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Optical Fiber-Based Corrosion Sensor Systems

by
Mark S. Miller
Richard O. Claus, Chairman
Electrical Engineering

(ABSTRACT)

An investigation into optical fiber sensing methods for monitoring metallic corrosion is
presented. A series of sensing techniques are presented and explored, and two techniques
are identified as possible candidates for a corrosion sensing system. The first is a
technique based on the phenomenon of surface plasmon resonance, a technology useful
in the sensing of changes in the index of refraction of a material in a localized area. The
second involves the use of a metal-clad fiber sensing region where the standard

core/cladding fiber geometry is modified to have a silica core and a metal cladding.

A series of improvements to the current surface plasmon devices lead to the choice of a
multimode cylindrical geometry for the sensor fiber. Under the correct conditions,
energy in the TM modes in the fiber will transfer to a surface plasmon mode coupled to
the surface of a metal film on the fiber. Monitoring the spectral output of the sensor
provides information on the change in index of refraction of the surrounding material or

the remaining thickness of the metal film applied to the fiber.

The metal-clad sensor involves replacing the standard dielectric cladding with a metal in
the sensing region. The loss of power through this region is directly related to the
thickness of the metal cladding, which decreases with corrosion. A theoretical analysis is

performed and compared with experimental results which demonstrate the feasibility of

the sensing technique.



Both the surface plasmon approach and the metal-clad approach are demonstrated as
corrosion presence indicators, that is, they cannot currently resolve the level of corrosion,
but just indicate when a certain amount of corrosion has occurred. The metal-clad
technique is therefore identified as the most practical technique due to its relatively
simple operation and easily understandable output response to corrosion. Future
improvements are presented for the metal-clad sensor to help resolve the total amount of

corrosion and a method is demonstrated for the repeatable fabrication of the metal-clad

Sensor.
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CHAPTER 1: INTRODUCTION

Metallic materials are used extensively in most contemporary structures, and the
corrosion of those structures has become a serious problem. This is especially true for
aircraft, where corrosion-induced fatigue and weakening of structural components can
lead to catastrophic failures causing the loss of human lives and costing millions of
dollars in damage. An in-situ, continuous corrosion detection system is needed, not only
for the aircraft industry, but for all cases where corrosion of metal structures is a

problem. Optical fiber sensors present a unique opportunity for the development of such

a system.

This dissertation research was performed to design, fabricate and demonstrate a practical
»

corrosion sensing technique for aircraft applications. The technique chosen was required

to have commercial potential including reasonable cost, good reliability, and a repeatable

manufacturing technique.

Optical fibers have been investigated and used for nearly three decades, mostly in the
communications industry. An optical fiber is a waveguiding structure with a core and
cladding where the core is of a higher index of refraction than the cladding. Light
entering the core at one end of the fiber is confined to the core by the phenomenon of
total internal reflection. It is not the intent of this dissertation to explain the operation of

optical fibers, but for more information about optical fibers see references [1] and [2].
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Optical fiber sensors offer many advantages over other sensing techniques for aircraft
applications. Some of these advantages are: an inherent immunity to electro-magnetic
interference (EMI), small size, light weight, high sensitivity and accuracy, and good
potential multiplexing capabilities. Optical fiber sensors operate on the principle that an
external perturbation will cause a variation or fluctuation in a specific characteristic of
light field propagating in the fiber. The characteristics of the light field that may change
include intensity, phase, polarization, wavelength, or time of propagation. In order to
sense corrosion, the corrosion must cause a change in one of these characteristics of the

light traveling in the optical fiber.

In order to determine the exact method by which the corrosion process can alter the light
traveling in the fiber, a detailed analysis of the corrosion process was performed.
Additionally, existing techniques for monitoring corrosion were investigated to determine
if any of these techniques could offer insight into optical fiber-based corrosion sensing
alternatives or possibly even apply directly. This investigation, presented in Chapter 2
provided the information necessary to develop a series of ideas for using optical fiber

sensors to monitor corrosion.

The ideas developed after the investigation of corrosion and current corrosion sensing
techniques were then analyzed. Some of these sensing techniques were dismissed after
short investigations because these sensors had obvious flaws and were obviously not
feasible. Other sensing techniques were tested experimentally to determine their
feasibility. After testing, additional sensors were dismissed because of low sensitivity, or
other problems that were discovered during the testing. Chapter 3 describes the sensing
techniques that were identified and the results of the investigation into each of these

techniques.
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Two fiber sensing techniques were identified as potentially good alternatives for a
practical corrosion sensing system. The two téchniques are: surface plasmon-based
corrosion sensors and metal-clad corrosion sensors. Surface plasmon-based sensors have
been studied extensively in the past for monitoring index of refraction changes caused by
chemical reactions [3,4]. Since corrosion is also a chemical reaction, initial tests
indicated that the use of surface plasmons could provide information about the corrosion
process. Chapter 4 is a description of the investigation into surface plasmons for

COITosion sensing.

