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The Role Of Corrosion In Aging Aircraft
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Abstract

A review is presented on the impact of corrosion on the structural integrity of aging
aircraft. Although corrosion has been recognized as a significant detriment to aircraft
structures, corrosion can also have a more insidious effect by interacting with and
promoting fatigue crack initiation and propagation in certain aluminum alloys. A possible
mechanism of fatigue cracking in corroded aluminum structure is discussed. An
argument is made for hydrogen embrittlement to be the controlling mechanism of
corrosion fatigue interaction in certain aluminum alloys.

Key words: Corrosion, fatigue, cracking, initiation, propagation, aging, aircraft.

Introduction

A significant part of the commercial and military aircraft fleet has reached or exceeded
its original design life. Corrosion of primary and secondary components has become a
major factor in determining the structural integrity and life expectancy of these
components. As traditional corrosion inhibiting chemicals are phased out because of
their hazardous effects on the environment, corrosion will become even more significant.
For example, it is anticipated that the military KC-135 transport fleet will not reach its
fatigue limit, but rather corrosion will limit the life of the fleet. In the civilian sector, the
effect of corrosion was evident from the post-accident investigation of the Aloha Airlines
Boeing 737 fuselage structure, following the incident of April 1988. Certain fuselage lap
splices, including the one where a 20 foot long fracture occurred during flight, were found
with severe corrosion.

Corrosion affects the structural integrity of aircraft in three ways. First, corrosion has a
direct effect on aircraft structures by metal loss which affects the strength and fracture
toughness of the material, thereby reducing the structural integrity of a component.
Secondly, corrosion can act simultaneously with mechanical loading resulting in cracking
phenomena such as stress-corrosion cracking and corrosion fatigue. Thirdly, a
phenomena that has been recognized only recently is that of the interaction between
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preexisting corrosion and fatigue cracking. This paper will discuss each of these effects
of corrosion on the structural integrity of aircraft.

Direct Effects Of Corrosion

Corrosion in aircraft manifests itself in several different forms., Pitting and crevice
corrosion are the most common forms of corrosion in the 2000 and 7000 series aluminum
alloys which are the principle materials of construction. These forms of localized
corrosion can be very destructive by themselves, but also act as stress risers from which
stress-corrosion and fatigue cracks can initiate. Another common form of corrosion is
exfoliation corrosion. Exfoliation corrosion is a form of intergranular corrosion where
corrosion occurs along the grain boundaries of elongated grains and it often initiates at
unprotected end grains, such as fastener holes and plate edges. Unlike pitting and
crevice corrosion, susceptibility to exfoliation corrosion depends on alloy type, heat
treatment, and grain orientation. Fretting corrosion often occurs when two surfaces rub
at high frequency and low amplitude in the presence of a corrosive environment. This
form of corrosion is for example observed in fastener holes where there is minute friction
between the fastener and the wall of the fastener hole. The resulting damage often acts
as initiation site for stress corrosion or fatigue cracking. Finally, galvonic corrosion is a
common form of corrosion in aircraft structures, where dissimilar metals such as
aluminum and steel are in direct contact. This form of corrosion can easily be prevented
by isolating the different metals which can be accomplished by proper design and
assembly.

There are many contributing causes to corrosion of aircraft. The first cause lies in the
design of the aircraft and its components. Often, insufficient attention has been paid to
the basic principles of corrosion-conscious design such as the selection of corrosion
resistant materials, and the avoidance of dissimilar metal contact, crevices, stresses, and
poor drainage. In addition, the selection of the finish and sealant system is an important
part of corrosion-conscious design. For example, in recent years the use of corrosion
inhibiting primers and corrosion inhibiting sealants in fastener holes and on faying
surfaces has become a more common practice. The elimination of crevices is now
required by faying surface sealing of all joints that are known to be prone to corrosion,
with corrosion inhibited sealants such as chromated polysulfate sealant. Corrosion
inhibiting compounds are now commonly applied in the final assembly of many aircraft
components, such as inside the fuselage crown and lower lobe, pressure bulkheads,
pressure deck, under lavatories and galleys, wheel wells,- wing-empennage cove areas,
dry bays, empennage torque box interiors, and under fairings.

Furthermore, the post-accident investigation of the April 1988 accident with the Aloha
Airlines Boeing 737 indicated that cold bonded lap joints could not prevent penetration
of moisture. The moisture in the lap joint resulted in disbanding of the joint, which lead
to loss in load carrying capacity of the joint and eventually to multiple site fatigue cracking
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from the fastener holes. The lesson learned from this investigation was that only high
temperature cured adhesives should be specified for bonding structural components.

Faulty manufacturing is another source of corrosion. Specifically, the assembly and
finishing processes can determine whether a specific component will be subject to
premature corrosion. For example, of particular importance is the proper surface
pretreatment and application of protective coatings or sealants, which must offer long
term durability in order to provide adequate corrosion protection.

Finally, operating conditions can be an important contributor to corrosion of aircraft
components. Operational environments such as marine, tropical, high humidity, and
industrial can be very corrosive to the outside of an aircraft. Moreover, during operation,
the protective surface finish can deteriorate by chipping, scratching, breaking around
fasteners, abrasion and aging. Environmental conditions inside an airplane can even be
more damaging. For example, lavatory spillage, galley spillage, chemical spills,
condensation, animal waste, microbial growth, fire residue, and corrosive cargo such as
fish can create extremely corrosive conditions inside an airplane, and become a detriment
to the structural integrity of the airplane.

Environmentally Induced Cracking

The two main modes of environmentally induced cracking are stress-corrosion cracking
and corrosion fatigue. Stress-corrosion cracking of aluminum alloys results from a
combination of susceptibility of the alloy, grain orientation, and applied stress. When an
aluminum alloy is susceptible to intergranular stress corrosion cracking and the grain
orientation is such that the grain boundaries are perpendicular to the applied stress,
cracking will occur along the grain boundaries.

Particularly, the 2000 and 7000 series alloys in peak hardness heat treat condition are
susceptible to intergranular stress-corrosion cracking. Burleigh 2 concluded, in an
extensive review, that most researchers in the last decade consider stress corrosion
cracking of 7000 series alloys to be caused by a hydrogen embrittlement mechanism.
Gruhl13 correlated the solubility of hydrogen at the grain boundaries with the concentration
of zinc in solid solution. He found a linear relationship between zinc in solid solution and
time to failure. Thus, it is not surprising that stress-corrosion cracking of 2000 series
alloys, which do not contain zinc, is not considered to be caused by hydrogen induced
cracking, but rather to anodic dissolution of the solute-depleted zone along the grain
boundary, the grain boundary itself or the precipitates along the grain boundary.

