nickel.

ta) [L-1]

Fig. 94 Filiform corrosion in an aluminium alloy sheet structure

(a) Blistering of paint due to underlying corrosion.
(b) Filiform corrosion revealed by removing paint.

9.4 Case Histories
Case history 9-1. Loss of an engine’s thrust reverser doors due to pitting corrosion.

A large commercial jet lost the thrust reverser doors from one of its engines in cruise flight, but nevertheless landed safely.
Subsequent investigation showed one thrust reverser door driver link had fractured, allowing the leading edge of the door to spring
up into the 550 knot airstream. Figure 9-5(a) shows the general arrangement of the thrust reverser system with the failure location
indicated by an arrow. The resulting air loads on the thrust reverser had torn the doors away from the aircraft. Closer inspection showed
that the link failed in fatigue, but the fatigue crack initiated at pitting corrosion sites in the link surface. The latter was coated by a
protective molybdenum disulphide type dry film Iubricant. Figure 9-5(b) shows the broken driver links, with the primary fatigue
fracture indicated by arrows.
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Fig. 9-5 Pitting corrosion and fatigue failure of a thrust reverser driver link

(a) General arrangement of thrust reverser system showing location of failure,

(b) Broken driver links showing primary fatigue fractures (arrows).

(c) Scanning electron microscope photograph of link surface near fracture, showing
fissures in coating (black arrows). White arrows ‘S’ show cracks growing from
pits ‘P’ in areas where coating has spalled off, Black arrows show fissures in coating.
(Mag. x 100)

(d) Cross-section through a typical pit (P in Fig. 9-5(c)) showing depth of attack.
Villela’s etch, (Mag. X 200)

Scanning electron microscopic (SEM) examination of the surface near the fracture showed that the coating was fissured, and
that pits were being formed at the roots of these fissures. Small fatigue cracks were growing from almost every such pit, and all were
parallel to the major fracture surface. These features are shown in Figure 9-5(c).

Since the operating cyclic stress was close to the yield stress for this 422 type stainless steel link, any pit represented a
sufficient stress concentration site to rapidly initiate high stress, low cycle fatigue. Pitting was the result of entrapment of fuel com-
bustion by-products and moisture, collecting in fissures in the coating and attacking the stainless steel. A cross-section through a typical
pit is shown in Figure 9-5(d).

Prevention could be accomplished by lowering the very high stress level in the link, or by preventing the corrosion pitting of
the link. However, the corrosive medium in this case could not be eliminated since combustion products will inevitably condense on
the part. The most practical immediate approach to preventing further failures was to strip the coating from all existing links, inspect
for corrosion or cracks, and recoat the sound links with an improved coating while maintaining an ongoing inspection programme to
identify early signs of corrosion. In the longer term, a redesign of the link system to reduce the service stresses would also be beneficial.

Case history 9-2. Main landing gear strut failures in a fighter aircraft.
Within a one month period, three naval aircraft were damaged due to failure of their main landing gear struts. The failed

struts were submitted for laboratory examination, which showed the strut outer barrel was fabricated from 2014-type aluminium alloy,
and all were within the specified dimensional tolerances with respect to wall thicknesses.
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Fig. 946 Pitting corrosion and fatigue of a 2014 aluminium alloy main landing gear strut

(a) and (b) Low magnification photographs of the fracture surface.
(¢) Montage showing the crack initiation region and portions of the landing gear outer surface showing
pitting.

The three failed struts were cleaned ultrasonically in an acetone solvent and then examined macroscopically, and by
transmission electron microscopy. Two of the three parts exhibited corrosion pits followed by fatigue, while the third showed
characteristics of fatigue failure but no pits. Figure 9-6 shows a section of the fracture surface of one of the parts at three different
magnifications. Extensive corrosion pitting can be seen along the machined surface in Figure 9-6(c), in the vicinity of the fatigue crack
initiation.

The surface details of the fracture shown in Figure 9-6, were partially obliterated by corrosion products, but not sufficiently
to obscure the presence of fatigue striations. In the other two components the fracture surfaces were relatively clean and fatigue
striation counts and spacing measurements could be made fairly reliably. The striation spacings were found to vary from area to area
on each fracture surface, and in specific areas both coarse and fine striations were found together. However, based on average striation
count measurements it was found that the total striations to failure were 15100, 18000, and 16400 respectively for the three different
struts. These values were reported to be between 1.5 and 2.5 times the actual number of landings, therefore indicating that each landing
produced more than one striation, Notwithstanding the uncertainties in this analysis, the data was found to be useful as a guide in
establishing inspection intervals.

No information was given in this investigation on any surface protective coatings used on these landing gear struts, and they
may not have been used. Alloy 2014 has excellent resistance to corrosion in most common environments because it passivates
spontaneously under normal oxidizing conditions (Ref. 9-1). In outdoor environments the alloy weathers to a grey colour with some
initial pitting which gradually ceases (Ref. 9-2). Industrial soot, sulphur dioxide, sulphur trioxide and marine spray tend to increase
atmospheric corrosion, but the alloy is resistant to hydrogen sulphide and carbon dioxide (Ref 9-3). In aqueous environments, the
corrosion resistance is greatest under neutral or slightly acidic conditions. Strong alkalies and strong non-oxidizing acids destroy the
oxide and accelerate corrosion. Pitting can occur if the alloy is in water containing chlorides or other halogen ions. Since aluminium is
anodic to most other common metals, galvanic coupling with them generally results in severe attack on the aluminium alloy, especially
in sea water (Ref. 9-4).

It is evident that the marine role of these aircraft was a significant factor in the pitting and failure of at least two of the
landing gear struts. A surface protective coating, if not used, would have aided in combating corrosion. Further information on the
gear design would be needed to assess the possible role of galvanic corrosion in the overall degradation process.
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Case history 9-3. Pitting corrosion and fatigue of a tip tank latch knob.

The analysis of this component failure is illustrated in Figures 9-7(a) to 9-7(f). A tip tank latch knob is shown in Figure 9-7 (a),
and is typical of three similar parts which failed with almost identical fracture features. The material in all cases was AISI 4340 steel,
which is a low alloy steel with poor corrosion resistance. No information was given in this investigation on the presence of a protective
coating, and one would certainly be needed to avoid corrosion damage.

Two of the three failures occurred just underneath the head of the latch knob, at location I in Figure 9-7(b), while the third
failure occurred in the second radius, at location II in Figure 9-7(b). An example of the fracture surface of the first type is given in
Figure 9-7(c), while the second type of fracture surface is illustrated in Figure 9-7(d). Figure 9-7(e) shows one of the fracture surfaces
in greater detail.

All of the failures initiated at the side of the latch knobs facing towards the wing lower side, and in every failure almost half
the cross-section showed a fatigue fracture surface. An investigation with the scanning electron microscope revealed that the failures
were initiated by corrosion pits. This is illustrated in Figure 9-7(f), showing a corrosion pit at the origin of one of the fatigue fractures.
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Fig. 9-7 Pitting corrosion and fatigue failure of a 4340 steel tip tank latch knob

(a) General view of the latch knob.

(b) Cross-section through the knob show crack initiation sites. (Mag. X 2)
(c) Fracture surface of crack initiating at site I, (Mag, X 2.5)

(d) Fracture surface of crack initiating at site II, (Mag. X 2.5)

(e) Fracture surface of (9-7c) at higher magnification. (Mag. X 5)

(f) Corrosion pitting at a fatigue crack initiation site, (Mag. X 500)

It was concluded that the main cause of the failures was the corrosion pits in critical areas of the latch. Since other similar
parts were in service on aircraft, it was recommended that all latch knobs be inspected visually with the aid of a binocular microscope
for evidence of corrosion. Any components showing signs of pitting corrosion were rejected. For a long term solution it was recom-
mended that a change of material be made, involving the use of an alloy such as 17-4 PH stainless steel which has much improved
corrosion resistance compared to 4340, and can be heat treated to similar strength levels and hardness. However this alloy is also
susceptible to crevice, pitting and edge corrosion in sea water (Ref. 9-5) and therefore periodic inspection would be required.
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Case history 94. In-flight failure of an engine exhaust valve.

A light single engine aircraft suffered in-flight engine failure and was destroyed in the subsequent forced landing. Engine
teardown revealed engine seizure was the result of an exhaust valve failure. The valve stem fractured in fatigue, the crack initiating at
pitting corrosion sites on the valve stem. The push rod also showed extensive pitting corrosion. Both parts are shown in Figure 9-8(a).

Figure 9-8(b) shows a typical pit in the valve stem, filled with a complex series of corrosion products containing iron,
chromium and silicon oxides, and aluminium, copper, lead, sulphur and bromine compounds. Pitting near the fracture was so severe
as to overlap the pits and reduce the section diameter by approximately 0.26 mm. Since this engine continued to run for some time
after the valve head had separated and had fallen into the cylinder head, extensive secondary damage resulted from the valve head
ingestion and eventually seized the engine.

Teardown revealed extensive pitting of several other valves and push rods. The engine was found to have been inactive for
long periods, during which the engine oil was not drained and replaced by inhibiting oil. This improper maintenance resulted in pitting
corrosion of the valves and push rods from acid compounds formed in the old engine oil.

lal L]

Fig. 9-8 Pitting induced failure of an engine exhaust valve

(a) Pitted push rod (top) and pitted and fatigue fractured valve
stem (bottom), (Mag. X 2)

(b) Typical corrosion pit in the valve stem near the fracture face,
Nital etch, (Mag. X 250)

Case history 9-5. Pitting induced failure of 440C martensitic stainless steel wing flap hinge bearings.

Visual inspections led to the discovery of cracking in several chromium plated type 440C martensitic stainless steel wing flap
hinge bearings. Three of the suspect parts were submitted for laboratory examination, and these are shown in Figure 9-9(a).

Bearings 1 and 2 were found to be cracked, while bearing 3 was found to be uncracked. In bearing No. 1, two separate cracks
were found; one crack took the path shown in Figure 9-9(b), while the second crack, which is not shown, ran straight across the bearing
cross-section. Bearing No. 2 showed the crack path seen in Figure 9-9(c). Further visual examination of the bearing crack fractures
showed the cracks were flat and slightly fibrous, as indicated in Figure 9-9(d). The fracture face of bearing No. 2 differed slightly from
the two fractures seen on bearing No, 1 in that there was a chip missing on the outer edge of the bearing.

Optical examination revealed numerous corrosion pits on the inner diameter of the failed bearings, and also on bearing No. 3
which had not failed. A typical example is shown in Figure 9-9(e). Figure 9-9(f) shows a cross-section through one of the corrosion pits,
and a network of fine intergranular cracks can be seen emanating from the base of the pit.

Type 440C stainless steel is a 17% chromium, air hardening martensitic stainless steel. It is resistant to atmospheric and fresh
water corrosion, and its corrosion resistance is maximum in the fully hardened condition. However the alloy is susceptible to both stress
corrosion and hydrogen embrittiement if heat treated to high strength. Chemical analysis of the failed bearings, Table 9-1, showed that
they met the compositional requirements of AMS 5630D for 440C stainless steel for all elements except molybdenum which was low.

Table 9-1 Chemical analysis of failed bearings, No. 1 and 2, and composition ranges for AMS 5630D

Chemical Analysis Weight %

Cr Mn Mo Si C Fe
AMS 5630D Max. 18.00 1.00 0.65 1.00 1.20 Balance
For 440C Min. 16.00 0.40 0.95
Bearing No. 1 17.10 0.41 0.23 0.45 1.17 Balance

Bearing No. 2 1750 041 0.27 0.43 0.98 Balance
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Fig. 9-9 Pitting induced failure of some 440C stainless steel hinge bearings

(a) Three hinge bearings from a fighter aircraft.

(b) Bearing number 1, showing crack configuration,

(c) Bearing number 2, showing crack pattern and fragment missing at end of crack.

(d) Fracture face of second crack in bearing number 1. Arrow shows probable crack
initiation area. (Mag. X 5)

(e) Corrosion pits on the inner diameter of a bearing which are typical of all three
bearings submitted. (Mag, X 20)

(f) Cross-section of corrosion pit found on bearing showing intergranular cracking at
the base of the pit. Picric acid etch, (Mag. X 500)

87
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Fig. 9-9 Pitting induced failure of some 440C stainless steel hinge bearings
(Cont’d)
(g) Microstructure typical of all three bearings. Picric acid etch. (Mag. X 200)

(h) Electron fractograph of bearing number 1 showing intergranular mode of fracture.
(Mag. X 3960)

The microstructure of the bearings is shown in Figure 9-9(g), and shows fine spheroidal chromium carbide together with
larger carbide globules dispersed in the tempered martensitic matrix. The material had a hardness of R 54-55, and both the micro-
structure and hardness were considered acceptable for this class of steel and the intended application. Figure 9-9(h) shows a replica
transmission electron micrograph of the fracture surface of bearing No. 1, and indicates an intergranular mode of fracture. Similar

observations were made for bearing No. 2, and both fracture surfaces showed indications of corrosion products on the intergranular
facets.

It was concluded that the failures were caused by corrosion pitting which led to crack initiation and propagation either
by stress corrosion cracking or hydrogen embrittlement. It was decided to carry out a fleet wide non-destructive examination to
determine the extent of the flap hinge bearing cracking problem, and to inspect for pitting on the inner diameter. Since it is known
that hydrogen cracking can occur during chromium plating of hardened 440C, it was decided to review the chromium plating and
baking sequence to ensure that a source of hydrogen was not introduced during the plating operation. To counteract the pitting
problem it was suggested that electroless nickel plating could be used on the entire bearing, since electroless nickel can be heated to
340°C for 1 hour subsequent to plating to provide wear resistance equivalent to that of chromium.

PRI ks e
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Fig. 9-10 Crevice corrosion in a welded steel joint

(a) Appearance of the asreceived torque tube showing the
cracked weld.

(b) Composite photograph showing corrosion deposit after
the first cut (bottom) and second cut (top) of the tube
section. Arrow indicates corrosion deposits found.
(Mag. X 1.2)

(c) Evidence of intergranular cracking in the weld bead.
(Mag. X 125)
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Case history 9-6. Crevice corrosion in a welded steel joint.

A crack was found in a weld bead in an elevator torque tube on a coast guard patrol aircraft. The torque tube serves as part
of the elevator control linkage, and the crack which was found during a routine visual inspection is shown in Figure 9-10(a).

The torque tube was fabricated from two hollow telescoping steel tubes which were joined by welding. The geometry of the
weld bead was not circumferential but rather followed the double trapezoidal cut out of the outer tube as shown in Figure 9-10(a). The
weld bead appeared excellent in all respects except for one section which was cracked along the centre of the weld bead for a distance
of about 46 mm. The outer tube appeared to be bulging outwards just at the crack defect.

The cracked area was sectioned whereupon a large amount of ferrous corrosion product was discovered (Fig. 9-10(b)). The
volume of deposit was much greater than the displaced metal from which it had formed, with the result that the outer tube was bulged
outward to develop stresses in the weldment. Evidence of intergranular fracture was found in the adjacent weldment, suggesting that
stress corrosion cracking had occurred to relieve the internal pressure (Fig. 9-10(c)).

It was concluded that cracking was due to crevice corrosion occurring between the telescoping steel tubes. The corrosion
product had built-up to a sufficient quantity and thickness to expand against and fracture the weld bead. Stress corrosion cracking
was also suspected as playing a secondary role in the failure. The obvious recommendation was to employ proper corrosion control
measures. It was observed that the torque tube was primed and painted on the outside, but was devoid of corrosion control coatings on
the inside. It was also noticed that the tube was not sealed to prevent water access to the interior of the tube. In problems of this type,
where welded joints are involved, proper design of the weld geometry is important to avoid crevices where corrosive fluids can collect.
The joint should also be stress relieved after welding, and inspected by magnetic particle or dye penetrant to ensure a crack free weld.

{a) (b)

(e) (d)

Fig. 9-11 Pitting corrosion and fatigue of a 2014-T6 aluminium alloy main landing gear wheel

(a) Piece of the failed wheel received for e ination

(b) Fracture surface showing the fatigue crack initiation site (arrow ‘A’). Arrow ‘B’ indicates where an
adjacent fatigue crack was cut during sectioning.

(c) Fatigue crack initiating at a corrosion pit.

(d) Inflated nose wheel tyre indicating air leakage through the wheel wall, when liquid detergent was
applied.
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Case history 9-7. Pitting corrosion and fatigue failure of a fighter aircraft main landing gear wheel.

The armed forces of several NATO countries have experienced corrosion and fatigue cracking problems in the main landing
gear wheels of a common fighter aircraft type. The wheels are made from 2014 aluminium alloy in a T6 temper. Problems have also
been reported with the nose wheels on the same aircraft, although these were made from the magnesium alloy ZK 60A-T5.

Figure 9-11(a) shows a piece of an aluminium alloy main wheel, while Figure 9-11(b) is the same piece at higher magnification
and shows a portion of the fracture surface involved. The fracture surface in this area showed beach marks, characteristic of fatigue, and
the fatigue crack could be traced back to an initiation site at a corrosion pit, which is indicated by the arrow ‘A’. The adjacent arrow ‘B’
points to a neighbouring fatigue crack which had also initiated at a corrosion pit. The total length of these two cracks was about 80 mm,
and both had propagated through the wall of the wheel until air had escaped and the tyre deflated.

Striation spacing analysis on the fracture surfaces showed that the cracks had propagated initially at a slow rate, however the
propagation rate increased significantly when the cracks reached about 10 mm in length, This particular wheel had undergone only four
landings since the last overhaul, and therefore the crack propagation analysis indicated quite clearly that the cracks had been missed
during inspection.

Figure 9-11(c) shows another example of a fatigue crack originating at a corrosion pit in a main wheel. In all these cases it was
observed that the cracks initiated at corrosion pits, and in all cases the corrosion pits occurred in the same area where the wheel was in
contact with a stainless steel heat shield. As explained in case history 9-2 above, aluminium alloy 2014 is normally a passive corrosion
resistant metal, forming a protective anodic film on exposure to corrosive environments. However, in this case the repeated contact
between the stainless steel heat shield and the wheel had resulted in the removal of both the paint finish on the wheel and the anodic
film. The bare metal would then be in direct contact with the stainless steel, and in the presence of an electrolyte a corrosion cell
would be set up in which the aluminium would be the anode and the stainless steel the cathode. The pitting situation was aggravated by
the large cathodic surface area of the stainless steel and very small area of rubbed and unpassivated aluminium anode.

These problems led to more regular maintenance of the protective finishes, especially around the key boss areas where the
heat shields contact the wheels. The problem also led to an investigation of adhesive tapes to provide insulation between the stainless
steel and the aluminium wheel, and an aluminium foil tape which was thought would provide better heat dissipation properties and less
likely to damage the wheel anodic coating. The heat shields could not be removed since high temperatures would occur in the wheels
and lead to fuse plug release. A more rigorous programme of non-destructive inspection was also implemented, involving eddy current
inspection about the bead seat radius and ultrasonic inspection for defects in the key boss radius-heat shield contact area.

(c) (d)

Fig. 9-12 Pitting corrosion of a 7075 aluminium tail cone fitting

(a) General view of the tail cone fitting.

(b) Close-up of the right lug.

(c) Corrosion pits on the outer perimeter of the lug,

(d) Cross-section through the lug showing corrosion penetration.
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The problems in the magnesium nose wheels are illustrated in Figure 9-11(d), which shows bubbling in a soap solution which
was applied to the wheel in the bead seat radius. In these cases the problems were attributed to excessive porosity due micro-shrinkage
and intergranular corrosion in these magnesium alloy castings.

Case history 9-8. Pitting corrosion of a 7075 aluminium tail cone fitting.

Deep corrosion pits were found in the lug area of an aluminium alloy tail cone fitting during routine inspection. The fitting,
shown in Figure 9-12(a), was determined to be made of 7075 aluminium alloy and the pitting was found around the outer perimeter
of the lug, shown at higher magnification in Figure 9-12(b). Typical corrosion pits are shown in Figure 9-12(c), and a cross-section is
shown in Figure 9-12(d). The corrosion pits were measured to be up to 1.5 mm in diameter and up to 0.65 mm in depth. These
corrosion pits were found to contain corrosion deposits which were determined to consist of aluminium hydroxide Al(OH)z containing
sodium and chloride ions, suggesting that the pitting was due to salt water corrosion.

The lugs of the tail-cone fittings contained beryllium-bronze bushings, and therefore the possibility of galvanic corrosion
arises. However, the pitting did not occur in the aluminium in immediate contact with the bronze bushings, but rather some distance
away, which suggests that galvanic corrosion was not a factor.

The use of corrosion protection systems of the type now in common use with aluminium alloys should be capable of
preventing the recurrence of this problem, provided coatings are properly maintained.

Case history 9-9. Filiform corrosion in a 6061-T6 pylon tank.

The aircraft in question had been operating in the Mediterranean region and the corrosion damage was detected during a
routine visual inspection. The damage to the pylon tank was largely superficial affecting isolated areas over the full length of the tank,

as indicated by open arrows in Figure 9-13(a). However at one point, penetration had occurred, as indicated by the solid arrow in
Figure 9-13(a).

Closer surface examination showed that the corrosion followed the characteristic wandering path of filiform corrosion,
as shown in Figure 9-13(b), while metallographic sections through the corrosion damage showed areas resembling broad pits and
intergranular tunnelling (Fig. 9-13(c)). The alloy was found to be 6061 aluminium with a hardness of Hp 52, suggesting the alloy
was in a T6 temper condition. The protective coating on this part had been removed by the operator prior to laboratory inspection,
and therefore is unknown, however modern epoxy primers and polyurethane paint finishes, if properly maintained, should be sufficient
to prevent this type of problem from recurring.

(b)

(a)
{¢)

Fig. 9-13 Filiform corrosion in a fighter aircraft pylon tank

(a) General view of the tank showing areas of general corrosion
(open arrows) and penetration (solid arrows).

(b) Indications of filiform corrosion.

(c) Pitting and intergranular corrosion.
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Case history 9-10. Filiform corrosion in some 2024 aluminium ailerons and flaps.

This aircraft had also been operating in the Mediterranean region, and the corrosion damage was again detected during visual
inspection. The structure in this case was made from 2024 aluminium and had been protected by a nitro-alkyd resin paint system.
Areas of corrosion damage are shown in Figure 9-14(a), and in Figure 9-14(b) after removal of the paint system. The corrosion was
largely superficial, although penetration had occurred in one area. The surface corrosion showed the thread-like meanderings of filiform
corrosion, and appeared to have originated in the fastener holes, as indicated in Figure 9-14(b).

A strontium chromate epoxy primer and polyurethane finish were recommended to replace the nitro-alkyd protection
system used previously.

9.5

91

9-2

9-3

94

95

(a)

References

Shrier, L.L.

Aziz, P.M.

Goddard, H.P,

(b)

Fig. 9-14 Filiform corrosion in some 2024 ailerons and flaps

(a) General appearance of the corrosion showing blistering of the
paint,

(¢) Filiform appearance of the corrosion tracks radiating away from
fastener holes.
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CHAPTER 10

INTERGRANULAR CORROSION AND EXFOLIATION CORROSION

10.1 Introduction

Intergranular corrosion is a highly localized form of dissolution which affects the grain boundary regions in a polycrystalline
metal. The corrosive attack can produce a network of corrosion or cracking on the metal surface, occasionally dislodging whole grains,
or it may penetrate deeply into the metal leaving behind very little visible evidence of the damage. An example of a network of fine
surface eracking is shown in Figure 10-1(a), where the part is a forged aluminium alloy hydraulic valve.

In heavily rolled or extruded products where the grains are flattened and elongated in the direction of working, the presence
of intergranular corrosion can lead to layering and flaking, producing a delamination effect with surface grains being pushed out by
the underlying corrosion products. This is known as exfoliation corrosion, and is essentially a severe form of intergranular corrosion
occurring in the direction of grain flow. Examples of exfoliation are shown in Figures 10-1(b) and 10-1(c). Figure 10-1(b) shows a
specimen cut from the edge of an access hole in a aluminium alloy skin panel, and reveals the severely destructive effect of exfoliation.
This damage occurred due to the use of a susceptible rolled alloy with inadequate protection to the flat land of the access holes,
combined with operations in a maritime environment. Figure 10-1(c) shows the voluminous dark corrosion products forming in the
intergranular fissures and the substantial delamination occurring in the skin.

In intergranular corrosion or exfoliation the material in the grain boundary areas behaves anodically with respect to the
bulk of the metal in the grain interiors. In corrosive environments dissolution of the anodic grain boundaries usually occurs at a very
rapid rate while the bulk alloy is little affected. The small area of the anode with respect to the cathode area is an important factor
influencing the corrosion rate. The anodic nature of the grain boundary may be due to the local segregation of impurities, or either the
enrichment or depletion of the grain boundary in alloying elements. These effects may be associated with the precipitation of grain
boundary phases, which may themselves behave anodically with respect to the adjacent alloy.

A common example of intergranular corrosion occurs in some austenitic stainless steels when these are slowly cooled after
exposure to solution heat treatment temperatures. Slow cooling through the temperature range 800 to 500°C allows the precipitation
of large particles of chromium carbide (Cr,3 Cg) along grain boundaries, and the formation of a chromium depleted zone in the matrix
adjacent to the grain boundary. Similar results can also occur by aging these alloys in this same temperature range. When these
sensitized alloys are exposed to even mildly corrosive solutions, intergranular corrosion may occur by the preferential dissolution of
the depleted zones, Either the chromium carbide particles or the chromium rich grain interior may act as the cathode sites in the local
electrochemical cells. Susceptible steels include most of the high chromium (18-8) stainless steels, containing more than about 0.03%
carbon. Since steels with chromium levels less than about 10% exhibit corrosion characteristics similar to carbon or low alloy steels,
the presence of intergranular corrosion in sensitized steels is an indication that the chromium levels in the depleted zones are less than
about 10%. However laboratory attempts to measure the chromium depletion have indicated much lower levels. Various low carbon
versions of these alloys are available to avoid these problems, or alternatively the higher carbon alloys must be rapidly quenched after
solution heat treatment and exposure to temperatures in the critical range avoided.

Similar problems can occur in some of the high strength aluminium alloys used in airframe construction. Alloys of the
2000 (Al Cu) series may be sensitive to intergranular corrosion if they are not quenched rapidly enough after solution heat treatment.
These alloys are strengthened by the precipitation of copper-aluminium, or copper-magnesium-aluminium phases such as Cu Al, or
CuMg Al, during aging at room temperature (natural aging) or moderately elevated temperatures (artificial aging). However slow
cooling through the range 400-260°C may lead to the formation of coarse grain boundary precipitates with substantial potential
differences arising between the copper-depleted zones and adjacent material. Figure 44, Chapter 4 shows the effect of cooling rate
on the corrosion resistance of 2024-T4 and 7075-T6 aluminjum alloys respectively. Corrosion resistance is indicated by the percentage
loss in tensile strength of 1.64 mm thick non-clad specimens, as well as the predominant type of corrosive attack (pitting or inter-
granular) occurring. The data indicates that maximum corrosion resistance requires a rapid quenching rate, preferably not less than
about 200°C per second. The data also shows that the effects of a slow quench on corrosion are magnified when a sustained tensile
stress is imposed during corrosion (Ref. 10-1).

Parts must therefore be solutioned at temperatures high enough to dissolve all precipitated phases, usually in the region of
490°C, and then quickly immersed in the quenching bath to ensure rapid cooling to room temperature. When quenching is by total
immersion in water, the water must be at room temperature and cooled to maintain a temperature below 38°C during the quench.

The degree of aging after quenching, which is affected by the aging temperature and the aging time, also have marked effects
on intergranular corrosion. Over aging treatments such as T8 (or T851) for 2000 series alloys, or T76 (T7651) or T'73 (T7351) for
7000 series alloys generally produce increased resistance to intergranular corrosion.

10.2 Case Histories
Case history 10-1. Exfoliation corrosion of an aluminium alloy stabilizer bracket.

The left hand rear stabilizer bracket from a light single engine aircraft was found, during a routine inspection, to be severely
corroded, as indicated in Figure 10-2(2). The steel bearing bushing was isolated from the bracket by a nylon sleeve, but atmospheric
moisture and contaminants had collected on the bracket’s horizontal surface and seeped into the bracket-to-nylon interface.

The bracket had been machined from an aluminium alloy extrusion, and consequently the end grains were exposed around
the nylon sleeve. Intergranular corrosion occurred, which because of the extremely elongated grain structure, propagated as exfoliation
corrosion, as indicated in Figure 10-2(b). As the corrosion attack continued, the exfoliated grains separated and general surface
corrosion of the exposed and unprotected core grains also occurred, as seen in Figure 10-2(a). The other surfaces of the bracket were
protected by a chemical conversion coating and were uncorroded.

In this example, inadequate design and maintenance were both a problem. It is necessary to ensure that corrosive agents do
not have the opportunity to attack exposed end grains, While the nylon sleeve around the steel bushing prevented galvanic corrosion,
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the interface between the nylon bushing and the aluminium was not sealed to prevent corrosive medium seepage. Since the horizontal

orientation of the corroded surface seen in Figure 10-2(a) retained moisture-born corrodents, regular inspection was required to allow
early detection of corrosive attack.

fed

Fig. 10-1 Examples of intergranular and exfoliation corrosion in aircraft structure and components
(a) Intergranular surface cracking in a forged aluminium alloy valve.
(b) Exfoliation corrosion in an alaminium alloy skin.

(c) Crosssection through an aluminium alloy skin showing dark corrosion products and
delamination due to exfoliation.
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Fig. 10-2 Exfoliation corrosion in an aluminium alloy stabilizer bracket

(a) Heavy surface corrosion of the stabilizer hinge bracket.

(b) Crosssection through the bracket showing the corroded surface grains at
the right, and comrosion of elongated grain boundaries only. Keller’s etch.
(Mag. x 50)

Case history 10-2. Intergranular corrosion and fatigue of a light aircraft engine exhaust.

A custom silencing muffler was added to a light aircraft engine exhaust, as shown in Figure 10-3(a). This muffler and most of
the exhaust separated in flight, and the unrestrained hot exhaust gases caused an in-flight fire. The exhaust pipe broke near its flange
support, the pipe and silencing muffler were otherwise unsupported. Examination revealed the austenitic stainless steel exhaust had
suffered intergranular corrosion (Fig. 10-3(b)), and the corrosion cracks had served as stress concentration sites to initiate fatigue. The
loading causing fatigue was due to vibration of the cantilevered pipe and muffler, which was excited by fluctuating air loads as well as
engine induced vibration.

Intergranular corrosion of austenitic stainless steel exhaust pipes is common, since the cycles of hot and cold exposure to
combustion by-products and condensates represents a severe corrosive environment. However, since the pipes are usually well supported
and hence subject only to low loads, normally they will not fracture until virtually perforated. In this case, the heavy, cantilevered,
unsupported muffler extension created high cyelic stresses. The problem was alleviated by adding an extra support for the muffler. The
grade of austenitic stainless steel used in the exhaust was not disclosed in this investigation, and therefore the possibility of sensitizing
occurring due to the high temperature of the exhaust gases cannot be ruled out. The oxidation resistance and corrosion resistance of
these alloys generally increase with increasing chromium and nickel contents, while microstructural stability improves with lower
carbon levels,

(b)

Fig. 10-3 Intergranular corrosion and fatigue of a light aircraft engine exhaust

(a) Silencer extension fitted onto the exhaust pipe.
(b) Intergranular attack of the austenitic stainless steel pipe. Kalling’s etch. (Mag, X 250)
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Fig. 104 Intergranular corrosion of an Al-Zn-Mg-Cu alloy wing attachment forging

(a) Wing attachment fitting indicating the corroded hoist pin hole,

(b) Macroscopic view of the corroded area. (Mag, X 500)
(¢} Representative microstructure showing intergranular corrosion, (Mag. X 100)
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Case history 10-3. Intergranular corrosion in an aluminium alloy wing attachment fitting.

Eddy current methods were used during the periodic inspection of a fighter aircraft to detect corrosion damage in the hole
of the hoist point in a wing attachment fitting. A sketch of the attachment fitting showing the affected hole is given in Figure 10-4(a).
The attachment fitting was made from an aluminium alloy forging and the alloy was determined to be an Al-Zn-Mg-Cu alloy, similar
to 7075, but containing small amounts of silver. A chemical analysis of the material showed that it conformed to the specification of a
German aerospace structural alloy 3.4354, as indicated in Table 10-1. Also, the mechanical properties indicated that the material was
in a solution treated and mechanically aged condition (0.7), which is similar to the T6 condition. The mechanical properties are listed
in Table 10-2.

The surface preparation of the fitting included shot peening on all surfaces, including the hole of the hoist pin, together with
chemical conversion coating using Alodine 1200 and a zinc chromate primer. Notwithstanding this treatment, corrosion occurred in
service and this is shown in Figure 10-4(b) to have occurred preferentially along grain boundaries in the forging. This was confirmed
by preparing metallographic cross-sections through material adjacent to the hoist hole, and a typical example is shown in Figure 10-4(c).
This shows that the forging has an elongated grain structure with grains boundaries running normal to the axis of the hole, There was
also evidence of fine recrystallized grains forming a necklace structure around the boundaries of the coarser grains. The intergranular
nature of the corrosive attack is very clear in Figure 10-4(c).

Intergranular corrosion occurred in this component due to a combination of circumstances. Material of this type is
susceptible to intergranular corrosion when aged to a peak strength “T6’ condition. Greater resistance to corrosion can generally be
achieved by overaging to a T76 or T73 condition, although the response of this sepecific alloy to this type of treatment would need to
be verified. Intergranular attack is clearly promoted when grain boundaries intersect a free surface. By drilling the hoist hole perpen-
dicular to the direction of grain flow leads to many grain boundaries being exposed. And finally, the surface protection system was
probably damaged during insertion of the hoist pin, and appears not to have been adequately repaired. Similar parts remaining in service
were also inspected, and where corrosion damage was detected the holes were re-drilled and ground to remove the corrosion and the
full protection system was re-applied.

Fig. 10-6 Intergranular corrosion and fatigue of an aluminium alloy propeller

(a) Failed propeller showing the fatigue crack initiation sites near the leading edge root
(arrows),

(b) Fracture face showing two major fatigue cracks whose origins correspond to the
arrows in Figure 10-5(a).

(c) Surface of the propeller blade near the fatigue initiation sites showing a mottled

appearance but no indications of widespread corrosion. (Mag. X 2)

Section through the area seen in Figure 10-5(c) showing severe intergranular

corrosion, Keller’s etch, (Mag. X 100)

d

-~
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Case history 10-4. Intergranular corrosion of an aluminium alloy propeller,

An aircraft used for crop dusting lost a propeller blade just after taking off. The resulting severe imbalance ripped the engine
out of its mounts and the aircraft crashed and was destroyed by fire. Figure 10-5(a) shows the damaged propeller and the arrows
indicate the crack initiation sites. Figure 10-5(b) shows the fracture surface, and scanning electron microscopy showed that crack
growth occurred by fatigue through about 40% of the root section before catastrophic rupture occurred under centrifugal loading.

