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4.1 OCCURRENCE OF CORROSION IN AIRFRAMES

4.1.1 Introduction

Although aircraft corrosion is an old matter and many advances have already been made in corrosion prevention
and materials selection science, it is an issue that has yet to be solved. For instance, corrosion matter, a serious
problem for every high engineered system in airframes, became more and more important over the last decade
when the subject of aging aircraft was promoted by many different factors, most of them afferent to economic
constraints [1]. Recently, corrosion’s contribution to aging aircraft-related costs has been estimated at up to 80%.
On the other hand, corrosion problems also have a heavy impact on safety and about 45% of the observed
component failures can be ascribed to corrosion, when both direct and initiation effects are considered.

Corrosion in airframes is mainly an electrochemical matter, where an electrically conducting solution assists
the transfer of metal ions, dry corrosion being almost always limited to engine components. In spite of this
limitation, a lot of different forms can be observed and one of the most useful theories that can be used to
categorize them is the Structural-Electrochemical one [2]. In agreement with this theory, the presence of
heterogeneity on the metal surface has to be considered as the driving force of the electrochemical corrosion
process taking place. Depending on the nature and the dimension of this non-uniformity, three different
categories of corrosion must be experienced:

+ Uniform Corrosion, in presence of sub-microstructural heterogeneity from 1 to 1000 A, comparable
to the crystallographic lattice dimensions (i.e. differences in the position of atoms, thermal fluctuations
of metal ions in solution).

»  Selective Corrosion, in presence of microscopic inhomogeneities from 0.1 m to 1 mm, comparable to
the size of crystallographic structures of the metal (i.e. grain boundaries, second phases in alloys).

» Localized Corrosion, in presence of macroscopic inhomogeneities greater than 1 mm, comparable to
the size of the component (i.e. galvanic coupling differential aeration).

4.1.2 Uniform Corrosion

Here, the inhomogeneities on the metal surface interacting with an aggressive environment are so small in
dimension and potential that the same area will change, continuously playing a different anodic and cathodic
role. The total effect is an attack on the whole surface leading to a uniform or quasi-uniform in depth loss of
the metal. Although this is a very common mechanism in many corroded systems, it is not so often observed
on airframes because the chosen aeronautical materials are always less prone to it. Uniform corrosion is
common for non-stainless steel and iron where it can be easily recognized by red rust. Easily detectable and
forecasted uniform corrosion can’t be considered a very dangerous form of corrosion. Usually general attack
occurs on parts where the original protective coating has failed for any reason. The most typical case is
certainly observed on cadmium plated steels after the anodic coating has been totally sacrificed (Figure 4-1).
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Figure 4-1: Uniform Corrosion on a Cadmium-Plated AM-X Air Combustion Chamber.

Erosion, caused by the action of a fast moving fluid, can also lead to a uniform or quasi-uniform attack.
This specific mechanism, called erosion-corrosion, becomes more severe in aircraft operating in hot desert
climates, where a high humidity content, especially at night, is associated with sand: the solid particle content,
furthermore rich in salt, acts as an extremely abrasive media, removing paint, surface finish and corrosion
products, offering a continuously new metal surface. Aging aircraft issues exacerbate uniform corrosion
problems on electrical and avionics equipment where, in order to obtain the requested performance, materials
are often inferior in terms of corrosion resistance.

4.1.3 Selective Corrosion

In this category are included all the phenomena depending on the presence of heterogeneities in chemical
composition. In this sense we can also talk about this electrochemical attack as caused by an intrinsic
heterogeneity of the material.

413.1 Intergranular Corrosion

On airframes, intergranular corrosion (Figure 4-2) is the more often observed mechanism of this class because
it is characteristic of the aluminium alloys, both the A1-Cu (2xxx) and the A1-Zn (7xxx) alloys, where the
driving force for the electrochemical process is the difference in potential between the second phases (richer
in copper — more noble —, or richer in zinc — less noble) and the aluminium matrix.
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Figure 4-2: Intergranular Corrosion on AA2024 (160x).

In this case corrosion profile follows the shape of grain boundaries (Figure 4-3), where second phases are
precipitated, and must be considered very dangerous because, in spite of a minimum material lost, mechanical
properties fall dramatically down [3]. Furthermore, intergranular corrosion is frequently hard to detect also by
means of NDE.