Corrosion fatigue is the most common failure mode encountered in cyclically loaded
structures in aircraft. Much work has been conducted on the mechanism of this failure
mode. Like stress corrosion cracking, corrosion fatigue of the 7000 series alloys is
thought to be the result of hydrogen embrittlement. Duquette and coworkers 46 have
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conducted extensive research to demonstrate this mechanism. They studied the effect
of cathodic polarization and catalyst poisoning of the hydrogen recombination reaction,
and based on results such as shown in Figures 1 and 2, they concluded that hydrogen
is indeed responsible for the reduction of fatigue strength of 7000 series alloys. Figure
4 shows that cathodic polarization of the aluminum alloy during fatigue cracking in an
NaCl solution significantly lowers the fatigue strength. At these cathodic potentials,
hydrogen ion reduction is the cathodic reaction and the hydrogen generated in that
reaction can be readily absorbed by the aluminum matrix. Moreover, when during fatigue
cracking arsenic (As) is added to the NaCI solution, the hydrogen re-combination reaction
to form H2 is inhibited, again facilitating hydrogen absorption into the aluminum matrix.5
Fractography of specimens which are fatigue fractured under cathodic polarization further
showed that the initial fracture mode was intergranular, but that at longer crack lengths,
the fracture mode became transgranular with a significant amount of cleavage or quasi-
cleavage which is characteristic of hydrogen induced cracking.

Effect of Preexisting Corrosion on Fatigue Cracking

Damage tolerance requirements implemented about a decade ago state that cracks in
an airframe structure are permissible. Cracks may impair the strength of a structure, but
safety of the aircraft is ensured if the cracks are detected and repaired before reaching
the largest permissible size. This approach requires regular inspection based on crack
initiation and propagation data developed for new materials. Although the new material
based damage tolerance approach is accurate for new aircraft, this approach may be
questionable for older aircraft which have been exposed to corrosive environments. The
presence of corrosive environments has been typically dealt with by studying the direct
interaction between environment and fatigue cracking corrosion fatigue.

However, little work has been done on fatigue crack initiation and propagation in aged
or corroded airframe structures. Work by Chubb et al.7 indicated that the effect of a
corroded area on a propagating fatigue crack is unpredictable. Depending on the alloy
type and heat treatment, a crack propagating through a corroded area could be
accelerated considerably. The acceleration will have a significant impact on the damage
tolerance approach, as is illustrated in Figure 3. Both the detectable and the permissible
crack length could occur in much shorter time, so that earlier detection and smaller
detection intervals may be required.

Preexisting corrosion can affect fatigue crack initiation as well as propagation. Each of
these interactions will be discussed separately in the following sections.
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Fatigue Crack Initiation

Fatigue crack initiation can be promoted by corrosion which creates a stress
concentration or an aggressive local environment. Aluminum alloys are subject to
different forms of localized corrosion depending on microstructure, heat treatment, grain
orientation and applied stress. These are pitting, crevice corrosion, exfoliation corrosion
and stress corrosion cracking. One of the most common forms of localized corrosion in
aluminum alloys is pitting corrosion, which is caused by localized breakdown of the
passive film. These pits can act as fatigue crack initiation sites by creating stress
concentrations and by creating an acidic environment inside the pit. Regardless of the
acidity (pH) of the bulk environment, the pH in the pit is determined by an hydrolysis
reaction:

A13+ + 3H20 -, AI(OH) 3 + 3H+

The pH values in the pit are generally between 3 and 4 when the aluminum alloy is
actively corroding in the cavity. Lower pH values can be found if the concentration of the
aluminum chloride that forms inside the pit increases as indicated in Figure 48.

A13+ + 3C1- - AICI3

The aggressive nature of pit environments will promote fatigue crack initiation by either
the anodic dissolution mechanism or by the hydrogen embrittlement mechanism. If the
hydrogen ion is reduced to an hydrogen atom, it can either adsorb to the alloy surface
or form hydrogen gas. The nature of the oxide film in the pit may be a critical factor in
this process. Chemical or mechanical damage to the oxide film caused by corrosion and
stress allows hydrogen ingress. Because of the high hydrogen fugacity inside the pit,
hydrogen will be likely be absorbed by the susceptible alloy. Duquette' explained that
second phase particles in 7000 series aluminum alloys may act as sinks for dislocation
transported hydrogen. In light of the kinetic model of hydrogen transportation by
dislocations, first suggested in 1951 by Bastien and Azou10 , and in 1975 proposed by
Tien et al." and Donovan12, cyclic loading will certainly enhance hydrogen entry into the
aluminum matrix. Smith et al. 4 demonstrated that corrosion fatigue of a high purity AI-Zn-
Mg-Cu alloy resulted in intergranular crack initiation with a shift to transgranular cracking
as the crack propagated. The intergranular crack morphology is similar to that observed
in stress-corrosion cracking.

Fatigue Crack Propagation

Little work has been done on fatigue cracking in aluminum alloys with preexisting
corrosion. Early work by Person' 3 showed that pitting significantly reduced the fatigue
strength of aluminum alloy 7075-T6. Chubb et al. who studied the crack propagation
behavior of 7000 and 2000 series aluminum alloys through areas with exfoliation
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corrosion, found that cracks propagating in 7000 series alloys accelerated considerably
when reaching an exfoliated area, see Figure 5A. Fatigue crack growth data of a 2000
series alloy, however, indicated no significant effect of the exfoliated areas on the crack
propagation, see Figure 5B. These observations indicate that the mechanism of crack
propagation in precorroded components may be different for different alloys.

There is some indication in the literature that fatigue crack propagation in precorroded
7000 series aluminum alloys is caused by hydrogen embrittlement. However, other
factors such as increased stress because of metal thinning may also play a role in the
increase in crack propagation rate, and may in fact be the predominant mechanism of
interaction between corrosion and fatigue cracking in other aluminum alloys such as the
2000 series aluminum alloys. In support of an hydrogen embrittlement mechanism for
7000 series aluminum alloy,, Smith et al. 6 demonstrated that the fatigue strength of
aluminum alloy 7075-T6 in air decreased significantly as a result of precorrosion in a NaCl
solution. Figure 6 shows the S-N curves for the aluminum alloy in air, in 0.5 NaCl,
precorroded in the NaCI solution and fatigue stressed in air and, precorroded heat
treated and fatigue stressed in air. The re-heat treating resulted in a partial recovery of
the fatigue strength, indicating that the lowering of the fatigue strength caused by
precorrosion is a reversible process. This behavior strongly suggests that fatigue
cracking in precorroded 7000 series aluminum alloys is predominantly a hydrogen
embrittlement process.