Two major fatigue crack initiation sites were apparent, as indicated by the arrows in Figure 10-5(b), but no obvious stress
concentration sites were visually apparent at the origins, Figure 10-5(c) shows the surface of the blade around the fracture zone
exhibited a slightly mottled effect, apparently due to mild surface corrosion. However, sections cut from this area showed that severe
intergranular attack had occurred, as shown in Figure 10-5(d). This attack provided the stress concentration sites which had initiated
fatigue cracking. The corrosive medium responsible was found to be the agricultural spray chemicals used in crop dusting.

No information was provided in this investigation of the alloy type or the inspection procedures used with this aircraft
propeller. Most of the high strength aluminjum alloys used for safety eritical aircraft parts are susceptible to intergranular corrosion
unless properly heat treated and protected. Satisfactory heat treatment generally involves rapid quenching, of the order of several
hundred °C per second, to avoid grain boundary precipitation during the quench. Subsequent precipitation heat treatment must also
be extensive enough to avoid introducing susceptibility to intergranular corrosion. It is possible that intergranular corrosion may occur

even in correctly heat treated parts, if particularly aggressive corrodents are present in the atmosphere. Hence to avoid corrosion in a
case such as this it would be recommended to carefully wash off all chemicals after each flight, and wax the surfaces to protect them.

Case history 10-5. Intergranular corrosion leading to fatigue cracking of a helicopter main rotor blade.

A long crack was found in a helicopter rotor blade. The crack had initiated at the trailing edge and had propagated across the
blade in a chordwise direction to a length of 225 mm. The blade chord was 350 mm, and the crack was located 650 mm from the blade
root. The rotor blade and crack are shown in Figures 10-6(a) and 10-6(b).

The main elements of the rotor blade included

(a) an extruded aluminium alloy nose spar.
(b) a4 mm thick aluminium alloy skin.
(¢) a 0.8 mm thick aluminium alloy trailing edge reinforcement strip.
(d) a0.25 mm thick stainless steel leading edge capping strip.
(e) amoltoprene foam filler.
The aluminjum alloy skin was found to be an Al-Cu-Mg alloy (all 4G1-T546) similar to alloy 2024, while the aluminium alloy

trailing edge reinforcement strip was an alloy AG 5-TX516. The leading edge capping strip and the skin were bonded to the spar, the
foam filler and the trailing edge. Rivets were installed along the trailing edge to prevent the skin from peeling off the trailing edge strip.

Fig. 106 Intergranular corrosion and fatigue in a helicopter main rotor blade

(a) Trailing edge of the blade.

(b) 225 mm long crack growing from the trailing edge.

(c) Fracture surface on either side of a rivet.

(d) Fatigue striations on the crack face in the lower skin,
(e) A secondary crack adjacent to the main crack.

(f) Intergranular cracking in the trailing edge skin.
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Figure 10-6(c) shows the fracture surface after opening of the crack, and Figure 10-6(d) is an electron fractograph showing
fatigue striations on the fracture surface of the bottom skin behind a rivet. Since the main crack ran through a rivet hole, further
inspections were carried out involving removal of paint from the locations of all other rivets. Many other cracks were found, similar to
that shown in Figure 10-6(e), and in all cases it was found that the cracks had grown into the rivet holes but had initiated elsewhere.
Thus it was found that the stress concentration sites responsible for fatigue crack initiation were not associated with the rivet holes, but
were due to intergranular corrosion in the skin in the trailing edge region.

Figure 10-6(f) shows the typical metallographic evidence of the intergranular corrosion in the trailing edge skin. Further
examination showed that the bond line along the trailing edge was not completely sealed, so that moisture could penetrate and be
absorbed by the foam filler. It was also found that the bottom skin had undergone a hot-dimpling operation. Reheating wrought
aluminium alloys during such operations must be carried out with caution because of the danger of lowering the corrosion resistance
of the metal. For example, 2024 aluminium in the T3 and T4 conditions should not be reheated to temperatures in the range
150-230°C, because of its harmful effect on corrosion resistance, while material in the more stable T81 or T86 conditions must be
limited to exposure times varying from 20-40 hours at 150°C to 5 minutes at 230°C (Ref. 10-1).
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Fig. 10-7 Intergranular corrosion and exfoliation in a 2024-T42 vertical fin and horizontal stabilizer

(a) Diagram showing the aluminium skin and corrosion protection system.

(b) Intergranular corrosion observed at location 1 in a fastener hole, (Mag. X 250)

(c) Intergranular corrosion observed under the corrosion protection system at location 3 in
the skin outer surface. (Mag. X 130)

(d) Corrosion products at a fastener hole.

(e) Severe exfoliation and delamination. (Mag. X 5)

(f) Intergranular corrosion associated with delamination of Figure 10-7(e). (Mag. X 130)


http://www.abbottaerospace.com/technical-library

ABBEOTTAERDSFACE.COM

100

Case history 10-6. Intergranular corrosion and exfoliation in a transport aircraft vertical fin and horizontal stabilizer,

Corrosion damage was detected during visual inspection of the vertical fin and horizontal stabilizer of a transport aircraft. The
structure involved the extensive use of rivetted and bolted joints in 2024-T42 aluminium alloy. The surface skin was coated with the
corrosion protection system shown schematically in Figure 10-7(a). All non-machined surfaces were protected by a layer of chromic
acid anodizing and an epoxy primer. On the inside surface of the skin the top-coat was a layer of epoxy paint, while on the outside
(exterior) surface a coating of polyurethane enamel was employed. The machined surfaces of the fastener holes were bare.

Corrosion damage was found to have initiated in the bores of the fastener holes. Since the fasteners were installed without
the use of sealants, moisture could easily penetrate between the fastener and skin to cause corrosion damage in the bare metal.
Figure 10-7(b) shows evidence of the corrosion damage in the bore of a fastener hole, and Figure 10-7(c) shows evidence of the inter-
granular attack in the skin immediately below the exterior coating away from the fastener hole. In areas of severe corrosion, for
example at fastener holes, substantial build-up of corrosion products had occurred (Fig. 10-7(d)), while internal propagation exhibited
the characteristic delamination effects of exfoliation corrosion (Figs. 10-7(e) and 10-7(f)).

Accelerated corrosion testing was carried out on specimens cut from unprotected bare metal, according to MIL-H-6088. This
confirmed that the material was susceptible to intergranular corrosion.

Several forms of remedial action are possible in a case such as this. The optimum temper for 2024 aluminium alloy in terms
of resistance to intergranular corrosion and exfoliation is not the T42 temper as used, but is the T81 (T851 or T861) temper
(Refs. 10-2, 10-3). For thin sheet the T81 temper provides higher yield strength and ultimate tensile strength than the T42 temper for
an equivalent section thickness. In the case of the T42 temper, the absence of a corrosion protection system in the fastener holes was a
key factor leading to corrosion. By using wet assembly, with sealing compounds introduced to the holes during fastener installation, it
would have been possible to exclude the corrosive solution and substantially reduce corrosion.

{e) (d}

Fig. 10-8 Intergranular corrosion and exfoliation of a 7075-T6 wing box lower panel

(a) Deep corrosion between the fastener holes of the wing panel bolted joints.

(b) Localized corrosion around fastener holes.

(c) Traces of pitting and intergranular corrosion at the fastener countersink holes.

(d) Similar area to Figure 10-8(c) at higher magnification.

(e) Intergranular corrosion extending from a fast ner hole and running out to the
free surface of the plate.

(f) Cracking shown in Figure 10-8(e) at higher magnification,
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Case history 10-7. Intergranular corrosion and exfoliation of a fighter aircraft wing box lower panel.

Corrosion damage to the wing box lower panel of a fighter aircraft was detected during visual inspection. The wing panel was
fabricated from 7075-T6 aluminium, and the areas suffering from corrosion damage had undergone a manufacturing process involving

shot peening, chromic acid anodizing, and final painting of the external surfaces with a vinyl wash primer and an acrylic enamel top-
coat.

Corrosion damage was located primarily around fastener holes, as shown in Figures 10-8(a) and 10-8(b), but damage was also
found in areas away from fastener holes. The damage included pitting, areas of filiform type corrosion and extensive intergranular
cracking. The predominant type of damage was pitting in the bores and countersink areas of the fastener holes, from which extensive
intergranular cracking emanated (Figs. 10-8(c) and 10-8(d)). Several surface connected cracks can be seen running between fastener
holes in Figure 10-8(a). Metallographic examinations showed that substantial intergranular cracking was associated with the surface
connected cracking, as shown in Figs. 10-8(e) and 10-8(f).

Samples for mechanical property testing were machined from the wing box panel, and the results are shown in Table 10-3,
where they are compared with minimum allowable properties for 7075-T6 aluminium (Ref. 10-4).

in
Fig. 10-9 Corrosion of a 2024 aluminium alloy helicopter rotor blade

(a) Leading edge at the blade tip showing three areas of severe corrosion.

(b) Corrosion in the aluminium alloy skin at location *1°,

(c) Rupture of the surface skin at location ‘3’, due to the build-up of corrosion
products in the underlying spar.

(d)and (e) Evidence of intergranular corrosion in spar.

(f) Exfoliation corrosion in the surface skin.
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This data shows that the material properties were above the minimum design allowables for this alloy. Accelerated corrosion
testing was also performed according to MIL-H-6088, and this confirmed that the material was susceptible to intergranular corrosion.

Several courses of action are possible to resolve problems of this type, involving either enhanced corrosion protection of the
existing structure, or change of either the alloy type or the heat treatment condition of the metal structure. For aircraft already in-
service, major up-grading of the corrosion protection system was carried out involving touch-up of fastener hole bores and countersinks
using a chemical conversion coating (Alodine 1200). This was followed by wet assembly of fasteners and the use of a strontium
chromate primer and an acrylic finish, It was reported that similar treatments had also been applied to new aircraft in manufacture,
resulting in marked improvements in their corrosion resistance.

The use of 7075-T6 aluminium in corrosion prone airfract structure is now being seriously questioned by aircraft designers.
The newer T'76 or T73 tempers provide marked improvements in resistance to exfoliation resistance and stress corrosion resistance with
only moderate losses in tensile strength. Several newer aluminium alloys are available to designers and these provide increased resistance
to intergranular corrosion and exfoliation. Of these newer alloys, 7475 is the closest in chemical composition to 7075, differing mainly
with respect to lower limits on the impurity elements silicon, iron, manganese and titanium, These chemistry controls lead to an alloy
with strength levels very similar to 7075 but much improved fracture toughness and exfoliation resistance. Alloy 7475 is slightly
susceptible to exfoliation corrosion in the T61 condition, but highly resistant in the T761 condition (Ref. 10-5). In a temper-for-temper
comparison, the exfoliation resistance of 7475 sheet was found to be better than that of 7075-T6 and T76 sheet (Refs. 10-6 and 10-7).

Case history 10-8. Intergranular corrosion and exfoliation of a helicopter main rotor blade.

Severe corrosion was found in the tip region of a helicopter main rotor blade during routine inspection. Corrosion was found
to be most severe in the leading edge and disassembly showed that the corrosion had occurred preferentially between the leading edge
spar and the surface skin, as indicated in Figure 10-9(a). Three areas showing signs of particularly severe corrosion can be seen in
Figure 10-9(a). Area ‘1’ lay between the leading edge spar and the honeycomb filler material in the centre section of the blade.
Corrosion in this area is shown in Figure 10-9(b). Area ‘2’ was located towards the leading edge where the build-up of corrosion
products between the skin and the spar had caused the skin to lift off the spar. Area ‘3’ was located on the lower surface of the blade
where severe corrosion of the spar had caused the skin to lift off and crack, as shown in Figure 10-9(c).

The leading edge spar was made of 2024 aluminium and analysis of the corrosion products indicated aluminium hydroxide
containing approximately 1.3% chlorine, Crosssections through the spar and outer skin showed that both had intergranular corrosion
(Figs. 10-9(d) and 10-9(c)), leading to exfoliation in local regions (Fig. 10-9(f)).

The corrosion protection system used in this component was not revealed in this investigation, although this would clearly
be important in view of the very aggressive environments that such blades would be exposed to. Also, the nature of the adhesives used
to bond the skin to the spar and to the honeycomb core was not revealed, nor was it possible to determine its role in the corrosion
process discussed. However, an investigation of the alloy microstructure and mechanical properties in the spar indicated an incorrect
heat treatment which had led to the formation of coarse Cu Al, precipitates in grain boundaries. As indicated in Section 10-1, and
Chapter 4, the correct heat treatment of 2024 aluminium is essential to avoid sensitivity to intergranular corrosive attack.

Table 10-1 The chemical composition of the Aluminium Alloy 3.4354 (Wt %)
(Case history 10-3)

Chemical Composition
Source P et i
Zn 5,6-5,7 5,5-6,5
Mg 2,4-2,45 2,1-2,9
Cu 1,2-14 0,6-1,3
Ag 0,31 0,25-0,40
Cr 0,18 0,10-0,25
Mn 0,024-0,044 <0,1
Fe 0,17-0,19 <04
Ti 0,03 <02
Si 0,03-0,06 <04
Others <0,15
Al Remainder Remainder

vSpecification according to Material Handbook of the German Aviation
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Table 10-2 Mechanical and physical properties of the Aluminium Alloy 3.4354

(Case history 10-3)

Specification 3.4354
Form forging
Condition artificially aged (0.7)
Thickness <75 mm
Basis s
Mechanical properties:
Fiu [N/mm?2]

L 510

LT 490
Fiy

L 451

LT 431
Fey

L 451

LT 402
Fsy 314
e [%]

L 7

LT 4
Er [N/mm?] 70730
Ec 72103
G 26781
Brinell Hardness HB 140
Electrical conductivity 15-18

m
Qmm?2

Table 10-3 Tensile properties of the 7075-T6 wing box lower panel

(Case history 10-7)
. . Yield Strength Ultimate Strength
Orientation MPa MPa % Elong
Longitudinal (L) 467 534 10
Transverse (T) 404 474 11
Minimum allowable (L) 455 331 7
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CHAPTER 11

FRETTING CORROSION

11.1 Introduction

Fretting is a form of wear which occurs between contacting surfaces which are undergoing vibratory motion involving relative
displacements, or slip of small amplitude. The degradation of the rubbing surfaces usually involves a combination of wear and a
corrosion reaction, and therefore the terms fretting corrosion or wear oxidation are frequently used. It usually gives rise to the forma-
tion of pits or grooves in the metal surrounded by corrosion products.

In the classic case fretting occurs between parts which are intended to be fixed by some form of mechanical fastener, but
where vibratory stresses cause loosening of the fastener system to allow small cyclic displacements to occur between the two contacting
faces. However exceptions occur, for example between ball bearings and their races, or between mating surfaces in oscillating bearings
and flexible couplings. The basic requirements for fretting corrosion are that there is repeated relative motion between the surfaces,
that the surfaces are under load and that the load is sufficient to cause slip or plastic deformation on the surfaces. The fretting action
will be more severe the more aggressive is the corrosive environment. Studies have shown that fretting damage is less severe when
oxygen and moisture are both excluded, and the debris produced is different. For example fretting damage to steel in nitrogen was
found to be only one-sixth that in oxygen; and the debris produced was metallic whereas in the presence of air oxide was formed
(Ref. 11-1). Therefore it does not appear that fretting can be stopped entirely by excluding a corrosive atmosphere; but that stick-slip
action, localized at a single point, can produce a quantity of metallic debris which will oxidize when the surface is exposed to air for
examination (Ref. 11-2).

Slip amplitudes as small as 10~/ mm have been known to cause fretting, but the displacements must be sufficient to cause
plastic deformation in the surface layers. If the deformation remains elastic fretting will not occur. Because of the limited motion which
occurs between the surfaces the corrosion products remain in the general area of the damage, and this differentiates fretting corrosion
from common wear. In this latter case the wear debris, whether it be metallic debris or oxide scale, will be removed from the local area
from which it originated because of the large relative movements between the contacting surfaces,

Figure 11-1 shows fretting damage in two flying control hinge pins, in the form of broad bands of deep pitting with
associated accumulations of corrosion products. In service these pins would experience a combination of large amplitude displacements
associated with deliberate movements of the control surfaces, and small amplitude displacements associated with normal aircraft
vibrations in steady-state flight. Thus the damage observed may be due to a combination of wear and fretting corrosion. These problems
are probably due to lack of adequate lubrication to alleviate the rubbing action.

Fig. 11-1 Fretting damage in two flying
control hinge pins
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The mechanisms of fretting corrosion are not completely understood, however they are generally thought to include either
mechanical wear followed by oxidation of metallic wear debris, or mechanical rupture and decohesion of naturally occurring oxide
films followed by re-oxidation of the exposed bare metal. In either case the damage occurs locally at high points on the contacting
surfaces. These mechanisms have been reviewed in more detail elsewhere (Refs. 11-3 and 11-4).

If the fretting couple consists of dissimilar metals the softer metal will deform the greatest amount, so that the oxide film on
the softer metal will be disrupted but that on the harder metal will remain intact. The softer metal will therefore tend to suffer the
greatest damage due to fretting corrosion. This concentration of damage will also tend to increase if the softer metal is the more electro-
chemically active metal in the couple so that it corrodes anodically. An example of fretting corrosion damage in a dissimilar metal
couple is shown in Figure 11-2. This shows fretting in a magnesium alloy (EZ-33) low pressure compressor casing. Fretting has occurred
in an annular ring due to the vibrating rubbing action of a row of steel stator vanes. This problem might be alleviated either by changing
to a harder and more wear resistant casing alloy, or by using a wear resistant coating.

Fretting damage is particularly serious since it can lead to unexpected fatigue failures, Under fretting conditions fatigue
cracks are initiated at very low stresses, well below the fatigue limit of non-fretted specimens. The initiation of fatigue cracks in fretted
regions depends mainly on the state of stress in the surface and particularly on the stresses superimposed on the cyclic stresses. The
direction of growth of the fatigue cracks is associated with the direction of contact stresses and takes place in a direction perpendicular
to the maximum principal stress in the fretting area.

Fig. 11-2 Fretting corrosion in a magnesium alloy (EZ-33) compressor casing, indicated by arrows

11.2 Fretting Corrosion Case Histories
Case history 11-1. Fretting induced fatigue failure of a helicopter engine connecting rod.

A piston engined helicopter crashed due to in-flight engine failure after a connecting rod broke. The shattered connecting rod
is shown in Figure 11-3(a). The primary fracture is shown by an arrow in Figure 11-3(a), and is shown in plan view in Figure 11-3(b).
The origin of this fatigue failure is on the bore wall, and this coincides with a small region of fretting damage which can be seen in
Figure 11-3(c).

Scanning electron microscopic examination of the fretting zone clearly shows the surface damage and the initiation of a
multitude of small fatigue cracks parallel to the major fracture (Fig, 11-3(d)). Fretting occurred because of the rotational oscillatory
motion of the shell bearing within the connecting rod big end bore.

This and other similar failures were the result of inadequate restraint of the bearing shells. By increasing the “crush” of
the shell, that is by increasing the circumference of the shells relative to the bore of the connecting rods, and by increasing the bolt
loadings, the high crush shells were effectively restrained and prevented from initiating such fretting damage.
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{d}

Fig. 11-3 Fretting corrosion and fatigue of a helicopter engine connecting rod

(a) Broken connecting rod indicating the location {arrows) of the
fracture surface shown in Figure 11-3(b).

(b) Close-up of arrowed fracture from Figure 11-3(a), showing the
fatigue crack initiation site ‘O’,

{c) Small fretted zone on the bearing surface at the fatigue origin,
marked ‘O’ in Figure 11-3(b).

(d) SEM image of the fretted area showing multiple cracks running
parallel to the main fracture face seen at the top. (Mag. X 200)

Case history 11-2. Fretting corrosion in propeller shaft ball bearings.

It was explained earlier that fretting corrosion is not expected to occur between components subject to large relative
displacements. However exceptions do occur, for example between ball bearings and bearing races when abnormal operating conditions
arise. Figures 11-4(a) and 114(b) show an example of this type where fretting has occurred in the inner and outer bearing races of a
propeller shaft.

These bearing races were from a light aircraft which had been operating in the Mediterranean region. The bearings were made
from AISI-E-51100 steel and were heat treated to produce a fine tempered martensite with a hardness Hg = 63. The fretted regions
can be seen as the slightly lighter appearing pitted areas on the outer bearing race shown in Figure 11-4(b).

Fretting of shafts and bearing surfaces usually occurs as a result of one or more of the following (Ref. 11-1):

(a) Minute oscillatory motion between the two components, (b) bearing loads on a limited-contact area, (¢) adhesion of
asperities and transfer of metal between components, and (d) surface deterioration by abrasion.

According to Reference 11-1, oscillatory motion may occasionally lead to the appearance of a series of elliptical-shaped
blemishes that develop centrally located cavities as the fretting progresses. Some indications of this exist in Figure 11-4(b). Strictly
static loads applied perpendicular to the bearing surface should not cause wear; however in conjunction with a minute oscillating
motion they are conducive to fretting corrosion. The vibratory stresses associated with the propellers appear to have been sufficient
in this case to cause the fretting action. The problem of abrasion is one which may affect either non-lubricated bearings where contact-
ing surfaces have equal hardness and are therefore mutually abraded, or in bearings where lubrication fails. The extent of abrasion in
the bearings of Figure 11-4 is not known.
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Fig. 114 Fretting corrosion in propeller shaft ball bearings

(a) Bearings and bearing races exhibiting fretting.
{b) Areas of fretting in an outer bearing race.

Case history 11-3. Electrical connector malfunction in an engine starting circuit due to fretting corrosion.

An in-flight mishap occurred when an assisted air start of a military aircraft engine could not be accomplished. It was found
that the problem was due to an open circuit malfunction of electrical connectors which were employed in the engine starting circuit.

The receptacle halves of two connectors were submitted for laboratory examination. The mating plug connector halves
were not available for study. The connectors were standard five wire threaded collar and flange secured type, and are shown in
Figure 11-5(a). Connectors from two different manufacturers were reported to be prone to similar malfunction.

The receptacles were dismantled to retrieve the hollow and split pin contactors, one side of which was bent over to expose
the internal contact surface as shown in Figure 11-5(a). The split configuration is normally compressed by a stainless steel tube swaged
over the reduced shoulder of the contactor. The sockets were formed from what appeared to be unalloyed copper and were gold plated.
Of the two contacts shown in Figure 11-5(a), one was vacant, and one active with a nickel wire remnant still crimped in place. The
dark deposit visible within the contact areas was observed in varying amounts on all ten of the available sockets which were examined.
Figure 11-5(b) is a higher magnification scanning electron photograph of the unusual deposit showing its crumbly nature. The flattened
appearance was thought to have been caused by the mating pin.

A massive deposit which extended the length of the cavity was found in one of the connectors (Fig. 11-5(c)). The wavy
appearance of the residue suggests a dried-up liquid (Fig. 11-5(d)). The residue was analyzed and found to be primarily copper oxides,
Cu O and Cuy O. Other elements such as Fe, Ni, Au, Rb, Ta, S and P were also detected but were not of sufficient quantity or
uniformity to be of significance. An attempt to resolve metallic copper particles within the residue which would be an indication of
fretting corrosion was not successful. Nevertheless, the source of the deposit could not be determined other than to assume that it
occurred due to fretting action between the recepticle and the pin.

Metallographic cross sections of the female socket connector were prepared in an attempt to gain some insight into the
problem. It was found that the connectors were not made of electronic grade, high conductivity oxygen free (OFHC) copper, but
rather a cold worked copper containing large oxide inclusions. The electrodeposited coating was found to consist of a very thin gold
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Fig. 11-5 Fretting corrosion in electrical connectors

(a) Dark corrosion products observed inside the connector
sockets (arrows). (Mag, X 6)

(b) Higher magnification view of the deposits shown in

Figure 11-5(a), (Mag, X 900)

Residue found in No.2 socket of one connector,

(Mag. X 2)

(d) As in Figure 11-5(c). The wavy appearance suggests a
dried up liquid contaminant. (Mag, X 50)

(e) Evidence of gas expulsion through plating layers.
(Mag. X 500)

(f) Evidence of non-uniform and lack of adhesion of
plating. (Mag. X 500)

-

(e

layer plated on a thicker copper plate, as indicated in Figure 11-5(e). Local areas were found where the coating appeared to be separat-
ing from the socket wall, and other areas were found showing what appeared to be gas expulsion through the plating. These defects are
indicated by arrows in Figures 11-5(e) and 11-5(f). Figure 11-5(f) also shows that the plating was non-uniform, and that bare copper
was exposed in certain areas. It was thought that hydrogen picked up during plating may have combined with the abundant oxygen in
the copper to produce water vapour and, possibly aided by electrical heating, this built up sufficient pressure to cause the observed
plating decohesion. Thinning of the gold plating, as indicated by Figure 11-5(f), might be due to a wear or fretting action between the
pin connector and its receptacle.
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It was concluded that the connector was of poor quality and design, and a poor choice of hardware for this application where
only two of the five wire connectors were actually used. The fretting action was believed to be due to vibration induced motion
between the male pin connector and the female receptacle. It was decided to replace this vibration sensitive electrical connector with a
threaded stud and eye type connector.
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CHAPTER 12

HYDROGEN INDUCED FAILURES — HYDROGEN EMBRITTLEMENT

12.1 Introduction

A great deal of information has been collected in recent years to demonstrate that environmentally induced failure processes
may often be the result of hydrogen damage rather than oxidation. Atomic hydrogen is a cathodic product of many electrochemical
reactions, forming during many naturally occurring corrosion reactions as well as during many plating or pickling processes. For
example hydrogen is formed, and liberated as a gas when iron is immersed in HCI or dilute H, SO,. Whether hydrogen is liberated as a
gas, or atomic hydrogen is absorbed by the metal depends on the surface chemistry of the metal. Many substances which are readily
adsorbed on metal surfaces can affect both the evolution of hydrogen gas and the absorption of atomic hydrogen. Substances such as
phosphorous, arsenic, antimony, sulphur, selenium, tellurium, iodine, cyanide ions, thiourea and naphthalene can act as cathode
poisons, impeding the combination of pairs of hydrogen atoms to form gas molecules and favouring the entry of atomic hydrogen into
the metal. Benzonitrile and other nitriles act in the opposite way to diminish the entry of hydrogen into the metal (Ref. 12-1).

Due to its small size and mass, atomic hydrogen has very high diffusivity in most metals. It will therefore penetrate most
clean metal surfaces quite easily and will migrate rapidly to favourable sites where it may remain in solution, precipitate as molecular
hydrogen to form small pressurized cavities, cracks or large blisters, or it may react with the base metal or with alloying elements to
form hydrides.

12.2 Hydrogen Blisters

Very large blisters or bubbles can form, particularly in commercial steels exposed to cathodic electrochemical processes in
steam plants or petrochemical plants. The bubbles form as a result of the generation of atomic hydrogen at the cathode surface, some
of which enters the steel only to condense as molecular hydrogen at internal microvoids or at lines of oxide or sulphide inclusions. The
blistering which occurs is evidence of the very high pressures that can occur in the voids, and these have been estimated to be up to
several hundred thousand atmospheres (Ref. 12-2).

12.3 Hydrogen Induced Cracking

The accumulation of hydrogen in high strength alloys often leads to cracking, and this often occurs in statically loaded
components several hours or even days after the initial application of the load or exposure to the source of hydrogen. Cracking of
this type is often referred to as hydrogen-stress cracking, hydrogen delayed cracking, or hydrogen induced cracking. Similar fracture
processes can occur in new and unused parts when heat treatments or machining treatments have left residual stresses in the parts, and
have then been exposed to a source of hydrogen. For this reason all processes such as pickling or electroplating must be carried out
under well controlled conditions to minimize the amount of hydrogen generated.

In pickling, suitable inhibitors such as certain polyamines can be added to the pickling solutions to eliminate or minimize
attack on the metal and the generation of hydrogen. In plating processes, both the plating solutions and the applied voltages are
controlled to provide high cathode efficiencies which minimize the amount of hydrogen generated. Cadmium plating is widely used in
the aerospace industry and hydrogen embrittlement following cadmium plating from cyanide baths is a well known problem. Several
alternative plating baths have been developed which diminish this problem, see for example Reference 12-3. With both pickling and
plating processes it is usually recommended to bake the component at high temperature to drive off any absorbed hydrogen. The times
and temperatures used depend on the particular alloy and on the nature of any surface platings which may impede the effusion of
hydrogen. Temperatures are normally in the range 150-300°C for most engineering alloys. Figure 12-1 shows that the times to failure
and the stresses required to cause failure by hydrogen delayed cracking increase as hydrogen content in 4340 steel is decreased by
baking at 150°C. It also shows that long times in excess of 24 hours are required to restore the normal, hydrogen free, notch strength
of this alloy by baking at 150°C.
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Fig. 12-1 Static fatigue curves for various hydrogen
concentrations obtained by baking 4340 steel for
different times at 150°C. (Ref. 12-2, data from
Ref. 124)
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12,4 The Nature of Hydrogen Embrittlement

Laboratory investigations have shown that the effect of hydrogen is to lower the ductility or strain to fracture in metals
(Ref. 12-5). However the phenomenon is only observed under certain conditions of temperature and strain rate as indicated in
Figure 12-2. The most pronounced effects are observed at temperatures around ambient room temperature and at very slow strain
rates, since these conditions allow atomic hydrogen to migrate to sites of high triaxial stress in the metal to promote brittle fracture.

Metals which are held under static load at ambient temperature would normally sustain the load indefinately. However
statically loaded metal specimens which are precharged with hydrogen electrolytically, or which are exposed to environmental
conditions where hydrogen is formed, may suffer sudden brittle failures. This type of delayed fracture process is similar to fatigue or
stress corrosion cracking in the sense that it involves a period of time required to initiate a crack, and a time required to grow the crack
to a size where it will cause complete rupture. Plots of the type shown in Figure 12-3, giving the times for crack initiation and for crack
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Fig. 122 Ductility, expressed as strain to fracture (e;), of
spheroidized 1020 steel as a function of strain rate and
temperature. Hydrogen free specimens, top; hydrogen-

charged specimens, bottom. (Ref. 12-8, data from Ref. 12-5)
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Fig. 123 Static fatigue behaviour of 4340 steels at 77°K. The
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as a function of stress. (Ref. 126, data from Ref, 12-7)
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propagation as a function of applied stress are therefore often referred to as static fatigue curves. The curves are affected by hydrogen
content, or pressure, and temperature as discussed by Birnbaum (Ref. 12-6).

This type of delayed fracture process can occur both in smooth or notched specimens and the time to failure will increase as
the applied notch stress decreases. The lowest stress intensity which causes failure is called Ky, the threshold K for failure (Ref. 12-8).

12.5 Effects of Metallurgical Variables on Hydrogen Embrittlement

Many of the alloys used in airframe and engine construction are affected by hydrogen embrittlement, including steels,
aluminium and titanium alloys, and nickel-base alloys. Only brief notes will be given on the metallurgical variables of these alloys that
affect hydrogen embrittlement and further details are available elsewhere, see References 12-9 to 12-13. The most important variables
are composition, microstructure and strength level. These variables are interrelated, and the variable of microstructure can be subdivided
in terms of grain size, crystal structure, precipitate type and morphology, and texture.

Steels

Strength level is an important variable affecting several types of steel, and possibly other alloys as well. The general rule is
that susceptibility to hydrogen embrittlement increases as the alloy strength level increases. This is shown in Figure 124 which also
indicates that the time to failure in 4340 steel decreases as the tempering temperature decreases and the strength increases. However
this relationship is observed primarily for high strength steels, since steels with yield strengths below about 700 MPa are usually not
markedly affected by hydrogen embrittlement.
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Fig. 12-4 Time to failure versus tempering
temperature for 4340 steel at stress levels of
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exposed to wetting and drying 3.5% NaCl
solution at room temperature, (Ref. 12-2,
data from Ref. 12-14)

Ferritic and martensitic steels are probably the most commonly affected aerospace materials, and their susceptibility to
hydrogen embrittlement is affected by their microstructures. Untempered martensites are the most susceptible, followed by normalized
pearlitic/ferritic steels, spheroidized steels, and quenched and tempered martensitic or bainitic steels which are the most resistant
to hydrogen (Ref. 12-10). However the composition of any alloy within a grade is also important since alloying elements may either
increase (e.g. Mn) or decrease (e.g. Si) susceptibility to hydrogen embrittlement (Ref. 12-8).

Austenitic stainless steels and age hardening austenitic stainless steels are also affected by hydrogen embrittlement. In
austenitic stainless steels compositions which increase austenite stability generally provide increased resistance to hydrogen embrittle-
ment. This implies high nickel contents and chromium levels either below 15% or above 20% (Ref. 12-9).

The precipitation hardenable stainless steels such as A-286 are adversely affected by hydrogen, and this alloy has been shown
to be susceptible to sustained-load cracking in hydrogen containing atmospheres (Ref. 12-15). The extent of hydrogen embrittlement
and the appearance of hydrogen induced intergranular cracking are related to the precipitation of the ' phase (Nig Al, Ti) and  phase
(NigTi) in this alloy. The precipitation of the 4’ phase lowers ductility in hydrogen, while the n phase at grain boundaries promotes
intergranular fracture (Ref. 12-16).

Aluminium alloys

Most of the early reports on environmentally enhanced fracture in aluminium alloys dealt with stress corrosion cracking (SCC)
and the mechanism of cracking was often considered to be stress assisted anodic dissolution of active paths. However new interest has
developed as information has been published to show that at least in some cases of SCC hydrogen embrittlement is the operative
fracture mode.
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The aluminium alloys most widely used in aircraft structures belong to the 2000 series and 7000 series alloys, and evidence
now exists, at least in the case of the 7000 series alloys, that hydrogen embrittlement contributes to stress corrosion cracking
(Ref. 12-18 to Ref. 12-24). Most studies have been carried out on Al-Zn-Mg alloys made from high purity ingredients, but some work
has also been performed on commercial 7075 and 7475 alloys (Refs. 12-25 and 12-26). These studies have shown that hydrogen
bubbles may form on grain boundaries in alloys exposed to moist atmospheres. Interestingly the bubbles have been found to form only
in overaged alloys, and not in the underaged or peak-aged T6 temper conditions. This has been taken as an indication that if hydrogen
is able to precipitate as a gas at suitable grain boundary sites then the amount of hydrogen remaining in solid solution at the grain
boundaries will be reduced, and the embrittling effects of this hydrogen will also be reduced. These investigations have been useful in
showing that microstructural changes caused by heat treatment in 7075-type alloys lead to similar changes in susceptibility to both
hydrogen embrittlement and stress corrosion cracking. Underaged materials appear to be the most susceptible and overaged (T73 type
tempers) materials the most resistant.

The source of hydrogen in these embrittlement studies is believed to-be the reaction between aluminium and water, which
at 70°C produces a duplex film consisting of aluminium oxyhydride (A1 0OH) and bayerite (Al (OH),). The reaction has been written
(Ref. 12-27):

+ 3H* + 3e

3H,0 Al (OH
Anodic Al+‘ z }—» (OH)s

2H, 0 Al OOH

3
Cathodic 3H,0 + 3¢ ~—> 2 H, + 30H"

In the case of the Al-Zn-Mg alloys discussed, the hydrogen produced by this reaction can penetrate the metal, and in the
presence of a stress can lead to brittle intergranular fracture. This brittle intergranular fracture can occur with no evidence of concurrent
anodic dissolution of the metal, suggesting that true stress corrosion cracking is not responsible, The embrittlement effect is reversible
and hydrogen evolution may be detected together with a recovery of the normal ductile failure mode. Interestingly, these phenomena
are not observed with pure aluminium or with Al-Mg-Si alloys, suggesting that both composition and heat treatment are important in
determining the susceptibility of aluminium alloys to hydrogen embrittlement.