Chapter 5 describes the investigation into the use of metal-clad optical fibers for
corrosion sensing. For this sensor, the fiber structure has been modified from a glass core
and cladding to a glass core and a metal cladding, where the metal cladding matches the
metal that is being monitored for corrosion. Although, by definition, this is not a true
waveguide, light will still be confined to the core for a certain distance by repeated
reflection at the core-metal interface. By keeping the active region relatively short,
approximately 25 centimeters (cm) or less, light with an amplitude large enough to be
detectable is monitored at the output. This sensing method monitors the thinning of the
metal that forms the cladding. Thinning of the metal is indicative of the corrosion

process.

The conclusions drawn by this research include that both the surface plasmon technique
and the metal-clad technique could potentially be used to monitor the corrosion process.
However, the metal-clad sensor is a simpler system and therefore inherently more
practical. The experiments using the surface-plasmon sensor demonstrated the eventual
ability to monitor corrosion, but as those experiments also show, the surface-plasmon
sensor still requires more development before it will offer the same corrosion monitoring
capabilities as the metal clad sensor. Chapter 6 provides a further discussion of the

sensing techniques and possible future work.
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CHAPTER 2: CORROSION

Although metallic corrosion is given many different definitions [4-10], a common factor
in all definitions is the deterioration of a metal due to a chemical reaction with
constituents within its surrounding environment. More specifically, the chemical
reaction will return the metal to its natural state. A metal’s natural state, usually an
oxide, is the state in which the metal is found in the earth’s crust. Because the natural
state of a metal is not the form used in industry, where a pure state of the metal or an
alloy is preferred, the corrosion process is a natural process. Therefore, whenever the

necessary ingredients are present, corrosion will occur spontaneously.

Corrosion is a process similar to that which occurs in a battery and therefore, there are
four necessary conditions for corrosion to occur: there must be an anode - the metal that
gives up ions, there must be a cathode - the metal receiving the ions from the anode,
there must be an electrolyte between the anode and cathode, and there must be an
electrical connection between the anode and cathode. The anode and cathode can be any
combination of metals, or the cathode could be a conductive plastic, or the anode and
cathode could be different regions of the same metal. The electrolyte transports the ions
released by the reaction at the anode to the cathode. The electrolyte most commonly
found is moisture, anything from a pool of water to very humid air. The electrical
connection allows the flow of electrons between the anode and cathode. Figure 2.1

shows a diagram of a typical corrosion cell.
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Electron flow

Anode OH" Cathode

M*": Represents the metal ion, x is the charge of the ion

M(OH).: Represents the metal hydroxide, again x is the charge of the ion

Figure 2.1 A diagram of a corrosion cell.
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The corrosion process is a chain reaction starting with the release of electrons at an
anode, forming positively charged ions. The ions move off of the surface of the anode
into the electrolyte. The electrons move through the electrical connection to the cathode.
The ions react with the molecules of the electrolyte forming metal oxides (usually) and
releasing hydrogen ions. The hydrogen ions migrate toward the cathode to pick up the

electrons that gather there and form hydrogen molecules.

Aluminum, the most commonly used metal on aircraft, and the metal used during this
research program in the fabrication and testing of corrosion sensors, has an ionization

equation given by

Al — AP 43¢, (2.1)
where e represents electrons. The electrons will react with water, the most common

electrolyte and used here for simplicity, and form hydroxide ions as follows

2H,O+2¢” — H, +20H". (2.2)
The final reaction occurs as the metal ions pair with the hydroxide ions to form a metal

hydroxide. The formula is given by

APt +30H™ — Al(OH)5. (2.3)
The presence of other ions, such as chlorine (C/") formed when salt (NaC/) is added to
water, can form other metal compounds, but the process is similar to the one described
above. These other compounds do speed up the corrosion process because the
compounds dissolve naturally into ions and offer immediate sites for reaction with the
metal as opposed to pure water where the water molecules need to be broken down

before reacting with the metal.
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This 1s especially true with sodium hydroxide (NaOH) which readily breaks down to the

Na™ and OH ions in water and reacts well with aluminum. The reaction is described by

Al + NaOH + H,0 — NadlO, +—§—H2 . (2.4)

In fact, the more alkaline the solution (above a pH of 8) the more rapidly the corrosion
process occurs [6]. This helps explain the reaction with NaOH which when added to
water forms a highly alkaline solution. NaOH was utilized during this research to
increase the rate of corrosion in corrosion test cells for corroding prototype metal-clad

corrosion sensors as described in Chapter 5.