The mechanism of interaction between preexisting corrosion and fatigue crack
propagation in these alloys can be explained in terms of moving dislocations ahead of
the propagating fatigue crack. Once hydrogen atoms have formed at a localized
corrosion site, they can diffuse into the lattice and be trapped by inclusions such as AI-Zn
precipitates at the grain boundaries, or at stationary dislocations. When dislocations
become mobile and move along with a propagating fatigue crack, they strip hydrogen
atoms from the traps and transport them in a solute atmosphere. The velocity of a
dislocation transporting a hydrogen cloud was estimated by Tien 1" to be:

V=M.F,

where M is the mobility of the hydrogen cloud and F is the force driving a dislocation.

This equation can further be developed to express the critical velocity above which the
dislocation will leave the hydrogen cloud behind. This critical velocity is then expressed
as:

DH Es

KT •30b

where DH is the hydrogen diffusion coefficient, EB is the binding energy and b is the
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Burgers vector.

When comparing the time derivative of the critical velocity, or maximum diffusion distance

DH EB
=-tD

KT • 30b

with the diffusion distance due to random walk diffusion

RD= 4 v DH tD

it can be seen that moving dislocations can effectively transport hydrogen over a much
larger distance than the diffusion distance by random walk diffusion.

Thus, when dislocations move at velocities less than K, the hydrogen will move with the
dislocations. The aluminum alloy can be locally enriched in hydrogen when the dislocation
loses its hydrogen cloud. This occurs when, for example, the dislocation speeds up and
exceeds the critical velocity, or when the dislocation is annihilated or reaches a stationary
sink. In this manner high concentrations of hydrogen can build up in the region ahead
of the crack tip, causing the crack to accelerate by a hydrogen embrittlement mechanism.

Conclusions

Based on discussions in this paper, it can be concluded that the effect of corrosion of the
structural integrity of aircraft component can be significant. The most common forms of
corrosion in aircraft are pitting, crevice corrosion, exfoliation corrosion, galvanic corrosion,
stress-corrosion cracking and corrosion fatigue. These forms of corrosion, which can be
extremely detrimental to the structural integrity of aircraft, can be controlled by proper
design, manufacturing processes, and operation and maintenance procedures.

In addition to having a direct effect on the structural integrity by means of metal loss and
cracking, corrosion also plays a more insidious role by promoting fatigue crack initiation
and propagation in some aluminum alloys. Specifically, it has been demonstrated that
in 7000 series aluminum alloys, fatigue cracks are accelerated when they propagate
through a corroded region. It was shown that the effect of corrosion on fatigue crack
initiation and propagation of these alloys was likely controlled by a hydrogen
embrittlement mechanism. Hydrogen atoms that form at a localized corrosion site are
absorbed into the metal lattice and transported by mobile dislocations to the region
ahead of the crack tip, where they alter the microstructure causing the propagating
fatigue crack to accelerate. Finally, there is indication that this hydrogen embrittlement
mechanism may not apply to other aluminum alloys such as the 2000 series alloys.
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Further experimental work is recommended to confirm the mechanism of interaction
between corrosion and fatigue cracking in aged or corroded aircraft components. The
understanding of the interaction between preexisting corrosion and fatigue cracking is
necessary to develop better predictive capabilities on the fatigue life of corroded airframe
structures. Only then can a reliable damage tolerance program be developed for these
structures.
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Figure 2 Fatigue behavior of 7075-T6 in 0.5N NaCl + 10 As ppm compared to
fatigue behavior under free corrosion conditions in 0.5N NaCI5.
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Hidden Corrosion - Needs & Requirements

P. K. Bhagat Ard G. L. Hardy
Materials Directorate
Wright Patterson AFB, OH

Abstract

Due to budget constraints, the Air Force will be operating its
current aircraft for ever-longer periods of time. Recent studies
have shown that corrosion related maintenance actions are costing
the Air Force over $700M annually. The Air Force identified the
need for hidden corrosion detection, prevention, and control
through the Logistics Need process in 1979. This report
summarizes the findings of Air Force research and development
efforts since that time and presents an approach to more
aggressively address corrosion detection and control. Current
Air Force efforts are being focused on a two-pronged attack. The
Logistics community is conducting an assessment of current
methods of corrosion detection and the Wright Laboratory is
aggressively pursuing any available new exploratory and advanced
development approaches for hidden corrosion detection.

Key terms: corrosion, hidden, detection, prevention
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Introduction

It is well known that military as well as civilian aircraft
operators use a significant portion of their repair and
maintenance budget on corrosion related issues. These include
costs attributed to corrosion detection, prevention, repair, and
control at both depot and field levels. A recent AF sponsored
study has concluded that approximately $718M per year can be
attributed directly to corrosion related issues on the current
inventory of operating military aircraft [1]. 82% of these costs
are for repair purposes. It is interesting to note that the
oldest aircraft KC-135, C-130, B-52, F-Ill, and C-141 account for
approximately half of the total cost. Numerous DoD sponsored
research and development programs dealing with inspection,
control, and prevention of corrosion have led to the availability
of a wide variety of newer materials and alloys, corrosion
protection schemes, and repair and maintenance methodologies.

During the period of expanding defense budgets with new systems
entering at the operational levels in a defined time frame the
harmful effects of corrosion could be managed without hampering
the fleet readiness. As the current fleet ages, without newer
aircraft entering the inventory, the deleterious effects of
corrosion become more severe in terms of readiness and quick
response. This is due to the fact that corrosion is a more
severe problem for older aircraft. Preventive maintenance and
repair actions require the affected system to be removed from
service for long periods of time. In most cases removal of skin
is required, which is an expensive and time consuming
proposition. Thus, the attendant cost of maintaining older
aircraft is substantially higher and increases dramatically with
age. Further, corrosion degrades the fatigue life of airframes
and, therefore, has implications related to life extension
issues.

There has been significant amount of research on stress corrosion
cracking and corrosion fatigue. Implications of corrosion thus
enter into life cycle issues since fatigue is accelerated by
corrosion. As a result environment related issues enter into
fatigue life computations. Even the use of advanced materials,
such as graphite composites, to replace metallic structures does
not alleviate environmental impacts on the aircraft. Concerns
about polyamide degradations due to galvanic corrosion effects on
structures have recently been raised [2]. In case of these
advanced materials, damage detection and reliability assessment
techniques are in a preliminary developmental stage. This
aspect related to advanced material inspection can become a
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significant factor as today's newer planes age and get corroded.
From the foregoing it should be apparent that the importance of
early detection, quantification, and prevention of corrosion can
not be overemphasized.

In the current era of reduced military budgets along with
increased environmental constraints affecting chemicals currently
in use for corrosion protection and control it is desirable that
a fresh assessment of corrosion related issues be undertaken.
It is, therefore, imperative that an intense effort encompassing
basic and applied research as well as technology and methodology
development be undertaken in order to contain corrosion costs and
maintain continued airworthiness of our aging fleet. As stated
earlier these efforts should be directed towards early detection,
localization, and quantification of corrosion.