Titanium alloys

Three types of titanium alloys are available commercially, including, (1) the o-phase alloys consisting of hexagonal
close-packed a-phase, (2) the a-8 alloys in which body centered cubic g-phase exists in equilibrium with o, and (3) metastable g
alloys. These different alloy types are formed by adding elements such as Al, Sn, Zr or oxygen which stabilize and strength the a-phase,
or elements such as Mo, V, Cr, Nb or Ta which stabilize and strengthen the g-phase. By far the most common types of titanium alloys
used in aircraft structures are two phase alloys consisting of dispersions of 8-phase in an «-phase matrix, such as Ti-6Al-4V, or disper-
sions of a-phase in a -matrix, such as Ti-11.5Mo-6Zr-4.5% Sn. The alloys are therefore often said to have «+f , or +a microstructures
and the two phases can exist with a wide range of morphologies from equiaxed grains to acicular or martensitic laths. Various minor
phase precipitates and intermetallic compounds can also exist.

The majority of data on environmentally enhanced fracture in titanium alloys has related to stress corrosion cracking in
a-f alloys, and a wide range of environments are known to be damaging (Ref. 12-9). However some work has been performed on
commercially pure titanium and several a-f alloys to show that they are also susceptible to hydrogen embrittlement (Refs. 12-28 to
12-32). This work has shown that microstructural parameters such as grain size, grain shape, and precipitate morphology, that affect
stress corrosion cracking also affect hydrogen embrittlement in a similar way. The general trend is for acicular -8 microstructures to be
more resistant to SCC than equiaxed structures. Figure 12-5 shows that the fracture behaviour of Ti-6Al-4V in hydrogen gas also
depends on microstructure. The stress intensity (K, g) required to cause subcritical crack growth in the equiaxed «-§ alloy in hydrogen
is less than 80% of the stress intensity required to cause unstable fast fracture (Kg). This hydrogen embrittlement is independent of
hydrogen gas pressure. The alloy microstructure in this case had a continuous a-matrix containing dispersed equiaxed grains of §. When
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Fig. 12-5 Environmental hydrogen embrittlement
of the titanium alloy Ti-6A1-4V as a function of
hydrogen pressure, (Ref. 12-31)
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the alloy is processed to have an acicular structure, consisting of Widmanstatten laths of a-phase in a continuous matrix of g-phase its
susceptibility to hydrogen embrittlement is dependent on hydrogen gas pressure. At very low pressures the alloy is relatively
unaffected and it retains its high toughness and resistance to crack growth, With increasing gas pressure the resistance to subcritical
crack growth decreases and the alloy is severely embrittled.

Hydrogen embrittlement may also contribute to stress corrosion cracking in titanium alloys, as it has been suggested for
aluminium alloys. Important results supporting this view have been obtained by electrochemical experiments (Refs. 12-33 and 12-34),
and by experiments involving comparisons of the effects of torsional loading (mode III) versus tension loading (mode I) on the cracking
of titanium alloys in sodium chloride solution (Ref. 12-35). In torsion loading there is no hydrostatic component of stress which would
cause hydrogen to accumulate at the crack tip, whereas in tension there is. The results of Figure 12-6 show that stress corrosion
cracking did not occur in Ti-8Al-1Mo-1V when torsion loading was employed, whereas stress intensities less than 80% of the fracture
toughness caused SCC with failures occurring in times less than 1 hour when tensile loading was applied. Additions of arsenic to the
solution, which as explained earlier should promote the entry of hydrogen atoms into the metal increased the stress corrosion cracking
susceptibility of this alloy. This data provides strong evidence of a relationship between SCC and hydrogen embrittlement. Similar
results have been obtained for 7075-T6 aluminium tested in sodium chloride and potassium dichromate solutions (Ref. 12-35). Some
special cases of stress corrosion cracking, such as hot salt SCC in titanium alloys, have been established to be due to hydrogen
embrittlement (Refs. 12-36 and 12-37).

The mechanism whereby hydrogen embrittles titanium alloys is not completely understood, although the formation of
hydrides has been widely discussed (Ref. 12-9).
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12.6 Case Histories
Case history 12-1. Hydrogen embrittlement of a flap control return spring.

During a pre-flight inspection of a light aircraft the pilot lowered the flaps, heard a loud noise and found the flaps jammed
down. The flap control return spring was found to be shattered into many pieces (Fig. 12-7(a)). All the fracture faces revealed similar
small, dark, crescent shaped areas radial to the wire axis on the inside surface of the coil. These areas followed a 45° helical path with
respect to the wire centre line (Figs. 12-7(b) and 12-7(c)). The remaining portion of each fracture face was characteristic of sudden
overload rupture, confirmed as mixed ductile dimpling and cleavage mode by scanning electron microscopy. The pre-cracked helical
zones were all damaged by corrosion.

Magnetic particle inspection (MPI) revealed many other helical cracks on the spring coil’s inner surface (Fig. 12-7(c)). The
spring was found to be cold wound carbon steel of about 1900 MPa strength. Axial sections cut through the cracks revealed by MPI
showed them to be corroded, however some subsurface cracks were also found (Fig. 12-7(d)). The large number of simultaneous
fractures at failure, and the multitude of surface and subsurface cracking indicated that this was an unusual failure.

Figure 12-7(d), showing an entirely internal crack, is indicative of hydrogen embrittlement. The conditions for hydrogen
assisted cracking were all present; (1) the material and its strength level were appropriate, (2) the material was subjected to high
sustained stresses in service (207 MPa initial tension set, plus residual coiling stresses, plus elongation stresses in service) all of which
were concentrated at the coil inner surface where all the cracking was located, (3) the spring was exposed to a source of hydrogen
during cadmium electroplating.

As discussed in Section 12-3, hydrogen absorbed during pickling and electroplating can be removed by baking after each stage
of processing. In this case there was no record of any baking after cadmium plating. The spring was replaced and precautions taken to
ensure that the springs were baked for 24 hours at 190°C, and that this baking was performed immediately after the plating.
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Fig. 12-7 Hydrogen embrittlement of a carbon steel flap control return spring

(2) General view of the broken flap control spring.

(b) Close-up of a typical spring fracture surface. Note the dark radial/helical oriented
precrack on the spring’s inner surface (arrowed).

(c) Magnetic particle indications of other helically oriented cracks on the spring inner
surface,

{d) SEM image of a subsurface crack in spring section (inner surface of coil at upper
right), Note the absence of corrosive attack. Nital etch, (Mag, X 1500)

Case history 12-2, Hydrogen delayed cracking in a 4340 steel main landing gear pivot pin.

Over a period of time a number of pivot pins from the main landing gear retraction system of a fleet of fighter aircraft were
found to be fractured. The pins were made from a chromium plated 4340 low alloy steel in a high strength condition. One of the pins
was found to be broken into three pieces and the central piece, having fracture surfaces at both ends, is shown in Figure 12-8(a). One
of the two fracture surfaces is shown in Figure 12-8(b). The fracture surface was found to be very clean and free of any significant
indications of corrosion. It was also found to be very rough, and it was not possible to identify the initiation point with any certainty.
However there were some indications that the fracture started near the lower edge of the surface shown in Figure 12-8(b).

Palladium shadowed two-stage replicas were made of various areas of the fracture surface and these were examined in a
transmission electron microscope. The fractures were predominantly intergranular, and evidence of ductility was minimal (Fig. 12-8(c)).

Intergranular fracture in a high strength low alloy steel, in the absence of temper discolouration or discolouration due to
corrosion and pitting, is strongly indicative of hydrogen embrittlement. In order to test the hypothesis that the failures were due to
hydrogen embrittlement, some sustained load tests were performed. All specimens failed within a fairly short time, and the replicas of
the fracture surfaces showed the same clean intergranular features as the service failures. An example of the sustained load fracture
surfaces is given in Figure 12-8(d).

It was concluded that the failures were due to hydrogen embrittlement, and the source of hydrogen was most probably the
galvanic chromium plating process. The baking treatment used for the relief of hydrogen embrittlement was evaluated and modifica-
tions made to the process.
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Fig. 12-8 Hydrogen delayed cracking in a 4340 main landing gear pivot pin

(a) Central portion of the broken pivot pin,

(b) One of two fracture surfaces on the piece shown in Figure 12-8(a).

(c¢) Replica transmission electron microscope picture of an area from
Figure 12-8(b). (Mag. X 2800)

(d) Fracture surface of a specimen which failed during a sustained load
test. (Mag. X 2200)

Case history 12-3. Hydrogen embrittlement of a 4340 steel bolt from a main landing gear drag link.

A cadmium plated 4340 steel bolt from a fighter aircraft main landing gear drag link was found to be fractured during a visual
inspection of the aircraft. The part is shown in Figure 12-9(a), and it can be seen that the fracture occurred in the root of the first
engaged thread, under a nut. The fracture appeared to have initiated in the region of the arrow, in Figure 12-9(b), and the fracture
surface was quite clean and flat except for two ledges at the top and bottom edges as viewed in Figure 12-9(b). )

Fig. 12.9 Hydrogen embrittlement of a 4340 steel bolt
from a main landing gear drag link

(a) General view of the failed bolt.
(b) Fracture surface of the failed bolt.

(a)
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Fig. 12.9 Hydrogen embrittlement of a 4340 steel bolt
from a main landing gear drag link
(c) and (d) SEM pictures of the fracture surface shown in

Figure 12-9(b) showing intergranular fracture.
(e) Microstructure of the 4340 steel, (Mag. X 200)

Scanning electron microscopy revealed a predominantly intergranular fracture topography (Fig. 12-9(c)), with fine hair
lines on the equiaxed grain faces (Fig. 12-9(d)). The material was found to have a fine martensitic structure (Fig. 12-9(e)), with
a hardness R, = 52. This suggests the material was tempered in the range 200-260°C, and would have a tensile strength of
1800-1950 MPa. The bright and clean intergranular fracture in a steel of this strength level strongly suggests that failure was due to
hydrogen embrittlement. As indicated in Figure 12-4, sustained load cracking will occur in hydrogen embrittled steels of this type in
times as short as 1 hour when stresses of about 75% of the yield stress are applied.

The source of hydrogen was believed to be the cadmium plating process, and a more rigorous baking treatment was
recommended.

Case history 12-4. Hydrogen assisted cracking in a 4340 steel tie rod end.

Over a period of time at least seventeen defective parts were found in the main landing gear actuating cylinder tie rod ends of
two fighter aircraft. Although two aircraft were involved the parts were identical in design, materials and manufacturing methods, and a
typical part is shown in Figure 12-10(a).

On inspection two cracks were found in the part shown in Figure 12-10(a). The first crack was clearly visible with the naked
eye, and was found on the outside of the rod end emanating from the grease fitting hole, as shown in Figure 12-10(b). The second
crack was not readily apparent until the two bushings shown in Figure 12-10(a) were removed from the eye of the tie rod end. The
crack was located on the inside of the eye opposite the threaded rod section. The appearance of this crack is shown in Figure 12-10(c)
as a separated fracture face, It can be seen that the crack was quite extensive and had propagated from several initiation sites. In both
cases the cracks appeared to be driven by stresses arising from pressed inserts, and in both cases the inserts were cadmium plated steel.
The rod end was analyzed and found to meet specifications for 4340 steel in the 1250-1400 MPa condition.

The cracks were examined metallographically and by scanning electron microscopy. The cracks were found to be multiple in
nature, with numerous initiation sites and extensive branching, as shown in Figure 12-10(d). The fracture path was mainly transgranular,
and no oxide scale or corrosion deposits were evident. No decarburization was observed and there was no evidence of cadmium within
the crack formations. Figures 12-10(e) and 12-10(f) are scanning electron photographs of the fracture surface exposed by breaking open
the crack in the tie rod eye. The direction of crack propagation is from bottom to top in both photographs, and the fracture characteris-
tics are primarily of brittle transgranular fracture, with little or no evidence of intergranular fracture or ductile dimples. The appearance
of the fracture surface most closely resembled mechanical fatigue except for the absence of striations and the presence of multiple
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secondary cracks running both transverse to the direction of primary crack propagation (axial cracks), Figure 12-10(e), and parallel to
this direction (radial cracks), Figure 12-10(f). The absence of corrosion products and intergranular cracking would seem to rule out
stress corrosion cracking, while the absence of ductile dimples would rule out overload cracking.

It was thought that hydrogen assisted delayed failure was the most likely explanation for this unusual fracture behaviour,
although this was not unequivocally established. The driving stresses were thought to arise from the interference fit bushings and grease
fittings, rather than from service loading. The source of the hydrogen was conjectured to be from the cadmium plated bushings and
fittings, and/or from the cadmium plated tie rod threads. It was recommended to remove the cadmium from the bushings and grease
fittings, and the surfaces that they are in contact with, and to reinstall using wet assembly techniques with an epoxy primer for
corrosion control. It was also recommended that the cadmium plated threaded ends of the tie rod be examined to insure that no
hydrogen assisted delayed cracking was occurring in those regions.

It
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Fig. 1210 Failure of a 4340 steel tie rod end

(a) As received tie rod end showing (open arrows) cadmium plated grease fittings and (solid arrows)
cadmium plated steel bearing inserts. Both are press fitted.

(b) Cracks propagating from the grease fitting hole. (Mag. X 7)

(c) Fracture surface of the crack in the eye section, The surface was prepared by bending the section to
open and expose the crack, The dark area is the crack formation, the lighter area is overloaded sound
metal, (Mag. X 7)

(d) Metallographic section through a typical crack, (Mag. X 100)

(e) SEM picture of the fracture face showing secondary transverse tearing. (Mag. x 1250)

(f) SEM picture of the crack initiation surface showing cracking in the direction of crack propagation,
Same orientation as Figure 12-10(e). (Mag. X 1000)
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In cases of diagnostic uncertainty such as this, the problem can sometimes be resolved by performing tensile strength tests on
notched specimens covering a range of strain rates which would in one case suppress hydrogen embrittlement, and in another case allow
it to occur. Some results from tests of this type are shown in Reference 12-17. An alternative method, used in Case history 122,
involves the determination of times to failure of specimens loaded statically to stresses below the yield strength.

Case history 12-5. Failure of a low alloy steel bolt from a fighter aircraft rudder post bearing retainer cap.

The failed bolt shown in Figure 12-11(a) was found during a training exercise of a fighter aircraft rudder assembly. The
inspection was not scheduled maintenance. Of eight bolts securing the rudder post, two were discovered to have separated. One of the
two bolts was examined in the laboratory.

The bolt was specified as a cadmium plated shear fastener for which either 4340 or 8740 steel were approved. The bolt was
found to have a hardness of R, 41-42, The threads were rolled and incorporated a locking feature, for a crimp nut, consisting of
notches in the thread crown. These can be seen by the arrows in Figure 12-11(b). The crimp nut was not used on the failed bolt. It was
observed that the fracture path coincided with these notches in several places. It was also evident that a sealer or primer had been used
on the bolt. Distress observed on the bolt threads and on the nut suggested that an over-torqued condition could have occurred.

The fracture surface of the bolt, shown in Figure 12-11(c), was studied by optical and scanning electron microscopy. It was
observed that the fracture originated at multiple sites in the upper thread root and also at the notches shown in Figure 12-11(b). The
cracks propagated radially towards the centre of the bolt. The fracture surface of the bolt was free of corrosion deposit, and no
prominent beach marks or arrest pattern were apparent. The intergranular crack propagation shown in Figure 12-11(d) suggests that
stress corrosion or hydrogen embrittlement failure mechanism was active during the initial crack propagation. However low alloy steels
of this type have poor corrosion resistance and signs of rust might be expected in the case of aqueous stress corrosion cracking.
Hydrogen embrittlement might therefore be the more likely explanation. Ductile dimples indicating overload failure were apparent
toward the centre of the bolt,

An effort was made to identify a corrodent which could have contributed to the stress cracking observed. Dispersive electron
analysis of the fracture area of the bolt and nut revealed Cd, Mo, S, Cr, and Si in abundance. These findings indicated the presence of a
primer/sealer and a dry film lubricant, but no chlorides or other corrodents were found.

]

{c) ()

Fig. 12-11 Failure of a low alloy steel bolt

(a) General view of the failed bolt and nut.

(b) Threaded end of the failed bolt removed from the nut, (Mag. X 7)

(c) Fracture face of the head end of the bolt. Multiple initiation sites are present, (Mag. X 7)
(d) SEM picture of the fracture surface showing intergranular topography. (Mag. X 1000)
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It was concluded that the rudder assembly bolt failed by hydrogen embrittlement. Several factors may have contributed to
the failure, including excessive torque on the bolt and the presence of notches on the thread crowns. The source of hydrogen was
not established, although this may have been from the cadmijum plating. The dry film lubricant was also considered to be a potential
corrodent, but this was not established.

Case history 12-6. Hydrogen induced failure of 4037 steel setscrews from a helicopter clutch.

Several setscrews from a single batch failed in service in the clutch assembly of a military helicopter. Samples of the failed
setscrews were submitted for laboratory examination along with a number of unused and intact setscrews from the same batch. The
setscrews, shown in Figure 12-12(a), were 25 mm X 6.35 mm X 28 cadmium plated steel and were used for clutch adjustments. The
procurement specifications allowed the use of 4032, 4037, 4137, 4140, 8630 or 8740 low alloy steels, having a hardness in the range
R, 45-53, and required cadmium plating to be used.

One setscrew was analyzed and found to meet the requirements for 4037, having a composition 0.37% C, 0.79% Mn, 0.28% Si
and 0.20% Mo. Its hardness was R 49-50. The microstructure was examined with respect to grain size, inclusion content and extent of
surface decarburization and all were within acceptable limits. The cadmium plating was found to have a thickness of 5um-8um.

The fracture surface of a failed setscrew exhibited predominantly intergranular fracture (Fig. 12-12(b)), but some areas of
ductile dimples and secondary cracking were evident (Fig. 12-12(c)). These features suggested that hydrogen embrittlement may be
involved. An unused setscrew was loaded in tension until failure occurred at 23.14 KN, Another setscrew was loaded to 19.58 KN, or
85% of the ultimate load, and held under sustained static load. The setscrew failed in 51 hours, the fracture face again exhibiting a
mixed mode brittle intergranular and ductile dimpled appearance. This behaviour confirmed hydrogen embrittlement.

The subject batch of setscrews was recalled from service to preclude future embrittlement failures. It was thought that the
hardness of the setscrews was excessively high for the specific application even though allowed by the specifications. It was recom-
mended to lower the hardness of the setscrews in order to improve their toughness and resistance to service induced embrittlement.

Fig. 12-12 Hydrogen induced failure of some 4037 steel setscrews

(a) General view of some new and unused, and used and failed setscrews, (Mag. X 2)
(b) SEM picture showing intergranular fracture and secondary cracking of setscrew fracture face. (Mag. X 1200)
(c) SEM picture showing mixed mode brittle intergranular and ductile dimpled fracture. (Mag. X 1200)
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Fig. 12-13 Failure of a 4340 steel landing gear cylinder

(a) Piece of cylinder with paint removed. Large arrow indicates gouge which initiated fracture. The fracture
surface between the small arrows is free of a shear lip.

(b) Close-up of the gouge with a build-up of material to the left. The gouge was free of corrosion products
and bare steel was exposed in some areas with residual cadmium plating in others.

(c) Fracture surface at the gouge. Small arrows indicate the start of shear lip formation, Long arrows A and D
indicate the locations of SEM pictures shown in Figure 12-13(d) and Figure 12-13(e).

(d) SEM picture of Area A showing clean and unpitted intergranular fracture facets. (Mag. X 1100)

(e) SEM picture of Area D showing mixed ductile dimples and quasi-cleavage (arrow) typical of overload
fracture in high strength steels of good toughness, (Mag, X 2400)

(f) Metallographic cross-section through the gouge showing a secondary crack which follows a light band of
untempered martensite under the burr (upper right), and then turns into the wall section and proceeds by
an intergranular mode, (Mag. X 100)

Case history 12-7. Failure of a 4340 steel outer cylinder from an aircraft landing gear.

The outer cylinder of a military aircraft landing gear failed during taxi for take-off. The failure occurred only five weeks and
four flights after the landing gear had been installed, and prior to installation it had been held in storage since its last overhaul almost
two years earlier.

A piece of the outer cylinder, shown in Figure 12-13(a), was submitted for laboratory examination and was found to
contain a gouge which extended from the fracture surface. Closer examination revealed no evidence of paint or primer in the gouge
(Fig. 12-13(b)), although there were signs of solvent contact with the outer surface in the vicinity of the gouge. The walls of the gouge
were bright in some areas and dark in others, but exhibited no obvious signs of general corrosion.
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Inspection of the fracture surface showed that the outer surface gouge was centred in a roughly clamshell-shaped area whose
boundaries were not well defined but could be generally discerned by the texture of the chevron marks, as indicated in Figure 12-13(c).
There was no shear lip on the outer surface for a length of about 12 mm on either side of the gouge, but the rest of the fracture edges,
including the entire inner wall surface, had well formed shear lips. There was no rust or other evidence of corrosion to be seen anywhere
on the fracture surface. Rather, it appeared clean and bright, even near the gouge.

Scanning electron microscopy of the fracture surface revealed a predominantly intergranular cracking mode near the
initiation site at the gouge, with small patches of transgranular dimpling. The grain facets were very clean and not pitted (Fig. 12-13(d)).
Moving progressively farther from the initiation zone, the fracture surface revealed an increasing proportion of transgranular tearing,
still mixed with clean intergranular cracking and little or no quasi-cleavage. Estimates of the proportion of intergranular cracking
occurring at sites A, B, C and D (in Fig. 12-13(c)) indicated values of 90%, 60%, 50% and less than 10% respectively. The fracture
surface at location D is shown in Figure 12-13(e), and consists of a mixture of ductile dimples and quasi-cleavage, producing a predom-
inantly transgranular fracture. No definite transition from intergranular cracking to ductile transgranular tearing was seen. Such a
transition is commonly found in slow, stable-growth cracks, such as stress corrosion cracks, which may progress to instantaneous failure.

Energy-dispersive x-ray analysis of the fracture surface revealed no evidence of corrosion products. Similarly, inspection of
the gouge walls gave no indication of elements whose anions are often implicated in corrosion reactions, e.g. C1~ or SO . The gouge
walls were free of cadmium in many areas, while the remaining cylinder outer surface was cadmium plated.

A metallographic cross-section was taken parallel to and approximately 5 mm below the fracture surface. This section
traversed the lower portion of the gouge and is shown, polished and etched, in Figure 12-13(f). The microstructure of the steel away
from the gouge was that of a normal tempered martensite, but in the immediate vicinity of the gouge light bands of untempered
martensite were observed. A secondary crack, running perpendicular to the main fracture surface, had followed one of the light bands
under the gouge burr, and then turned toward the cyclinder inner surface and progressed intergranularly. Micro-hardness tests,
performed to compare the hardness of the light bands to that of the tempered matrix confirmed that the bands were untempered
martensite with a hardness of R, 61.5.

Hardness measurements on the tempered martensite gave an average value of R, 48.5, and chemical analysis showed that the
material was 4340 alloy steel with a composition 1.8% Ni, 0.88% Cr, 0.76% Mn, 0.22% Mo, 0.22% Si, 0.38% C, 0.025% P (max),
0.025% S (max), balance Fe, The hardness indicates a tensile strength of about 1670 MPa.

It was concluded that failure of the landing gear cyclinder had initiated at a surface gouge which contained brittle
untempered martensite. The age of the gouge could not be established, but the fact that the exposed steel walls of the gouge appeared
clean and uncorroded suggested that the gouge had been formed recently, and certainly either during or after the gear installation five
weeks earlier.

It was thought that the propagation of the crack, after it formed in the martensite was due to hydrogen embrittlement.
Hydrogen was implicated particularly since the cylinder had been exposed to sustained-load conditions for only five weeks. It was
considered improbable that a stress-corrosion crack could grow to a 25 mm length in that time under the conditions experienced by
this component.

Case history 12-8. Failure investigation of two filter bowl securing studs.

A problem involving the failure of securing studs from a helicopter filter bowl persisted for several years, Two failed studs, as
shown in Figure 12-14(a), were submitted for laboratory examination. Stud No. 1 was determined to be a 41XX steel with a hardness
of R, 26, while stud No. 2 was found to be a 43XX type steel with a hardness of R, 38. The carbon contents were found to be 0.36%
and 0.46% respectively and the alloys were assumed to be 4130 and 4340 with 0.03% carbon in excess. No significance was attached to
the high carbon values since many other similar failures had been examined where the compositions were within specification.

The fracture surface of the lower strength stud, No. 1, closely resembled a fatigue fracture surface. It was relatively flat and
had an unusually small final overload area. The fracture surface of the higher strength stud was not typical of mechanical fatigue. The
numerous crack propagation planes, multiple initiation sites and different inclinations of the various fracture facets were thought to be
indicative of an environmentally enhanced fracture mode. However, cross-sectional examination of stud No. 1 also revealed multiple
sub-surface cracking on planes parallel to the main fracture plane. A similar examination of stud No. 2, and its mating nut showed that
the nut also contained cracks, one of which is shown in Figure 12-14(b). Again the condition is not typical of mechanical fatigue.
Further evidence of environmentally enhanced fracture was found in the form of a multiple jagged crack in stud No. 2, which had
propagated almost all the way across the section without causing complete failure, This crack is shown in Figure 12-14(c).

Examination of the fracture surfaces in a scanning electron microscope failed to provide conclusive information. The fracture
surface on stud No. 1, resembled fatigue but fatigue striations could not be discerned (Fig. 12-14(d)). The fracture surface of stud No. 2
was found to have a rough topography, having a slight rock candy appearance but indisputable intergranular fracture could not be
found. No corrosion deposit or evidence of cadmium was detected on the fracture surfaces by dispersive x-ray analysis. The absence of
a corrosion deposit indicated that the active corrodent or embrittling agent was hydrogen,

The two studs differed not only in chemistry and strength level but also in the type of threading. The higher strength stud
(No. 2) exhibited machine cut threads, while the lower strength stud (No. 1) had rolled threads. Thread rolling is usually to improve
fatigue resistance of the stud. Figure 12-14(e) shows a cross-section of a rolled thread stud where cracking has occurred in both the
root and the crown of the thread. It would appear that folds and laps generated in the rolling operation act as stress raisers from which
cracks initiate. It could not be determined whether the rolled threads, designed to prevent mechanical fatigue were better or worse than
the machined threads when delayed static failure was involved. The cracking in the thread crown was puzzling, but the observations
suggest that thread rolling does not necessarily prevent delayed static failure.

It was concluded that the failure mechanism in both studs was hydrogen assisted delayed failure. Mechanical fatigue was
thought to have contributed, particularly in the case of the lower strength stud. The differences in appearance of the two fracture
surfaces was attributed to the different properties of the two steels. The excessive carbon content of the alloys and the inferior
threading were not desirable but were not considered to be the primary cause of failure. The source of hydrogen could not be
determined but was thought to be related to the cadmium plated nuts, one of which was also cracked.
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It was recommended to replace the fastener hardware with a moderate strength corrosion resistant alloy that is also
insensitive to hydrogen. It was recommended to replace the stud and nut with similar parts made from A-286 alloy. However, as noted
earlier in Section 12-5, this alloy is also adversely affected by hydrogen, and so while this substitution may reduce the tendency to
cracking it may not eliminate it completely.

- 2EM
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Fig. 12.14 Failure of two low alloy steel bolts

(a) Fracture surfaces of the failed bolts. (Mag. X 6.5)

(b) Secondary cracking in the nut (top) and the high strength R, 38 bolt (bottom). (Mag. X 37.5)
(c) Longitudinal section through bolt No. 2, showing additional secondary cracking. (Mag. X 125)
(d) SEM picture of the fracture surface on bolt No. 1. (Mag. X 2200)

(e) Cracking in the root and crown of the rolled thread in bolt No, 1, (Mag. X 125)
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CHAPTER 13

STRESS CORROSION CRACKING

13.1 Introduction

Alloys are often selected because they are known to be resistant to corrosion in a particular operating environment. However
experience has shown that components may still fail by a process involving the corrosion induced initiation and growth of cracks when
a tensile stress exists above some critical level in the surface of the part. The mechanisms of crack growth involve the synergistic action
of the corrosive environment and the sustained stress acting at an exposed surface, and the failure mode is known as stress corrosion
cracking (SCC). This mode of failure has been called sustained load environmental eracking and is dependent on the simultaneous
occurrence of three distinct elements.

1. The existence of a sustained surface tensile stress of a sufficient magnitude in the part concerned.
2. The presence of an aggressive environment with access to the surface of the part.
3. A material which is susceptible to localized corrosion along specific paths which may or may not link up.
If any one of these factors is absent, the stress corrosion phenomenon will not develop.
13.2 General Features of Stress Corrosion Cracking

Stress corrosion is a particularly insidious form of corrosion since it will often occur with little or no visual evidence of
surface corrosion such as discolouration or the build up of noticeable corrosion produets. This is illustrated in Figure 13-1(a), which
shows stress corrosion cracking in the bosses of a forged aluminium alloy component. The cracks can travel over long distances with
time, as indicated in Figure 13-1(b), and as they propagate they lower the residual strength of the affected part. Figure 13-1(b) shows
stress corrosion cracking which initiated at corrosion pits in the flat lower surface of an undercarriage leg, the corrosion pits having
served as local stress raisers. Stress corrosion cracks may propagate deeply into thick section parts, as indicated in Figure 13-1(c),
while the visible surface crack length may often be quite small. The banded appearance of the fracture surface in Figure 13-1(c) is an
indication that crack growth occurred in a slow, time dependent manner, and macroscopically the fracture surface may resemble

(a) Cracks in the bosses of a forging.
(b) SCC in an undercarriage leg.
(c) Stress corrosion fracture surface in an aluminium forging,

Fig. 13-1 Examples of stress corrosion cracking in aluminium alloy components
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fatigue. The part shown in Figure 13-1(c) was a high strength aluminium-zinc alloy forging and the stress corrosion cracking was
attributed to poor forging and heat treatment practice which produced a microstructure susceptible to SCC. The part was also thought
to have contained high residual stresses as a result of poor machining practices, and the corrosive environment experienced in service
was the final parameter leading to SCC.

Stress corrosion cracking is essentially a localized form of corrosion affecting either grain boundaries or specific
crystallographic planes, and leading either to intergranular decohesion, transgranular cracking, or a combination of the two. In the case
of transgranular cracking the fracture surface may exhibit brittle, cleavage-like markings as well as areas of ductile fracture. Irrespective
of the microstructural path followed by the crack, the fracture occurs approximately perpendicular to the direction of the tensile
stress, and extensive crack branching may be observed. The stresses involved may be residual stresses resulting from manufacture,
fabrication or heat treatment, assembly stresses associated for example with interference fit bushings or fasteners, or they may be
due to loads developed in flight or ground operations. Once a stress corrosion crack has initiated, the build up of corrosion products
between the crack faces can create additional stresses at the crack tip to sustain crack growth beyond the region of influence of the
stresses responsible for SCC initiation.

Reference 13-1 provides an estimate of the number of stress corrosion service failures affecting the aerospace communities of
Western Europe and North America between 1960 and 1970. The data, shown in Figure 13-2, was extracted from over three thousand
individual failure reports from six aerospace companies and a number of government agencies and research laboratories in the United
States and five countries in Western Europe. The majority of the failures affected small aircraft, but failures were also reported
for helicopters, jet aircraft and rockets. Since it was not possible to identify all SCC failures, and since classified information was
deliberately excluded, the data shown in Figure 13-2 underestimates the real problem but nevertheless indicates its magnitude and
shows certain trends. Of the four alloy classes considered in Figure 13-2, high strength aluminium alloys accounted for by far the
greatest number of SCC failures and this is due at least in part to the fact that they are the most widely used airframe alloys. High
strength steels were the next most severely affected materials, while magnesium alloys represented about 10% of the reported cases
and the number of service failures of titanium components was considered completely insignificant. It is interesting to note that the
case histories collected during the preparation of this Handbook show similar trends, with high strength aluminium alloys accounting
for 61% of the reported SCC service failures, high strength steels 32%, magnesium alloys 7%, and no cases involving titanium were
reported.
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It is interesting to note that the number of SCC service failures rose from 1960 to 1968, and then began to decline between
1969 and 1970. The author (Ref. 13.1) speculated that this might be due to the introduction of less susceptible alloys, better service
protection, inhibited environments, and reduced sustained stresses. It was reported that 7079-T6, 7075-T6 and 2024-T3 contributed
to more than 90% of the service failures of aluminium alloys. Of the cases collected during this study, 71% of the aluminium failures
involved these three alloys, while another 17% involved alloys that were not identified and may therefore have involved these alloys.
In the earlier study more than 80% of the steel failures involved 4340, 4330 and 17-7 PH. In this study approximately 50% of the
reported cases involved these materials, but maraging steels, plain carbon steels, and high strength springs steels were also reported. Of
the magnesium alloy failures reported in Reference 13-1, more than 70% involved AZ91C-T6 and AZ80A-F. In this study all the
magnesium alloy SCC failures involved AZ91C.

Stress corrosion cracking is influenced by the corrosive nature of the environment, the stresses acting on the part and the
composition and microstructure of the alloy employed. These factors are discussed below with respect to high strength (7000 series and
2000 series) aluminium alloys and some high strength steels. However a short outline will be given first of the phenomenological and
mechanistic aspects of stress corrosion cracking,

13.3 Initiation and Propagation of Stress Corrosion Cracks

The site of initiation of a stress corrosion crack may be submicroscopic and may be determined by loca! differences in alloy
composition, thickness of protective films, concentration of corrodent and stress concentrations. A pre-existing mechanical flaw such
as a scratch, indentation or crack can act as an initiation site, or stress corrosion can start at a site of pre-existing corrosion damage.
Other forms of corrosion such as pitting, fretting, intergranular corrosion or exfoliation often precede stress corrosion cracking and
SCC often initiates at sites created by these forms of attack. For example in the study by Speidel (Ref. 13-1) approximately 12% of
SCC failures were found to initiate at corrosion pits, 5% initiated at damage caused by galling, fretting or wear, and approximately 4%
initiated at sites created by intergranular corrosion or exfoliation. Examples of these types can be found among the case histories
presented later.