Figure 4-3: Intergranular Corrosion on Mg Alloy AZ-91C (250x).
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Figure 4-4: Exfoliation on a Breguet Atlantic Br. 1150 AA2024 Spar.

Intergranular attack can also be observed on austenitic stainless steel. On these materials an incorrect cooling
procedure after a heat treatment can lead to a sensitization of the part, caused by the grain boundary precipitation
of chromium carbide (Cr,3Cs) and according to this the strong depletion in chromium content of the contiguous
areas. This can be the case of wrong welding procedures (Figure 4-5).

Figure 4-5: Low Temperature Sensitization on a PH 17-7 Stainless Steel.
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4.1.3.2  Crystallographic Corrosion

Although much less common on airframes, another kind of selective attack to be mentioned is the crystallographic
corrosion which can be generated when whole grains or volumes are each other electrochemically different
enough. This is the case of some brasses where parts richer in zinc leave the metal leading to a spongy structure.

4.1.4 Localized Corrosion

This is certainly the class where the widest number of corrosion mechanisms is observed. The common factor
among the different forms of corrosion in the case of a localized attack is the presence of stable and clearly
separate cathodic and anodic areas.

4.1.4.1  Pitting Corrosion

Pitting corrosion is a dangerous attack which occurs on passive materials when the protective oxide layer
breaks. It is often observed on stainless steel and aluminium alloys that spontaneously form a protective film:
as a result of small damages on the passive layer, the damaged areas will work as anodes immersed in a very
large cathodic area and will suffer in consequence of this a very localized attack which leads to the formation
of deep and narrow cavities. Pitting corrosion is particularly common on aircraft structures operating in
marine environments, since the chloride ions and halide ions in general promote the local dissolution of
protective oxide films. Here following (Figure 4-6 and Figure 4-7) some cases occurred in the recent past are
shown.
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Figure 4-6: Pitting Corrosion on a HH-3F Compressor Blade.
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Figure 4-7: Pitting Corrosion on MB-326 Balance Tabs.

Some authors [4] include in pitting corrosion mechanism also those corrosion phenomena that take place on
active metals, previously protected by a suitable external coating, when the protection is locally damaged.
In any case pitting must be considered very insidious since it tends to accelerate its corrosion rate because of the
increasing acidity and chloride content inside the cavity; furthermore, in highly loaded structures, the stress
concentration at the base of a pit is often sufficient to promote fatigue or stress corrosion cracking.

4142 Crevice Corrosion

This form of attack (Figure 4-8) is originated by the difference in the concentration of dissolved oxidant agent
(usually oxygen) inside and outside a crevice. In this case the area inside the crevice will act as anodic and there
a pit will develop.

Figure 4-8: Crevice Corrosion on a Tornado.
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In airframes, corrosion crevice is frequently observed on lap joints or under surface deposits in presence of
stagnant solution. It is usually associated with a poor performance of the sealant or sometimes can be caused
by a defect of design (i.e. poor drainage conditions).

Its nature makes it dangerous because often occur on unexpected areas and can’t be detected by visual inspection
if not disassembling.

4143 Galvanic Corrosion

Galvanic corrosion is the most evident form of localized attack, where anodic and cathodic areas are very
clearly identified. It occurs when two metals of different electrochemical potential are in contact in a corrosive
medium and the resulting damage to the less noble metal will be more severe than if it was exposed alone to
the same medium. The extension of the corroded area on the anode as far as the corrosion rate will depend on
the difference in the electrochemical potential between the metals and the conductivity of the aggressive
medium. Anyway, the corrosion attack will be more concentrated in the part of the anodic metal closest to the
cathode. In aircraft structures it is often necessary to use different metals and galvanic corrosion can’t be
completely avoided. In this case it is important to consider the ratio between the cathode and the anode: by
increasing the ratio, the corrosion will tend to be superficial. This is the typical example of occurring at
fastener holes in aluminium alloy skin when steel bolts or rivets are used. Looking at the galvanic series it’s
easy to realize that magnesium alloys are very susceptible to suffer galvanic attack when used in conjunction
with any other metal (Figure 4-9).