One of the most vexing problems in the corrosion arena is that of
the detection and quantification of hidden corrosion. As
understood by the depot and field personnel this refers to
corrosion occurring in regions inaccessible due to structural
design constraints as well as that occurring beneath the visible
layer of aircraft skin. This problem, identified in the Air
Force as LN 79003, " Detection of corrosion in
hidden/inaccessible regions", has been a major driver in the AF
Materials Directorate(WL/ML) contracted research efforts since
1979 [3]. Programs instituted since 1979 have dealt with
corrosion inspection accuracy, repeatability, and identifiability
issues. One of the most likely areas for hidden corrosion to
occur is around fasteners due to damage to the protective
coating. Current requirements to eliminate the wet(coating with
primer) installation of fasteners will tend to exacerbate this
problem.

Current NDE methods are poor sensors for corrosion, since they
are based on the ability to detect area or volumetric flaws that
have significant dimensions in one or more directions. In
addition, most if not all of the current NDE technologies are
man-hour intensive. As a result hidden corrosion detection at
field level is a difficult and expensive proposition.

It is well known that the most reliable technique for detection
of surface corrosion is the venerable visual inspection.
However, visual inspections are difficult to implement for
corrosion that is hidden from view. The need to detect hidden
corrosion and the inability to quantify visual inspection have
led to a host of technologies which are instrument-based and
include eddy current, ultrasonic, and radiographic inspections.
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These techniques require loss of material to be effective and are
somewhat quantifiable and are an improvement over visual methods
for corrosion beneath material surface. In spite of the
availability of a wide choice of NDE technologies questions
regarding the accuracy and reliability of these techniques to
detect and quantify hidden corrosion remain. Efforts within the
Air Force to assess the applicability of these techniques as well
as those designed towards further development of promising
scientific ideas are detailed under ' Current Efforts '.

I. Historical Background

Corrosion detection, prevention, and control issues have
historically been ignored in weapon systems development. The
older systems were manufactured with little or no concerns for
corrosion. Material selection was primarily predicated upon
reduced weight and improved mechanical properties and scant
attention was paid to the possibility of galvanic effects due to
proximity of dissimilar materials. Also airframe designs often
provided locations that entrapped corroding agents including
moisture. In addition these designs often precluded access to
corrosion prone areas. As a final blow, in the past, corrosion
related issues garnered lower priority than acquisition costs,
weight, appearance, operational readiness, and safety of flight.

II. Past Programs

The brief review here is concerned only with efforts related to
hidden corrosion detection and control since 1980. References
are mainly to programs developed and monitored by Materials
Directorate personnel. The initial response to LN 79003 was the
release of an RFP for a comprehensive exploratory development
program to address the problem of the detection of hidden
corrosion. Because the problem was described in broad general
terms, the responses to the RFP were found to be lacking in
defining a reasonable research effort. To more precisely define
the problem the Materials Directorate in 1983 held a workshop on
corrosion research and development. This DoD wide workshop was
designed to draw together key industry and government experts to
assess the status of the field. One of the key issues that
emerged was that detection of corrosion in actual aircraft
structures is complicated by geometrical constraints. Much of
previous efforts in this arena have, therefore, been directed at
matching specific inspection techniques to specific structural
geometries. It was also reported that current methods of
inspection for an operational aircraft in Air Force inventory
require over 1000 hours of disassembly, inspection, and
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reassembly for areas which can not be inspected in-situ. In
addition, significant damage was a necessary prerequisite for
reliable detection. It is also significant to note that from the
proceedings no single catastrophic accident can be attributed to
corrosion damage except where corrosion led to further cracking
of the material [10). Detection and quantification of corrosion
without disassembly was listed as a high priority research and
development issue. The hidden corrosion inspection issue was
further divided as corrosion under paint, and inspection of
inaccessible areas. Use of indirect means of measuring corrosion
damage such as, paint property alteration, coating integrity
assessment, paint formulation, automated rapid inspection, field
usability, and quantification were reported as areas ripe for
further research and development funding. Lack of funding as
well as other priorities have precluded a substantial effort to
address all the needs and requirements raised by this workshop.

A Material Directorate program, " Corrosion Maintenance and
Experimental Design", was directed at assessing the impact of
corrosion related programs and to highlight the needed support
areas[8]. The major goals of this funded effort were to evaluate
corrosion inhibition effectiveness of aircraft rinsing and
corrosion prediction in an airworthiness model. The report
points out that benefits of aircraft rinsing/washing using
corrosion inhibitors have not been scientifically established.
It is suggested that a comprehensive airworthiness maintenance
model be developed which would include features of fatigue-life
prediction, NDE technology, reliability centered management, and
corrosion prediction capability. Corrosion prediction is not
readily embraced by field inspection personnel due to procedural
difficulties and the general inability to verify environmental
assumptions which greatly influence corrosion of an aircraft.
While corrosion initiation locations are randomly distributed
based on material and operational environment, its progress
follows well established laws of chemical kinetics. A
theoretical model is reported which can statistically predict the
number of aircraft in a fleet reaching a specified damage level
due to corrosion. The report recommends further development and
verification of this model in conjunction with ASIP.

Another Materials Directorate sponsored program," Corrosion
Detection System Design", addresses the development of NDE
techniques for locating and characterizing hidden corrosion in
aluminum alloy airframe structures. The techniques evaluated
were, real time x-ray, real time neutron radiography, and low
frequency eddy current. All these techniques were found to be
applicable in the detection of corrosion damage in the laboratory
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as well as on C-130 outer wing structure specimens. The report
concludes that real time x-radiography affords the best
combination of corrosion detection sensitivity and cost
effectiveness.

Beissner and Birring have recently carried out a state of the art
review of NDE methods for characterization of corrosion [9).
This report concludes that methods for detection of hidden
corrosion are not yet fully developed. These authors' also
point out the need for research to develop methods to measure
material degradation due to corrosion, and to quantify corrosion
severity.

As a result of the Air Force Corrosion Tiger Team activities, a
broader perspective was gained on hidden corrosion [4]. The Team
developed the finding that some improvements in inspections for
hidden corrosion, in the near term, probably can be achieved
without the development of new NDE technology. The Team
recommendation was that the most promising approach is to more
precisely define the inspection requirements, as is currently
done in fracture control programs for our weapon systems. To
demonstrate the viability of this approach, each ALC was tasked
by the Tiger Team to pick at least one corrosion problem on a
system that they manage and focus the efforts of the local
Corrosion Control and NDI groups to arrive at a solution. In
response to Tiger Team recommendation, a new 6.3 program,
"Quantitative Requirements for Corrosion NDE," was proposed by ML
that would take a system-wide view of the same approach on
approximately six weapon systems and eventually generate a fleet
management practice for corrosion detection/ control patterned
after our current fracture control procedures. This is a much
broader effort than just NDE, involving a range of applicable,
available technologies. There is no current 6.3 funding for this
near-term effort, but ML is aggressively pursuing every avenue to
develop funds. Availability of future funding is unknown. It is
currently planned to conduct this effort as part of the FY95
program if no earlier funding becomes available.