In laboratory tests on smooth specimens under constant load, stress corrosion involves an incubation period where no
detectable crack is present, and a period of time dependent crack growth leading to final overload failure. A certain minimum stress is
required to cause a stress corrosion crack to initiate and grow, and as explained earlier, pitting or intergranular corrosion may contribute
to the initiation process by creating stress concentration sites,
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Once the stress corrosion crack has formed it will continue to grow, stopping only when the tensile stress has fallen below the
critical value, or when the corrosive environment is excluded. The crack may permanently arrest if tensile residual stresses are relaxed
by the initial crack advance. If the stresses are due to assembly forces, such as from interference fit bushings or fasteners, or are a result
of service operations the cracks may continue to grow until the component can no longer sustain them. The speed of crack growth for a
given material-environment combination is dependent on the crack tip stress state, and the crack tip stress intensity can sometimes
provide an indication of the crack velocity. Numerous laboratory studies have shown that for a given system the velocity of stress
corrosion crack growth will remain constant over a range of stress intensities, but as the stress intensity is decreased a point will be
reached where the crack velocity will begin to decrease and eventually the velocity, if plotted on a logarithmic scale, will decrease
linearly with decreasing stress intensity. These two regions of stress corrosion cracking are indicated as Region II, sometimes referred
to as the plateau region, and Region I, the stress dependent region in Figure 13-3. This figure also shows a second stress dependent
region, Region III, at higher stress intensities but this is usually difficult to establish experimentally. In the region of slow crack growth
a value of stress intensity Kygo can often be established below which crack growth occurs so slowly that the crack can be considered
to be at rest. This is referred to as the threshold stress intensity for stress corrosion cracking and for aluminium alloys the values of
Kigcc correspond to growth rates of about 10~ 10 m/sec.

13.4 Mechanisms of Stress Corrosion Cracking

The mechanisms of stress corrosion cracking are still under review, but it is now generally considered that different
mechanisms may apply in different situations. The early views of stress corrosion involved stress assisted dissolution of the material at
the crack tip, e.g. References 13-2 and 13-3, In the case of intergranular cracking the grain boundaries are likely to be more active with
respect to corrosion than the adjacent grains, due perhaps to the segregation of alloying elements or the depletion of alloying elements
through the precipitation of second phases. The anodic paths are often associated with heterogeneous phases such as CuAl, which
will precipitate along grain boundaries in 2000 series aluminium alloys during heat treatment and produce copper depleted paths
adjacent to the grain boundaries. Differences in potential can sometimes be measured between grain boundaries and their adjacent
grains, and grain boundaries are found to be anodic with respect to grain interiors in environments causing intergranular SCC. In such
cases cathodic polarization can be used to retard or arrest the attack.

Once the crack has initiated the crack tip should remain anodic while the rest of the metal including the walls of the crack
should act as a cathode. Stress is thought to contribute to the process by rupturing protective films, which would otherwise tend to
isolate the metal from the corrosive environment. Susceptibility to stress corrosion cracking, according to this model, depends on
the rate at which the metal exposed by film rupture is repassivated vis-a-vis the rate of metal dissolution. This is known as the Film
Rupture-Metal Dissolution Mechanism and is described schematically in Figure 13-4.

An alternative mechanism for SCC is one proposed by Uhlig (Refs. 185 and 13-6), which involves the stress assisted
adsorption of damaging ions at the crack tip. According to this Stress-Sorption Mechanism, specific ionic species interact with the
strained bonds at the crack tip to lower the surface energy, v, and a decrease in the stress required to produce brittle fracture. The
relationship between the theoretical stress to produce brittle fracture, o, and 7 is given by the expression

E'y%
0f= T

where E is the elastic modulus and d is the atomic spacing. The adsorption of a damaging species at a crack tip lowers oy and therefore
the threshold stress for SCC is the minimum value to which 7 is lowered by adsorption. Supporting evidence for this mechanism is
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obtained from observations that SCC often occurs by a discontinuous process, often exhibits brittle fracture characteristics, and that
both SCC and adsorption of damaging anions often do not occur below some minimum critical potential. Inhibiting anions can be
introduced to the system to compete with the damaging species for adsorption sites, and thus retard the process. More positive
potentials would then be required in the metal to reach a concentration of damaging species needed for adsorption and sustained
cracking. However, a number of problems with this mechanism have been discussed by References 13-7 and 13-8. The mechanism is
described schematically in Figure 13-5.

More recent theories of stress corrosion cracking have considered the possibility that crack advance is due to hydrogen
embrittlement. According to these theories, cathodic reduction of hydrogen ions at the crack tip produces atomic hydrogen which
enters the metal in the vicinity of the crack tip and gradually embrittles the metal immediately ahead of the advancing crack. The
hydrogen is though to accumulate at preferred sites such as grain boundaries or selected crystallographic planes, and to gradually lower
the local cohesive strength or fracture toughness of the material until the applied stress is sufficient to cause the erack to advance into a
non-embrittled region. The process then repeats, giving rise to a mode of crack growth where the crack advances in a series of jumps.
Laboratory experiments on stress corrosion cracking have often confirmed this discontinuous mode of crack growth, and the crack
jumps can often be heard with the aid of appropriate acoustic transducers and amplifiers.
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From Ref. 13-9, based on an original model
by Ref, 13-10.

A generalized model for the hydrogen embrittlement mode of stress corrosion cracking is shown in Figure 13-6, where the
specific chemical details apply to austenitic stainless steels in a chloride environment. Here the chloride ions promote the initial break-
down of the passive oxide film and this allows a corrosion reaction to occur to form an initial pit where the electrochemical reactions
leading to the formation of hydrogen ions and their cathodic reduction to atomic hydrogen and hydrogen gas, can occur. This
illustration is thought to be typical of many situations involving both ferrous and non-ferrous alloys where hydrogen embrittlement is
the dominant process of stress corrosion cracking, Stress corrosion cracking which occurs by a hydrogen embrittlement mechanism is
unlikely to be arrested or retarded by cathodic polarization since this would assist the production of hydrogen and would tend to
promote cracking. The response of the process to applied potentials is sometimes used to differentiate between dissolution controlled
SCC processes and processes controlled by hydrogen embrittlement.

13.5 Effects of Metallurgical Variables

Stress corrosion cracking is influenced by alloy composition and microstructure in most alloys. The microstructural variables
of interest include grain size, grain shape, and the nature of precipitates formed intragranularly and intergranularly. These characteristics
are influenced by the primary working treatments used to produce the initial mill products, and by heat treatments or thermo-
mechanical treatments employed during mill processing or at some later stage.

Aluminium alloys: Stress corrosion cracking in liquid metals has been observed with pure aluminium and many of its alloys, and all
such alloys may be susceptible. In moist air or aqueous solutions fewer materials are affected, but examples of stress corrosion cracking
have been reported for alloys belonging to the important Al-Mg, Al-Cu-Mg, Al-Mg-Zn, Al-Zn, Al-Zn-Mg-Cu, and Al-Mg-Si series.
Generally, the high strength alloys of the Al-Cu-Mg type (2000 series) and Al-Zn-Mg type (7000 series) are more susceptible to SCC
than the others. There are no general rules that allow susceptibility to SCC to be determined from basic alloy composition data, but it
is known that susceptibility usually increases as the concentration of soluble alloying elements increases. The effects of individual
elements depend not only on the absolute concentrations of the elements but also on the ratios of certain key elements.
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Table 13-1 Estimate of the highest sustained tension stress at which test specimens of different orientations
to the grain structure would not fail by SCC in the 3,5 pet NaCl alternate immersion test (84 days)

or in inland industrial atmosphere (1 year), whichever is lower (Ref. 13-1)

Alloy Direction Plates Extrusions Forgings
i of aab e MPa (ksi) MPa (ki) MPa (ki)
201476 L 310 (45) 310 (45) 210 (30)
LT 210 (30) 150 (22) 170 (25)
ST <55 (<8) <55 (<8) <55 (<8)
2219787 L >270 (>40) >240 (>35) >260 (>38)
LT >260 >38) >240 (>35) >260 >38)
ST >260 (>38) >240 (>35) >260 (>38)
202473, T4 L 170 (25) >340 (>50)
LT 140 (20) 120 (18)
ST <55 (<8) <55 (<8)
2024-T8 L >340 (>50) >410 (>60) 290 (43)
LT >340 (>50) >340 (>50) 290 (43)
ST 200 (30) >310 (>45) 100 (15)
7039-T64 L >290 (>42)
LT 240 (35)
ST <35 (<5)
7075.16 L 340 (50) 410 (60) 240 (35)
LT 310 (445) 220 (32) 170 (25)
ST <55 (<8) <55 (<8) <55 (<8)
7075776 L >340 (>49) >360 (>52)
LT >340 (>49) >340 (>49)
ST 170 (25) 170 (25)
7075-T73 L >340 (>50) >360 (>53) >340 (>50)
LT >330 (>48) >330 (>48) >330 (>48)
ST >300 (>43) >300 (>43) >300 >43)
717816 L 380 (55) 450 (65)
LT 260 (38) 170 (25)
ST <55 (<8) <55 (<8)
7178776 L >360 (>52) >380 (>55)
LT >360 52) >360 >52)
ST 170 (25) 170 (25)
707916 L >380 (>55) >410 (>60) >340 (>50)
LT 270 (40) 240 (35) 210 (30)
ST <55 <8) <55 (<8) <55 (<8)
7049-T73 ST ~170 (~25)
7050-T736 ST >170? >257)
7175.T736 ST ~170 (~25)
RX 720 ST >170 (>25)
RR 58 L >300 (>44)
ST >270 (>40)
DTD 3067 ST 140 (20)
DTD 3066 ST 140 (20)
AZT4 ST 310 (45)

Table 13-1 provides estimates of the highest sustained tension stress at which test specimens of different orientation would
not fail by stress corrosion cracking either in an 84 day alternate immersion test in 3.5% NaCl or in a 1-year exposure test to an inland
industrial atmosphere, It can be seen that for most alloys the susceptibility to SCC is strongly dependent on the direction of the applied
stress, most alloys being most susceptible when stressed in the short transverse direction, in contrast to the longitudinal or long
transverse directions. Alloys such as 2014-T6, 2024-T3 and T4, 7039-T6, 7075-T6, and 7079-T6 exhibit marked susceptibility to stress
corrosion cracking when loaded in the ST direction, while others such as 2219-T87 and 7075-T73 are somewhat resistant to SCC
irrespective of the loading direction, This directionality of SCC susceptibility is related to the shape and orientation of the grains in
heavily deformed wrought products. Components machined from rolled plate, extrusions or forgings have flat pancake shaped grains
elongated in the longitudinal and long transverse directions and having small dimensions in the short transverse direction. When the ST
direction is aligned with the stress axis and the susceptible “end grain boundaries” are exposed at a free surface stress corrosion cracks
will form relatively easily and favourably oriented grain boundary paths will exist to assist crack propagation. It might be thought
therefore that materials having more equiaxed grain structures would provide better resistance to SCC, but tests have shown that such
materials are either as susceptible or more susceptible than the ST direction (Refs. 13-11 to 13-13). Thus the commercial grain structure
not only restricts concern to one direction in the product, but it improves SCC resistance over an equiaxed structure (Ref. 13-14).
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A particular sensitivity to stress corrosion cracking occurs at the parting plane of forgings. Cracking of this type is shown
in Figure 13-7(a) where the component is a 7079-T6 H-link of a main landing gear assembly. This problem has been explained in
Reference 13-11 to be due to the directionality of grain flow in forgings and the tendency for end grain boundaries to be exposed at the
surface at the parting plane, as indicated in Figure 13-8. In the case of the H-link of Figure 13-7(a), examination showed that SCC was
preceded by pitting and intergranular corrosion (Fig. 13-7(b)), and areas of intergranular separation evident on the fracture surface
showed a distinctly equiaxed grain structure (Fig. 13-7(c)).

(£}

{c}

Fig. 13-7 Stress corrosion cracking occurring from corrosion pits and intergranular corrosion cracking
in the parting plane of a 7079-T6 H-link.

PARTING PLAME

SHORT TRAMIVERSE IN
WIATICAL DIRECTHON

Fig. 13-8 Schematic representation of the grain
flow in a section of a typical die forging,
(Ref. 13-11)
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The reason for the susceptibility of grain boundaries to stress corrosion cracking in aluminium alloys is not completely
understood. In the case of Al-Mg alloys (5000 series) the grain boundaries are rendered anodic to the grain interior by the intergranular
precipitation of Mg, Al. This precipitation is continuous and forms an uninterrupted path for anodic dissolution (Ref. 13-15). The
result is a susceptibility to intergranular attack in certain environments, and in the presence of a sustained tensile stress, to SCC. Grain
boundary precipitation of CuAl, in the 2000 series alloys is usually not continuous (Ref. 13-15), but a difference in electrochemical
potential between the grain boundary regions and the grain interiors arises from the depletion of Cu from the grain boundary regions.
The CuAl, precipitates are cathodic and they promote the anodic dissolution of the copper depleted region adjacent to the grain
boundary. This solute depletion is a consequence of grain boundary precipitation, and the grain boundaries have been shown to pit at
potentials lower than the matrix (Ref. 13-16). Thus the selective pitting attack is thought to be an important factor leading to the
intergranular SCC in these alloys. In this study (Ref. 13-16), susceptibility to intergranular SCC in a NaCl environment was found to
depend on the difference between the pitting potential of the grain boundaries and grain interiors. Susceptibility increased with
increasing difference in pitting potential.

References 13-15 and 13-16 report that a maximum in SCC susceptibility is reached in Al-Cu alloys as the alloys are aged,
and that aging for longer times leads to a decrease in susceptibility. It is thought that the difference between the grain boundary and
the interior pitting potential also goes through a maximum as a function of aging time, and this might be expected if the solute depleted
zone produced during the early stages of precipitation tends to disappear due to diffusion or the generalized precipitation of Cu-rich
phases in the grain interior. Reference 13-15 also reports that a small amount of intergranular corrosion susceptibility greatly increases
SCC susceptibility in the naturally aged T3 and T4 tempers but the same is not true for artificially aged 2024 (T6 or T8) alloy in NaCl.
In this case it is found that some intergranular corrosion can take place without influencing SCC. This is thought to be due to the
fact that the grain boundary precipitate Al,CuMg produced by these treatments will corrode at potentials more anodic than
the grain boundary pitting potential. However if SCC does not occur until the grain boundary pitting potential is reached, some
intergranular attack may be sustained but the grain boundaries are assumed to retain some degree of mechanical integrity sufficient to
avoid long range cracking.
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Reference 13-1 has classified the commercial 2000 series alloys according to four groups. The most susceptible alloys include
2014-T451, 2219-T37, 2014-T651 and 2024-T351. As shown in Figure 13-9, these alloys exhibit high growth rates of about 10-8 m/sec
in the plateau region (Region 1II) of the V-K plot, and their stress dependent crack growth rates are observed at very low stress
intensities, i.e. below 9 MPa m 2 The second group includes alloys such as 2124-T851 and 2618-T6 which exhibit stress dependent
crack growth at slightly higher values of stress intensity, typically between 13 and 15 MPa m "2, However, their plateau crack growth
rates are similar to those of the first group. The third group of alloys is represented in Figure 13-9 by 2048-T851, which exhibits a
very high threshold stress intensity for stress corrosion cracking, equivalent to or higher than the fracture toughness values of many
other alloys in the 2000 series. However, in the stress intensity range where SCC occurs the growth rate for this alloy is similar to those
of the most susceptible alloys, The fourth group included alloys such as 2219-T87 and 2021-T81 which were essentially immune to
stress corrosion cracking. These alloys exhibited very high values of Kjgcc which correspond well with the smooth specimen threshold
stresses of > 240 MPa given in Table 13.1. This author (Ref. 13-1) points out the close relationship between values of K;gce and
smooth specimen threshold stresses for most of these alloys, and suggests that 2000 series alloys should be ranked on the basis of Kisce
rather than crack growth rates,

Stress corrosion cracking in 7000 series alloys is also strongly influenced by alloy composition, grain structure and heat
treatments. The amounts and ratios of the principal alloying elements, Zn, Mg and Cu are important through their influence on the
precipitation hardening reactions and the electrochemistry of the precipitate phases and matrix. Copper appears to be particularly
important since it increases strength and stress corrosion resistance up to about 1% (Ref. 13-14), and higher concentrations may be
needed for maximum stress corrosion resistance in some alloys (Ref. 13-17). However, since copper creates problems in welding,
some attempts have been made to develop copper free alloys (Ref. 13-14). It might be noted that alloy 7079 with only about 0.6%
coppet is an alloy notoriously prone to SCC. Minor alloying additions of Cr, Mn and Zr are used for grain control and they act by
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forming dispersoids such as Al,,Mg,Cr, AlyqCu,Mng and ZrAl; which are present during solution heat treatments and impede
recrystallization and grain growth, These elements also improve stress corrosion resistance, and the most effective element is Zr
followed by Cr. Both Cr and Mn accelerate the precipitation reactions and Cr increases quench sensitivity (Ref. 13-14).

Other alloying additions such as Ag have been used to improve SCC resistance (Ref. 13-18), but some doubts exist whether
it is effective in commercially processed materials (Ref, 13-19), and it may be deleterious to other mechanical properties (Ref. 13-20).
Elements such as Fe and Si are reduced to low levels in alloys such as 7475 and 7010, but this practice is to improve fracture toughness
and it has little or no effect on stress corrosion resistance.

Precipitation heat treatments carried out after quenching cause an increase in strength and decrease in stress corrosion
resistance. The stress corrosion resistance reaches a minimum in slightly underaged alloys, it then begins to increase as the alloys are
aged to the peak strength condition, and it contirues to increase as the alloys are overaged. The established T76 and T73 heat
treatments have been developed to exploit this phenomenon, providing resistance to exfoliation in the case of T76 and resistance to
both exfoliation and stress corrosion cracking in the case of T73. However not all alloys will respond favourably to these treatments,
and both treatments involve strength penalties compared to the T6 temper which provides near peak strength. The strength penalty
with T73 is about 15% in the case of 7075, while the T'76 temper which was developed later provides a compromise in terms of strength
and stress corrosion resistance between T6 and T73. Investigations of overaging using fracture mechanics specimens have shown that
different alloys may respond in different ways. In 7079 aluminium overaging moves the stress dependent region (Region I) of the
velocity-stress intensity plot to the right, but the plateau growth rates (Region II) are largely unaffected, as indicated in Figure 13-10.
However, in alloys such as 7075 or 7178, overaging from the peak strength T6 or T651 conditions lowers the growth rates in the

plateau region (Fig. 13-11). For these alloys overaging for about 15 to 20 hours at 160°C can lower the plateau velocities by about
three orders of magnitude.
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Although 7075-T73 provides high resistance to exfoliation and stress corrosion cracking, designers have sometimes been
reluctant to accept the strength penalty, 7075-T'76 has been used in place of 7075-T6, sometimes without redesign or increase in
weight, and it has been found to provide high resistance to SCC with ST-direction stresses up to about 170 MPa (Ref. 13-17). However
for higher stress levels this condition may be inadequate, and alternative alloys such as 7175, 7049 and 7050 have been developed. They
respond favourably to overaging treatments to provide high resistance to stress corrosion cracking at strength levels very close to those
of 7075-T6 or 7079-T6. The development of these alloys has been reviewed in Reference 13-17.

Alloy 7175-T736 was developed for premium quality forgings and by using non-conventional heat treatments and fabricating
processes it can provide strength levels very close to 7075-T6 and stress corrosion resistance almost as good as 7075-T73. Alloy
7049-T73 differs from 7075 principally in its higher Zn and lower Cr contents, but it also has more restrictive controls both on the
major elements and impurities. The higher Zn/Mg ratio was found to provide superior combinations of strength and stress corrosion
resistance, the lower chromium reduced quench sensitivity and Cu, Fe and Si were controlled to improve ductility and fracture
toughness at the higher strength levels. In the T73 condition this alloy provides strength levels equivalent to 7079-T6 together with
higher resistance to SCC, and it has been used to replace 7079-T6 in parts such as landing gear forgings. Alloy 7050 was introduced in
the early 1970’s (Ref. 13-17), and was intended for use in thick section parts where lower quenching rates are unavoidable. The alloy
has a very high copper content of about 2.4%, together with a higher zinc content than 7075 (6.3% compared to 5.6%), and a slightly
lower magnesium content. Zirconium replaces Cr and Mn as the grain refining agent, and it acts by forming small spherical particles
of Zr Al rather than copper or magnesium containing phases, which would decrease the role of these elements in the precipitation
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hardening reaction. The alloy responds to overaging in a manner similar to 7075, and achieves high resistance to SCC at the expense
of strength. In the T73 condition in thin sections it provides yield strengths about 10% higher than 7075-T7 3, but this advantage
increases with section thickness reaching about 20% in sections over 100 mm thick.

One significant effect of overaging in 7075 is an increase in the size of precipitates on grain boundaries. Thus in the T6
condition the precipitates have an average size of about 14 nm, while in the T'73 condition they are about 30 nm. It has been observed
(Refs. 13-21 to 13-23), that exposure of overaged Al-Zn-Mg alloys to moist environments leads to the formation of what appear to
be hydrogen bubbles on grain boundaries. This has provided evidence supporting the hydrogen embrittlement mechanism of stress
corrosion cracking in these alloys, but since overaged alloys such as 7075-T73 are virtually immune to stress corrosion cracking the view
is that by allowing hydrogen to condense as gas bubbles and removing it from solution in the grain boundaries, the embrittlement of
the grain boundaries is prevented. Stress corrosion cracking by a hydrogen embrittlement mechanism occurs in underaged alloys or
alloys aged to near peak strength, where the grain boundary precipitates are too small to act as effective trapping sites for hydrogen,
and the hydrogen therefore remains in solution at the grain boundary.
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An unconventional heat treatment, known as Retrogression and Reaging, was introduced in 1974 and was claimed to provide
stress corrosion resistance in 7075-T6 equivalent to the T'73 temper, while retaining the strength level of the T6 condition (Ref. 13-24).
Starting with material in the fully processed T6 condition, the process involves very short time “Retrogression” in the temperature
range 200-280°C, followed by “Reaging” which is a repeat of the initial T6 aging treatment. The benefits of this treatment have been
confirmed by several workers, and it has been shown that it leads to an increase in size of grain boundary precipitates, similar to that of
T173 overaged material, but it allows the important strengthening features of the T6 condition to be retained with only minor changes
(Refs. 13-25 to 13-27). Since the process can be applied to finished T6 components without recourse to severe quenching treatments,
which would introduce residual stress, it might be considered as a means of “re-conditioning” parts which are prone to SCC. However
since the times required for retrogression are very short the process is difficult to apply, particularly in thick section parts, and if it is
applied it is likely to be regarded as a surface conditioning treatment. At the present time it appears to have been used very little,

High strength steels: High strength steels are important materials in airframe and landing gear structures and interest in stress corrosion
cracking has remained high since the higher strength versions of these alloys are both susceptible to SCC and sensitive to the presence
of flaws. Thus stress corrosion cracks can initiate catastrophic brittle fracture or unexpected fatigue. The alloys of particular interest
are the martensitic, precipitation-hardening and maraging steels, and like aluminium alloys their SCC behaviour is influenced by
composition, grain structure, microstructure and strength. Reference 13-28 describes some of the early work on stress corrosion
cracking of high strength steels used in aircraft and missiles, and indicates that both anodic dissolution and cathodic hydrogen
embrittlement processes can result in cracking. However the more recent trend has been to view both stress corrosion cracking and
hydrogen embrittlement as the same process in these materials (Ref. 13-29), and therefore the information given in Chapter 12 on
these materials is relevant to this discussion. The clarification of this point is due largely to Reference 13-30, which shows that the pH
and potential values at the tips of growing stress corrosion cracks are often quite different from the bulk system, and they provide
conditions suitable for the production of hydrogen. This is shown in Figure 13-12, where pH values of about four exist at crack tips

in a wide range of high strength steels under freely corroding conditions in neutral 8.5% NaCl. These conditions were found to prevail
even if the bulk solution was made highly alkaline (pH = 10) or highly acid (pH = 2) by the addition of NaOH or HCl respectively.

The logical extension of these ideas is that several forms of environmentally induced fracture, such as stress corrosion cracking, delayed
static failure, hydrogen embrittlement and hydrogen sulphide cracking are the result of the same phenomenon, and the environment
per se simply alters the effective hydrogen fugacity as indicated in Figure 13-13.

Steels that are susceptible to stress corrosion cracking will respond to stress in a similar manner to aluminium alloys. Both
notched and un-notched specimens will fail under sustained static loads at stresses lower then those required to cause yielding. However
for any given steel in a given environment a threshold stress will exist below which smooth specimens will not fail, and similarly for
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pre-cracked specimens or components a crack tip stress intensity Kigec exists below which cracks will not propagate by SCC. These
threshold values are dependent on the material-environment combination, The time-to-failure decreases as the stress or stress intensity
increases above the threshold values, and for a given steel in a given environment time-to-failure decreases as strength level increases.
Typical results for unnotched specimens of 4340 steel quenched and tempered to different strength levels are shown in Figure 13-14,
where the corrosive environments were 3% NaCl and 0.1 N HCl aqueous solutions. Typical results for notched specimens are shown in
Figure 13-15, where the data are for four alloy steels, quenched and tempered to the same strength level and statically loaded to failure
in distilled water. For these four steels in this environment the values of K;go were similar, but above the threshold the times-to-failure
varied markedly with alloy type, alloy 4340 being the most susceptible to stress corrosion cracking. The effect of strength level in 4340
steel has also been investigated by Reference 13-32, where increased strength level was found to be detrimental in both gaseous and
aqueous environments, and Kjgoc in 3% NaCl solution was found to fall from about 66 MPa m*at a yield strength of about 860 MPa,
to about 15 MPam"2 at a yield strength of about 1310 MPa.
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Both composition and microstructure are important, but because of the number of variables involved only general trends
have been indicated, and for any given steel microstructure appears to be more important than composition. Detailed studies of the
effect of composition on SCC in martensitic steels have been reported in Reference 13-33. A detailed review of stress corrosion cracking
in low alloy steels with yield strengths up to 1034 MPa has been given in Reference 13-42, and information on stainless steels and
maraging steels is given in References 13-14 and 13-38 respectively. For 4340 type steels elements such as Cr, Mo, Ni, Co, P and S
appear to have very little effect when the steels are of equivalent strength (Ref. 13-33). However, SCC was very sensitive to carbon and
manganese levels. Figure 13-16 shows that as carbon is increased to about 0.35% resistance to SCC as indicated by Kjgoq decreases.
However if carbon is increased beyond this level to about 0.45%, stress corrosion resistance again increases. Resistance to SCC decreased
progressively as manganese was increased from about 0.1% to about 2.6%, as shown in Figure 13-17. The effect on microstructure was
to produce either untempered martensite or twinned martensite, and the lowering of Kisce means that the load-carrying capacity of
quenched and tempered steels containing flaws will be decreased when exposed to salt water, Therefore for maximum resistance to
SCC, the manganese content should be as low as possible consistent with requirements on hardness and hardenability. Figure 13-15
shows that delayed failure times for precracked specimens of medium and high alloy martensitic steels (9 Ni4 Co, H-11) in distilled
water are substantially greater than failure times for low alloy steels (4340, D6AC). Silicon additions (1.6% or more) to 4340 steel have
been found to substantially lower the stress corrosion crack velocities in 3.5% NaCl solution (Ref. 13-29).

For the steels studied in Reference 13-33 the values of Kjgo decreased as yield strength increased, and similar behaviour is
observed for many other steels as shown in Figure 13-18, and although a great deal of scatter is apparent in this data the trends are
particularly clear for alloys such as 4340 and 18-Ni maraging steel. Other data from Reference 13-30 is presented in Figure 13-19 and
this shows that as the strength of 4340 steel is increased by var;;ing the temper}ng temperature, both toughness and stress corri)sion
resistance decreaise, toughness decreasing from about 92 MPa m”* to 64 MPa m”* while K;go decreases from about 71 MPa m” to
about 11 MPa m”? in flowing sea water.

The particular susceptibility of high strength martensitic steels to stress corrosion cracking has been attributed to the presence
of e-carbides, high dislocation densities, and coherency strains between twinned martensite plates, and the supporting evidence has been
reviewed by Reference 13-29. Reference 13-35 has shown that for the same strength level, crack velocities are more than an order of
magnitude greater for 4340 steel with a tempered martensite structure than for the lower bainite structure. Figure 13-20 shows crack
velocity as a function of applied stress intensity for martensitic and bainitic steels. The difference was attributed to more effective
trapping of hydrogen at coherently twinned interfaces in the plate martensite structure, as opposed to the incoherent bainite laths.
Figure 13-20 also shows that the range of stress intensities required for cracking is notably lower for the martensite structure.
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The susceptibility of martensitic 400-series stainless steels to both stress corrosion and to temper embrittlement occurs within
a range of tempering temperatures which promotes the resolution of one carbide species and the simultaneous reprecipitation of
another (Ref. 13-29). Reference 13-36 shows SCC data for un-notched bent-beam specimens of several martensitic stainless steels
including Types 410, 420, 422 and 436 in a 5% salt spray environment. Minimum failure times occurred after a 480°C temper, and
other studies have shown that this coincides with the precipitation of MC carbides (Ref. 13-37). References 13-36 and 13-37 have
shown that temper embrittlement and stress corrosion cracking occur over the same range of tempering temperatures.

The stress corrosion cracking and hydrogen embrittlement of 18-Ni maraging steels has been reviewed in Reference 13-38.
Data from smooth bend specimens (Fig. 13-21) indicates that 18-Ni (250 grade) maraging steel is able to sustain stresses of
approximately 80% of yield strength in 3.5% NaCl solution for approximately 1000 hours, and it survives as well as many lower
strength steels carrying much lower stresses. Figure 13-22 shows that this resistance to stress corrosion cracking is due to lower
Region II crack growth rates, compared to some other steels, and for maraging steels these growth rates increase with increasing strength
level. Reference 13-44 reports that stress corrosion threshold stress intensities can be correlated with a parameter based on the
concentrations of the major al]oylng elements Co, Mo, Al and Ti. Thus values of Kjgoc were reported to fall by a factor of about six
(130 MPa m”2 to about 20 MPa m” ) as the parameter (Co) . Mo (Ti + Al) increased from about 4 to about 10. Reference 13-38 reports
that C and P may be beneficial to SCC in maraging steels at high stress levels, while Cr may be deleterious.
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Notwithstanding these seemingly attractive properties of maraging steels problems of stress corrosion cracking and hydrogen
embrittlement have occurred with maraging steel bolts in service, and as noted in Chapter 6, if they are used they should be used with
caution,

Austenitic stainless steels are prone to both intergranular stress corrosion cracking and intergranular corrosion when slow
cooled through the range of about 850°C to about 550°C. This sensitization is due to the precipitation of chromium carbides at grain
boundaries and the formation of chromium depleted zones, and therefore the effects on SCC may be either electrochemical or
structural. As discussed in Chapters 4 and 10, austenitic steels should be quenched rapidly from temperatures above about 850°C, and
problems arising from welding or high service temperatures can be moderated by the addition of carbide stabilizing elements.

Stress corrosion cracking will also occur transgranularly in austenitic stainless steels exposed to aqueous solutions containing
chlorides, but it appears this only occurs at temperatures above about 70°C. The role of alloying additions and microstructure on SCC
in austenitic stainless steels has been reviewed by Thompson and Bernstein (Ref. 13-14), and this report and its references should be
consulted for further details. The two principal alloying additions Ni and Cr both improve SCC resistance in certain composition ranges.
Nickel additions above about 8% improve SCC resistance, while chromium additions are also beneficial except in the range of about
15% to 18% where the benefits are minimal, Manganese which is generally present in stainless steels in the 1% to 2% range may produce
either beneficial or detrimental effects. Carbon above about 0.1% confers considerable resistance to SCC, while lower amounts in the
range 0.01% to 0.06% are damaging, and a minimum resistance to SCC has been noted at about 0.06% (Ref. 13-39). Nitrogen and
phosphorous both accelerate SCC, while silicon is beneficial. Interestingly, molybdenum which is added to improve pitting resistance is
found to be deleterious to SCC resistance, producing a maximum effect at about 0.5%, and it promotes intergranular stress corrosion
rather than the more usual transgranular behaviour (Ref. 13-40). Similarly the carbide stabilizing elements Nb and Ti which are added
to improve resistance to sensitization and intergranular cracking are found to decrease resistance to SCC (Refs. 13-39 and 13-41).
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Because of the number of variables that can affect stress corrosion cracking in commercial alloys laboratory tests usually
lead to results with an appreciable amount of scatter, but nevertheless results for commercial austenitic stainless steels in boiling 42%
Mg Cl,, solution show that at least three groups of alloys exist (Fig. 13-23). This particular environment is one of the most aggressive
and it is widely used for SCC testing of stainless steels, The data of Figure 13-23 shows that alloy 304 and its low carbon counterpart
are more susceptible to SCC then types 305, 309, 316, and 347, while types 310 and 314 are more resistant. For each of these three
groups times to failure fall in a fairly narrow scatter band, with times increasing as the applied stress decreases.
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Fig. 13-23 Variation of time-to-failure with applied stress of several
commereial austenitic stainless steels in a boiling 42% magnesium
chloride solution. (From Ref, 13-41, data due to Denhard)

13.6 Environmental Aspects of Stress Corrosion Cracking

Table 13-2 provides a list of environments that may cause stress corrosion cracking in a number of metals and alloys. This
table simply indicates the wide range of metals that may be affected by SCC and the wide variety of environments capable of producing
damage. It is worth noting that very few of the materials listed are unlikely to be found in aircraft structures, and chloride containing
environments such as seawater are damaging to many of the structural alloy classes listed. However, Table 13-2 is not complete, and
it would in fact be difficult to prepare a complete list since new situations involving stress corrosion cracking in different metal-
environment systems are still recorded periodically. Not included in Table 13-2 are liquid metal environments, aircraft fuels, hydraulic

fluids and organic solvents many of which are damaging to a wide range of alloys including aluminium. Also halide ions such as Br~ and
I", in addition to chloride ions, usually accelerate stress corrosion cracking in aluminium alloys and steels in aqueous solutions, and they
can cause SCC in certain titanium alloys that would otherwise be immune to SCC (Ref. 13-46). A further listing of environments known

Table 13-2 Environments that may cause stress corrosion of metals and alloys (Ref, 13-45)

Material Environment Material Environment
Aluminjum alloys NaCl-H,0, solutions Ordinary steels NaOH solutions
NaCl solutions NaOH-Na,SiO, solutions
Seawater Calcium, ammonium, and sodium nitrate solutions
Air, water vapor Mixed acids (H,SO4-HNO3)
Copper alloys Ammonia vapors and solutions HCN solutions
Amines Acidic HyS solutions
Water, water vapor Seawater
Gold alloys FeCl; solutions Molten Na-Pb alloys
Acetic acid-salt solutions Stainless steels Acid chloride solutions such as MgCl, and BaCl,
Inconel Caustic soda solutions NaCl-H,0, solutions
Lead Lead acetate solutions Seawater
Magnesium alloys NaCl-K4CrQO4 solutions H,S
Rural and coastal atmospheres NaOH-H,S solutions
Distilled water Condensing steam from chloride waters
Monel Fused caustic soda Titanium alloys Red fuming nitric acid, seawater, NyO,, methanol-HC1
Hydrofluoric acid
Hydrofluosilicic acid
Nickel Fused caustic soda
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to induce or accelerate SCC in aluminium alloys has been given by Speidel (Ref, 13-13), as shown in Table 13-3. Many of these environ-
ments also cause SCC in steels and titanium alloys. The environments in which SCC of low alloy steels has been observed include

water and chloride solutions, hydrogen sulphide, sulphuric acid, gaseous hydrogen, nitrates, hydroxides, ammonia, carbon dioxide and
carbonate solutions, water-carbon monoxide-carbon dioxide, ammonia-hydrogen sulphide-hydrogen cyanide-carbon dioxide, hydrogen
cyanide, and various organic liquids (Ref. 13-42).