Figure 4-9: Galvanic Corrosion on an Mg Alloy Spacer, Coupled
with a Steel Beam in the MB-326 Central Section.
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Figure 4-10: Galvanic Corrosion on the MB-339 between Mg Alloy Trim and Aluminum Rivets.

Figure 4-11: Galvanic Corrosion on the MB-339 Attach Fitting.

4144 Filiform Corrosion

Filiform corrosion (Figure 4-12) can be found under organic coatings such as paints, due to penetration of
moisture through the coated surface under specific temperature (T > 30°C) and humidity conditions (Hr > 85%).
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Figure 4-12: Intergranular Corrosion on Aluminum Alloy.

This mechanism is not particularly dangerous on itself since it propagates creating blistering “wires” of
corrosion products on the surface of the metal, active just on the tip of each wire, but can degenerate in more
serious attacks if not detected and removed at an early stage.

4.1.45  Stress Corrosion Cracking (SCC) and Corrosion-Fatigue

Unfortunately, these two dangerous localized corrosion mechanisms are often observed on airframes. Both
produce cracks, different in shape and pattern, whose growth is caused by the synergetic action of a moderate
corrosive environment and a mechanical stress: a static load (lower than the material’s yield tensile stress)
in the case of SCC (Figure 4-13), or a cyclic load in the case of corrosion-fatigue (lower than the material’s
fatigue limit).
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Figure 4-13: Stress Corrosion Cracking on a Br.1150 Bomb Bay Guide Rail.

Many models have been proposed [5] to explain the crack growth process for these attacks, all of them
coinciding that just the crack tip is anodic while the rest of the metal (including the walls of the crack) act as
cathodic. Once the crack has formed it will continue to grow, stopping only when the static (SCC) or the cyclic
(corrosion-fatigue) load has fallen below the critical value, or alternatively, excluding the corrosive environment.
These forms of corrosion must be considered as a major problem in aging airframe related issues, particularly
corrosion-fatigue at low frequency cyclic stresses, where the time dependent corrosion process has the
opportunity to explicate its action. In effect, Multiple Side Damage, a phenomenon under intensive investigation
in the last ten years, can often be seen as an extension of the corrosion-fatigue mechanism.
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4146  Hydrogen Embrittlement

Hydrogen embrittlement is often considered as a special case of the more general SCC mechanism [6].
Its effect is to lower the ductility in metals when penetrated into the material [7] by means of a natural corrosion
reaction or, more often, during a plating or pickling process. High strength steel and austenitic stainless steel are
the most commonly affected aerospace materials, their susceptibility also depending on the metal composition
[8]. Parts more often failed for hydrogen embrittlement are bolts and main landing gear items.

4.1.4.7  Fretting

Fretting is an insidious form of corrosion that occurs when the environmental action is assisted by material
wear under low vibratory relative motion of parts. The abrasion of the surface finishing, and then of the
corrosion products, continuously exposes new metal surfaces to the aggressive environmental attack: because
of the abrasive nature of the corrosion products, this mechanism’s rate increases, usually leading to hemispheric
pits where fatigue marks are often found on their bottom (Figure 4-14).
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Figure 4-14: Fretting Corrosion on the MB-339 Landing Gear Spine.

415 Conclusions

The scheme followed in the presentation of the corrosion forms was derived from the Structural-Electrochemical
theory, in order to clarify some aspects common to different corrosion mechanisms. An ever-increasing
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knowledge of the corrosion problems, based on past experience and multi-disciplinary approaches comprehensive
of design philosophy, condition based maintenance and NDE development, is essential to win the new economic
and safety challenges offered by concerns of aging aircraft.

4.2 CORROSION PREVENTION AND CONTROL

4.2.1 Introduction

Control and prevention are both issues used to describe the procedures necessary to provide effective corrosion
maintenance on aircraft. In effect, they must be considered as complementary because corrosion and prevention
can have a synergistic effect when each one explicates its specific action. However, it is important to remember
that corrosion control includes:

e Corrosion detection;
*  Corrosion removal; and

* Renewing the protective systems.