III. CURRENT EFFORTS

Current efforts in the Air Force for assessment of aspects of
hidden/inaccessible corrosion are summarized below:

1. A program at OC-ALC(Don Neiser, Program Monitor)
with the major aim of disassembling an old KC-135 airplane to
provide realistic corrosion samples [5]. Industry and other
government agencies have been invited to employ existing
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technologies to detect and verify hidden corrosion. To date over
50 organizations utilizing NDE technologies ranging from eddy
current, ultrasonic, radiographic, and infra-red(IR) thermography
have voluntarily accepted this task at no cost to the government.
Major benefit to accrue from this program is that the
effectiveness and applicability of current NDE equipment to
detect and quantify corrosion on real aircraft samples can be
assessed in a controlled environment. Boeing is the prime
contractor for the disassembly effort which has the goal of
identifying all areas of complete corrosion and uninspected
damage locations addressed during Periodic Depot
Maintenance(PDM). ARINC is the prime contractor for NDE
experimentation effort which will try to identify appropriate NDI
technology using the disassembled C/KC-135 parts and geometries.

Among the other anticipated benefits of the program is the
possible availability of data, relating to crack growth rates and
effects of corrosion on airframe fatigue life on KC-135. This
data, can be extremely valuable for updating inspection intervals
defined under Aircraft Structural Integrity Program(ASIP). It
may be possible to develop maintenance actions/modifications,
based on results of this experiment, which may extend fleet life
to 2040. Other related goals of this program are to provide a
database for the development of corrosion control program, define
allowable corrosion damage tolerance limits, predict remaining
structural life of C/KC-135 aircraft.

It is generally known that results from cut-up of a KC-135 and
its inspection will not provide generic data for corrosion
control and prevention. In addition, the Air Force Corrosion
Program Office firmly states that prevention of corrosion will
lead to substantial savings. Current corrosion control programs
during PDM involve rework or replacement of corrode structure and
re-application of corrosion prevention materials. Early
detection and quantification thus may have substantial impact on
PDM funding and manpower requirements.

2. The Materials Directorate is actively pursuing
generic NDE technology science base programs which have the
potential to improve the capability for earlier detection of
corrosion. This implies detection of corrosion with no
significant loss of material. It cannot be overemphasized that
all of the current known methods for detecting hidden corrosion
require substantial material loss to occur before reliable
detection can take place. In this vein an (6.2 FY92) effort
between Air Force and Navy (Naval Air Warfare Center and AF
Materials Directorate) has been cooperatively funded to address
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one fundamental aspect of corrosion. This effort, "Hidden
Corrosion Characterization," will seek to develop practical
sensors for detection of corrosion in aircraft[6]. The program
envisions development of chemical sensors which can be applied to
aircraft structure via a paint based system. As corrosion
proceeds the optical characteristic of the sensor get altered,
thus identifying corrosion location in a visual manner. This
program also envisions development of micro-sensors that can
exploit the galvanic potentials generated as a result of
corrosion for remote assessment. This funded effort has shown
good promise in laboratory studies. The miniature moisture
sensitive sensors are envisioned for use in inaccessible regions.
The paint based system that displays altered optical
characteristics in presence of corrosion products is envisioned
as a visual inspection enhancer. It will allow the inspector to
quickly identify corrosion susceptible regions at an early stage.
Another funded (6.2 FY92) effort(Applied Physics Laboratory)
seeks to exploit InfraRed Thermal Wave imaging technology for
rapid assessment of corroded samples via exploitation of thermal
diffusivity mismatch [5]. If successful this technology will
provide rapid inspection capability inherent in IR methods for
wide area inspection in a nonintrusive manner. This method is an
outgrowth of AF(WL/MLLP) sponsored research in this technology
area funded over a number of years dedicated to developing
technology base.

Both of these approaches under Advanced NDE Technology Program
are grossly underfunded due to budgetary constraints and other
pressing issues in NDE research and development.

IV. PLANNED PROGRAMS

Several programs have been proposed in the near future towards
developing technology base in hidden corrosion detection and
characterization.

A new 6.2 FY93 effort will attempt to develop techniques and
methodologies for understanding and characterizing the
effectiveness of corrosion prevention/ protection systems with
time. For example a laboratory based study is envisioned where
controlled environmental parameters with respect to their effects
on integrity of coating protection systems will be documented.

A PRDA approach is planned for another 6.2 FY93 program to assess
the availability of applicable new and novel techniques for
characterization of hidden corrosion. A follow-on 6.3 program,
"Corrosion Detection System Dev/Demo," for the detection of
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hidden corrosion is planned for an FY95 start. This program is
based on the anticipated results to be accrued from the
fundamental science based efforts under 6.2 funding and related
generic programs.

Based on the results of a highly successful program in solid-
state x-ray detection, a 6.3 program was initiated in FY93 to
scale up this technology to provide an 8in X 8in view. The semi-
automated prototype is geared towards depot/field assessment of
airframe structure, and engine components degradation caused by
corrosion. Some of the anticipated highlights of this program
are spatial resolution approaching 20 lp/mm, dynamic range
exceeding 3000:1, and wide operating energy range.

Another 6.2 program in FY93 is to assess the applicability of
backscattered tomography(BIT) to corrosion detection and
quantification. This technology addresses the issue of
structural inspection in areas of limited access, single side
access. This program draws upon the results of technology
development establishing the feasibility of BIT for NDE of
structures.

There are several other technology programs such as laser
generated ultrasound, and eddy current technology for cracks
under fasteners(CUFS) that may have impacts on the corrosion
issue. A roadmap detailing these programs with timeliness is
shown in figure 1.

What is needed in the near term is a program to provide realistic
data related to managing the corrosion related maintenance and
repair issues of aging aircraft. This program should address
four basic needs in order to define the base line for further
research efforts. These are: where, when, how often, and how
well. Defining the most occurring sites on aircraft structure
for corrosion initiation should be done based on analysis of
available database related to service inspection of aircraft.
This database exists already for various aircraft in the Air
Force inventory. These defined locations then can be inspected
in a cost and time effective manner. The issue of when to
inspect the aircraft relates to aspects of coating protection
breakdown, corrosion initiation and growth rates related to
aircraft structure. Based on the above parameters the issue of
how often to insect the aircraft can readily be addressed.
Growth rates and present inspection capability related to
specific aircraft type could provide important information in
this regard. Accuracy of a particular NDE technique to quantify
corrosion needs to be compared against cost and man hour
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requirements. This data can provide a basis for future programs

in corrosion detection, prevention, and control.