The environmental variables known to influence SCC are humidity in gaseous environments, pH, electrical potential,
temperature, viscosity, concentration of certain halide ions in aqueous solutions, and the presence of cathode poisons such as As, Se, Te
and S in aqueous solutions which may accelerate the entry of hydrogen into materials such as steels. These variables may influence
times-to-failure in notched and un-notched specimens, raise or lower plateau crack growth rates in pre-cracked specimens, or influence
the position of the stress dependent region of crack growth and hence influence Kyggc.

Table 13-3 Some environments known to cause or not to cause SCC in aluminium alloys (Ref. 13-13)

. Additions known to
Environments known to cause

induce accelerate

No SCC scC sce sce
Gases A, He, Oy, N, H,0, Hg H,0 H,0

dry air
Liquid Li, Se, Bi, Te, Hg, Ga, Na, Te, Sn, Zn
Metals Cd, Pb
Molten AlCl5-LiCl
Salts LiCl-KCl

eutectic
Inorganic H,S0, H,0 Hy,0 Br, CI,
Liquids I-
Organic O lorhols induced H,0, CI,
Liquids ky rocarbons 2 e B, I-

etones of H,0?
esters

SCC in gaseous environments: Stress corrosion cracking does not occur in commercial aluminium alloys in dry argon, dry helium, dry
oxygen, dry hydrogen, dry nitrogen or dry air, but it will occur when these environments contain moisture, Figure 13-24(a) shows the
SC crack growth behaviour of several commercial aluminium alloys loaded to produce crack tip stress intensities just below the fracture
toughness values for the different materials, and held under sustained load. No crack growth occurs for times up to 47 days when the
environment is dry hydrogen with less than 0.01% humidity. However, crack growth begins immediately when water vapour is added,
the actual crack velocity depending on the alloy composition. Speidel, Reference 13-13 has shown that Stage IT (plateau) crack growth
rate for 7075-T651 is a linear function of the relative humidity in air, with a slope of one in a double-logarithmic plot, as indicated in
Figure 13-24(b). Increasing humidity also increases crack growth rates in the stress dependent region of crack growth (Stage I), that is
V-K curves are displaced to higher stress intensities. Humidity also has an adverse effect on high strength steels and SC crack growth
rates in H11 steel (yield strength 1586 MPa) in air have been found to increase as relative humidity is increased up to 60%, above which
growth rates were similar to that observed in water (Ref. 13-47). However water vapour does not appear to be essential to SCC or
hydrogen embrittlement in steels since delayed static failures have been observed in low pressure hydrogen and hydrogen sulphide
environments (Ref, 13-29).
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(b) Effect of relative humidity on stress-independent stress-corrosion crack growth in 7075-T651 in air.
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SCC in organic liquids: Aluminium alloys are prone to SCC in organic fluids including flight fuel, hydraulic fluids, engine oil and a
wide variety of organic solvents including commercial methanol, ethanol, benzene and acetone. However these fluids all contain traces
of moisture of about 0.05%, and Speidel has shown that SC crack growth rates in these fluids are similar to those observed in water.
Thus it is thought that the water is the damaging constituent rather than the organic fluids themselves. If water contents are reduced
below about 0.01% then SC crack growth rates are substantially decreased (Ref. 13-13).

SCC in aqueous solutions: Stress corrosion crack growth rates for aluminium alloys and steels in distilled water are similar to those
observed in air at high relative humidities (> 60%), and this might be expected if condensation occurs at the crack tip in air at high
humidities to create a liquid environment (Refs. 13-13 and 13-41). Anions such as chloride, bromide and iodide ions accelerate SC
crack growth rates in aluminium and titanium alloys above and beyond the velocities observed in distilled water (Refs. 13-13 and
13-46). However fluoride ions decrease SCC growth rates in aluminium alloys, acting as an inhibitor rather than an accelerator
(Ref, 13-13). Thus, the detrimental effects of CI~, Br~ and I~ are specific to these anions, and are not characteristic of all halides. These
particular ions are also unique pitting agents for aluminium and its alloys, and many steels, and they also accelerate crevice corrosion
and intergranular corrosion in these alloys. They can therefore influence both the initiation and growth stages of SCC. The acceleration
of SC crack growth by CI~, Br™ and I~ depends on metallurgical factors such as alloy composition and strength level. For example SC
crack velocity in 7075-T651 in water can be increased by a factor of four by the addition of chloride ions, while for 7079-T651, SC
crack velocity can be increased by more than one thousand times (Ref. 13-13). In neutral aqueous solutions few cations appear to
affect SCC in aluminium alloys, two exceptions being mercury and hydrogen ions, which are generally damaging, see Reference 13-13.

The addition of cathodic poisons, containing elements from Groups V and VI of the periodic table have been shown to
promote hydrogen entry into iron or steel from aqueous solutions (Ref. 13-29). Cathodic poisons have been rated, in order of
effectiveness in promoting hydrogen entry as:

As > Se > Te > S

These poisons have been shown to both increase hydrogen entry into high strength steels, and to lower the stress required for delayed
failure in aqueous media. For example hydrogen sulphide additions to neutral or acidic aqueous solutions will reduce the stress required
for delayed static failure of high strength steels by a factor of about five. The effect of H,S additions appears most significant in the pH
range of about 8 to 7 (Ref. 13-29),

The pre-exposure of steels to sulphur-containing environments, which lead to the formation of sulphided areas on the surface
of the steel, will also lead to a decrease in times-to-failure in delayed static failure tests. This has been attributed to the effect of the
sulphided areas in retarding the recombination of atomic hydrogen, and thereby promoting the entry of hydrogen into the steel.
Chloride ions, per Se, appear to have no significant effect on the cracking susceptibility or kinetics of 4340 steel, as indicated in
Figure 13-20, however this may not be the case in all types of steel. For example Reference 13-38 reports that cracking times in thin
foil specimens of 18 Ni maraging steel decreased as Cl~ content was increased in aqueous solutions as indicated in Figure 13-25(a).

Figure 13-25(a) also shows that pH can affect stress corrosion cracking in maraging steel, and similar effects are observed for
many other types of steel. Reference 13-29 reports that delayed failure times of smooth and notched specimens of high strength steels
in aqueous media are rapidly decreased by a decrease in bulk solution pH.

w?
ALLOY 7075-7651
100 - Aégo v \J! oooosw 2.5 cm THICK PLATE
—~ 'l-.\-\ [~—NoC/ | CRACK ORIENTATION TL
F W I f | 103 [~ REGIONT CRACKGROWIH .,
b L J]' ! STRESS INTENSITY 16-18 MN/m
g [ 1] T coEN ¢ | | TEMPERATURE 23°C
= It s el N B 5m AQUEOUS 10D IDE SOLUTION
¥ I T\ ! I = o pH IN BULK SOLUTION = 6
3 sy ' £ 7 e pH INBULK SOLUTION® 0
=] R A T €
0 v / ;;.r E
o o g | @ meme———
e IF ¥ K r
=
z ! < !
= i 8 / [
i F 4 - S
* [y - /
' B £dT g /
3 Nac &
3 1 i L I3 // PITTING POTENTIAL
A
10 " iz E L
(a) pH 10 /
. /
L T T T T T
QAISI 4340 STEEL 1380 MPa YS 8 -/& I ——
aw . OPEN CIRCUIT POTENTIAL
;Al? " " :ng " @ I. ALLOY 7079-T651 EICREUT !
el o e " 80z " "} =
WONi,4Cr,2Mo " 1276 ' M w? L ! L L L
e} 12Ni,5Cr,3Mo 1227 | -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
u T—
10r-017-4 PH 1207 ! — (b) ELLCTROCHEAICAL POTENTIALNVOLTS v 1
2
o
@
e« o8}- —
8
°
H
g o
- n Fig. 13-25 Effects of solution pH and electrochemical potential
5 on stress-corrosion cracking in several high strength steels and
04f— - aluminium alloys in aqueous solutions.
(a) Relation between time-to-failure in 18 Ni maraging steel in deionized
water with and without NaCl at various values of pH. (Ref. 13-48)
oz~ - (b) Influence of potential and pH on stage Il stress corrosion crack
growth in 7075-T651 and 7079-T651, (Ref. 13-13)
(c) Influence of applied potential on crack growth rates in aqueous
00 chloride solutions for various high strength steels, (Ref. 13-30)

-04 -06 -08 ~10 =12 -4
{c) Potential, Volts (Ag/AgCt)


http://www.abbottaerospace.com/technical-library

142

In aluminium alloys the effect of lowering the pH of the bulk solution from 6 to 0 is to displace the stress dependent region
of the V-K curve to lower stress intensities (Ref. 13-13). However the plateau crack growth rate (Stage II) remains remarkably constant
over a wide range of pH up to about 11, while above pH = 11 crack velocity appears to decrease towards the general corrosion rate in
the material (Ref. 13-13).

Effects of applied potentials: The effects of potential on SCC in steels and aluminium alloys are influenced by solution pH and various
metallurgical parameters. In the case of aluminium alloys in neutral or mildly acidic solutions a shift in applied electrochemical
potential to more negative values typically causes a shift in the stress dependent region of the velocity-stress intensity (V-K)
curve towards higher values of K. At higher negative values of potential plateau growth rates are also decreased, as indicated in
Figure 13-25(b), reaching very low values when the applied potential is about minus one volt versus the standard hydrogen electrode.
Thus SCC in high strength aluminium alloys can often be suppressed by cathodic protection. However these effects are strongly
influenced by bulk solution pH. In strongly acid solutions there may be no effect of potential on Stage II crack growth rates, as
indicated in Figure 13-25(b), and cathodic protection may be impossible. Similar effects are observed for titanium alloys, where
cathodic protection against SC crack growth is impossible at very low pH values (Ref. 13-46).

In the case of steels, Reference 13-30 has shown that impressed potentials, whether anodic or cathodic, strongly increase SC
crack velocity in a variety of high strength steels, as indicated in Figure 13-25(c). Thus cathodic protection is impossible in these cases.
Impressed potentials also increase the rate of hydrogen permeation through steels and in the case of anodic polarization, stress corrosion
cracks are found to initiate at the base of corrosion pits (Ref. 13-29).

Effects of temperature: Since many aircraft spend considerable periods of time operating in tropical or semi-tropical climates, it is
important to know how temperature will affect SCC in structural materials, But high temperatures can also be created in aircraft
structures operating in colder regions, as a consequence of aerodynamic heating, and structure close to engines can also become heated
as a result of normal engine operation. It is well known that higher temperatures will generally accelerate corrosion reactions, and
times-to-failure for aluminium alloys susceptible to SCC decrease with increasing temperature (Ref. 13-49). Investigations of the effects
of temperature using fracture mechanics specimens have shown that temperature may affect different alloys differently. For example,
Reference 13-13 shows that increasing temperature from -11°C to 105°C in 3M KI solution causes an increase in stress independent
crack growth velocity in 7079-T651 by approximately one order of magnitude from about 8 X 10~4 em/sec to about 9 X 10-3 cm/sec.
At the same time the stress dependent region of crack growth was displaced to lower values of stress intensity, so that high temperatures
both increased SC crack growth rates and caused cracking to occur at lower applied stresses. However, studies on other alloys such as
7039-T61 (Ref. 13-49), have shown that the stress dependent crack growth rates may be unaffected by increasing temperature in the
range 23°C to 110°C, while stress independent crack growth rates were increased by more than three orders of magnitude from about
6 X 1077 cm/sec to about 10~3 em/sec. Thus the specific effects of temperature are strongly influenced by metallurgical parameters.

In the case of steels the effects of temperature depend not only on the type of steel, its composition and microstructure,
but also on the nature of the environment. In aqueous solutions stress corrosion crack growth rates increase with temperature, and
the activation energies measured correspond quite well with that for hydrogen diffusion in steel (Ref. 13-29). However in gaseous
environments different behaviour is observed. Tests on 4130 steel and H11 steel in hydrogen (Refs. 13-50 and 13-51), have shown
that subcritical crack growth rates increase with temperature in the range from about'-80°C to about 20°C, and then decrease as
temperature is further increased to about 80°C. The activation energies reported in the literature for slow crack growth in various steels
in distilled water, salt water and both hydrogen and hydrogen sulphide gas are given in Reference 13-29.

Effects of viscosity: Reference 13-11 has discussed the effects of solution viscosity on SCC in aluminium alloys. Relatively few alloy-
environment combinations appear to have been investigated, but for 7079-T651 in 2M aqueous KI solution only the plateau crack
growth rate was affected by viscosity, the stress dependent region of crack growth remaining largely unaffected. Viscosity was varied
by more than two orders of magnitude from about 1 centipoise to about 600 centipoise by adding glycerol and the stage II crack
growth rate was decreased by more than two orders of magnitude to produce a slope of -1 on a double-logarithmic plot.

13.7 Case Histories
Case history 13-1. Stress corrosion cracking in a 7079-T6 locking cylinder of a main landing gear.

An Al-Zn-Mg alloy forging was used to produce a locking cylinder for a main landing gear assembly. The alloy had a
composition 4.3% Zn, 3.3% Mg, 0.5% Cu with small amounts of Mn and Cr and it conformed to the German material specification
3.4344, which is very similar to 7079 and the alloy was in the peak strength T6 condition. Cracks were detected after service exposure,
and were found to lie in a plane close to the parting plane in the closed die forging, as indicated in Figure 13-26(a). Metallographic
sections prepared through the parting plane (Fig. 13-26(b)), showed that the grains were flattened and elongated in the parting plane
such that “end grain” boundaries were exposed at the free surface. Figure 13-26(b), shows surface pitting in the region of the parting
plane and cracks propagating away from the free surface and following grain boundaries running approximately perpendicular to the
surface.

Other areas of the surface of the forgings away from the parting plane were also found to be corroded. In these areas the
corrosion led to pitting, as shown in Figure 13.26(c), and closer examination revealed a fibrous appearance in pitted regions as
indicated in Figure 13-26(d). Metallographic sections through these areas showed that the grain boundaries were aligned in a direction
approximately parallel to the surface, and exfoliation of the surface grains was occurring, as shown in Figure 13-26(e).

As explained in Section 13-5, alloys of the 7079 type are among the most susceptible alloys to stress corrosion cracking,
and particularly when end grain boundaries are exposed at a free surface. The intergranular cracking observed in the parting plane
(Fig. 13-26(b)), was attributed to stress corrosion cracking in this case, and the sustained tensile stresses were due to the internal
pressurization of the locking cyclinder in service. No information was given on the corrosion protection system employed with this
part, but the widespread corrosion indicates that this was inadequate. However, even with an improved protection system it is doubtful
whether such parts would perform adequately. The long term solution to this problem would require a material change, and as discussed
in Section 135, alloy 7049-T73 has been used to replace 7079-T6 in landing gear forgings, providing equivalent strength with much
improved SCC resistance. Alloys 7175-T736 and 7050-T73 would be alternative choices.


http://www.abbottaerospace.com/technical-library

ABBOTTAEROSFPACE.COM

143

lal L1

id)

Fig. 13-26 Stress corrosion cracking in a 7079-T6 main landing gear locking cylinder, case history 13-1.

(a) Cracked cylinder showing location of cracking (arrow).

(b) Metallographic section in the region of the parting plane showing pitting and intergranular cracking.
(¢) Surface pitting away from the parting plane.

(d) Close up of surface pitting showing fibrous appearance.

(e) Exfoliation in areas away from the parting plane,

Case history 13-2. Stress corrosion cracking in the 7079-T6 front and rear spars of a fighter aircraft vertical fin.

Several cracks were found in the front and rear spars of a fighter aircraft during a routine inspection using eddy current
methods. The locations of the cracks in the parts are shown schematically in Figures 13-27(a) and 13-27(b), which show the front and
rear spars respectively. The spars were made from 7079 die forgings, and were artificially aged to the peak strength condition according
to the specification QQ-A-367. All surfaces of the spars had been shot peened after machining, and had been treated with a chromate
conversion coating and a single layer of zinc chromate primer.

The spars were removed from the aircraft to allow closer visual inspection and the cracks could be seen clearly to be up to
several centimetres long as indicated in Figure 13-28(a). Many of the cracks were found to propagate from fastener holes as indicated
in Figures 13-27 and 13-28. The front and rear spars were mounted in a jig, and loaded statically to cause failure so that the crack
surfaces were revealed. A typical fracture surface observed in the front spar is shown in Figure 13-28(b), and this shows a dull fan-
shaped region which appears to have initiated in the radius at the base of a bolt access hole as indicated by the arrow, and a lighter
area which was produced by the static overload fracture, The dull area was typical of stress corrosion cracking showing evidence of
corrosion and arrest lines indicating that cracking had occurred progressively over a period of time. Metallographic examinations
showed that the material had a fine-grained recrystallized microstructure, and the cracks were found to run along grain boundaries, as is
expected with stress corrosion cracking in this class of alloy.

It was concluded that the cracking was due to stress corrosion which had occurred because of the use of a stress corrosion
prone alloy, While the spars had received corrosion protection treatments, damage to the surface coatings during the installation of bolts
had exposed bare metal and stress corrosion had occurred as a result of the high humidity and high sustained tensile stresses arising from
fastener installation. To overcome this problem the spars were machined from 7075-T73 forgings, which as discussed in Section 13-5
provide high resistance to stress corrosion cracking. The surface protection system used previously, including shot peening to develop
compressive residual stresses, followed by chemical conversion coating and zinc chromate priming, was retained. An alternative solution
involving the use of 7175-T'736 was also considered in order to maintain high strength, equivalent to or higher than the original 7079-T6
values, together with improved stress corrosion resistance.
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Fig. 13-27 Stress corrosion cracking in the 7079-T6 spars of a vertical fin, case history 13.2,
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(a) Sketch of the front spar showing the location of the cracks.
(b) Sketch of the rear spar showing the location of the cracks.
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Fig. 13-28 Stress corrosion cracking in the 7079-T6 spars of a vertical fin, case history 13-2.

(a) Macroscopic view of the mating surface of the rear spar.
(b} Fracture surface of a statically broken front spar,
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Case history 13.3. Stress corrosion cracking of a 7079-T6 bearing housing of a vertical stabilizer beam.

During a major repair of a fighter aircraft a crack was found in the pivot bearing housing at the top end of the vertical
stabilizer beam. Figure 13-29(a) shows the crack as it was found by dye penetrant inspection, Figure 13-29(b) shows a metallographic
cross section through the tip of the crack, and this shows that the crack follows grain boundaries aligned along the length of the bearing.
Figure 13-29(c) shows a replica transmission electron micrograph of the fracture surface, which again reveals the intergranular nature of
the fracture surface.

The alloy was reported to be a 7079-T6 forging and the presence of intergranular cracking suggests that stress corrosion
was the operative fracture mode. The bearing was mounted in the housing by interference fit, and a calculation of the maximum
interference-fit stress for this design revealed that it was close to the threshold value for stress corrosion cracking in this alloy. Thus
stress corrosion cracks could be expected to form if the part was exposed to normal humid operating conditions. The operator was
advised to maintain a high standard of cleanliness and to inspect these parts carefully and frequently. However the long term solution
would require a change of material to either 7049-T73 or 7175-T736, as discussed earlier.

Case history 13-4. Stress corrosion cracking of a 7075-T6 main landing gear bogie.

The main landing gear bogie of a large turboprop transport aircraft failed on touchdown, fortunately without causing a
serious accident. The part was found to be made from a 7075-T6 forging of the type shown in Figure 13-30(a), and was found to
have split along the forging parting plane as indicated in Figure 13-30(b). The tip of the white arrow in Figure 13-30(b) indicates the
position of the crack tip in the parting plane, and therefore indicates the maximum extent of cracking in the parting plane. The longest
crack was nearly 30 cm long at failure, but since the forging surface had been fully shot peened, the surface residual compressive stresses
had prevented the growing cracks from breaking through to the surface and hence revealing themselves to surface inspection. Cracking
initiated at the main axle bore, where the most susceptible end grain boundaries on the forging parting plane were exposed by the
machining process. Cadmium plated steel bushings were mounted in the main axle bore by interference fir, and corrosion pits were
found in the aluminium forging underneath the bushings. Thus even though cadmium plating was used, there appears to have been a
sufficiently high galvanic potential in the presence of moisture to initiate pitting attack which led in turn to stress corrosion cracking.
The stresses driving SCC in this part were due to the interference fit bushings and residual stress resulting from the post-forge heat
treatment operations.

Fig. 13-29 Stress corrosion cracking in a 7079-T6 bearing housing, case history 13-3.

(a) End of the bearing housing showing the location of the crack.

(b) Metallographic section through the tip of the crack showing the intergranular nature of
cracking,

(e) Electron micrograph showing the intergranular fracture topography.

Fig. 13-30 Stress corrosion cracking in a 7075-T6 main landing gear bogie, case history 134.

(a) New and unused bogie.

(b) Failed bogie beam showing the crack initiation sites (A and B) underneath the shrunk-in steel bushings
for the main axle bearings. The arrow tip indicates the maximum extent of the crack in the parting
plane,
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Several options are available to prevent problems of this type. Since the parts had apparently operated for long periods
of time with quite large cracks present, it appears that static and fatigue strengths are not of major concern, Therefore some loss of
strength could probably be tolerated and the T73 temper could be employed to provide forgings with high resistance to stress corrosion
cracking. In more heavily loaded parts where this strength penalty cannot be tolerated, the use of a higher strength alloys, such as 7050,

in a stress corrosion resistant T73 temper would be preferred.
Case history 13-5. Stress corrosion cracking and fatigue of a 7075-T6 hydraulic cylinder.

Three main landing gear door actuating cylinders were found to contain cracks at, or near the parting planes of the as-forged
7075-T6 cylinders. Two of the cylinders were examined metallographically and fractographically, while the third was sectioned and its
interior surface was inspected using fluorescent penetrants to reveal the cracks indicated in Figure 13-31(a).

Fractography on one cylinder revealed the presence of three distinct regions of fracture as indicated in Figure 13-31(b).
Region I consisted of layered intergranular fracture, as shown in Figure 13-31(c); region II was found to contain fatigue striations
as shown in Figure 13-31(d), while region III was the overload fracture region produced when the cylinder was broken open for

examination.

Metallography revealed corrosion pits on the inside surfaces of the cylinders, as shown in Figure 13-31(e) where the pits can
be seen to be aligned at about 45° to the surface in the direction of the grain boundaries. Since the cylinders in service were filled with
hydraulic fluid which was not expected to cause pitting corrosion, it was thought that the pitting had occurred during storage prior to
service use. However, Reference 13-11 has shown that stress corrosion cracking can occur in 7075-T651 when exposed to hydraulic
fluids such as Aerosafe 2300W and Skydrol 500A. It was thought therefore that region I of the fracture surfaces of these cylinders was
due to stress corrosion, and that this was the primary failure mode leading eventually to crack propagation by fatigue.

This problem may have been avoided if the inside surfaces of the cylinders had been protected during storage to prevent the
initial pitting attack. However, to be safe a stress corrosion resistant material such as 7075-T73 should be used, subject to satisfactory

static and fatigue design margins,

Fig. 13-31 Stress corrosion cracking of a 7075-T6 hydraulic cylinder, case history 13-5.

(a) Section through cylinder showing the location of cracks on the inside surface.
(b) View of the fracture surface showing three regions of cracking.

(c) Appearance of intergranular fracture in region I,

(d) Fatigue striations observed in region II.

(e) Cross-section through the inside surface showing corrosion pit.


http://www.abbottaerospace.com/technical-library

147

Case history 13-6. Stress corrosion cracking in a 7075-T6 nose landing gear fork.

During a post-flight visual inspection of a fighter aircraft a long crack was found in the nose landing gear fork. The part is
shown in Figure 13-32, and the crack which can be seen in this figure was found to lie in the parting plane of the aluminium alloy
forging. The forging was made from 7075-T6 and its surfaces were treated with a single coat of wash primer plus two coats of acrylic
paint.

Fig. 13-32 Stress corrosion cracking in a 7075-T6 nose
landing gear fork, case history 13-6.
(a) Complete landing gear assembly.

(b) Close-up of the fork outer surface showing the crack.
(c) Close-up of the fork inner surface showing the crack.
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The crack was found to extend through the thickness of the fork, as indicated in Figures 13-32(b) and 13-32(c), and when
the crack was opened up it was found to extend over about three quarters of the longitudinal cross section of the fork, as indicated in
Figure 13-33. Figure 13-34(a) shows the fracture surface and reveals a dull fibrous fracture typical of stress corrosion cracking, where
the crack appears to have started in the upper bore for the nose-landing gear leg attachment and the adjacent bore hole, which was
introduced as a weight saving measure. However while the bores may have been effective in respect to weight savings, they provided
natural traps for moisture. Figure 13-34(a) also reveals a narrow ribbon of material along both external surfaces which appear to have
a lighter appearance than the area affected by SCC, and this suggests that the stress corrosion crack may have propagated over a
substantial distance through the NLG-fork before breaking through to the external surfaces. Thus the crack may have been hidden
for a substantial period of time prior to visual detection. Figure 13-34(b) shows a metallographic section through the crack tip and
demonstrates quite clearly that the crack had propagated along grain boundaries, as expected for SCC in this type of alloy. The
intergranular fracture mode was confirmed by scanning electron microscopy.

cracked area of the fork

Bores for weight |

savings E:
1
5.
H | B
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Fig. 13-34 Stress corrosion cracking in a 7075-T6 NLG fork,
case history 13-6.
(a) Macroscopic view of the SC crack in the fork.

(b) Section through the tip of the crack showing the intergranular
crack path,
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It was concluded that cracking was due to stress corrosion and this was a consequence of the use of a stress corrosion
susceptible alloy, exposure of end grain boundaries at the surfaces of internal bore holes, the entrapment of moisture in the bore holes,
and the presence of internal stresses created by heat treatment.

The fact that the crack had propagated over a substantial distance by SCC without causing static or fatigue failure of the fork
suggested that service induced stresses were not unduly high, and therefore the problem could be solved by resorting to the T73 temper.
At the same time the corrosion protection system was improved by shot peening all surfaces, and by applying a chemical conversion
coating (Alodine 1200) followed by a single coat of wash primer and two coats of epoxy paint.

Case history 13-7. Stress corrosion cracking of a 7075-T6 nose landing gear strut.

The nose landing gear strut of a fighter aircraft failed during a normal landing procedure after only 30 hours of flight had
been accumulated. The failed part is shown in Figure 13-35, and closer examination of the fracture surfaces evident in the failed part
revealed that pre-existing cracks had been present prior to the final failure, The fracture surfaces due to these pre-existing cracks are
shown in Figure 13-36, and it can be seen that these had initiated at the corners of the bore holes used to locate the clamping
attachment bolts for the retraction cylinder.

NOSE LANDING GEAR STRUT

BORE OF THE CLAMPING
ATTACHMENT BOLT FOR
THE RETRACTION CYLINDER

Fig. 13-35 Stress corrosion cracking in a 7075-T6 nose
landing gear strut, case history 13-7.

CRACK ORIGIN

CRACKED BORE

CRACK ORIGIN

Fig. 13-36 Close-up of the stress corrosion crack initiation
sites and the internal surface of the bore used to locate
the retraction cylinder. Pitting can be seen at the base
of this hole, case history 13.7.
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The landing gear strut was made from a 7075-T6 die forging, and examination revealed that the initiating cracks had formed
in the parting plane. The bore of the clamping attachment bolt was roll burnished on its cylindrical surface, and brush treated with
sodium dichromate solution. An interference fit bushing had been installed, and the chamfer sealed with PR 1422 A2 sealant. In
addition, an oversize bolt was wet installed with a zinc chromate primer and sealed again with PR 1422 A2,

Metallographic examinations showed that a series of cracks was present in the landing gear strut, lying in planes between the
axis of the cylinder bore and the axis of the securing bolt hole (Fig. 13-37(a)). Figure 13-37(b) shows the tip of the longest crack of
Figure 13-37(a), and this etched micrograph shows that the cracks follow the grain boundaries of the large pancake shaped grains.
Some fine recrystallized grains lie around the perimeters of these larger grains.

The failure was a classical stress corrosion cracking problem and was influenced by the use of a susceptible material, the bored
holes exposing end grain boundaries, assembly stresses due to interference fit bushings, and superimposed stress concentrations due to
the intersecting bores. It was likely that high residual stresses were also present as a result of the T6 heat treatment.

A number of alternative designs were considered to resolve this problem including the use of one of the newer high strength,
stress corrosion resistant forging alloys such as 7050-T73. However, it was decided to change to a high strength low alloy steel,
AMS-6427 (0.3% C, 0.9% Cr, 0.2% Cu, 0.9% Mn, 0.42% Mo, 1.9% Ni) which provides higher strength together with good stress
corrosion resistance. The design was also changed, replacing the clamping attachment bore with a forged steel pin, as indicated in
Figure 13-38. The steel forging was protected by a vacuum deposited layer of cadmium plating followed by a layer of epoxy primer
and a single coat of polyurethane paint.

surface of the SCC T o T e . s ‘
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Fig. 13-37 Cross sections through the nose landing gear strut adjacent to the retraction
cylinder bore and bolt hole, case history 13.7.

{a) Showing multiple stress corrosion cracks.
(b) Shows the tip of the lower crack in (a) above and indicates that the crack path is intergranular.

ORIGINAL DESIGN (MATERIAL 7075-T6) IMPROVED DESIGN (STEEL AMS 6427)

NLG-strut

e forged pin

. bore of clamping attachment bolt

(a) (b)

Fig. 13-38 Design details of the nose landing gear strut, case history 13-7.

(a) Original design.
(b) Modified design.
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Case history 13-8. Stress corrosion cracking of a 7075-T6 fuselage frame flange.

A number of cracks was noticed in the fuselage frame of a fighter aircraft during a routine inspection. The cracks were
observed to lie in line with a row of rivets in the upper flange as indicated in Figure 13-39. The rivets were removed and the presence
of the cracks was confirmed using a magnifying lens and an eddy current fastener hole inspection device. Three cracks were found to
run between adjacent fastener holes, linking adjacent holes, while three further cracks were found running away from fastener holes,
but they had not yet reached the neighbouring holes. The locations of the cracks are indicated in Figure 13-39, and in all cases they
were found to extend through the thickness of the flange.

A spectrographic analysis showed the alloy contained 3% Mg, 5.1% Zn, 1.8% Cu, 0.18% Cr and lesser amounts of Fe, Si and
Mn. The alloy concentrations were consistent with specifications for 7075 and the alloy hardness indicated the material was in a T
strength condition. A microstructural evaluation of the grain structure showed a heavily wrought structure of pancake shaped grains,
where the crack plane was coincident with the plane containing the longitudinallong transverse directions, and the short transverse
direction was normal to the crack plane as indicated in Figure 1340,

Fig. 13-39 Stress corrosion cracking in a 7075-T6 fuselage frame, case history 13-8.
Arrows indicate the directions of cracking away from fastener holes.
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Fig. 13-40 Orientation of the crack plane with respect to the principal directions in the fuselage frame, case history 13-8.
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Figure 1341 shows a metallographic section normal to the LT direction and cracks can be seen running in the longitudinal
direction along grain boundaries. The fracture surfaces were corroded, and in most cases they showed no recognizable feature other
than flat grain boundary surface facets, as shown in Figures 13-42(a) and 13-42(b), and secondary cracking (Fig. 13-43). In a few cases
striation like markings were present immediately adjacent to the fastener holes and in most cases the surfaces of the fastener holes
contained corrosion pits. The failure analysis report made no mention of sealants or other forms of corrosion protection in the fastener
holes and no information was given on the fastener materials used. However it was concluded that cracking was due to stress corrosion,
initiating at corrosion pits in the bore of the fastener holes. The stresses were believed to be due to assembly and operating loads and a
stress analysis showed that stresses in the ST direction in the region of the fastener holes were in excess of the threshold values for stress
corrosion cracking given in Reference 13-1, Table 13-1.

It was recommended to replace these fuselage frames with 7075-T73 to prevent SCC. However, since there was evidence of
fatigue in some areas and since threshold stress intensities for fatigue in 7075-T73 are slightly lower than for 7075-T6 it might be
preferable to replace this alloy completely with a higher strength stress corrosion resistant alloy such as 7050-T'73. Wet assembly of
fasteners should also assist by excluding moisture from the fastener holes.

Fig. 13-41 Metallographic section indicating the
intergranular crack path in the fuselage frame,
case history 13-8.

Fig. 13-43 Scanning electron micrograph of a
fracture surface from case history 13-8,
showing secondary intergranular cracking.
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Case history 13-9. Failure of a 2014 aluminium alloy nose wheel steering damper.

During a visual inspection of a fighter aircraft, a crack was found in the body of the nose wheel steering damper. The
component is shown in Figure 13-44(a), where the location of the crack on the outside body is indicated by the arrow. The protective
coating and metal in the region of the crack had been scraped away prior to delivery to the laboratory for examination, and a number
of impact marks were noticed in this region. A section perpendicular to the crack front was prepared for metallographic examination,
and this showed that the crack had propagated over two-thirds of the way through the thickness of the part, which was identified as
being 2014 aluminium alloy. The crack was intergranular in nature over most of its length, as indicated in Figure 13-44(c), and it had
propagated at about 45° to the external surface following the grain flow in the component,. Figure 13-44(d) shows the crack path at
higher magnification and reveals both intergranular facets, indicated by solid arrows, and transgranular facets, indicated by open arrows.
The remainder of the crack was opened up for examination and the fracture surface exhibited a flat brittle appearance (Fig. 13-44(e)),
although the finer features of the fracture surface were obliterated by heavy corrosion.

It was concluded that stress corrosion was the most probable cause of failure, and as noted in Section 13-5, 2014 aluminium
is one of the most susceptible 2000 series alloys to SCC in the T4 or T6 conditions. It was impossible to determine how, or where the
crack had initiated since the initiation site had been obliterated. However the tool marks visible near the crack indicate that the
protective surface anodizing had been removed in these areas, exposing end grains to the corrosive environment. The service operating
stresses in this part were not unduly high, and it is likely that residual stresses contributed to the SCC process. Also the surface
indentations would have created a stress concentration effect and it is possible that the SCC cracks initiated at these locations.

R

e

(c)

Fig. 13-44 Cracking in a 2014 aluminium nose wheel steering damper, case history 13-9.

(a) Arrow indicates the location of cracking.

(b) Close-up of the surface crack.

(c) Microstructure near the surface of the part showing the grain structure and crack path. Arrow
indicates location of Figure 13-44(d).

(d) Crack path showing intergranular facets (solid arrows) and transgranular facets (open arrows).

(e) Fracture surface topography,
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Case history 13-10. Corrosion induced failure of an aluminium-copper alloy main landing gear part.