Some results of the corrosion process are stress corrosion cracking and corrosion fatigue.
Stress corrosion cracking occurs when the material is weakened by the corrosion process
and normal stresses become too much for the material to handle. The result is a crack in
the material caused at much lower loading than would be expected for the pure metal.
Stress may also increase the localized corrosion rate which in hastens the weakening of
the metal and leads to a stress corrosion crack. Corrosion fatigue is the failure of the
material due to cyclic loading after it has been weakened by the corrosion process. A

very small amount of corrosion can cause corrosion fatigue.

2.1 Corrosion Classification

Corrosion is most often categorized by the conditions that cause the corrosion as well as
the method by which the corrosion progresses. There are six well-known categories of
corrosion: galvanic, uniform, crevice, intergranular, pitting, and exfoliation. Galvanic
corrosion occurs between two dissimilar metals in electrical contact in the presence of an
electrolyte. The metal more resistant to corrosion becomes the cathode and the other the
anode. In general, the anodic metal corrodes much faster in this situation than if it were

alone. The development of galvanic corrosion can be predicted in regions where there
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are two different metals in contact and avoided if these regions are minimized or

protected from electrolytes.

Uniform corrosion occurs on a single metal where the anode and cathode randomly and
constantly move around the material causing uniform attack. Uniform corrosion would
occur, for example, when a single sheet of metal is left in a highly corrosive
environment, such as outside near the sea. In the type of situation described above,
corrosion would occur on the metal at random locations. This type of corrosion is

possibly the most difficult to prevent since it is unknown where the corrosion will start

Uniform corrosion will be the focus of this research program because it is the most
common corrosion phenomenon and the most difficult to detect. As will be seen in the
following descriptions, the remainder of the corrosion classes require certain conditions

to occur which makes them easier to predict and monitor.

Crevice corrosion occurs when two pieces of metal are in close contact which forms a
crevice between them. When an electrolyte is introduced into the crevice, a complex
series of events occur causing corrosion inside the crevice. First, a normal corrosion
reaction takes place in the crevice. When all of the oxygen in the crevice is depleted, the
electrons begin traveling to the outside of the crevice. The positive charge from the ions
building up in the crevice due to the absence of oxygen draws other ions from the
electrolyte into the crevice. For sea water, the ions are chloride ions which eventually
help accelerate the corrosion process inside the crevice. The reactions outside of the
crevice also accelerates and a layer of hydroxide ions is formed on the surface,
effectively protecting the surface from corrosion. Therefore, a large amount of corrosion
occurs inside the crevice, while very little occurs outside. Crevice corrosion is similar to
galvanic corrosion because there are two pieces of metal present. However, the metals

do not need to be dissimilar for Crevice corrosion to occur.
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Intergranular corrosion occurs at the grain boundaries of metals. This type of corrosion
can start off as uniform corrosion or other types of corrosion. The boundaries act
somewhat like dissimilar metals which makes this corrosion process similar to galvanic
corrosion. However the process can occur anywhere there is a grain boundary on a metal
surface. This process is limited to the metal surface because of the requirement for an
electrolyte to be present. Therefore it is much more difficult to predict intergranular
corrosion than it is to predict galvanic corrosion. The sensors developed in this research
will also detect intergranular corrosion since it is also similar to uniform corrosion in that
it can occur anywhere on the surface of the metal and has the same byproducts and

effects as uniform corrosion.

Pitting corrosion results in holes in the material surface. The mechanism is the same as
that for crevice corrosion, but the reaction occurs at localized sites on the metal’s surface.
The process starts as uniform or intergranular corrosion but stays localized thereby
causing a small pit. The crevice corrosion process then begins, widening the pit and

propagating itself.

Exfoliation corrosion is simply an advanced stage of intergranular corrosion. Essentially,
there is so much product created by the corrosion process that it begins to push up on the
surface grains of the material or on the coatings. This type of corrosion appears as

bubbles on the surface of the material.

2.2 State-of-the-Art Corrosion Detection Techniques

There are currently many techniques used to detect corrosion. The corrosion monitoring
techniques found to date inciude: visual inspection, ultrasonic testing, eddy current
testing, radiography (both neutron and x-ray), acoustic emission detection, witness

coupons, and hydrogen probes [9-14]. There are other techniques currently under
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development, but the aforementioned techniques represent the most widely used and will

provide a good representation of what is available.”