V. HIDDEN CORROSION PROGRAM; NEEDS AND REQUIREMENTS

It is apparent from the foregoing that efforts in detection,
prevention, and control have been inadequately funded and
coordinated across the Air Force. In addition there has been
little or no coordination between various units within the Air
Force on issues related to science base technology development
and its eventual transition to field use.

The issues in development of a comprehensive program in corrosion
detection, prevention, and control are:

A. Organizational
B. Research and Development Plan
C. Prevention and Control Program

Each of the above is discussed in the following:

A. Organizational

A centralized working group with technical representation from
corrosion, structures, and NDE areas and responsibility for
coordinating research and development efforts should be
established. This group should include representatives from the
Air Force corrosion control, and the NDE program office as well.
Membership in this organization should also include Air Force
office of Scientific Research(AFOSR), Air Force Materials
Directorate, Air Force Flight Dynamics Directorate, Air Logistics
Commands, the operating commands, depot and field level personnel
representative. In addition mechanism for interfacing with other
government agencies such as, Army, Navy, FAA, and NASA should be
available so that corrosion funds can be maximized for effective
use. An interface with commercial aviation industry, possibly
via FAA could provide a powerful organizational structure to
effectively manage corrosion related programs.

B. Research and Development Plan

Figure 2 shows a comprehensive research and development program
which addresses all issues related to hidden corrosion detection,
prevention and control.

1. Corrosion Science. Corrosion basic research related to
corrosion under skin surface funded perhaps via AFOSR should
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corrosion under skin surface funded perhaps via AFOSR should
address the science base issue of providing further understanding
in the technological developments needed for corrosion prevention
and control. Analytical and quantitative corrosion investigation
encompassing both basic and applied research should be initiated.
These will address issues such as mechanisms responsible for
corrosion and its quantification. Research in the development of
corrosion resistant materials is an important issue. Corrosion
assessment for the advanced material in aircraft structures
should also be studied with a view to developing measures for
corrosion prevention. Ability to predict rate of corrosion
progression and its validation is another important research area
with important implications on aircraft service life.
Development of environmentally safe paint and paint stripping
systems is an important subject related to future maintenance and
cost containment of operational aircraft.

New materials such as layered organic composites which are quite
sensitive to environmental and service factors need to be studied
for corrosion related issues. The major issue in this instance
is to establish structural reliability under corrosive damage and
stress. Structural defects and in-service degradation of such
materials are difficult to detect and monitor with conventional
NDE technology.

Quantification of effects of corrosion on electronic components
and systems as a result of various chemicals being used for
corrosion control is another important area of concern with
aircraft in-service. Environmental aspects rejaoLed to corrosion
should be documented from readily available research data and
publications. Corrosion standard samples should be developed so
that accurate assessment of developed NDE technologies for
detection and quantification of hidden corrosion can be
undertaken.

2. NDE Science. Conduct basic and applied research related
to hidden corrosion identification, and quantification in both
laboratory samples as well as actual structures. NDE technology
development geared to reduction in the cost of inspection and
man-hour requirements can also be undertaken. Assessment of
repair viability via NDE technology is another important area of
concern. Reliability and accuracy of quantification of corrosion
damage needs to be established.

Research in established NDE technology for assessment and
quantification of hidden corrosion should strengthen current
programs in the areas of radiography both x-ray as well as
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neutron radiography. Real time radiography has the potential to
reduce the time required for inspection and evaluation
significantly. In addition the development of film free
radiography and the possibility of digital image acquisition may
provide a quantum leap in further usability of this technology.
Research in issues related to further enhancing the capabilities
of neutron radiography in terms of source flux and subsequent
detection may yield dividends in this hydrogen specific detection
and quantification process. Further research is needed in the
establishment of IR based methods for rapid assessment of
corrosion infested areas on aircraft structures. All these
technologies require development of image and signal
interpretation capabilities to unambiguously define corrosion
related damage in structures.

Further research is needed in the development of chemical and
electrochemical sensors which are specific to corrosion and their
eventual implementation in operational fleet. These sensors are
envisioned for use in coatings and hidden/inaccessible areas of
structures for in-situ detection and monitoring of material
damage due to corrosion.

Integrity assessment of coating and paints used for corrosion
retardation and control is another area where research and
development techniques are needed.

3. Structural and Fatigue Mechanics. Documentation and
further research in structural and fatigue aspects of material
degradation with emphasis on corrosion need to be undertaken.
Research and development issues in this area are: Stress
corrosion propagation rates, environmental aspects, corrosion and
structural strength, fatigue life cycle analysis. Studies of
damage assessment in advanced materials and its correlation with
corrosion should enhance the understanding and implications in
this technology area.

While aluminum dominates the aging aircraft structures, studies
related to hidden corrosion should encompass all types of
material structure and components such as: Aluminum and magnesium
structure, honeycomb and composite structure, engine and
electric/ electronic component.

Trade off studies of various structural alloy systems relating
specific modulus and strength to corrosion resistance should
provide important information relating to life extension issues
in replacing corroded/degraded components.
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4. Corrosion Prevention and Control. A systematic attempt
at reducing the costly and man-hour intensive corrosion related
damage should have corrosion prevention and control as a major
factor. In this vein studies related to efficacy of preventive
measures such as the use of corrosion prevention chemicals,
identification of corrosion susceptible regions on aircraft
structures, material selection and fabrication related to
corrosion resistance are important parameters. Degradation of
preventive coating systems through environmental and service
related causes needs to be quantified.

Another important aspect to managing and extending aging aircraft
service life is the development of aircraft specific corrosion
data base. This should include development of a corrosion
documentation system obtained from aircraft invasive disassembly
and analysis. In addition 'corrosion lesson learned' should be an
important parameter in studies related to aircraft life extension
analysis.

VI. Summary

In summary, the Air Force research and development community is
directly involved in understanding and developing new approaches
to detect and control hidden corrosion. Early identification of
the deleterious effects and cost of corrosion, and the extreme
difficulty of detection before significant materials loss occurs
led to a variety of developmental efforts. The current logistics
and research and development approaches being pursued by the Air
Force will have to be enhanced if significant inroads can be
hoped for in reducing the overall extremely high cost of
corrosion to the Air Force. The plan presented here is a
starting point for further action in this important area.
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Abstract

In 1991 the German Air Force (GAF) Corrosion Control Group was founded. This
urgent step was taken due to the appearance of serious damage caused by
corrosion. The Corrosion Control Group's task is to liaise between civilian
companies and the military on corrosion related matters and therefore to discover
corrosion prevention measures and further more. Through the issue of the Corrosion
Prevention & Control Program - TORNADO (CPCP-T) in 1993 the first task the
setting up of corrosion protective measures was done. The way to find these
corrosion measures and the most important corrosion-protective measures are in
this paper.
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1. Introduction, History

During the year 1985 the GAF had the first corrosion on the TORNADO aircraft.
At this time it was less of a problem and handled like an single case. So nobody
really took any notice of this up and coming major problem.