A landing gear forging of an aircraft, Figures 13-45(a) and 13-45(b) failed during ground operations. The crack initiated on an
interior surface at the junction of an axial bore and a radial bore, Figures 13-45(c) and 13-45(d). The fracture surface to the right of the
radial bore, see Figure 13-45(c), contained a dark corroded area, which had propagated to a considerable length as indicated by the
open arrows. This was surrounded by a light, non-corroded, overload region which formed a narrow band between the dark corroded
region and the outer surface of the part. This indicates that the growing crack had not broken through to the outside until the final
overload failure had occurred, and therefore the pre-crack had remained hidden until this final failure. The presence of the narrow band
of overload fracture suggests that growth of the pre-crack had been suppressed by compressive residual stresses in the surface layers,
which presumably did not exist, or had been removed by machining on the interior surfaces. Figures 13-45(c) and 13-45(d) show that
severe corrosion and pitting occurred on the interior surface of the radial bore, and deep corrosion pits were present in the crack
initiation regions.

fed Idi

L}

Fig. 13-45 Failure of an Al-Cu main landing gear part, case history 13-10.

(a) Fracture component,

(b) Close-up of the fracture area.

(¢) Arrows indicate the extent of corrosion induced cracking.

(d) Crack initiation sites at the junction of the axial and radial bores.
(e) Sub-surface intergranular cracking adjacent to the radial bore.

(f) Sub-surface intergranular cracking adjacent to the axial bore.
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The component was made from an AlCuSiMn alloy, conforming to the German specification WLB 3.1254. This alloy
contains about 4.3% Cu, and is similar to 2017 aluminium. Metallographic examination showed that the material had a very fine
recrystallized grain structure, with a grain size of about 10-20 um. Cross sections prepared through the component adjacent to the
radial and axial bores showed severe intergranular corrosion immediately adjacent to the machined internal surfaces as shown in
Figures 13-45(e) and 13-45(f) respectively. In both figures long cracks can be seen growing out of the regions of intergranular cracking
to penetrate deeply into the wall thickness. These cracks resemble stress corrosion cracks, propagating intergranularly and exhibiting
signs of crack branching,

It was concluded that the failure occurred by stress corrosion cracking and this produced the dark pre-crack shown in
Figures 13-45(c) and 13-45(d). Although the strength of the alloy was not given in this failure report, it is known that alloys of this
type are sensitive to intergranular corrosion and stress corrosion cracking, particularly when heat treatment leads to the formation of
solute-depleted regions adjacent to grain boundaries which are anodic with respect to the grain boundaries and grain interiors. Little
specific data appears to be available on 2017 aluminium, but Reference 13-45 indicates that stress corrosion service failures can be
expected in 2017-T4 or 2017-T451 when sustained tensile stress acts in the short transverse direction relative to the grain structure. In
this particular component there was very little directionality in grain structure, but as indicated in Section 13-5 equiaxed structures of
the type observed might represent a worst-case condition with respect to SCC.

Case history 13-11. Stress corrosion cracking of an AZ-91C-T6 brake housing.

Magnesium alloys are not usually associated with SCC, however it can occur in alloys containing more than 2.5% aluminium,
and where the sustained stress is more than about 90% of the yield strength. Alloys AZ81 and AZ91 fall in the susceptible category
since they contain about 7.6% Al and 8.6% Al respectively, and although their ultimate tensile strengths are in the 275 MPa range their
yield strengths are only about 83 and 195 MPa respectively.

The brake housing castings of a popular light aircraft were frequently being found cracked and leaking at the brake line
union, leading to brake failure. A typical cracked casting is shown in Figure 13-46(a).

On breaking open the crack in the laboratory it was found that the crack had grown only as far as the line union had been
threaded into the casting (Fig. 13-46(b)). The required driving stress was the hoop stress caused by a tight fitting union. The crack
stopped growing when it reached a zone where the local hoop stress fell below the threshold required for stress corrosion cracking. It
was thought that as the crack leaked fluid, the operator had tightened the union further, thus raising the local hoop stress and causing
the crack to propagate further.

The problem was solved by increasing the section thickness in the casting around the brake line union so that the hoop stress
caused by insertion of the union was lowered below the SCC threshold stress, and hence SCC could not occur.
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Fig. 13-46 Stress corrosion cracking of a magnesium alloy brake housing, case history 13-11.

(a) General view of the as-received brake cylinder housing, indicating location of crack (arrow).
(b) Fracture surface and internal thread. Bright area of fracture is overload region. Note dark area of
fracture stops at same depth as union (see Loctite remains and chip arrowed in thread root).

Case history 13-12. Transgranular stress corrosion cracking of an AZ-91C magnesium alloy nose-wheel.

A magnesium alloy nose-wheel of a fighter aircraft failed and caused a tire blow-out. The wheel was produced as a casting
using the Mg Al Zn alloy, AZ-91C, and this failed through the formation of a major crack in the fillet between the flange and the rim.
This crack had caused the flange to be partly torn from the wheel body, as shown in Figure 13-47(a). Visual inspection revealed
corrosion pits and small cracks in the fillet between the flange and the rim at the surface of contact with the tire-bead. The fracto-
graphic investigation failed to reveal any indications of fatigue or intergranular failure. The fracture surfaces were dirty and severely
damaged, and the only recognizable features were lamellar components of the microstructure protruding from the fracture surface at
various angles, as indicated in Figure 13-47(b).
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Fig. 1347 Stress corrosion cracking of a magnesium alloy nose wheel, case history 13-12,

(a) Fractured wheel.

(b) Fracture surface topography.

(¢) Microstructural constituents.

(d) Section through a crack showing transgranular propagation.

A microstructural examination of the alloy revealed a magnesium alloy matrix containing various precipitated phases. These
included: (a) pools of eutectic containing lamellar particles of the compound Mg;Al,, (b) coarse white particles containing zinc
which may have been Mgz Al,Zng or MgZn,, and (c) grey angular particles of a manganese bearing compound MgMn Al or Al Mn.
These constituents can be seen in Figure 13-47(c). Figure 13-47(d) shows a crack cutting through a patch of lamellar eutectic and
propagating transgranularly through the magnesium solid solution matrix. Some secondary cracking can be seen propagating out of the
main crack, and this appears to be following specific crystallographic planes.

The fact the corrosion pits were clearly visible in the region of crack initiation suggested that corrosion may have played an
important role both in the initiation and crack propagation processes, and since propagation was largely transgranular and sensitive to
grain orientation it was felt that stress corrosion cracking was a possible cause of fracture.

Magnesium alloys are known to exhibit both intergranular and transgranular stress corrosion cracking, and intergranular
cracking is often associated with heavy grain boundary precipitation. Transgranular cracking is the more usual form of SCC in
magnesium alloys, and this is believed to be influenced by the precipitation of iron and aluminium compounds on the basal planes of
the hexagonal grain structure. It is also known that the corrosion resistance of magnesium alloys is extremely sensitive to the presence
of impurities such as iron, nickel and copper, and that their effect becomes marked above a critical concentration known as the
tolerance limit (Ref. 13-52). For iron the tolerance limit is about 0.017%, while for copper and nickel the tolerance limits are about
0.1% and 0.0005% respectively. A chemical analysis of this particular magnesium alloy indicated iron and copper contents each of
0.02%. The iron content was therefore above the tolerance limit and this might be expected to cause the alloy to be susceptible to
general corrosion and to transgranular stress corrosion cracking.

No information was given in this report on the corrosion protection system employed, however as noted in Chapter 6, it is
most important to isolate magnesium alloys from the environment by providing a fully protective envelope. It is also important to use
primers with a very high chromate content and appropriate leaching characteristics to maintain a high concentration of inhibitor at any
exposed metal surface.

Case history 13-13. Stress corrosion induced failure of an alloy steel undercarriage hinge pivot.

A large commercial turboprop aircraft suffered collapse of its left main undercarriage shortly after touchdown while landing.
The aircraft settled onto the left wingtip, slewed off the runway and was extensively damaged by the subsequent fire, It was found that
the right hand trunnion shaft, which acts as the hinge pivot for the gear assembly, had fractured as indicated in Figures 13-48(a) and
13-48(b).

Fractographic analysis of the shaft fracture surface (Fig. 13-48(c)), showed that about 90% of the cross-section had cracked
progressively. Crack initiation had occurred in the region of the white arrow, marked ‘a,b,¢’ in Figure 13-48(c), and stable slow crack
propagation had occurred across the fracture surface to the location marked ‘f’, except for a band of overload rupture at ‘g’. This
overload band extended across the diameter of the shaft and consisted of mixed cleavage and ductile dimpling. It was ascribed to a
previous heavy landing. The bulk of the fracture surface, including areas marked ‘a, b, ¢, d, h and f’ in Figure 13-48(c), exhibited well
defined intergranular facets as indicated in Figure 13-48(d). The final overload rupture occurred as the crack reached the location
marked ‘e’ in Figure 13-48(c).
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Fig. 13-48 Environmentally enhanced fracture of a steel landing
gear trunnion, case history 13.13.

(a) MLG assembly showing trunnion failure location F.

(b) Fractured right hand trunnion arm shaft, and unfailed left hand trunnion.

(c) Fracture surface showing origin at a, b, c.

(d) Intergranular fracture as observed at sitesa, b, ¢,d, h and f.

(e) Axial section near fracture shows cracking under chromium plating,

(f) Surface of shaft after stripping of plating, showing circumferential
grinding cracks (arrowed).

(f)

The presence of intergranular fracture and the clear evidence of stable slow crack propagation led to the view that an
environmentally enhanced fracture process was involved. Stress corrosion was suspected, although it was found that the threshold stress
level for stress corrosion cracking in this particular steel was 620 MPa while the design maximum surface tensile stress was 276 MPa.
Further investigation showed that crack initiation was due to the presence of surface grinding cracks, which were produced on the shaft
during rework to repair prior corrosion damage, These pre-cracks were hidden by the subsequent hard chromium plating used to rebuild
the shaft to size, but they were revealed by post-fracture sectioning, as indicated in Figure 13-48(e), and later confirmed by stripping
the plating and viewing the original steel surface as indicated in Figure 13-48(f).

The conditions for stress corrosion cracking were not met unless the grinding cracks were present under the chromium
plating, since although the steel was known to be susceptible to SCC, and the natural crack network in the chromium plating would
allow a corrosive medium to reach the steel, normal stresses were far below the threshold level for SCC. However the stress
concentration effect of the pre-existing grinding cracks provided the necessary stress levels at the crack tips to cause crack propagation
to occur. The authorized rework procedure required post-grinding inspection for such cracks, this was not performed in this particular
case. This failure would have been avoided had the authorized overhaul procedure been strictly followed.


http://www.abbottaerospace.com/technical-library

158

Case history 13-14, Stress corrosion cracking of a 4335 steel bolt.

Steel bolts fabricated from 4335V modified low alloy steel were used to secure the main landing gear door hinge on a fighter
aircraft. The bolts were heat treated to a hardness of R, 46-48 and were cadmium plated for corrosion protection. They were made
with an interconnecting hole in the top and on the side for hinge lubrication, and these features can be seen in Figure 13-49(a) and
Figure 13-49(b), which show a failed bolt. The bolts had been in service for several years, and no previous failures had occurred prior
to the failure of the one shown in Figure 1349.

Optical examination showed that corrosion pits were present on the bolt shank and on the inside surface of the lubrication
hole, as indicated in Figure 13-49(a) and Figure 13-49(c). The fracture had occurred on a plane through the lubrication hole, as
indicated in these figures. Further fractographic analysis showed that the failure had initiated at the upper edge of the hole shown in
Figure 13-49(c), and had progressed in a counter-clockwise direction. The fracture surface on the opposite side of the lubrication hole
exhibited a rougher, more fibrous fracture appearance, and appeared to have formed as a result of final overload rupture.

Scanning electron fractographic examination of the failed bolt revealed an intergranular fracture in the initiation region
(region 1 in Figure 13-49(c)), and both secondary cracking and corrosion pitting were evident on the fracture surface, as indicated
in Figure 13-49(d). Chemical analysis of the steel showed that it satisfied the requirements AMS 6428B, for 4335V mod. steel, and
hardness was in the specified range indicating an ultimate tensile strength in the range 1517 to 1655 MPa.

The presence of corrosion pits in the crack initiation area, and on the fracture surface, together with intergranular cracking
suggested an environmentally enhanced fracture process, and a stress corrosion cracking/hydrogen embrittlement mechanism was
considered. Hydrogen embrittlement might have occurred as a result of the original cadmium plating process, if the bolt had not been
adequately baked after plating. However it was felt that failure would then have occurred in a relatively short time under the action
of sustained tensile stresses in service. However, as noted previously, the bolt had performed satisfactorily for several years. It was
concluded therefore that stress corrosion cracking was the most probable cause of cracking, where sustained service stresses and the
corrosive nature of the operating environment contributed to failure by a process possibly involving hydrogen evolution, embrittlement
of the steel and cracking,

Since this bolt was one of several that had been in service for a long period of time, it was considered likely that the
remaining bolts may also be affected by corrosion. All of the hinge bolts were removed and replaced with new bolts protected with a
low embrittlement cadmium plating. However, since service induced corrosion was the major source of damage, as opposed to plating
induced embrittlement, a program of regular inspections was implemented.

Fig. 13-49 Corrosion induced fracture of a 4335V steel bolt, case history 13-14.

(a) Cracked MLG hinge bolt.

(b) Mating fracture surfaces showing flat fracture.

(e) Corrosion pits in the lubricating hole.

(d) Intergranular fracture observed in the initiation region (area 1 in Fig. 13-49(c)).
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Case history 13-15. Failure of an 18-Ni maraging steel pressure vessel.

A pressurized cylinder containing helium at 55 MPa ruptured and fragmented while in storage. The cylinder was made from
18-Ni maraging steel with a hardness of R.-43, and a minimum yield strength of 1420 MPa, It was part of the auxiliary power unit of
a missile, and was designed to leak and not fragment when subjected to over-pressure.

Visual examination of the cylinder inner wall showed numerous cracks running along the length of the cylinder, and there
was no evidence of deformation associated with the crack sites, as indicated in Figure 13-50(a). Further examination of the open
fracture faces showed that crack initiation had occurred on the inner surface of the cylinder, and indicated that before final overload
fracture occurred the crack fronts were establishing a stable, slow crack growth configuration. The cracks had propagated through
about 80% of the wall thickness before final overload rupture occurred, as indicated in Figure 13-50(b). In this figure, the symbols
‘A’, ‘B’ and ‘C’ indicate the overload fracture region, the region of slow crack growth, and the initiation region respectively.

Fractographic examination showed that the fracture mode in the initiation region and the region of slow crack growth was
intergranular, and heavy corrosion products partly obscured the grain facets in the initiation region. Figure 13-50(c) shows the fracture
topography in region B, while Figure 13-50(d) shows the transition zone between the region of slow crack growth (B) and the overload
region A, This latter region showed ductile dimples, characteristic of overload rupture. Metallographic cross-sections through the wall of
the cylinder showed extensive intergranular cracking with multiple crack paths, as indicated in Figure 13-50(e).

The presence of corrosion products and intergranular fracture in the region of slow crack growth suggested that an
environmentally induced fracture mode was operating, The inner surface of the cylinder was found to be covered by a thin film of oil
which was analysed and found to be an established hydraulic fluid. Because of the small amount of oil available for analysis it was not
possible to determine whether any contaminants were present that might cause corrosion. However, as noted in Section 13-6, it is
known that many light oils and hydraulic fluids contain small amounts of water which are sufficient to cause stress corrosion cracking
in some susceptible alloys. No other source of corrosion was identified, and in the absence of alternative explanations the failure was
attributed to stress corrosion cracking.

Fig. 13-50 Failure of a 18-Ni maraging steel pressure vessel, case history 13-15.

(a) View of the cylinder inner surface showing longitudinal cracks.

(b) Macrograph of a fracture surface showing inner wall (C), region of stable crack growth
(B), and overload region (A).

(c) Intergranular fracture in region B.

(d) Transition from intergranular to transgranular dimpled fracture, region B—>A.

(e) Metallographic section across wall showing extensive intergranular attack.
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Case history 13-16. Failure of some 4340 main landing gear retraction cylinders.

Over a short period of time four retraction cylinders from the main landing gear of a fleet of fighter aircraft suffered failures,
Two cylinders failed at the peripheries of the down-lock lugs, and two others failed at the boundary between the cylinder and the rod
end. Figure 13-51(a) shows the appearance of these extreme ends of the cylinder.

The first cylinder failed at the peripheries of the down-lock lugs, and a portion of the fracture surface is shown in
Figure 13-51(b). It was noted that the failure had been initiated by a shallow crack growing inward from the undercut at the transition
from lug to cylinder wall. Initiation is seen as a bright ledge indicated by an arrow in Figure 13-51(b). Study of replicas of the fracture
surface with the electron microscope revealed many dimpled areas associated with ductile rupture, but also intergranular failure, which
indicated that the failure had been initiated by either stress corrosion or hydrogen embrittlement.

The second cylinder, which came from the same aircraft as the first cylinder, contained cracks in the periphery of the down-
lock lugs (Fig. 13-51(c)). Some metallographic specimens featuring the undercuts at the edges of the down-ock lugs were prepared. In
one of them an intergranular crack was found running at an angle to the surface of the main crack. Figure 13-51(d) shows a detail of
this crack and reveals its intergranular nature, The cylinder failed, however, at the boundary between cylinder and rod end. At this
location the cylinders were weakened by a circumferential groove in the inner surface. Figure 13-51(e) shows a part of the fracture
surface where a flat plateau exists and which appeared to contain the initiation site on the inside surface of the cylinder.

The third cylinder had failed in the undercut at the periphery of the down-lock lugs. Again a ledge was found at the edge of
one of the lugs, similar to that shown in Figure 13-51(b).

The fourth cylinder failed in the boundary between the cylinder and the rod end, and again the fracture surface contained
a circumferential ledge which indicated that the fracture had initiated at the inner surface in the groove described previously. The
location of the ledge is indicated by the arrows in Figure 13-51(f). Electron fractography showed that the fracture surface in this region
was predominantly intergranular,

The topography of the fracture surfaces and the nature of the cracks found in metallographic specimens provided clear
evidence that cracking was due to a stress corrosion or hydrogen embrittlement mechanism. Two of the four cylinders failed as a result
of cracks initiated on the external surface, while the other two failed due to cracks which initiated on the inside surface. Unfortunately
no information was given in this investigation of the surface protection systems used on the external and internal surfaces of the

fal 1]

Fig. 13-61 Corrosion induced failure of four 4340 landing gear retraction cylinders, case history 13-16.

(a) Extreme ends of cylinder, asterisk (*) indicates down lock lugs.

(b) Fracture surface of first cylinder, indicating initiation zone, (arrow).
(¢) Cracking at the periphery of the down-lock lug in cylinder No. 2.

(d) Intergranular cracking in eylinder No. 2.

(e} Crack initiation region on the inside surface of cylinder No. 2.

(f) Crack initiation region on the inside surface of cylinder No. 4.
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cylinder, or on the type of hydraulic fluid contained inside the cylinder. However it is reasonable to assume that damage to external
coatings would lead to exposure of bare metal to water or salt spray, which would cause stress corrosion cracking in 4340 steel. It is
also possible that the inner surface was left bare on the assumption that corrosive attack would not occur in the presence of hydraulic
fluids. Very little information is available in the literature on stress corrosion cracking of steels in organic liquids, but Reference 1342
provides examples of SCC of 4340 in methanol, acetone, butyl alcohol and carbon tetrafluoride, In some cases traces of water and
hydrochloric acid in the organic liquids were suspected to be the damaging species. Reference 13-11 has pointed out that hydraulic
fluids usually contain sufficient water to cause SCC in high strength aluminium alloys, and therefore the question arises whether they
can produce similar effects in high strength steels.

The problem was solved by redesign of the cylinders, which provided increased wall thickness to lower stresses, and a more
generous radius in the undercut at the rod end side to reduce the stress concentration effect.

Case history 13-17. Corrosion induced failure of a helicopter nose gear door bolt.

The securing bolts from a military helicopter nose landing gear door began to fail, several failures being reported over a
fairly short period of time. One such bolt which was examined was found to be cadmium plated and to have a countersunk head with
a common screwdriver slot. The straight slotted head was not common military issue, which suggested that the bolt had been installed
by a contractor as part of a modification.

Figure 13-52(a) shows the fracture face of the bolt with the nut still attached. The fracture originated at a thread root, in
the region indicated by the solid arrow, and propagated across the cross-section in a time dependent manner. A pattern of crack arrest
lines was visible over about 60% of the fracture suxface, and these lines terminated at a region of relatively flat overload fracture, as
indicated by the open arrows in Figure 13-52(a). The topography of the slow crack growth region was quite rough and more granular in
appearance than would be expected from pure mechanical fatigue, and this led to the view that a corrosion induced failure mechanism
might be operative.

Several cracks, other than the one leading to complete failure, were observed in the bolt. Figure 13-52(b) shows a crack just
below the bolt head, which was almost at the point of separation, and Figure 13-52(c) shows a crosssection through the bolt and
another long crack which had initiated at the root of the thread.

Examination of the surface of the bolt in the shank area showed that the cadmium plating was in poor condition, and patches
of bare steel were observed in several areas. There was evidence of extensive intergranular cracking in these exposed areas, as indicated
in Figure 13-52(d), and examination of the primary fracture surface with a scanning electron microscope revealed corroded intergranular
fracture facets and areas of what appeared to be transgranular fracture containing poorly defined fatigue striations.

The bolt was analysed spectrographically and was found to be 1040 plain carbon steel, which was not an approved material
for this application. The attached nut was found to be stainless steel. It was concluded that the failure was due to intergranular stress
corrosion cracking, and that crack propagation may have been assisted for short periods of time by corrosion fatigue. The problem was
due primarily to the use of a bolt which did not meet aerospace requirements, and all similar bolts were removed and replaced with
approved fasteners.
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Fig. 13-62 Corrosion induced failure of a 1040 plain carbon steel bolt, case history 13-17.

(a) Fracture surface of the bolt showing initiation site (solid arrow) and extent of stable crack growth
(open arrows).

(b) Head and shank of the bolt showing secondary cracking.

(c) Cross-section showing a secondary crack growing out of thread root.

(d) Scanning electron micrograph of shank surface showing network of intergranular cracking.
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CHAPTER 14

CORROSION FATIGUE

14.1 Introduction

Fatigue involves the initiation and growth of cracks in solids which are subjected to repeated cyclic stresses. The mechanical
loads involved are generally quite small, and the stresses resulting from these loads are usually less than the yield strength of the
material. Fatigue cracks usually initiate at free surfaces and at stress concentration sites such as abrupt changes in section, key-ways,
filet radii, fastener holes, or internal discontinuities such as inclusions or cavities. The total fatigue life of a component may be
considered in terms of the number of cycles of stress required to cause crack initiation, and the number of cycles required to cause
the crack to grow to a size where the remaining load bearing cross-sectional area can no longer sustain the applied loads. Sudden
catastrophic rupture of the remaining ligament then occurs.

A wide range of variables can affect the fatigue behaviour of a given material. These include the amplitude of the stress cycles,
the mean stress, the frequency and wave-shape of the applied stress cycles and the environment to which the material is exposed. Some
of the terms used to describe fatigue are explained in Figure 14-1. To determine the effects of the external variables a wide range of
standard tests are available. The relationship between stress amplitude and number of stress cycles to failure is usually determined from
tests on carefully machined specimens, either with or without notches machined in their gauge lengths. These tests give rise to the well
known S-N curves of the type shown in Figure 14-2(a). For materials such as aluminium or magnesium lives increase as the applied
stress amplitudes decrease, but for some materials such as steel a point will be reached at low stresses where fatigue life becomes
independent of stress. This is known as the fatigue limit, and it is generally assumed that if a metal is stressed below its fatigue limit it
will endure an infinite number of cycles without fracture, If the specimen used in a fatigue test is notched prior to testing, so that a
stress concentration exists, then the fatigue strength will be reduced by an amount depending on the radius or sharpness of the notch
and on the stress concentration that it creates.

ALTERNATING LOAD OR
ALTERNATING STRESS O,

MEAN MEAN LOAD = THE AVERAGE BETWEEN THE MAXIMUM AND MINIMUM

LoaD - BU— LOADS OF THE FATIGUE LOADING CYCLE.

MEAN MAXIM A

STRESS @, | MINIMUM LOAD — /OQ Lot ALTERNATING LOAD = THE AMPLITUDE OF THE CYCLICAL LOAD, OR
i OR STRESS HALF THE DIFFERENCE OF MAXIMUM AND MINIMUM LOADS.

fa) A REPEATED LOAD IS DEFINED AS THE REPEATED APPLICATION AND

REMOVAL OF A TENSILE (OR COMPRESSIVE) LOAD,

00,
b . 5 - - A REVERSED LOAD IS ONE IN WHICH THE MAXIMUM TENSILE AND COM-
7 PRESSIVE LOADS ARE OF EQUAL AMPLITUDE.
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[\ /Pi Om — 0y = THE MINIMUM STRESS
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3>——10AD —»
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= R = STRESS RATIO

>— TIME ——»

Fig. 14-1 Types of constant amplitude fatigue load cycles (Ref. 14-1)

(a) Fluctuating tension load cycle.
(b) Repeated load cycle (stresses 0, + 0,, or -0, + 0,)
(c) Reversed load cycle (stresses 0 ; 0,)

The determination of fatigue crack growth rates is usually performed on specimens having notches machined on their edges,
or at their centres in the case of sheet specimens, Fatigue cracks can then be initiated under controlled conditions from the notches and
allowed to propagate so that their lengths can be monitored as a function of elapsed time or the number of stress cycles applied. Fatigue
crack growth rates may be determined under conditions of constant amplitude loading, and also under conditions of variable amplitude
or spectrum loading to simulate the conditions existing in service during ground, flight and air-ground operations.

Fatigue crack growth rate (da/dn) is dependent on the range of stress intensity (AK) applied to the crack tip during cycling.
Figure 14-2(b) shows schematically the relationship between the stress intensity range (AK) and fatigue crack growth rates for typical
engineering materials. Three regimes of crack growth can usually be identified, as indicated in Figure 14-2(b). Crack growth occurs very
slowly at low values of AK, and a threshold value of AK (AK,;)) can usually be identified below which the crack growth either ceases or
is so slow as to be insignificant. As crack tip stress intensity range AK is gradually increased, crack growth rates also increase and a point
will be reached where log (da/dn) increases linearly with log (AK) over a fairly wide range. This point marks the transition between the
threshold regime (Region 1) and the intermediate regime (Region 2) of crack growth. Region 2 is often referred to as the linear regime
or Paris regime of crack growth, and growth rates can be described by the equation:

da/dn = C (AK)™

where C and m are constants.
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Fig. 14-2(a) Schematic illustration of the fatigue behaviour Fig. 14-2(b) The three stages of
of ferrous and non-ferrous alloys fatigue crack growth

At even higher values of AK crack growth rates increase at an accelerating rate and unstable crack growth occurs as the peak
stress intensity in the cycle (K,,,,) approaches the fracture toughness (K,) of the material. This period of accelerating growth rate at
high values of AK is known as stage 3, or the terminal stage of crack growth.

14.2 Effects of Corrosive Environments

When fatigue occurs in the presence of a corrosive environment failure usually occurs in a shorter time and in fewer cycles
than would be the case in a dry or benign environment. This synergistic effect between fatigue and corrosion is known as corrosion
fatigue, and it may involve either a decrease in the number of cycles to crack initiation or an acceleration of fatigue crack growth
rates, or both. An important feature of corrosion fatigue is that mechanical damage and corrosion damage occur simultaneously and
synergistically. In many cases the two modes of degradation will occur successively or alternately, in which case the damage would not
be attributed to corrosion fatigue, This might be the case, for example, when pitting corrosion occurred first in a metal component, and
then fatigue crack propagation occurred from the base of a corrosion pit. The fatigue contribution to the failure process could occur
even in the absence of a corrosive environment. The correct description of the failure process in this case would be pitting followed by
fatigue, rather than corrosion fatigue. However, while hypothetical failure processes can be classified quite easily, and even failures
produced under laboratory conditions, it is not always easy to correctly classify failures occurring under service conditions.

Although not very common, cases have been reported where corrosion processes can impede fatigue. This may arise due to
the formation of dense oxide scales which help to carry the externally applied loads and therefore effectively reinforce the underlying
metal. Similarly, if thick oxide scales or other corrosion products form at the tip of a growing fatigue crack they may act as a wedge to
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prevent the crack faces from closing completely during the load decreasing part of the fatigue cycle. In this way they may lower the
effective range of stress intensity applied at the crack tip and lower the growth rate. Corrosion therefore does not always reduce fatigue
life, and cyclic stressing does not always increase rates of corrosion.

In the more general case the effect of a corrosive environment is to reduce fatigue life, either by decreasing the time to crack
initiation and, or, by increasing the rate of fatigue crack growth. These effects can be seen quite easily in laboratory tests where they
give rise to results of the type indicated in Figure 14-3(a). The decrease in fatigue life or acceleration of crack growth rate depends on
cyclic frequency, stress amplitude, mean stress and wave shape. In general terms, conditions which provide the aggressive environment
with easy access to the bare metal, for example at the crack tip, and which provide time to allow corrosive reactions to occur will lead
to the most noticeable reduction in fatigue life.
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Fig. 144 The effect of stress ratio (R) on
fatigue crack growth rates of 1 mm thick clad
sheet of 7075-T6 aluminijum in dry air and
saturated wet air. (Ref. 14-3)

Since corrosion is a time-dependent process, low frequency cyclic straining promotes corrosion fatigue by allowing time for
corrosion degradation to occur and to contribute to mechanical degradation during the fatigue process. Frequency dependent fatigue
strength or fatigue crack growth rates are therefore often taken as a clear indication of corrosion fatigue. The effects of frequency in
corrosion fatigue will be most pronounced at low stress amplitudes or low crack tip stress intensities where mechanical damage
accumulates slowly. Some examples of the effects of frequency on fatigue crack growth in Alclad 2024-T3 sheet in dry air and
saturated wet air are given in Figure 14-3(b).

High stress amplitudes and high crack tip stress intensities lead to short fatigue lives and rapid crack growth rates. The
opportunity for corrosion to contribute to the degradation process is therefore diminished and the §-N curves, or curves of log (da/dn)

versus log (AK) for aggressive and non-aggressive environments tend to merge. These effects can be seen in Figure 14-3(a) and
Figure 14-3(b).

The mean stress applied to a specimen during cycling determines the portion of time that the crack is open during each stress
cycle. For a zero mean stress (fully reversed loading, Fig. 14-1) the crack would normally be closed during the compressive half-cycle,
and open only during the tensile half-cycle. If a static tensile component is introduced to raise the mean stress of the cycle above zero
the crack will be open for a greater part of the cycle, and therefore for a given frequency a longer time will exist during each cycle when
corrosion may occur at the crack tip. When the mean stress is equal to or greater than the stress amplitude (Fig. 14-1(a) and (b)), the
crack should be open throughout the cycle. Under these conditions corrosion should be able to occur throughout the cycle and
corrosion fatigue should be pronounced. The greater is the stress ratio the greater is the crack opening and the easier it should be for

the corrosive environment to reach the crack tip and cause corrosion fatigue. This effect is shown in Figure 14-4, where high R values
lead to higher crack growth rates in 7075-T6 clad sheet.

14.3 Stress Corrosion Fatigue

When fatigue loading is applied to materials which are susceptible to stress corrosion cracking there is a possibility that this
will also contribute to the overall fracture process. The result may be a more rapid rate of crack growth compared to those expected
for either pure mechanical fatigue or true corrosion fatigue. This phenomenon may lead to the appearance of a sudden step-like increase
in growth rate at a certain value of AK in plots of log (da/dn) versus AK, as indicated in Figure 14-5.

The step-like increase in growth rate might be expected to appear when the peak stress intensity reached in the fatigue cycle
first equals the threshold stress intensity for stress corrosion cracking. Only then should a stress corrosion contribution to crack growth
be possible. However there are indications that the threshold stress intensity for stress corrosion cracking may be lower under cyeclic
loading conditions than for static loading conditions, and therefore the use of SCC data from static tests may be misleading. Having
recognized the possible contribution of stress corrosion cracking to fatigue crack growth, it is possible to describe three basic types of
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Fig. 14-5 Schematic illustrations of basic types of corrosion fatigue crack growth behaviour (Ref. 14-4)

(a) True corrosion fatigue (TCF),
(b) Stress corrosion fatigue (SCF).
{c) SCF superimposed on TCF.

corrosion fatigue crack growth. These are illustrated schematically in Figure 14-5. Figure 14-5(a) shows true corrosion fatigue where a
synergistic reaction occurs between corrosion and cyclic loading to cause an increase in fatigue crack growth rates. This increase is most
pronounced at low values of AK and diminishes at high values of AK. Figure 14-5(b) shows pure stress corrosion fatigue, where a stress
corrosion contribution to fatigue crack growth occurs when K .. = Kjgce. This type of behaviour is unlikely to occur in practice
since the corrosive environment required for stress corrosion would also induce a true corrosion fatigue contribution. The more likely
situation is shown in Figure 14-5(c), which shows the stress corrosion contribution superimposed on a true corrosion fatigue
contribution.

The variables of frequency, mean stress and wave-shape become particularly important when the test material is susceptible
to stress corrosion cracking. The higher the mean stress, or stress ratio, in a corrosion fatigue test, the sooner will the condition that
Kinax = Kiscc be reached. This will lead to the appearance of the ‘step’ in the corrosion fatigue crack growth curve at lower values of
AK, as indicated in Figure 14-6(a).
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Lower frequencies lead to greater environmental contributions to crack growth, because of the longer time per cycle during
which corrosion processes may occur. This is true for both corrosion fatigue and stress corrosion fatigue, and the effects of frequency
for this latter process can be seen in Figure 14-6(b) for 835M30 steel in 3.5% NaCl solution.

Wave-shape is important with respect to stress corrosion fatigue since stress corrosion cracking can only occur above some
critical value of stress intensity. Thus the longer the time in each cycle spent above this critical value the greater will be the contri-
bution to crack growth from SCC. Wave-shapes which maximize the time at peak stress therefore tend to promote SCC. This can be
seen in Figure 14-7, where a pronounced step increase in crack growth rate, due to stress corrosion cracking, can be seen in an Al-Zn-Mg
alloy tested in a corrosive environment with a square waveform at 0.1 Hz. The step diminishes as the frequency is increased to 10 Hz,
and disappears entirely when the waveform is changed to a triangular or sawtooth form. Figure 14-7 indicates that the stress corrosion
contribution, even at 0.1 Hz, disappears when AK falls below the stress corrosion threshold. It also indicates that the true corrosion
fatigue contribution to crack growth is very small below K;gcc, when a square waveform is used. However the true corrosion fatigue
contribution remains quite large in this regime when a triangular or sawtooth waveform is used. This suggests that true corrosion fatigue
crack growth, like pure (mechanical) fatigue, only occurs during the load increasing part of the cycle. From this, it may be inferred that
cyclic loading under a triangular, trapezoidal, positive-slope-sawtooth or sinusoidal stress wave is more likely to effect a reduction in
fatigue life in detrimental environments than is cyclic loading under a negative-slope-sawtooth or square wave,
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14.4 Case Histories
Case history 14-1. Corrosion fatigue of a magnesium alloy (AZ-91C) main landing gear wheel.
A large rim section was found broken from the rim of a STOL transport aircraft main wheel after landing (Fig. 14-8(a)). The

cause of fracture was found to be corrosion fatigue cracking which had grown completely through the rim section. Cracking initiated
from the tyre bead seat radius, and the corrosion products were typical of a marine environment.