On the other hand, corrosion prevention is devoted to:

*  Material design;

»  Surface treatments, finishes and coatings;

*  Corrosion inhibitor compounds and sealants; and

*  Preservation techniques.
The entire process, including all of these phases has been recently called corrosion surveillance [9], indicating
the increasing interest from aircraft operators in this matter, largely due to the growing number of aging fleets.
For many years, “find and fix” has been the universal maintenance philosophy but now that aircraft are being
flown beyond their design life, this practice will not allow a safe and cost-effective management of the fleets

[10]. So in the last decade, corrosion control and prevention both improved in many aspects where environmental
constraints also played a very important role.

4.2.2 Corrosion Control

Many significant advances have been done in this field and more are expected to come in the near future.
In the past, control procedures were only related to scheduled maintenance and non-destructive evaluation and
repair but now, early diagnostic, condition-based maintenance and paint removal technologies are some of the
most interesting areas where impressive improvements are continuously carried out.

4.2.2.1  Corrosion Detection and Monitoring

Several NDT were used for many years to detect corrosion, the most common of them being:
*  Visual inspection;
*  Magnetic particle flaw detection;
e X-ray;

» Ultrasonic inspection;

4-12 RTO-TR-AVT-137
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* Eddy current; and

* Dye penetrants.

However, increasing corrosion costs have encouraged practices that lead to early detection and reduce
unnecessary inspections. Monitoring during service became the key to this new approach and as a consequence
of that, different strategies were investigated. Corrosion data collection and analysis [11], carried out in order to
evaluate the areas most affected, estimate the costs and plan the priority of intervention, should be considered as
the first stage, followed by the development of in-situ monitoring systems. Thin film Au-Dc galvanic sensors
[12] were developed and successfully installed on military aircraft for monitoring hidden corrosion or corrosivity
in aircraft interiors, sealants and coatings [13]. These bimetallic sensors are kept isolated until moisture from the
environment bridges the two electrodes: when it occurs, the sensors will develop a galvanic current directly
proportional to the corrosivity of the trapped moisture. In harsh environments, Ni-Au sensors are recommended
to provide a long-term lifespan. Promising investigations are being carried out to incorporate fluorescence-based
sensors into paint coatings to provide an easy and economic means to detect corrosion [14].

At the same time, new technologies are increasingly used to reduce the time-consuming corrosion control
activity. In this area, the Thermal Wave NDI [15] that uses an IR video camera to image the surface of the
aircraft after the application of a short pulse of heat seems very interesting as far as the Double Pass retroflection
Aircraft Inspection system (DAIS) [16]. A user-friendly probe with a high degree of accuracy and sensitivity,
based on Electrochemical Impedance (EI) measurements [17], has also been developed.

4222 Paint and Corrosion Removal

Corrosion control on aircraft often need paint removal but today chemical stripping is no longer the only way
to achieve it: diffusion of composite materials, environmental regulations and health and safety considerations
are eroding such a monopoly. New technologies have been investigated and some of them are widely used.
Plastic Media Stripping (Figure 4-15), is a method that involves subjecting the paint surface to a high pressure
stream of acrylic particles. In some cases, this method uses natural products (wheat starch) as the stripping
medium instead.

RTO-TR-AVT-137 4-13



COLLECTION OF CORROSION DATA (ITALY) ORGANIZATION

Figure 4-15: IAF Tornado Stripped by Means of Plastic Media.

However, these techniques need special care and are strongly dependent on the operator’s ability. Wrong
swell times or stream pressure could remove the clad on aluminium parts or damage composite materials.
Research is in progress to evaluate safe and cost-effective alternative solutions. At the moment, the two most
attractive options are:

* Flashjet (a Xenon flashlamp with carbon dioxide pellet); and
* Hand-held laser.

Interestingly enough (at least for some components — though at an early stage of development) seems to be a
photochemical process that uses only waterborne stripping media with no organic solvents [18].

Once detected, corrosion must be removed by means of a pickling operation also necessary as a surface
preparation for the following treatments. Even in this field, environmental compliance needs to substitute the
traditional solpho-chromic pickling with a chromate-free alternative. In this case, a hot sulphuric-ferric acid
mix [19] currently showed the most promise.