In 1989 the GAF had the first really critical case. A whole wing had to be
removed, because it couldn't run the air worthiness requirements without a
comprehensive repair. It was decided to exchange the wing for a completely
new one to have as short a ground time as possible at the maintenance facility.

Although some months later the damaged wing could be repaired by a Repair
Scheme, it was a comprehensive deterioration of the situation. It was the first
time a Repair Scheme was used, which contained the measure of applying a
patch on the lower skin panel trailing edge of the wing box to meet the
structural requirements again.

After this event the Luftwaffenwerft 13, the depot maintenance centre for the
TORNADO aircraft (a/c), was ordered to think about possible solutions.

2. Organisational structure

The creation of a framework for a working group was the first step. After some
initial meetings and long negotiations the project could be started, for which the
concept was created for. Headquarters agreed with this plans and so the
framework and working program was issued with all the different tasks for
Corrosion Control on the TORNADO aircraft.
The order to start with this program came in July 1991.

2.1. Framework of Corrosion Control TORNADO

Corrosion Control

German Air Force

Corrosion Control

TORNADO

Luftwaffwrmtt 13
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The framework of the working group (Figure 1) was chosen in such a way that
the TORNADO a/c was split into logical sections. This is to prevent work being
carried out by one group being duplicated by another.
After the first three working groups engines, avionics and weapons were set up,
it was discovered that there were specific problems of corrosion protection that
the three existing groups could not deal with. These specific corrosion
problems, Recording, Education, Protective Coat System and General
preventive Measures are treated in the following four working groups.
The major problem is the frame of the aircraft.

3. Major Problems; significant Corrosion items

3.1. Paint system

A general problem regarding the Corrosion Prevention is the protective
effectiveness of the paint system. After some years the ageing process makes
the paint stiff and inflexible. That, together with the stress the structure is
exposed to, leads to little cracks in the paint covering all over the aircraft.
However the biggest deterioration is focused around the fasteners
supported by the production process which used no sealants between different
metals.

Due to the world-wide knowledge, a paint systems like on our aircraft under the
environmental conditions the TORNADO a/c performs, protects for some 4 to
6 years. After this time the paint system should be changed. Only with this
procedure is ongoing protection guaranteed.

Based on this awareness the GAF planed to exchange the paint system on all
TORNADO aircrafts by a procedure called "Dry-Stripping" in the future.
However the time between exchange is not been determined yet.

3.2. Wing

The major corrosion problem for the TORNADO a/c is the corrosion on the
lower skin panel of the wing. The corrosion in this area has progressed so that
several Repair Schemes were designed to meet the strength requirements of
the wing again.
The corrosion in this area is mainly caused by the ageing paint systems and
the declining protective effectiveness. This ageing process leads to cracks
around nearly all fastener. These fasteners are not placed with a sealant to
prevent direct contact between the different materials of the rivets and the
panel. These cracks are starting points for the corrosion process.
At Present the problem is solved with a modification, which seems to be
successful.
With this modification and with help of the Dry-Stripping-Process the coating
system can be removed. The next step is to eradicate any corrosion found and
to repaint the wing.
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3.3. Fuel cell cavities

A further problem is the corrosion in the fuel cell cavities. Depending on the
vent system you need, if you use flexible rubber tanks, together with changing
temperature from below 0°C up to nearly 1000C, there is always some kind of
humidity in the tank compartments. This leads to the known corrosion
problems.

To tackle this problem a Modification was issued. However, further inspections
to evaluate the effectiveness of this modification show, that the application of
the used sealing compound PR 1422 wasn't as successful as it should be.
The proposal is based on the technique of desiccating the fuel cell
compartment. This will be managed by exchanging the Rohacell 31 inlays,
which are used at present, with a supplementary structure.
The Rohacell 31 inlays are foam materials, which absorb liquids and so
strengthens corrosion on the surface.
The exchange gives the possibility to bring dried air between the rubber tank
itself and the aircrafts structure and so to decrease the humidity too less than
50% relative humidity.

3.4. Other problems

Beside this, there are other known corrosion problems.
For example:

Air intake
Airbag compartment

But none of these problems is that important to require special programs to
combat the corrosion.

4. Program and solutions

4.1. Corrosion Prevention & Control Program, CPCP-T

The aim of the Corrosion Control on the TORNADO a/c is not to prevent all
corrosion perfect. The task is to prevent and control the corrosion damage in
such a way that the a/c will fulfil the requirements of the next 40 years without
expensive repairs.

For the choice of the corrosion prevention measures two criteria's were
considered:

- first the assessment of possible measures under cost & profit

This means that towards the end of the a/c life corrosion damage is expected
to increase, if this is nearly as long as it stays within the permissible level of
damage.

- second the use of environmentally friendly and long lasting solutions

The problem is that we have to spend money today to prevent more serious
corrosion problems in the future.
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An overview of the development of corrosion damage with and without
corrosion protection measures clarified on 'Figure 2'.

SExtent of

corrosion damage Damage without
ordinary
Corrosion-Conrol

Reduction of Corrosion

due to opportune
CorrosiorContro M.asures

permissible level of

damage .... ag with
regular

Corrosion-Control

I I Time

Development of Corrosion damage
with and without Corrosion-Control

Figure 2. Development of Corrosion Damage

Figure 2 shows the running of corrosion damage with and without protection
measures within fictitious inspection periods. It is important to note that the
target for corrosion protection is different at the end of a/c life from the
beginning.
It would be impossible to expect the same levels of corrosion on an in use a/c
than those of a new a/c and therefore as long as the corrosion stays below the
permissible level of damage the corrosion level is acceptable.

The development of the costs are shown in 'Figure 3'. The cost of repair
using Corrosion Control compared to no control is more expensive, however by
the IV period the costs of Repair without Corrosion Control is far greater than
that with regular Corrosion Control.

total amount

tofacost 
Cost of repair
without Corrosion-Control

Cost of repair
with regular
Corrosion-Control

if Time
Diagrammatic course for the costs
of Corrosion-Prevention and repairs

Figure 3. Ovelopmet of Coots
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The schematic on 'Figure 4' shows how the introduction of newer measures
have been integrated into the protection and regular maintenance procedures.
The abbreviation CCR in the computer symbol on the right side stands for the
Corrosion Contro! Register. The main part of the CCR is a percunai-computer-
software for saving and evaluation of corrosion defects (Chapter 4.3.).