{a)

Fig. 14-8 Corrosion fatigue of a magnesium alloy (AZ-91C) main landing gear wheel

(a) General view of the failed wheel and the crack indicated by arrows.
(b) Section through a typical pit showing multiple corrosion fatigue cracks.
Nital etch, (Mag. X 250)
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These experimental low pressure tyre wheels allowed salt moisture to penetrate the tyre bead seat area between tyre and rim,
aided by frequent tyre changes. The wheel was a magnesium alloy casting (AZ-91C) and fatigue crack initiation occurred at the base of
deep corrosion pits. Figure 14-8(b) shows a typical pit with multiple crack origins.

Such failures are not likely to occur until the cracking is substantial and then only when side loaded during taxiing, since tyre
pressure loads are small. Dye penetrant or eddy current inspection to detect cracking during tyre changes would prevent in-service
failures. In this case the frequent experimental tyre changes increased the availability of the corrosive media to the growing undetected
cracks,

Case history 14-2. Corrosion fatigue failure of a magnesium alloy (QE-22A) main landing gear wheel.

Long cracks were found during visual inspection of a fighter aircraft main landing gear wheel. The cracks were approximately
125 mm long and were found to run between the rim of the wheel and a bolt hole, as shown in Figure 14-9(a). The crack initiation site
is indicated by the arrow in Figure 14-9(b).

Metallurgical analysis showed that the wheel was made from a magnesium alloy casting, QE-22A with a nominal composition
Mg-2.5% Ag-2.0% Di-0.4% Zr. The microstructure (Fig. 14-9(c)), showed heavily cored but equiaxed grains with precipitates of an
intermetallic compound believed to be a magnesium-rare earth phase (MgyR) along grain boundaries. The material was found to have
a tensile strength of 215 MPa and hardness of BHN-70, determined with a 500 kg load and 10 mm diameter ball indenter. These
properties and microstructure are typical of the T6 heat treatment consisting of a solution treatment, quench and artificial age
(Ref. 14-6).

Heavy surface corrosion was observed over most of the wheel and polished sections, such as that shown in Figure 14-9(c),
showed several through cracks and partial cracks initiating from corrosion pits. The cracks were found to propagate in a predominantly
intergranular mode, as indicated in Figure 14-9(c).

L]

Fig. 149 Corrosion fatigue of a magnesium alloy (QE-22A) main landing gear wheel

(a) General view of the wheel showing the crack.
(b) Fracture surface showing the crack initiation site indicated by arrows.
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Fig. 14.9 Corrosion fatigue of a magnesium alloy (QE-22A)
main landing gear wheel
(c) Secondary cracking initiating from corrosion pits.
(d) Area showing intergranular fracture on the heavily corroded fracture
face, (Mag. X 220)

(e) Heavy corrosion products largely obscuring fatigue striations running
normal to the direction of crack propagation indicated by the arrow,

Scanning electron microscopy showed that the fracture surface was covered by thick corrosion products, but the
intergranular nature of the fracture was still clearly evident in many areas (Fig. 14-9(d)). The fine features of the fracture surface were
largely obscured by the corrosion products, but isolated areas could be found which showed what appeared to be fatigue striations
(Fig. 14-9(e)).

QE-22A, like other magnesium alloys, is subject to general and pitting corrosion in industrial, marine and moist environments.
However, with suitable surface treatments and painting, it performs satisfactorily in all types of natural environments with the
exception of continuous immersion in water (Ref. 14-7). The alloy has low susceptibility to stress corrosion cracking (Ref. 14-8). The
wheel in question had been operated in the Mediterranean region, and exposure to a warm moist salt atmosphere was no doubt a factor
in the failure. The critical crack had initiated on the exterior surface of the wheel, which fortunately was visible, and this probably
occurred in an area where the corrosion protection system was damaged. Regular inspection and repair of the paint system should have
prevented this failure. Because of the clear evidence of corrosion and the indications of fatigue striations on a heavily corroded fracture
surface the failure was attributed to corrosion fatigue.

Case history 14-3. Corrosion fatigue failure of a magnesium alloy (AZ-91C) nose wheel.

Multiple cracks were found propagating out of bolt housings during a visual and liquid penetrant inspection of the nose
wheels of a fleet of fighter aircraft. Many wheels were found to be affected, and typical cracks are indicated by the arrows shown in
Figure 14-10(a).

Metallurgical analysis showed that the wheels were made of a magnesium alloy casting, AZ-91C, with a nominal composition
Mg-9% Al-0.7% Zn. The microstructure (Fig. 14-10(b)) consisted of equiaxed grains with fine precipitates of an intermetallic compound
along grain boundaries. Brinell hardness determined with a 500 kg load and a 10 mm diameter ball indenter was found to be BHN-51
to 59, which is typical of materials in the T4 heat treatment condition.

Several cracks were opened in the laboratory, and these showed a dark zone, covered by corrosion products, which extended
up to the bright overload zone produced during opening (Fig. 14-10(c)). The inner surfaces of the bolt holes were also examined. These
were found to contain deep corrosion pits of the type shown in Figure 14-10(d). Examination of the fracture surfaces using a scanning
electron microscope showed that intergranular cracking had occurred in the initiation regions (Fig. 14-10(e)), while transgranular
fracture had occurred at longer crack lengths (Fig. 14-10(f)). Both the intergranular and transgranular zones were badly corroded, but
fatigue striations were clearly visible in the transgranular areas (Fig. 14-10(f)).

Pitting attack in the bolt holes may have been influenced by galvanic effects, or by crevice conditions existing between the
wheel and the steel bolts. However, the presence of heavy corrosion across the fracture faces and the clear evidence of striations suggests
that corrosion fatigue was responsible for at least the later stages of crack propagation. This aircraft had operated in the Mediterranean
region which is also a significant factor. This, and the two preceding case histories, suggest that magnesium alloy castings are not good
choices for aircraft wheels.
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Fig. 14-10 Corrosion fatigue of a magnesium alloy (AZ-91C) nose wheel

(a) General view of two wheels showing cracks (arrows) growing out of bolt holes.

(b) Microstructure of the AZ-91C magnesium alloy. (Mag. X 45)

(¢) Fracture surface showing the corroded (dark) pre-cracked area ‘A’, and the
bright final fracture zone ‘B’.

(d) Inner surface of a bolt hole showing a deep corrosion pit, (Mag. X 1200)

(e) Intergranular cracking in the initiation zone, (Mag. X 260)

(f) Fatigue striations in a transgranular portion of the fracture surface.
(Mag.x 650)
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Case history 14-4. Corrosion fatigue of a rocker arm journal bearing.

Severe vibration and noise led to the tear-down and inspection of an aircraft engine. A rocker arm journal bearing was found
to be fractured and was submitted for laboratory examination. The journal bearing and fractures are shown in Figures 14-11(a) and
14-11(b).

Examination of the bearing surface revealed the presence of numerous deep pits and score marks (Fig. 14-11(c)). The fracture
surfaces were found to be covered by corrosion products and brittle fatigue straitions were found in zone ‘F’, 3-4 mm from the bearing
surface, as shown in Figure 14-11(d). However the most noticeable feature of these fractures was the presence of large pockets of what
appear to be interdendritic shrinkage cavities running along the bearing surface (Figs. 14-11(e) and 14-11(f)). The fatigue cracks initiate
at these-cavities and propagate radially outwards, away from the bearing surface, as indicated in Figure 14-11(e).

Fig. 14-11 Corrosion fatigue of a cast aluminium rocker arm journal bearing

(a) Portion of the fractured journal bearing.

(b) Portion of the fracture surface (‘A’ in Fig. 14-11(a)).

(c) SEM picture of the bearing surface showing pitting, (Mag. X 1070)

(d) Fatigue striations observed in zone ‘F’, 3-4 mm from the bearing surface.
(Mag. X 540)

(e) and (f) Interdendritic shrinkage cavities observed on the fracture at the bearing
surface, (Mag, X 100)
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Metallurgical examination confirmed that the journal bearing was made from an aluminium alloy casting, and the
microstructures confirmed the presence of a coarse grained dendritic structure with intermetallic compounds and large shrinkage
cavities in the interdendritic regions. Chemical analysis showed that the casting was an aluminium-copper-nickel-magnesium-silicon
alloy, AA-242 (formerly 142), Al-4% Cu, 2% Ni, 1.5% Mg, 1% Fe, 0.7% Si, 0.35% Zn, 0.25% Cr. The material was found to have a
Brinell hardness number HB = 58, determined using a 500 kg load and 10 mm diameter ball.

The primary cause of this failure was the use of a poor quality casting in a fatigue critical application. This was the result of
poor foundry practice and poor quality control procedures which failed to detect gross porosity in the casting. However, the evidence
indicates that once in service the failure progressed by fatigue and that corrosion contributed to the fracture process, and thus corrosion
fatigue was a factor.

{el id)

Fig. 14-12 Corrosion fatigue of 5052 aluminium alloy rivets

(a) Rivets removed from the structure for examination,

(b) Fracture surface of a rivet showing three zones of fracture.
(Mag. X 20)

(c) Intergranular fracture observed in zone ‘A’. (Mag. X 1000)

(d) Mud-crack pattern observed in fracture zone ‘A’. (Mag. X 500)

(e) Fracture surface appearance in fracture zone ‘B’, (Mag. X 2000)

(f) Grain structure in the rivets. The deformation is due to tearing
in an overload region, (Mag. X 500)
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Case history 14.5, Corrosion fatigue of 5052 aluminium alloy rivets.

Visual inspection of a set of rivets, used to hold a filter housing in a helicopter, showed that several were fractured. The
rivets were removed and inspected. Many of the rivets (Fig. 14-12(a)), were badly deformed and they were all badly corroded. Closer
examination in a scanning electron microscope showed that the sides of the rivets were badly scored and pitted, while the fracture
surfaces typically showed three or four distinct zones of fracture as indicated in Figure 14-12(b).

Zone A in Figure 14-12(b) was found to contain predominantly intergranular fracture (Fig. 14-12(c)), but large areas were
covered by corrosion deposits having a mud-crack appearance as shown in Figure 14-12(d). Zone B in Figure 14-12(b) was found to be
fairly smooth and was also covered by heavy corrosion products. However some areas were found which had a striated appearance, as
shown in Figure 14-12(e), suggesting the presence of underlying fatigue striations. The fact that the rivets failed in an essentially brittle
manner, with little evidence of necking or other signs of ductility in the fracture process suggests that fatigue was involved. The absence
of clearly defined fatigue striations is not uncommon in corrosion fatigue and this often complicates the interpretation of service
induced fracture surfaces. Zone C in Figure 14-12(b), and the intermediate zone between zones B and A, were rougher in texture
suggesting that these may have formed by tearing during the final stages of fracture of the rivets, These zones were also covered by
thick layers of corrosion debris.

Microstructural analysis of these rivets showed they were made from wrought aluminium alloy 5052 (Al-2.5% Mg-0.25% Cr),
with a very small equiaxed grain structure (Fig. 14-12(f)). The material had a Vickers hardness, Hv = 112 + 8. This alloy is generally
resistant to corrosion in normal marine and industrial atmospheres, and to salt water in the tempers normally used for rivets. The
presence of corroded fracture surfaces and the macroscopic and microscopic aspects of the fracture surfaces indicate that corrosion
fatigue was the primary cause of failure.

Case history 14-6. Corrosion fatigue of a 6061 aluminium alloy pitot support tube.

A pitot support tube (Fig. 14-13(a)), on a military aircraft was found to be cracked during a routine visual inspection. The
crack encircled the tube more than 300° and had existed for a considerable period of time. The tube did not separate from the pitot
boom because it contained air hoses and electrical wiring which hold it in place to some degree. The appearance of the magnified
crack (Fig. 14-13(a)), suggested that extensive corrosion of an old fracture had occurred. The intergranular nature of the corrosive
attack is shown in the metallographic crosssection of Figure 14-13(b). The crack was carefully broken open so that the most recent
portion which was not so severely corroded could be studied by scanning electron microscopy. The fracture surface was found to
contain fatigue striations amid the corrosion debris and secondary cracking (Fig. 14-13(c))..
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Fig. 14.13 Corrosion fatigue in a 6061 aluminium pitot support tube

(a) Corroded crack encircling the tube (arrow inset). (Mag. X 7)
(b) Cross-section showing intergranular corrosion attack, (Mag. X 62.5)
(c) Scanning electron fractograph showing fatigue striations, (Mag, X 1700)
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The stress contribution of the corrosion fatigue failure was believed to be due to aerodynamically induced vibration of the
tube, since it was otherwise a very lightly loaded structure. The corrosion could not be identified other than being due to general
environmental corrosion of the unprotected aluminium fracture surface. A possibility exists that a rigid foam type material located
in the pitot boom at the connection to the pitot support tube may have contributed to the corrosive environment, however this was
not confirmed. Some galvanic corrosion was observed around the securing bolts of the pitot support tube but this could not be related
to the failure.

The tube material was identified as 6061 aluminium alloy. This alloy is among the best of the heat treatable aluminjum alloys
with respect to corrosion resistance, and these properties are not significantly affected by variations in heat treatment. A thin invisible
oxide film forms in air which is normally expected to protect the metal from further oxidation and to provide corrosion resistance to
all but alkalis, which are among the few substances which attack the oxide film (Ret. 14-9). However the material is known to be
susceptible to galvanic corrosion, and fatigue crack propagation rates are increased by the presence of moisture. There is insufficient
data to establish the magnitude of this effect, but it is less pronounced in this alloy than in the 2000 and 7000 series alloys
(Refs. 14-10, 14-11),

The failure of the pitot support tube was therefore attributed to corrosion fatigue, although the corrosive medium could not
be specifically identified and aerodynamic loading was the only significant source of stress, No material or design deficiency could be
identified, other than the vibrational loading situation.

Case history 14-7. Corrosion fatigue of a 321 stainless steel hose assembly.

A visual inspection was carried out on a turbojet engine from a fighter aircraft after a flame-out. A hose assembly, shown in
Figure 14-14(a), was found to be completely fractured, the fracture occurring towards one end of the tube close to a weld. Prior to
failure the engine had been in service in the Mediterranean region where it would be exposed to warm and humid salt atmospheres.

The fracture appeared to have initiated in the region indicated by the arrow in Figure 14-14(b), and examination of the
fracture surface in this region revealed the presence of fatigue striations (Fig. 14-14(c)), partially covered by corrosion products.
Examination of the outer surface of the tubing adjacent to the fracture surface revealed the presence of surface pits, longitudinal
scratches, and superficial intergranular cracking (Fig. 14-14(d)).

Fig. 14-14 Corrosion fatigue of a 321 stainless steel hose assembly

(a) General view of the tube showing fractured end (left).

(b) Fracture surface and the crack initiation site indicated by arrow.

(c) Fatigue striations on the corroded and pitted fracture surface close to
the initiation zone. (Mag. X 3300)

(d) Surface of the tube close to the fracture face showing corrosion pits
and intergranular crevices. (Mag. X 1050)
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Microstructural analysis of the tubing showed that it was made from an austenitic, type 321, stainless steel
(Fe -~ 18% Cr ~ 10% Ni + Ti), with a fine grained (15-30 um) wrought microstructure showing appreciable deformation twinning.

Type 321 stainless steel is a highly corrosion resistant material which contains small amounts of titanium to stabilize the
carbides. Titanium carbides form randomly throughout the grains and this prevents the formation of chromium carbides at grain
boundaries in the sensitizing range of 425-870°C. Because of this it has good resistance to intergranular corrosion. It is also resistant
to general corrosion and stress corrosion when in contact with dense hydrocarbon fuels (Ref. 14-12). However while it is resistant to
stress-corrosion cracking in sea water, it is known to be susceptible to both stress corrosion and pitting corrosion in marine atmospheric
environments such as sea shores and aboard ships (Ref. 14-13).

The presence of pitting (Fig. 14-14(d)) and fatigue (Fig. 14-14(c)) in a stabilized, corrosion resistant stainless steel suggests
that fatigue, or corrosion fatigue was the primary mode of failure. There is little information on the corrosion fatigue behaviour of
stainless steels, but the fact that stress corrosion cracking may occur in salt laden atmospheres under static loading conditions suggests
that an environmental contribution to fatigue crack growth might also occur under certain conditions of cyclic loading. Zinc and
aluminium rich coatings are effective in preventing or retarding stress corrosion and pitting in salt laden atmosphers (Ref. 14-13).

Case history 14-8. Corrosion fatigue failure of 4340 steel helicopter rotor components.

A military helicopter lost a rotor blade in flight and crashed. Several parts from the rotor blade attachment assembly and the
blade were recovered from the crash site and were submitted for laboratory examination. These parts included the horizontal hinge pin
and the associated nut and locking washer, which are shown in Figures 14-15(a)-(c).

Visual examination revealed that the hinge pin was broken, and the fracture face showed a flat beach mark indicating the
presence of a pre-existing crack. The fracture surface and beach mark are shown in Figures 14-15(d) and 14-15(e) respectively. Also
noteworthy was a dent on one side of the threaded area of the hinge pin (Fig. 14-15(f)). The threaded area was examined carefully to
determine whether the nut was on the pin at the time of the crash. The nut was not recovered.
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Fig. 14.15 Corrosion fatigue of a 4340 steel rotor attachment assembly

(a) Threaded end of the horizontal hinge pin with arrows indicating fracture
location.

(b) Mating part of the hinge pin with arrows indicating fracture location.

{c) Nut and locking washer from the failed pin.

(d) Fracture face of the pin before cleaning.
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Fig. 14-15 Corrosion fatigue of a 4340 steel rotor attachment assembly

(e) Fracture face after cleaning, showing beach marks and crack plateaus in the
initiation region, (Mag, X 2)

(f) Threaded end of the pin showing damaged threads.

(g) Outer circumference of the pin at the fracture showing secondary cracks and
pits indicated by arrows. (Mag. X 2)

(h) Close-up of threads showing embedded thread at arrow. (Mag. X 2)

-

Optical examination of the hinge pin showed the beach mark or pre-crack had progressed across about one quarter of the
total cylinder crosssectional area, Further examination of the hinge pin close to the fracture initiation site revealed the presence of
corrosion pits and secondary cracking on the outer circumference of the pin adjacent to the primary fracture face. The cracks ran
parallel to the primary fracture and seemed to be propagating from small pits (Fig. 14-15(g)).

Examination of the threaded portion of the pin revealed an embedded thread which did not appear to come from the pin
(Fig. 14-15(h)). Chemical analyses were performed on the hinge pin, an associated attachment nut, and the embedded thread. The
results, shown in Table 14-1, indicated that the hinge pin was made from 4340 alloy steel, while the locking nut and the thread were
made from the same 4130 low alloy steel. This suggests the embedded thread was from a nut, and that the nut had been in contact
with the pin just before the sequence of events occurred that caused the crash.

Table 14-1 Chemical analysis of hinge pin, embedded thread, and attachment nut from crashed helicopter

Chemical Composition, Weight %

Part
Cr Mn Mo Si C Ni Fe
Hinge pin (analysis) 0.80 0.65 0.23 0.35 0.40 1.90 Balance
4340 Steel Min 0.70 0.65 0.20 0.20 0.38 1.65 Balance
AMS 6415H Max 0.90 0.85 0.30 0.35 0.43 2.0 Balance
Embedded thread (analysis) 1.0 0.50 0.17 0.31 0.33 = Balance
Attachment nut  (analysis) 0.99 049 0.17 0.32 0.33 = Balance
4130 Steel Min 0.80 0.40 0.15 0.20 0.28 = Balance
AMS 6370H , Max 1.10 0.60 0.25 0.35 0.33 = Balance



http://www.abbottaerospace.com/technical-library

179

The failure of the horizontal hinge pin was attributed to corrosion fatigue. The failure initiated in areas of localized corrosion
pits, and propagated by fatigue to the depth indicated in Figure 14-15(e). The 4340 steel was found to have a hardness of R,, 41, which
was within the specified range of R, 39-43 for this part, and the part was found to be cadmium plated. As noted in Chapter 9, 4340
steel has poor corrosion resistance and corrosion protection is required in most normal operating environments. The presence of pitting
in the hinge pin suggests that the cadmium plating had deteriorated to expose the underlying steel.

It was noted that the rotor assemblies were more than 11 years old, and a complete inspection and overhaul was
recommended for all components, regardless of the flying hours for individual helicopters. All the rotors were disassembled and the
hinge pins were inspected to ascertain the presence of cracks, corrosion pits and general corrosion. Those pins that were determined to
be satisfactory for further use were stripped of cadmium, shot-peened, and re-coated with cadmium to a minimum thickness of

12,5 pm,
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CHAPTER 15

MICROBIOLOGICAL CORROSION

by

Dr. P.V. Kandachar
Technological Centre
Fokker B.V.

P.0. Box 7600, 1117 ZJ Schiphol
The Netherlands

SUMMARY

Under suitable conditions, micro-organisms can flourish in the fuel tank environment and contaminate the aircraft integral
fuel tanks. Unless preventive steps are taken in time, this contamination can lead to corrosion of the fuel tanks, and in extreme
situations disastrous consequences can follow. In this review, several aspects of micro-organisms, their growth, their corrosive behaviour
and the preventive measures that have been found to be effective in controlling the problem in aircraft integral fuel tanks have been
discussed.

15.1 Introduction

Microbiological corrosion may be defined as the corrosion of metals caused by the presence and/or growth of microbiological
organisms. In the beginning of 1960’s, several reports and publications appeared in the technical and scientific literature describing this
type of corrosion in aircraft, which was till then virtually unknown (Refs. 15-1 to 15-17). It is suggested that the interaction of two
advances in aircraft design which were introduced in this period is responsible for this phenomenon which appeared after nearly fifty
years of aviation development: firstly, the entry into worldwide service of kerosene-powered turbo-prop and turbo-jet engines, instead
of the till then exclusively used petrol-driven piston engines. Secondly, increased adoption of the integrally machined or “wet wing”
type of fuel tank in place of the rubberized fabric containers (“bag tanks”) used earlier. Kerosene fuels, and water, which is either
present dissolved in the fuel itself precipitating out at lower temperatures during flight or which can condense in the aircraft tanks when
warm and humid air enters a cold tank, provide the nutrition for the growth of micro-organisms. This growth can cause corrosion of the
metal structure of the wing tanks, even when the best corrosion protective system known is applied. Microbiological contamination can
also cause plugging of fuel filters, malfunctioning of fuel probes, engine flame out or other operational difficulties. However, the scope
of this review is limited to corrosion of aluminium alloy wing tanks caused due to conditions existing underneath the microbiological
contamination. Extensive research investigations have been carried out in this field so that the problem is reasonably well understood,
at least to an extent that control measures could be devised. This, however, does not mean that this problem is always controlled or
that it can now be ignored.

Reports on microbiological corrosion of aircraft fuel tanks are often incomplete and clouded by secrecy for obvious reasons.
Microbiological corrosion cannot be attributed to one single factor, but to a complex interaction between aircraft design, materials,
construction, manufacture, operation, maintenance and fuel quality. Since there are at least three parties involved — the aircraft
manufacturer, the aircraft operator and the fuel supplier — it is almost impossible to pinpoint which party is to be held responsible. In
addition, several disciplines — aeronautical engineering, metallurgy, chemistry, microbiology, fuel technology, ete. — interact with each
other in the contamination and corrosion process, making the approach towards the solution exceedingly complex. Nevertheless this
problem should be seen as a common enemy and concerted efforts together and trust in each other could only produce the desired
solution,

The growth, and consequences of growth of micro-organisms in the actual aircraft depend on a large number of factors:
temperature, humidity, amount of water, amount of fuel, type of fuel, their conditions of storage and transportation, distribution of
water in the fuel, aircraft movements affecting the distribution, aircraft idle periods, turn-around periods, the operational environment,
presence of other bacteria which could affect the behaviour of corrosion causing fungus and/or bacteria, materials used in the tank
construction, corrosion protection system, ete. This large number of variables makes laboratory simulation of the conditions almost
impossible, while experiments in the actual aircraft is either inefficient or inconvenient or both. In addition, even if simulation is
somehow achieved, the problem of relating the accelerated corrosion results from the laboratory to actual practice remains, since one
has to bear in mind that the aircraft and its protective system are designed to last for decades. Nevertheless, laboratory investigations
have their own value since they give some insight into the processes going on in the actual aircraft. One should, however, be extremely
cautious in relating the results of the laboratory research investigations to the actual aircraft findings and vice-versa. It is therefore
useful to keep in mind that the results of the many laboratory investigations cited in this review may not truly represent what is going
on in the actual aircraft, although they might enlighten a particular aspect of the whole situation.

15.2 Micro-Organisms

Micro-organisms are so small that they can be seen only with the aid of special equipment like a light or electron microscope.
Micro-organisms found in the aircraft wing tanks is a general term applied to microbes, bacteria, fungus, moulds, etc. Microbes are
minute living beings, either plants or animals. Bacteria are small, unicellular organisms which reproduce by fission, the cell merely
dividing itself in half to give two daughter cells. Under the right conditions this process may take place every fifteen minutes so that
large colonies, which are readily visible, are rapidly produced (Ref. 15-19).

The cells exist in any one of the three basic shapes: rods, curved or spiral rods and spheres. The spheres average about 0.5 to
1.0 um (micrometers; microns) in diameter; the rods from 0.2 to 1.5 ym in diameter and up to 10 or more um in length. Spiral forms
vary greatly in size. Some bacterial cells, primarily certain rod forms, are capable of forming endospores (spores with a cell). The spores,
when transplanted to a suitable medium, germinate to form single cells again. Spores generally exhibit a high tolerance to heating and
other inimical agencies.
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Fig. 15-1 Cladosporium resinae. Scanning Electron Micrograph (Mag. X 2160)

The fungi are a heterogeneous group of plantlike organisms without flowers and without chlorophyll feeding on non-living
organic material or growing as parasites on other living organisms. The fungal forms which are generally found alone or in association
with corroding metals are primarily filamentous or yeastlike (non-filamentous oval cells). In contrast to some bacteria, the fungi usually
require some oxygen to grow. They may obtain their energy from a substrate (a carbohydrate, for example) by a fermentative
(anaerobic) or an oxidative (aerobic) mechanism. Various organic acids such as citric acid, oxalic acid, gluconic acid, dodecanoic acid,
etc., which may be corrosive to metals, are products of an oxidative metabolism, The main growth of fungi consists of thread-like
hyphae which form a heavily-branched, tangled growth called a mycelium. The hyphae are 2-5 um in diameter but grow to great
lengths and the mycelium can be easily visible to the naked eye. Under certain conditions specialized hyphae, called conidiophores,
develop, terminating in bodies called conidia. Conidia are readily detached as spores which are equivalent to the seeds of flowering
plants. Typical spores are about 5-6 um long and 2-3 um in diameter, and are produced in vast numbers, spreading the species about
by wind, wave, insect and every other method of transport. A new plant can start growing from a piece of hyphae which has broken
away from the maingrowth, just as a rose can be grown from a cutting.

Microbial growths occur often as dark, almost felt-like, slimes or sludges at any interface between water and fuel.
Parbery (Ref. 15-26) has listed about 60 different fungi, 10 different yeasts and 20 different types of bacteria which are found in
aviation fuel tanks (Table 15-1). Not all of them are capable of growing well in aviation kerosene. Further, of those capable of growing
well, not all of them are capable of inducing severe corrosion of alloys used in the aircraft wings. The most commonly found micro-
organisms in aviation fuels are the fungus CLADOSPORIUM RESINAE and the bacterium PSEUDONOMAS AERUGINOSA. Each
is capable of causing severe corrosion under experimental conditions, while the fungus is the more commonly associated with the
corrosion problem on a world basis. Cladosporium resinae was also one of the most prevalent species found in 78 aviation fuel samples
examined in a programme carried out by British Aircraft Corporation under the sponsorship of U.K. Ministry of Defence (Procurement
Executive) (Ref. 15-34). Cladosporium resinae was found in 78 percent of all jet aircraft fuel tank samples examined in Australia in
1961 and 1962, and 80 percent of samples from integral fuel tanks of 59 jet aircraft in California, examined in 1966 (Ref. 15-20). The
aviation department of Shell International Petroleum Company. London, has carried out an extensive study of samples taken out
worldwide in 1961 (Ref. 15-22). They have sampled and identified 380 samples originating from Europe, Near East, Africa, India and
Pakistan, Far East, Australia, Pacific, North America and South America. 86 samples showed the presence of Cladosporium resinae, out
of which 43 samples originated in Near East (Hong Kong, Manila, Singapore and Tokyo). Only two samples showed the presence of
Pseudonomas aeruginosa in the Shell survey.

It is however possible that Cladosporium resinae is more capable of surviving in aviation fuel than Pseudonomas aeruginosa.
According to Sheridan (Ref. 15-20), microbiological contamination (and corrosion), although found worldwide, appears to affect worst
the tropical countries (Refs. 15-18 to 15-22).
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Table 15-1 A list of micro-organisms found in aviation fuel tanks.
Ability to grow in the fuel is indicated where tests were made

Name Growth in Information source
kerosene
Fungi
Alternariatenuis .. ............couenn. + Hedrick et al. (1963)
sp. (tenuis group) . ........ . ... +++ Darby et al. (1968)
Aspergillusclavatus. . ................. - Darby et al. (1968)
fischeri ......... ... .. it ++ Darby et al. (1968)
flavipes ... ...vuiiin it ++ Darby et al. (1968)
flavus, ... .ot e e, Anon. (1961 d); Inoue (1968)
fumigatus . ..........iiiiiiiian. ++ Darby et al. (1968)
1) = Darby et al. (1968)
Diger® Lot ++ Hedrick et al. (1963)
 £17-02) S OO + Inoue and Takao (1966); Inoue (1965)
(371 Anon. (1961 d)
USEUS . oo ve vt ine e vecannncnennnns = Darby et al. (1968)
<) PN = Darby et al. (1968)
Aureobasidium pullulans, .............. = Darby et al. (1968)
pullulans (as Pullularia pullulans) . ..... Anon, (1961 d)
Botrytiscinerea. .............cu.u... Anon. (1961 d)
Cephalosporiumsp. .................. Anon. (1961 d)
S it ieriee ettt + Darby et al. (1968)
3 « TS AP Kuo (1967)
Chaetomium globosum ................ + Kuo (1967)
globosum. . .......ccovievneinnnan.. Inoue (1968)
[ OISR B - o o o R B olb o RS <> Inoue (1968)
Cladosporium cladosporioides. . ......... ++ Inoue (1968)
cladosporioides . ...........0ieiu.n. Anon. (1961 d)
herbarum............coiiiiiin.. - Darby et al. (1968)
(21311 V-1 S +++ Darby et al. (1968)
f.avellaneum®® . ................... +++ Elphick (1961); many others
resinae f.resinae ................... ++ Hendey (1964)
sphaerosperma..................... Inoue (1966)
sphaerosperma. . ................... ++ Darby et al. (1968)
Curvularialunata..................... + Darby et al. (1968)
geniculata . ......... ... 0., = Darby et al. (1968)
Epicoccumnigrum ................... + Darby et al. (1968)
Fusarium moniliforme. . ............... + Davis (1967)
OXYSPOLUM 4o vv v vneeenennnennnnns Anon. (1961 d)
YOSEUIM .ttt veenvneneanenennnnnns Hedrick et al. (1963)
<)+ AP +++ Darby et al. (1968)
Geotrichum candidum. ................ Darby et al. (1968)
Helminthosporiumsp. ................ Darby et al. (1968)
Humicolagrisea...................... ++ Darby et al. (1968)
Isaria sp. .o vveinnnnrnnnennnnennnns + Darby et al. (1968)
Monocilliumsp. .............c.vv.... + Darby et al. (1968)
Paecilomycesvarioti . ................. +++ Darby et al. (1968)
varioti . .. ... e e Leathern and Kinsel (1963)
varioti . . ... L. i i Anon. (1961 d)
Penicillium citrinum . ................. Anon. (1961 d)
eitrinum ... L i, Inoue (1968)
cyclopium. . ...................... Anon. (1961 d)
frequentans............. ...t Anon. (1961 d)
EXPANSUIN .t v o tveveneennnnsnenns Anon. (1961 d)
luteum. .....covnrnniinnnnnnnn.. Churchill (1963)
ochryochloron. .................... + Hedrick et al. (1963)
spinulosum ............ ... ........ Anon. (1961 d)
)¢ + T Darby et al. (1968)
8D e e Anon. (1961 d)
Phomasp............cooiiiiii, Anon. (1961 d)
Rhinocladiellasp. .................... Anon. (1961 d)
Sordaria fimicola..................... Anon. (1961 d)
Spicaria violacea . .................... - Hedrick et al. (1963)
H D OO O DR TR ey Hedrick et al. (1963)
Stemphyliumsp. .................... Hazzard (1963)
Syncephalastrumsp. . ................. Hazzard (1963)
Trichodermasp. .......covviivninnnn. Hazzard (1963)
)+ 7 - Darby et al. (1968)
Ulociadiumsp. ............ccouuun... ++ Darby et al, (1968)
Miscellaneous fungi................... Darby et al. (1968)
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Table 15-1 A list of micro-organisms found in aviation fuel tanks.
Ability to grow in the fuel is indicated where tests were made (Cont’d)

Name Growth in Information source
kerosene
Yeasts
Candidaalbicans. .................... + Tanaka and Fukui (1968)
intermedia........................ ++ Tanaka and Fukui (1968)
humicola......................... ++ Kuo (1967)
lipolytica...............nnn... ++ Anon. (1961 d); Kuo (1967)
9900 60000000006 0688006 0060008a000 Anon. (1961 d); Kuo (1967)
tropicalis..............ciiivunn... + Anon. (1961 d); Kuo (1967)
Hansenula myakii. .................... Anon. (1961 d); Kuo (1967)
Rhodotorularubra ................... + Hedrick et al. (1963)
Torulopsis famata ... ................. Anon. (1961 d)
Miscellaneous ... ..........covvuun... Anon. (1961 d)
Darby et al. (1963)
Bacteria
Aerobacter aerogenes ................. + Hedrick et al. (1963)
Alcaligenes faecalis ................... + Inoue and Takao (1966)
Achromobacter cycloclastes . ........... Hedrick et al, (1963)
Bacilluscereus. .........covvvunnnn. .. ++ Hedrick et al. (1963)
COIBUS 4 i v te e veenennnernoennonnss + Kuo (1967)
subtilis.............. ... ..l ++ Hedrick et al. (1963)
subtilis. . ....... ... il + Inoue and Takao (1966)
Clostridium sporogenes. ............... Hedrick et al. (1963)
Comamonassp.® .......ooovuvvennn... +++ Inoue and Takao (1966)
Inoue (1968)
Desulfovibrio desulfuricans............. + Hedrick et al. (1963)
desulfuricans® . .................... + Iverson (1967)
Escherichiacoli...................... + Inoue and Takao (1966)
Flavobacterium arborescens ............ + Hedrick et al. (1963)
Micrococcus caseolyticus®® .. ........... Inoue (1968)
radiodurans.............cvivuen... + Hedrick et al. (1963)
Pseudomonas aeroginosa® ............. +++ Widely reported
cohaerens .........ovuivnnvnnn... + Kuo (1967)
Marinoglutenosa ..................... + Kuo (1967)
fluorescens ...........covuuuun.... ++ Hedrick et al. (1963)
Sphaerotilisnotans . .................. ++ Hedrick et al. (1963)
Vibrio faecalis® . .. .......coovuunnn... + Inoue (1968)
Miscellaneous ........covvvvunennn... Hedrick et al. (1963)

~ = unable to grow in kerosene; + = able to grow; ++ = able to grow very well;

. . . oo - . .
capable of inducing corrosion; = capable of inducing severe corrosion.