4.2.3 Corrosion Protection

Many factors have to be taken into account in order to carry out effective corrosion prevention and most of
them are strongly correlated. Of course, the starting point must be the material’s design that will depend not
just on its corrosion behaviour, but often more than this, on its mechanical properties. Once the material is
chosen, its corrosion behaviour will not be fixed unless surface treatments, finishes, coatings and operating
environments are not clearly identified. Aging aircraft and environmental acceptability have deeply modified
old concepts and rules, making this matter an important research and development focus for technologies [20].
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4231 Materials

With regard to the materials, if it is true that in the design of new aircraft there exists a trend towards plastics,
in many cases, aging fleets require the substitution of alloys with equivalent strength but higher corrosion
resistance in order to extend maintenance schedules and decrease down time. Particular attention is given to
some of the most dangerous forms of corrosion such as Stress Corrosion Cracking (SCC) and Exfoliation.
On aluminium alloys, the most interesting performances have been achieved by means of the new tempers
(in particular the T77) that allows for better control of the size, spatial distribution and copper content of the
strengthening precipitates [21] and [22]. The 7055-T77 provides a high resistance to intergranular corrosion,
exfoliation and SCC, attributed to its high ratio of Zn:Mg to Cu:Mg and, as a consequence of that, an optimum
microstructure at and near grain boundaries [23]. Chemical composition improvements, finalized at a lower Fe
and Si content, have brought reduction to pitting initiation on aluminium alloys series 2xxx. 2024-T3 suffers
from pitting corrosion attack, and this phenomenon is strongly dependent on the Fe and Si bearing second-
phase constituent particles [24]. The reduction of their density and size achieved on the derivative alloy 2524-
T3, resulted in a reduction of the pits nucleation that can act as potential initiation of fatigue cracks.

4.2.3.2  Surface Treatments, Finishes and Coatings

Chromate-based pre-treatments and chromate pigmented primers are extensively used in the corrosion
protection of aluminium alloys because of their excellent performance. However, many investigations about
chromate-free protection schemes have been undertaken for the past ten years and some of them (cerium salts,
nickel metavanadate [25], Phosphoric Sulfuric Acid anodizing [26], etc.) have already given promising results.

A non-toxic trivalent chromium conversion coating formed by applying dilute solutions of basic chromic
sulfate and hexafluorozirconate has been already successfully proposed [27]; it also appears to have promising
applications for cadmium and zinc-nickel coated steels.

Either way, the cadmium plating process, able to provide an effective corrosion sacrificial protection and high
lubricity on high-strength steels, will no longer be allowed even in military and aerospace applications
because its main disadvantage is the toxicity of the cyanide baths. Many studies have been started and
investigations are still in progress to evaluate the best alternative process (zinc-nickel or zinc-cobalt-iron
electrodeposition, metallic-ceramic consisting of aluminium particles in an organic matrix spray, etc.) [28].

4.2.4 Corrosion Prevention

Corrosion Preventative Compounds (CPC) are able to explicate a really effective corrosion protection, and their
use is considered essential to delay the corrosion initiation, extend the scheduled maintenance and reduce costs.
These compounds explicate a combined effect: isolating the metal surface from the environment (barrier effect)
by means of a water displacing action carried out by the wax base, and modifying the local environment to make
it less aggressive (active effect) by means of the inhibitors included in their formulation. CPC will be consumed
and as a consequence of that, the compounds must be frequently renewed, depending on the environmental
aggressiveness they will be exposed to (usually every two years). Here, environmental compliance forces the
R&D to look at new products that reduce the VOC content.

Sealants and jointing compounds, on the other hand, are necessary to avoid both galvanic coupling between
dissimilar metals and crevice corrosion that could act as nucleation points for fatigue crack propagation.

It’s important to remember that effectiveness of the protective measures both by sealants and CPC depends
on a good preparation and proper application. This means that specialist training is a decisive step in corrosion
prevention.

RTO-TR-AVT-137 4-15
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4.24.1 Prevention Technigues

Preservation is a broad area that includes many different actions. The most common preservation technique is
washing and rinsing the aircraft after each mission. This is most important when aircraft were on a low-high
mission on the sea. In this case, eliminating chloride and salts from the metal surface is a must. Usually,
preservation is conceived in agreement with three different strategies, depending on the preservation time:

*  Short term (0 — 90 days) preservation;
*  Medium term (up to 1 year) preservation; and

* Long term (beyond 1 year) preservation.