Visual Inspection: This is the simplest and most common method for detecting
corrosion. Essentially, a technician moves around the aircraft and looks for evidence of
corrosion. Conversations with Richard Butler, an engineer in the NAVAIR Engineering
Support Office in the Naval Aviation Depot, Norfolk, Virginia, indicated that technicians
also tap the structure with small hammers and listen for audible changes that indicate
corrosion. The aircraft are also disassembled periodically in order to investigate inner
parts of the structure. Specific signs of corrosion include: a dulling of the surface shine,
white powder caused by exfoliation corrosion, small black dots indicating pitting
corrosion, bubbling of painted surfaces, and general roughness of the surfaces caused by
the corrosion byproducts. Obviously, the disassembly of aircraft is a time consuming and
costly procedure. This type of inspection may also be useful with fiberscopes or similar

apparatus that allow investigation of inner surfaces without disassembly.

Ultrasonic Techniques: Ultrasonic measurement methods are useful for measuring the
thickness of a material. A high-frequency wave is introduced into the material using an
ultrasonic transducer. This wave travels through the material, reflects off of the far side,
and travels back to the original transducer or a second transducer placed nearby. An
obvious limitation of this method is on curved metal surfaces where the reflection may
not return to the receiver or may be dispersed in the medium. The time needed to travel
this route combined with the velocity of the ultrasonic wave propagation in the material
is then used to determine the thickness of the material. This technique can be used to

monitor general thinning or localized thinning of the material.

There are problems with this method of corrosion monitoring. First, the material must be

homogeneous to get accurate results. If it is not homogeneous, the propagation constant
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of the energy will change depending on the location in the material. This will cause
errors in the readings taken by the ultrasonic device. Second, layered materials will
cause multiple reflections to return to the detector. These multiple reflections may be
confused with the multiple reflections present in a single material when the energy
reflects back and forth between the two walls of that material. Therefore, only the first
layer may be accurately measured for thickness without complicated signal processing.
Finally, water or anti-corrosion coatings may cause difficulty in the interpretation of the

results because of either multiple reflections or inhomogeneity.

Eddy current examination: A wire coil with an ac current passing through it is placed
near the surface of the metal structure. Eddy currents form in the material near the coil
(also called a probe). These eddy currents penetrate into the metal at a distance
proportional to the frequency of the ac signal. Lower frequencies will penetrate further
with a theoretical maximum penetration depth of infinity at a frequency of 0 Hz. At
higher frequencies, the depth of penetration asymptotes to approximately 1 mm, with a
useful thickness measurement range up to 5 mm at a frequency of approximately 1 kHz.
Therefore, thin structures are the best suited for investigation using eddy currents. The
phase of the ac signal is dependent on the volume of the metal beneath the probe, and
this phase is linear with respect to that volume. This technique is useful because it gives
information about the inner surface of a skin without the need for disassembly [13].
However, the volume of metal under the probe could be a uniformly thick section of
metal or a slightly thicker piece of metal with a corrosions pit or crack; there is no way to
tell the difference between these two geometries. Also, access to one surface of the
material is necessary, and this method is not used during operation of an aircraft due to

bulky equipment and the need for a technician to operate and interpret data continuously.

Neutron Radiography: For this method, the materials is irradiated with neutrons and a

neutron detector is set up on the far side. The attenuation of the neutron beam is

Chapter 2: Corrosion Page 11



dependent on the amount of hydrogen present in the material. Hydrogen is a byproduct
of corrosion, and the amount of hydrogen present in the material is related to the amount
of corrosion that has taken place. The attenuation of the beam of neutrons can then be

used to calculate the amount of corrosion of the material.

Problems with this method include the need for a radioactive source for the neutron
beam, the high cost of the equipment necessary for the system, and the inherent danger of
radiation exposure to the operators. An advantage of this technique is the ability to
detect corrosion in very thick structures, where other techniques cannot. It can detect the
amount of remaining metal in a part, and the known initial thickness of the part is then
used to determine the amount of corrosion. Again, this technique requires access to both

sides of a structure and cannot be used during normal operation of the aircraft.

X-radiography: Essentially, this is taking X-rays of a structure. This technique can
detect internal corrosion as well as general thinning of the material. The main problem
with this technique involves the difficulty in interpreting the results due to varying paint
thicknesses or uneven sealant and bonding surfaces. Also, only large material loss or
cracking can be detected using this technique on large structures. Corrosion found in this
manner is advanced enough to cause the replacement of the part. The sensors designed
in this research can detect the beginning of the corrosion process, perhaps allowing repair

of the structure without the need for replacement.