Taken from Parbery (Ref. 15-26).

15.3 Sources of Micro-Organisms

The literature contains several references to the same fungus type and it is therefore relevant to briefly describe the history of
Cladosporium resinge. Lindau was the first scientist who originally isolated the fungus in Germany from the resin Pinus excelsior and
named it Hermodendrum resinge Lindau (Ref. 15-24). The status of the genus Harmodendrum was questioned by de Vries (Ref. 15-20)
and Cladosporium resinae is the currently accepted name as a correct one. Cladosporium resinae, however, is the imperfect state (also
called asexual state) of Amorphotheca resinae. Four forms of Cladosporium resinae (also denoted as C. resinae) are reported to exist:

1. avellaneum, f. resinae, f. albidium and f. sterile, although only C. resinae, f. avellaneum is the more common in nature (Fig. 15-2).
Parbery (Ref. 15-26) suggests therefore this as the possible reason for its being the more common in aviation kerosene. From its natural
habitat, namely the soil where it is a natural component of the soil microflora, Cladosporium resinae, because of its profuse sporulation
and ease with which its spores become airborne, causes widespread contamination (Ref. 15-24). As well as growing readily in kerosene,
it grows on creosote used to impregnate telegraph poles and fence posts, on resinous woods, such as pine, and on asphalt used for street
pavement. Some of the more obvious routes the fungi find their way into aviation fuel systems include: (1) Air, water vapour and dust
drawn into storage tanks and aircraft fuel systems through vents; (2) Floating roof tanks which permit leakage of contaminated
rainwater past roof seals; (3) Fuel added from tankers and barges which have been ballasted with contaminated sea water; (4) Cross-
contamination from parts of a system already contaminated. Spores of C. resinae are also found in outdoor air. Sheridan et. al.
(Ref. 15-21) have shown that in their examinations over Wellington, in New Zealand in 1970-71, that C. resinae forms a significant
component of the airspore. According to Sheridan, C. resinae is also found on chicken and gull feathers and these and other birds may
be important disseminating media, Rainfall is another factor. According to Parbery (Ref. 15-26), there appears to be some positive
correlation between rainfall and occurrence of C. resinge in soils in Australia. Sheridan (Ref. 15-21), however, could not find this
correlation in New Zealand.
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Fig. 15-2 Cladosporium resinae and its forms (Ref. 15-24)

(a) Habit study of C. resinae £, avellaneum, (c. X 300)

(b) Habit study (fertile portion of conidiophore) of
C. resinae f. resinae. (c. X 300)

(c) Conidium development in forma  avellaneum.
(Mag, X 2200)

(d) Conidium development in forma resinae. (Mag. X 2200)

15.4 Nutritional Aspects

Micro-organisms, being the first type of life on our planet, are often regarded as “primitive”; yet, they are in a sense the most
successful form of life, having survived something like 2000 million years with their amazing adaptability and having colonized almost
every type of environment (Ref.15-66). Fundamentally, all micro-organisms (and all other living organisms) are the same in an
important respect: their life processes are directed towards growth of the organisms and, eventually, some form of reproduction to
perpetuate the species. In order to accomplish this they all require the presence of at least traces of water and sources of the other
elements besides hydrogen and oxygen that are essential to life: carbon, nitrogen, phosphorous, sulphur, potassium, magnesium,
calcium, iron and several “trace elements”. Being microscopic in size, micro-organisms are in intimate contact with their environment,
which almost always include moisture. In fact, they cannot be grown in completely water-free situations (Ref. 15-57). Due to their
microscopic size and hence their extremely high surface to volume ratios, they are capable of absorbing their own weight of dissolved
nutrients within a very short time in favourable environments and build more of their living material. In addition, kerosene fuel used in
aircraft is more viscous and retains more water and solids than gasoline (Ref. 15-58). Once these substances are absorbed into the cell,
work must be done on them into the large, complex, functional molecules (proteins, carbohydrates, nucleic acids, etc.) which constitute
the living organism,

Thus an external source of energy is also required, to enable these transformations to be carried out. This energy may be
derived from the oxidation of one or more of enormous range of organic substances which usually provide at the same time a source
of carbon for the synthetic reactions (Ref. 15-66).

Micro-organisms obtain their nutritional requirements in an aircraft integral fuel tank from the aviation fuel and its additives,
water, rubber, paints and extraneous matter. Bushnell and Haas (Ref. 15-27) have shown that petrol, kerosene, light and heavy mineral
oils and paraffin wax could be used as sources of carbon. Though they examined “waterbottoms” from various petroleum storage tanks,
they recorded only bacteria (Pseudomonas and Coryne bacterium), However, Hendey (Ref. 15-42) has demonstrated that kerosene
vapour can provide sufficient nutriment to support the growth of C. resinae, provided the relative humidity is high enough. Kerosene
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does not kill C, resinae or other moulds immersed in it; in fact conidia of C. resinge can survive in dry kerosene (i.e., containing no
water vapour) up to 2% years, while “wet” kerosene favours the survival of bacteria. In the overall mixture of petroleum products,
microbiological growth is usually at the expense of a particularly susceptible hydrocarbons or fractions (Ref. 15-12). Parbery has shown
that C. resinae, during its growth on jet fuel preferentially utilize the component C9 to C13 n-alkanes (Ref. 15-26). On the other hand,
gasoline which contains mostly short-chain alkanes is usually not susceptible to attack by the fungus (Ref. 15-28) and this perhaps
accounts for the failure of microbiological corrosion to reach significant levels in piston-engined aircraft (Ref. 15-8). Between 20 and
50 percent of the carbon assimilated is used as cell material, the rest is digested and converted by the metabolic system into oxidized
compounds, such as carbon dioxide, organic acids, esters, etc., which are excreted into the environment. One of the results of this
process is a reduction in surface tension between fuel and water leading into a more diffused fuel/water interface, so that the zone in
which water and fuel are available for fungal growth is considerably extended (Ref. 15-17).

15.5 Growth and Survival

Although the fuel is the food source, the growth and proliferation of the micro-organisms take place in the presence of a
water phase, and the highest concentrations of microbial contaminants are found in water bottoms, Fungal spores can be retained in
a viable state in dry fuel, while water is needed for germination and growth (Ref. 15-4). However, when fuel is sampled, fuel is also
found to contain micro-organisms, although not to the same extent as in water. Several surveys carried out to demonstrate the extent of
the problem of microbially contaminated fuel supplies (Refs. 15-22, 15-32) have shown that micro-organisms were present in a high
proportion of fuel samples taken from storage tanks, tankers, pipelines, refueling vehicles and aircraft tanks. The fungus C. resinae and
bacteria of the genus Pseudonomas were almost always present.

The main physical factors that affect the growth of C. resinge in culture are: temperature, pH and relative humidity.
Temperatures between 5°C and 40°C are noted, the optimum being 25-35°C on agar medium (Fig. 15-3). As regards pH is concerned,
its influence is not so well known as that of temperature, Some isolents of C. resinae can reduce the pH in certain media to less than 2
and still survive. Parbery (Ref. 15-33) reports that growth of C. resinae will oceur in a range of media of which the initial pH’s varied
between 3 and 9.6. Laboratory investigations (Ref. 15-33) have shown that large containers used for the growth of C. resinae provided
a greater surface area for oxygen uptake by the fungus into corresponding reduction in pH. Shaking the containers inhibited growth
unless the area exposed to air was limited when the growth was increased. It is thought that increased fungal growth due to increase in
both the amount of fuel over the aqueous phase and its surface area is due to increased oxygen availability. Growth of micro-organisms
is synonymous with their producing chemical change in their food and food they accept in aqueous solutions. Hence they are, as noted
earlier, primarily associated with the aqueous phase (water).

5 CLADOSPORIUM RESINAE
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Fig. 15-3 Temperature range of Cladosporium resinae
on 2% saltextract agar after 5 and 6 days

The microbiological organisms in fuel water bottom are generally oxidative and readily obtain their oxygen from that
dissolved in the hydrocarbon phase provided there is adequate fuel turnover (Ref. 15-32).

Hill et. al. (Ref. 15-31) quote an air saturation level of oxygen in kerosene of 322 ppm and have shown that kerosene in
equilibrium with air would, in conditions of modest turbulence, pass oxygen to an aqueous bottom at a rate and to a level which would
satisfy the needs of aerobic (oxygen-requiring) organisms. Where the system remains stagnant for long periods, however, the aqueous
phase is finally depleted of oxygen by the aerobic organisms there and growth of anaerobic (oxygen-disliking) organisms can occur.

Little is known of the precise effects of relative humidity, although, according to Parbery (Ref. 15-33), higher relative
humidity encourages growth while at lower relative humidities growth is slow. Cladosporium resinae seems to survive longer in dry fuel
while Pseudomonas survives longer in kerosene containing water (Ref, 15-31, Figs. 154 and 15-5).

Most of the work on microbial contamination of fuel systems has been concentrated on Cladosporium resinge, and the
bacteria have been largely ignored. Survival of micro-organisms in jet fuel varies, from species to species, from a few hours to several
months (Ref. 15-31). Organisms which do not grow on fuel, but are isolated from hydrocarbon fuel systems do not survive in fuel for
as long as fuel-degrading organisms. Cooney and Kule (Ref. 15-32) found that out of 33 bacteria isolated from a hydrocarbon system,
only three strains of Pseudonomas aeruginosa were capable of good growth and long term survival (greater than one month) in a water-
fuel system. Other organisms isolated could survive for 1-11 days. The failure of the majority of these fuel isolates to survive suggests
that they are chance contaminants introduced through inadequate field sampling techniques or through recent fuel contamination
(Ref. 15-30).
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William et. al. (Ref. 15-30) have isolated several bacterial species from samples of AVTUR (aviation turbine) fuel and found
them to grow rapidly using the jet fuel on the sole source of carbon and energy. One organism, identified as Pseudonomas putida
survived in the fuel phase for periods of up to one month. They also found that this organism grew on and oxidated a wide range of
alkanes, with optimum growth occurring on octane.
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Fig. 15-4 Survival of Pseudomonas sp. strain E
in aviation kerosene at 25°C. Curve A (full
circles) 100 percent relative humidity
kerosene. Curve B (full squares) 94 percent
relative humidity kerosene. Curve C (open
circles) dry kerosene. (Ref. 15-31)

2.0 i
.\.
\.\"\.
A
\ N'
- \ 0
Sis \
= - :
2 ] o
2
o B
o]
-
1.0 ™ d
]
\
o
O'50 3 6 9 i2 15 17

SURVIVAL TIME IN DAYS

Fig. 15-5 Survival of Cladosporium resinae in aviation kerosene
at 25°C. Curve A (full circles) dry kerosene. Curve B (open
circles) 50 percent relative humidity kerosene. Curve C (full

squares) 100 percent relative humidity kerosene. (Ref. 15-31)

Table 15-2 Evaluation of microbiological test kits (Ref. 15-37)

Detection End|point
Parameter Kit Manufacturer Type Shelf life time Remarks sensitivity
(organisms/ml)
Total microbial Grotan Lehn & Fink, Montvale, Dipslide 12-24 wk 48 h Easy to handle; results easy to 150
count NJ. (cold); 3-6 read; good agreement with
wk (room lab standards
temp)
Biostix Biosan Labs., Ferndale, Dip-pad 1-2yr 48 h Easy to use but pouch opening 150
Mich, somewhat small; easy to read;
good agreement with lab
standards
Millipore Total Millipore Corp., Dipslide lyr 2-3 days Easy to handle; hard to read; less >1,000
Count Bedford, Mass. sensitive than lab standards
but may be too old
Microb Monitor Boron Oil Co., Vial ? 3 days Requires syringe; negative test; >12x 1077
Cleveland, Ohio medium may not be suitable
for marine bacteria
Keimindikator Biotest, Frankfurt, Dipslide 2 mec 2 days Easy to handle; results easy to 150
GK-T West Germany read; agrees with lab standards
Keimindikator Biotest, Frankfurt, Dipslide 2 mo 2-3 days Easy to handle; results harder to 150
GK-A West Germany read; agrees with lab standards
Easicult TTC Orion Diagnostica, Dipslide 6 mo 2 days Easy to handle; results easy to 150
Helsinki, Finland read; good agreement with lab
standards
Fungi and Mycostix Biosan Labs., Ferndale, Dip-pad 1-2yr 3 days Easy to handle, but pouch open- 50
Yeast Mich. ing rather small; easy to read;
agrees with lab standards
Keimindikator HS  Biotest, Frankfurt, Dipslide 2 me 3 days Easy to handle; easy to read; 50
West Germany agrees with lab standards
Millipore yeast- Millipore Corp., Dipslide 1yr 3 days Easy to handle; fairly easy to 50
mold Bedford, Mass. read; agrees with lab standards
Easicult M Orion Diagnostica, Dipslide 6 mo 2 days Easy to handle; results easy to 50
Helsinki, Finland read; good agreement with lab
standards
Microb Monitor Boron Oil Co., Vial ? 3 days Requires syringe; easy to read; 50
Cleveland, Ohio agrees with lab standards
Sulfate- S-R Deeps Biosan Labs., Ferndale, Tube 1-2 yr 3-7 days Capillary difficult to handle Less sensitive
reducing Mich. than lab
bacteria standard
API broth Difco Labs., Detroit, Vial 1-2 yr, not 1-3 weeks Requires syringe Less sensitive
Mich. formally than lab
specified standard
Easicult-S Orion Diagnostica, Tube 6 mo 5 days + Capillary difficult to handle; no

Helsinki, Finland

positive test in lab sample but
positive in field sample
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15.6 Field Detection of Contamination

The problem of sampling and identification of micro-organisms is not a simple one (Refs. 15-37 to 15-39). In sampling, the
minute size of bacteria and spores makes it difficult to collect all the significant organisms present, while the living nature of the
organisms mean that they may be changing and multiplying during transit. Identification is complicated by the variation in the
appearance of single organism during its life, and by the variation between individuals of the same species. Nevertheless a reasonably
fast method of detecting contamination at an early stage is necessary, because of the impossibility of keeping storage facilities sterile
and the inevitable presence of water from condensation, poor maintenance or its deliberate addition as ballast in shipboard tanks.
Consequently, there is a need to monitor the build up of microbiological contamination. Bailey and May (Ref. 15-37) have tested
commercially available test kits for their ability to detect bacterial and fungal contamination in hydrocarbon fuel systems (see
Table 15-2). The handling ease of the kits was evaluated, and their sensitivity was compared with that of conventional methods.
Although these evaluations were made for shipboard fuel tanks there is no reason why these data cannot be applied to aircraft tanks.

15.7 Corrosion

Since aircraft integral tanks are not only made of metals but are also provided with sealants and coatings to protect the metal
against the corrosion, metal corrosion due to micro-organisms takes place following either the degradation of the coatings and sealants
or at imperfections in the coatings and sealants (Figs. 15-6 to 15-9). The literature, however, lacks information concerning the
mechanisms of degradation of protective systems, while most of the investigations have concentrated on the corrosion mechanism of
metal itself (Refs. 15-40 to 15-68). A summary of the proposed mechanisms is given in this chapter.

Microbiological corrosion processes fall under the category of electrolytical corrosion processes in which electrochemical
reactions play an important role, Micro-organisms are thought to cause corrosion by enhancing these reactions primarily through the
formation of corrosive products, oxygen concentration cells and cathodic depolarization (Ref. 15-51). Menzies (Ref. 15-56) notes that
at the outset corrosion brought about by microbiological action usually occurs by a number of mechanisms which are, in themselves,
reasonably well understood as corrosion phenomena per se. Some of the major mechanisms of interest here in relation to microbiolo-
gical action are, according to him:

the production of corrosive metabolic products;
the production of differential aeration and concentration cells;
depolarization of cathodic processes;

disruption of natural and other protective films; and

SN [HEENCOR LR

the breakdown of corrosion inhibitors.

When the above named general mechanisms are applied to corrosion induced by micro-organisms on aluminium alloys employed in the
wing structure, two principal mechanisms emerge, viz., (1) production and secretion into environment of a wide variety of water
soluble organic acids as waste products of the metabolism of the micro-organisms, (2) a hypothesis based on oxygen concentration
gradient. Since little or no oxygen can reach the lower layers of an actively growing microbiological colony, an oxygen concentration
gradient is established which is supposed to cause an adequate potential difference leading to electrochemical corrosion (Ref. 15-51).
The galvanic cells so produced may have voltage differences of up to 60 milli-volts, sufficient to cause rapid pitting of the alloys
(Ref. 15-71). Such a condition may also lead to undesirable effects as suggested by Iverson (Ref. 1545). He suggests that under
conditions of severe oxygen depletion, Pseudomonas aeruginosa, the fungus Cladosporium and other aerobic or facultative organisms
live in close association with the anaerobic sulphate reducer Desulfovibro to form, along with the corrosion products, a visible
tubercular mass on the tank bottom. Once such deposits consisting of corrosion products and masses of micro-organisms are formed, a
pit usually develops under a tubercle and corrosion is likely to proceed almost independent of the metabolic activity of the micro-
organisms.

Fig. 156 Typical perforation corrosion caused by micro-organisms. Alloy: 2024 (Al-Cu-Mg)
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Hedrick (Ref. 15-52) has proposed another mechanism wherein the corrosion of aluminium alloys by micro-organisms,
particularly bacteria, is considered to be a result of the removal of metallic atoms (major and minor) from the basic structure of the
alloy by extracellular enzyme activity. Engel (Ref. 15-53) supports this hypothesis. It is unlikely that a single mechanism is operating
under all circumstances. As noted by Iverson (Ref. 15-51), biologically stimulated corrosion in natural environments is in all probability
due to a number of mechanisms, operating either simultaneously or in succession.

Fig. 15-7 Typical microbiological corrosion.
Alloy 5052 (Al-Mg)

Fig. 15-8(a) Typical view of integral fuel tanks with microbiological corrosion
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Fig. 15-9 Typical view of integral fuel tanks with microbiological corrosion

Attempts to get an insight into the mechanism of microbiological corrosion have also revealed results of interest to aircraft
manufacturers and operators. For example: (1) 2024 alloy corrodes more rapidly than 7075 when exposed to Cladosporium
(Ref. 15-12, Fig. 15-10); (2) polarization curves of aluminium alloy 2024-T351 in the aqueous phase in equilibrium with jet fuel
could provide a means for determining the effectiveness of maintenance operations performed or stored fuel (Ref. 15-63); (3) the Air
Force Materials Laboratory at Wright-Patterson Air Force Base, Ohio, USA, has attempted to determine the effects of microbiological
corrosion on the fatigue life of aluminium fuel cell skins, They have investigated the materials 7075-T651, 7079-T651, 7178-T651 and
2024-T351 aluminium alloys. They found that chemical and microbiological corrosion produced in the laboratory could closely
duplicate the appearance of the corrosion found in integral fuel cell skins from Air Force service aircraft. They could test a limited
number of microbiologically corroded specimens for their fatigue lives and found that microbially corroded pits with depths equivalent
to the chemically corroded pits could be expected to have a slightly more detrimental effect on the fatigue life of the alloy. In fact, a
chemically corroded pit of 0.25 mm depth would reduce the fatigue life of the alloys by 50 to 70% according to this investigation
(Ref. 1543, Fig. 15-11).

15.8 Preventive Measures

Once it is recognized that micro-organisms are found on spores practically everywhere on earth and can flourish in the
presence of aviation fuel and water optimally at temperatures typical of tropical countries, it is obvious, as has long been recognized,
to take preventive measures concentrated on removing water, the main culprit. Although the solution appears simple, it is not always
practical, since it is almost impossible to remove all water at all times (Refs. 15-69 to 15-84).
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Fig. 15-11 Fatigue curve, microbial corrosion, 2024-T351 alloy, mean stress 20 ksi (138 MPa) (Ref. 15-43)
5.8.1 Water

Aircraft manufacturers after several years of experience in designing and constructing wing tanks have largely improved the
wing tanks to such an extent that most water can be drained away, at least if drained regularly. For instance, blind areas of the tank and
areas which may allow water accumulation are eliminated by design or redesign. Cross-feed drains are placed through the stiffening
members in the bottom of the tank allowing free drainage of water to the low point drains. Drainage of the tanks is also aided by the
use of ramp seals which are made in place by tailoring fuel tank sealing compound into desired contours to direct the flow of fluids
along the tank bottom and to the low point drains. Water removal systems, such as scavengers, drain spirals combined with fuel ejectors
have also been used (Ref. 15-80).
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Although good drainage facilities are provided these days, water may still enter the aircraft fuel tanks either by precipitation
of the dissolved water in the fuel forming droplets as the temperature falls or by condensation of warm moist air within the tank
coming into contact with cold structure, particularly during or just after descent (Ref. 15-6). Very approximately, kerosene contains
a parts per million (ppm) water content equal to the temperature in Fahrenheit i.e., at 70°F fuel can contain about 70 ppm dissolved
water (Fig. 15-12). Whether the aviation fuel is fully saturated up to this limit will depend on the relative humidity of the atmosphere
in contact with it, provided equilibrium conditions are achieved (Henry’s law). Therefore, if fuel is cooled in flight from say 70°F to
say 30°F, up to 40 ppm of free water could precipitate out of solution. Due to the low relative humidity of the atmosphere at high
altitudes, much of this precipitated water evaporates into the air, but probably about half of it remains in the fuel tank, some of which
collects at the bottom, whilst some remains in suspension in the fuel (Ref. 15-6). However, according to Elphick the amount of
dissolved water is so small, that for all practical purposes, this water as a source in contributing towards the growth of micro-organisms
may be neglected. He suggests that free water is required for stimulating the growth of micro-organisms. Condensed water in the form
of droplets may not obey the expected drainage laws and thus may not end up at the lowest points in the wing tanks where the drainage
points are often located. Further water retention is also favoured by the microbiological growth since the fungus mat is capable of
retaining water. One could consider postponing water draining after landing (but before take-off) to a later stage as possible to give
sufficient time for condensed water to settle down and move to the drainpoints. One could consider also refuelling as soon as possible
to reduce the airspace above the fuel and thus minimize condensation, especially on longer stops and particularly under humid
conditions. Since higher humidity increases the likelihood of contamination, particularly where it is associated with high fluctuating
temperatures, aircraft based permanently in the tropics are found to be most prone to microbiological contamination and eventually
corrosion (Ref. 15-6).
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15.8.2 Tank protective coatings

Inspite of all the measures, water still enters the fuel tank and therefore aircraft manufacturers have also sought to protect
the wing tank bottoms by application of fuel tank coatings, such as Buna-N rubber films, through etch primers, epoxy polyurethane
coatings, polysulphide sealants, etc. All these coatings are more or less permeable to moisture or to acid products (Ref. 15-43) especially
at weak spots in the coating, giving rise to the possibility of localized attack.
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Miller et. al. (Ref. 15-71) have tested 3-mil (75 microns) films of Buna-N, fluorocarbon EC-1981, silicone rubber and
polyurethane PR-1560 for their water vapour transmission characteristics. Buna-N had the lowest moisture transmission rate of all the
films tested while the polyurethane and silicone rubber were relatively permeable to moisture. Further they also tested Buna-N and
polyurethane films to determine whether or not they could be penetrated by micro-organisms. These tests demonstrated that both films
are permeable to the passage of fuel-bottom micro-organisms with the polyurethane film being the more resistant of the two. The rate
of oxygen uptake by Cladosporium resinae and Pseudomonas aeruginosa is also higher in a polymer of acrylnitrile and butadien
(EC 776) compared to polyurethanes (PR 1560, DeSoto 1080) according to Hedrick (Ref. 15-52). Buna-N coatings are thin and this is
perhaps the reason for its generally outspoken poor performance, although several aircraft with Buna-N coating are still flying without
any problems of microbiological corrosion. Further, Buna-N rubber coatings can be utilized and penetrated by Cladosporium resinae
(Ref. 1557). Thicker coatings are obviously of some help because of increased protection, although this would have to be chosen at
the expense of some weight. The better protection is mainly due to the higher resistance to penetration by micro-organisms due to the
greater thickness, Their use is worth considering in critical areas where contamination is likely or where access for cleaning or repair is
difficult (Ref. 15-7).

Unlike most synthetic resins, polyurethanes have frequently been found to be subject to direct attack by micro-organisms,
especially by fungi. According to Seal and Pathirana (Ref. 15-84) there is considerable presumptive evidence that the polyester type of
polyurethanes is commonly attacked by fungi whereas polyethers may be completely or almost completely resistant.

15.8.3 Fuel cleanliness

Although aviation fuel produced at a refinery is in itself sterile and free from biological contamination, it may get
contaminated during transportation by ship, rail, road or pipeline to the airfield. During this process fuel may become contaminated by
other petroleum products, dirt, water, surfactants and by microbiological material. All the major fuel suppliers usually take steps to
minimize these contaminations by one or more of the several ways: handling aviation fuel in segregated systems, filtration, provision of
filter/water separators at various stages in the system, particularly in airfields, etc. As far as microbiological contamination is concerned,
very little can be done to prevent the presence of spores except by addition of biocides which of course makes the fuel costlier. Further,
since microbiological spores are found everywhere even outside the fuel system and since, due to their size, they cannot be removed
adequately by filtration (and only a few need to get through), they will always grow if fuel and water and optimum temperature
conditions are available. i

15.9 Biocides

In the previous sections, it has been shown that microbiological contamination of turbine fuels in aircraft fuel tanks and fuel
distribution systems has been a quality control problem since the late 1950’s. Since micro-organisms require water to grow, good house-
keeping and water removal practices are important at all points in the distribution system. This would include refinery, pipeline, bulk
terminal, airfield system and the aircraft itself. The practice of allowing sufficient settling time in all storage tanks, maintaining filter/
separator equipment in serviceable condition and sumping or draining free water regularly from all storage tanks, filter sumps, refueller
tanks and aircraft tanks will help insure fuel free of water and particulate matter. However, often this is not enough. Microbiological
fuel tank contamination problems vary considerably from one operator to another. In addition to the aforementioned good
housekeeping practices, which are often beyond the operator’s control, there are many other variables. Some of these are: type of
aircraft in their fleet; how well the aircraft tanks drain and if they have a water scavenging system; their geographic routes and flight
schedules; fuel tank inspection practices and frequency; use of fuel biocides; etc. Since there are many factors beyond the operator’s
control, 2 number of airlines either have or are using chemical methods on a periodic basis to control their microbiological fuel tank
contamination (Refs. 15-85 to 15-96). Physical methods of inhibiting microbial growth are not very practical, although gamma-ray
sterilization of integral tanks has been considered (Ref. 15-91). The use of chemicals which kill micro-organisms (biocides — the
collective name for fungicides and bactericides) or merely prevent their reproduction (biostat) is the more usual approach. In practice
the same chemical may act in either way according to dilution and the distinction between the words tends to become vague
(Ref. 15-91).

Rogers and Kaplan (Ref. 15-89) have listed the requirements for an ideal biocide. The characteristics for an ideal fuel biocide

do not differ greatly from those for any other fungicide or bactericide but are dictated to some degree by its specific use. The biocide
must:

(1) be toxic to both fungal and bacterial organisms at low concentrations, preferably at 5-10 ppm,
(2) be non-toxic to mammals at use concentrations,

(3) be fuel- and/or water soluble,

(4) be stable over a range of operational temperatures (18°C-55°C),

(5) be harmless to materials with which the biocide may come in contact (non-corrosive to metals and compatible with other fuel
additives and fuel tank coatings),

(6) not form soaps or emulsions with fuel,

(7) have a low ash content,

(8) be easily handled and capable of being readily mixed with fuel or water bottom,

(9) be stable in storage,
(10) be easily detected by a simple quantitative analytical procedure to monitor concentration,
(11) be reasonable in price, and .

(12) have no deleterious effect on engine performance and engine.

No generally accepted biocide has met all of the above criteria. Roger and Kaplan (Ref. 15-89) have also made a comprehensive
screening of 97 possible water and fuel soluble materials. Active laboratory investigations continue to take place, while only three
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biocides have so far received any significant practical application in aireraft fuel systems, namely various chromates, ethylene glycol
monomethyl ether (EGME) and a proprietory mixture of two organic compounds:

2,2"-0xybis(4,4,6-trimethyl-1,3,2-dioxaborinane) and
2,2'-(1-methyltrimethylenedioxy )bis-(4-methyl-1 ,3,2-dioxaborinane).

A water soluble, fuel-insoluble material such as sodium or potassium or strontium chromate or dichromate has obvious
attractions, not least among which are the anti-corrosive properties of these compounds. However, free water persists not only at the
lowest level of a fuel tank, but also at numerous sites along its floor, e.g. where condensed water drips from protrusions in the upper
wing structure. The application and replenishment of chromate materials at such diverse sites presents considerable practical difficulties,
bearing in mind the high rates of leaching which may prevail (Ref. 15-90). For example, strontium chromate is known to be a good
inhibitor of metal corrosion and is extensively incorporated into paints applied to the internal surfaces of aircraft integral wing fuel
tanks or their rubber sealants. It is an oxidizing agent and has microbiocidal activity under correct conditions. Strontium itself is
reputed to have activity against some fungi as are chromium and chromates (Ref. 15-92). This has prompted some manufacturers to
place strontium chromate in the form of tablets at strategic locations in the fuel tank where water is expected to collect, since
strontium chromate is soluble in water but not in aviation kerosene. No cases of microbiological contamination have been reported
from aircraft installed with strontium chromate. On the other hand, Rubidge (Ref. 15-92) found that strontium chromate tablets in
which a binder was used to hold the chromate in tablet form is not a powerful biocide since the binder itself was a microbial nutrient.
However, he found that strontium chromate in pure state does inhibit Cladosporium resinae, provided the biocide can be made to
reach water, since strontium chromate does not dissolve in fuel. EGME and organoboron compounds on the other hand, are applied as
solutions in the fuel. By virtue of their high partition coefficients with respect to water, comparitively low concentrations in the fuel
phase can build up higher, biostatic or biotoxic, concentrations in a water phase in contact with the fuel (Ref. 15-90). Hill (Ref. 15-91)
has examined the influence of aviation kerosene/water ratios on biocide and has conducted experiments with EGME and the
proprietory organoborate mixture (Biobor JF). He found that for acceptable treatment levels, sterilization required several days to
achieve. Elphick and Hunter (Ref. 15-90) have also examined the effectiveness of EGME and organoboron compounds as intermittent
biocidal treatments against Cladosporium resinae. In this connection, Elphick and Hunter make the following relevant remarks to show
how critical the action of biocides in the actual aircraft is:

“The combined effects of fuel impregnation of the inoculum and the rate of partition of biocide into the water phase may
exert a considerable effect on the efficiency of a biocide. Nevertheless, intermittent application of biocide to aircraft fuel
systems may be clearly successful in controlling fungal contamination under suitable conditions. However, when one
considers the possible implications of other factors which may intervene in practical applications of biocides to aircraft, the
situation becomes more complex. Agitation of the fuel and water phase during flight will increase the rate of partition, while
reduced fuel temperatures during flight will increase the partition coefficient, particularly of EGME. On the other hand,
dilution of biocide-treated fuel with untreated fuel at subsequent refuelling points, and leaching of biocide from the fuel and
dilution of biocide in the water phase by precipitated or condensed water, will serve to diminish biocidal efficiency.

Of pethaps even greater importance are the environmental factors which will dictate whether, and to what extent, microbial
growth will occur in a particular aireraft. It is well established that an aircraft operating predominantly in temperate regions
is unlikely to develop significant fungal growth in its fuel tank. The same aircraft, if operated in tropical or subtropical
regions, may develop extensive growth within a few months of entering service in these regions. Temperature by itself would
at first glance seem unlikely to exert such a dramatic effect; Cladosporium resinae and other micro-organisms isolated from
aircraft fuel systems are capable of rapid growth at ambient temperatures prevailing in temperate areas. An indication of a
possible explanation lies in the persistence of ice in aircraft wing tanks. After a transatlantic flight, ice may persist inside the
integral tanks of a large airliner for more than 24 hours after landing at London on a normal “temperate” day. The
temperature of any associated free water in the tank during this period will probably remain too low for appreciable
microbial growth to occur. Indeed, it may prove that water in the fuel tanks of aircraft regularly operating even short-haul
services in temperate regions attain temperatures conducive to microbial growth for surprisingly limited periods. In the
tropics, fuel tank temperatures during flight may be somewhat lower, and moreover the wing will heat up and ice in the fuel
tanks will melt much more rapidly after landing. Hence factors which will affect the temperature of free water in the fuel
tanks, such as duration and altitude of flight, amount of fuel remaining in the tank on landing, duration of time spent on the
ground, and ambient sun and shade temperatures on the ground, may all combine to influence the extent of growth.

Another major consideration is the extent to which an aircraft is exposed to microbial contamination. Although it must be
assumed that all aircraft will receive contaminated fuel from time to time, inoculum potential may be an important factor.
Cases where “cleaning up” ground installations has apparently resulted in a reduction of microbial problems in aircraft using
these facilities has at least provided positive prima facie evidence. The interaction of all these factors, and undoubtedly
others, suggest that there may well be a very narrow borderline between a set of conditions under which an aircraft will
remain virtually free of microbiological growth, and those under which significant growth will occur, When conditions near
to this borderline prevail, intermittent use of even a relatively inefficient biocide such as EGME may be sufficient to swing
the balance in favour of trouble-free service. On the other hand, under really severe operating conditions an even more
efficient material such as organoboron may fail to keep the problem in check unless it is used very frequently. At present
the nature and extent of the imponderables is such that an accurate forecast of a minimum effective treatment schedule is
impossible.”

Therefore, as Rogers and Kaplan (Ref. 15-89) point out, the crucial test of the effectiveness of a fuel/water biocide is a
full-scale field exposure evaluation with close observation and careful analysis under conditions which arise in practice. The field
exposure test conditions of expected use should be the primary criterion for evaluating the effectiveness of biocide treatments and
should be the standard against which the laboratory biocide test method is calibrated.

As noted earlier in Section 1, the laboratory evaluation of a microbial problem is carried out under conditions that attempt
to simulate field conditions. These conditions necessarily differ from the wide spectrum of field conditions in order to meet workable
and practical laboratory limitations. It is therefore not possible to accurately predict the performance of a biocide in the field on the
basis of its laboratory performance. However, without laboratory test data it is impossible to assess the comparative merits of different
compounds and laboratory methods and to relate the laboratory test results back to actual field performance (Ref. 15-89).
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15.10 Concluding Remarks

Considerable experience has been collected on the subject of microbiological corrosion since the occurrence of the first
serious problem in aviation so as to devise preventive measures to control the problem. Although the application of corrosion protection
systems and the use of biocides have been found to be successful, the best control appears to be the elimination of stagnant water from
the fuel supply system and aircraft fuel system.
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