When long-term preservation is required, dehumidification is necessary. In any case, the more time spent on
preservation, the less man-hours spent on maintenance. Sometimes it is necessary to protect the aircraft or part
of it for a long time from contamination and the effects of high relative humidity by means of a barrier
material. This is the case for Nitrogen Purging Packaging (NPP) System [29], that uses a flexible barrier to
form a cocoon around the object to be protected and the inner atmosphere is modified to achieve the desired
level of relative humidity.

425 Summary

Corrosion prevention and control have been separately described in this presentation in order to deal with the
most interesting concerns in their respective matters, although they represent a continuous process that can
be summarized as corrosion surveillance. They cover many different areas and represent a multi-disciplinary
subject strongly related to airworthiness. This paper contains a selection of the numerous studies and
investigations that have been undertaken in the recent past, many of them still in progress, to ensure an
effective corrosion protection and control of aging aircraft under environmental constraints.
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4.3 CORROSION CONTROL REGISTER PROGRAM

Aircraft Corrosion strictly affects Safety
and Economic Issues.

Corrosion Control Register (CCR)
Program was started in 1994 in order to
enhance the Tornado maintenance
partnership with the German and the
Royal Air Forces.

Italian Air Force
conceived the CCR Program as a flexible
and useful tool to monitor corrosion on
nine different fleets.

% Tornado » AM-X » MB.339
¥ C.130 » F-104 ¥ Br.1150
¥ G.222 » HH-3F 2 AB.212

RTO-TR-AVT-137
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The CCR Program is managed by a Data
Base where many useful information are
collected.

Properly trained specialists are devoted to
fill in a double sheet form each time
corrosion is detected at any step of the
maintenance inspection.

« Information about the Aircraft (Total Flight Hours,
Base of Operation, Base where the A/C was more often
based in the past six months, etc.)

* Information about the Corroded Part (Identification
Code, P/N, S/IN, Work Unit Code, etc.)

« Information about the Type of Corrosion
» Maintenance done and its cost

* A Map of the Corroded Area (Mandatory just for the
parts where corrosion is already expected)

4-18
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The acquired Data are then
submitted to a statistical analysis.

The results are collected in an annual
state of the art of the aircraft corrosion
matter that provides a much more
detailed scenario than in the past.

Flest Conoding Index

(Carresion perveay/n® of airaaft)
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Index of
Fleet Detectable Corrosion
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Corrcsion peryear
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v

n® of developed corrosions
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Corrosion Detection Reliability

of the Low Inspection Levels on Agusta AB.212

140
120
100

% Reliability
M oo
Scoo o

Corrosion Index

Distribution for each Squadron

Allows to evaluate the effect of environmental
and operative factors on Corrosion.

The bases operating in the South on the sea
show the the highest values:
# High Temperature;
#* High Humidity;
#* High Chloride Content.
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Corrogion Index

for Dafd Parts
On cargoes, the majority of corrosion occurs on the
wings; less often on taileron and fin;
On helicopters, the most susceptible items must be

considered the honeycomb structures on the floor,
followed by main rotor and blades:

On fighters, corrosion is more often located on the body
fuselage, the fuel cells, air intakes and landing gear;

On anti-submarines corrosion is very spread, especially
on the wings and the bomb compartment.

Corrosion Index
as a function of Aircraft Flight

Hours

By means of this Index, corrosion
susceptibility depending on the usage of the
fleet has been monitored.

As a consequence of this, maintenance can
be modulate to aging.

-22
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M aintenance Procedures and Costs

for the different Fleets

It must be considered the most important
parameter in order to address the
maintenance policy in agreement with
efficiency needs.

At the moment only Direct Costs are shown
Man Hours Spent being the most significant
of them.

Classification of Corrosion Danger for

the Different Fleets

Damage Tolerance is obviously improved
when the Risk Factors associated with
Corrosion Danger are known.

To achieve this goal four danger classes
have been individuated moving from
Corrosion Morphology and Critical Level of
the Corroded Component.

RTO-TR-AVT-137
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Overall Percentage of Corrosion

Danger

H Class 1
H Class 2
OClass 3
OClass 4
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