Acoustic Emission Techniques: There are two types of acoustic emission sensors
currently used for corrosion monitoring. The first is an acoustic emission detector which
is used to monitor the acoustic emissions that occur during the corrosion process. The
level of these acoustic emissions is very small and requires expensive, sensitive detectors
to monitor. Also, determining the exact location of the emissions requires multiple

detection and complex algorithms to triangulate on the source of the emission. There is
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also the possibility that random acoustic emission noise from other sources may be

misinterpreted as corrosion by the sensor.

The second acoustic emission technique involves the detection of damage after it has
occurred. For this type of acoustic detection, an external load is applied to the structure,
and acoustic emissions caused by this load are monitored. Possible drawbacks to this
method are the necessity of large loads on the structure to generate the emissions and the

degradation to the structure caused by these loads.

Use of Witness Coupons: For this technique, a coupon of the material of interest is
placed with the permanent material and periodically removed for examination. These
coupons are typical placed where it is difficult to visually inspect the individual aircraft
parts. Therefore, by placing and removing these coupons, the technicians can estimate
the corrosion surrounding the area where the coupon was located. A simple form of
examination is to measure the loss in mass of the coupon, thus estimating the corrosion
rate for the entire structure. Estimated lifetimes of structures can be calculated from the
information gained from the coupons. This technique is mainly used in large industrial
plants but is not applicable to aircraft because obtaining the coupon would be similar to
the current method of disassembly being used. Also, all of the possible corrosion sites

won sites would require individual coupons

Electrical resistance probe: The resistance of a material is directly proportional to its
cross-sectional area and the amount of corrosion of the material. Therefore, monitoring
the resistance of a material will give its cross-sectional area and the amount of corrosion

the material has experienced

The main disadvantage to this technique is the necessity to penetrate the material to

insert the probes. This could create locations of localized corrosion. Also, the probe
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cannot detect localized corrosion sites because the output indicates an average value over

the cross-sectional area for the material. This technique is also not used in aircraft.

Hydrogen probe: The main byproduct of many corrosion processes is hydrogen. A
hydrogen probe consists of a thin foil (such as palladium) attached to an electrolytic cell.
The cell produces a current through the foil which is required for the oxidation of the
hydrogen. The current necessary for this reaction is measured and the corrosion rate is
calculated from the current. This technique does not require any penetration of the

material being monitored.

The disadvantages of this method include the necessity of high hydrogen diffusion rates
through the material and the restriction to ambient temperature conditions. The

equipment needed to make accurate measurements is also expensive.

Of these techniques, visual inspection and ultrasonic evaluation are the two most
prevalent in use on aircraft today. The remainder are all under investigation or in use in
limited areas. As noted in each of the individual descriptions, most of these approaches
require the aircraft to be in the hanger to attempt corrosion detection. This was
determined to be a shortcoming for corrosion monitoring. The optical fiber sensors
developed here are intended to be used continuously during the operation of the aircraft
or in the hanger. Additionally, it is obvious from reading the above descriptions that
none of the above methods could be simply modified for use with optical fiber sensors.

New optical fiber sensing techniques needed to be developed.

Chapter 2. Corrosion Page 14



CHAPTER 3: FIBER OPTIC CORROSION SENSING

In order to monitor corrosion, the optical fiber sensor had to be designed to detect either
the constituents that cause the corrosion process (predicting where corrosion might
occur), the corrosion process as it occurs, or the byproducts of corrosion. Various types
of optical fiber sensors were analyzed to determine the possibility of monitoring each of
these three corrosion indicators. For the monitoring of the constituents that cause
corrosion, humidity or liquid presence sensors were investigated. It was determined that
this type of sensor might predict where corrosion would occur, but 1t would not identify
the exact amount of corrosion present or even if corrosion had started, just that it might

start. Therefore, this type of sensor was discarded as a possible method for monitoring

corrosion.

Detection of the corrosion process would require the continuous detection of the effects
of the chemical reaction that is corrosion in order to insure that the total amount of
corrosion is known at all times. An alternative is a sensor that indicates only the effects
of the process without giving detailed information on the rate or amount of corrosion.
Methods to monitor the corrosion reaction include detecting the enthalpy of the reaction,
or possibly monitoring the magnetic or electric fields caused by the flow of electrons
created by the reaction, none of which are in practice today. The acoustic detection
device described in Section 2.2 is another example of this type of sensor. These

techniques are explored more fully in the following sections.
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