Corrosion Detection
during Inspection / special measures

Corrosion Damage

no I yesF Evaluation• -Olt-- l.

known I unknown damage

damage Design of possible

corrective measures
- Treatments

- Repair / constructive deviation

- preventive measures

SSelection and Determination

Description of measures

of. - Technique in: - GAF T.O.
- Material - CPCP-T

Prevention Repair / Reconditioning

L . ..... Accomplishment J

Control of Successs
during Inspection / special measures

Figure 4, CPCP-T
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4.2 Corrosion prevention measures

The corrosion protection measures used for the TORNADO a/c are divided into
two groups:

> Measures included in a minor services (maintenance carried out on the
flying station)

> Measures included in a major servicing (Deep maintenance carried out
either at the Maintenance Depot or by civilian industry)

Within the frame of minor service the following corrosion protection methods
are carried out:

" Rinsing
Rinsing the a/c with fresh water without mechanical help, to remove the
salt concentration from upper surfaces;

"* Desiccate
Partial drying of critical areas with dried air when standing in the Shelter;

"* Preservation
Preserving with wax- respectively oilbased substances only in areas
where no renewing of the paint system is possible;

"* Cleaning
Regular cleaning of the a/c with specialist cleaning substances and
mechanical aid;

* Minor maintenance of corrosion damage
Within the frame of major service the following corrosion protection
methods are carried out:

* periodical renewing of the paint system
Removal of the old paint system through Dry-Stripping and replace by a
new up-to-date paint system;

* Major/Depot maintenance of corrosion damage

4.3. Corrosion Control Register - TORNADO, CCR-T

One of the main parts of the CPCP-T is the Corrosion Control Register-
TORNADO

The aims of the CCR-T are:

"> Detection of corrosion damage

"> Recognition of main-corrosion-items

"> Introduction of effective (preventive) measures

"> Checking the success of correctional measures
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The schematic on 'Figure 5" shows the regular procedure of the CCR-T.

Corrosion Detection
AFB / Maint. Center /Industrie

Recording

Evaluation

Measures

- Servicing
- Protection Coat
- etc.

Up-Date

CCR

Archives cc Squadron/
CCR User

Fgure 5, CCR-T

The most important part of the CCR-T is the program KORROS. This program
gives the possibility to save and to evaluate all corrosion defects of the whole
fleet in a lot of different ways. Another advantage is that all records of all a/c
are at one place. This gives at the one hand the chance of an overlook about
all corrosion defects of the whole fleet and on the other hand the specific look
at one small problem area.
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4.3.1. Dry-Stripping TORNADO

Another main component of the CPCP-T is the process of removing the coating
system through Dry-Stripping.
The Dry-Stripping was devel•ped by the Deutsche Aerospace AG (DASA)
previously Messerschmitt Bolkow Blohm (MBB) and has been used in the GAF
since 1986.
Dry-Stripping is the only practical paint stripping process that is not dangerous
to the environment. As a result of the process only dry waste is produced and
this although the a/c is stripped to the bare metal.
The principle of Dry-Stripping is, that the paint system is stripped by plastic-
granules being blasted at an specified angle of attack under high pressure and
speed, which is similar to Plastic-Media-Blasting (PMB).
The differences between PMB and Dry-Stripping are the ability to alter the
strength of flow parameters depending on the thickness and kind of material.
The changes parameters are spray-pressure, media flow, the angle of attack
and the distance of the nozzle to the upper surfaces. Through this process
sensitive a/c upper surfaces can be stripped
Before using the Dry-Stripping process on the TORNADO a/c the material- and
masking plan must be adhered.
In the material plan the upper surfaces materials and thicknesses of the a/c are
given. This information is used to produce the blasting parameters.
The masking plan is necessary in order to define the protected areas and the
plan help to ensure, that the granules do not penetrate into the body of the a/c.
Reasons for the introduction of Dry-Stripping as a paint removing process:

> Removal of the aged paint system from the surfaces

> Inspection possibilities of the bare material surfaces

> Meeting the requirements of environmental protection, health and safety in
the work place and economic pressures

After the Stripping of approximately 100 a/c by DASA and more than 1000 a/c
in the USA, by using the plastic media stripping method, it can be confirmed
that using that method cost-savings up to 50% are possible.
The disposal-cost only of removing the paint system by chemical methods is
approximately DM 15.000,- per a/c. Although Dry-Stripping takes the same
length of time it only costs DM 150,-.
Based on the results by the GAF, decision was made to strip all their a/c only
using the Dry-Stripping process in the future.

5. Conclusion

The CPCP-T consists of a package of measures, which further the aims to keep
corrosion level to an acceptable condition.
Also in the future there will be corrosion damage, that the corrosion process
cannot be stopped but only hindered. All things be checked to ensure, the
damage will not escalate. Through the frame of the program and consequent
control, all corrosion damage is not as grave a problem in the area of the lower
skin panel of the wing as in other areas.

3041



To conclude, the issue of the CPCP-TORNADO is a important exercise in the
frame work of material maintenance.
If a corrosion protection program had been introduced at the beginning of the
TORNADO a/c working life's instead of introducing when it the corrosion
problem occurred, we would have saved a lot of money.
On the introduction of a new weapon-system our experiences with corrosion
protection should be taken into a consideration.

3042



Corrosion Control as a necessary treatment
following the requirements of aircraft and environment safety

Eberhard DUrig
Surface Treatment
Deutsche Airospace AG
Military Aircraft
Rechliner Strafe
85077 Manching

Abstract

Corrosion as an unavoidable fact requires cost effective control measures. By
these control measures aircraft life will be much higher in comparison all
the precaution done during the manufacturing of a/c. The main philosophy
gained by the experiences of maintaining more than 5000 a/c is determined by:
detection and removal of corrosion and the followed renewal of the protective
coating in the very early stages of corrosion. It has to be repeated in
determined intervalls, based on the lessons learned over the years. A steady
development of new coating systems: the elimination of toxic/hazardous,
chemicals; slower aging of the organic
protective coatings; the problem of how to get the higher chemical and
mechanical resistant coatings removed; and the goal to collect all divergant
properties under cost effective measuring are the guidelines for new
developments in the maintenance area regarding human and environmental
protection.
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Introduction

DASA-Manching, formerly MBB-Manching, has maintained more than
5000 a/c in the past. Most of them military a/c with a planned
service time of up to 40 years. Therefore structural condition
is one of the most essential requirements for their airworthiness.
Depending on such an extremely long service time the protective
treatments of a new a/c have to be controlled constantly. This includes the
surface inspections in order asses corrosion condition and coating
aging. The increase of environmental influences requires non interrupted
detection regarding the material and structural properties.
Observing the surface of protected areas does not reveal problems
beneath the protective layers. Based on that fact, a corrosion control
concept is required.

I. Corrosion Control Concept

- Non Destructive inspections

- Visual inspections on bare metal substrates

- Corrosion removal

- Renewing the protective layers completely

Fig. 1 Shows the difference amongst the corrosion growth the normal
corrcsion progress, and the essential corrosion velocity caused by a
consequently carried out corrosion control treatment program. Normal
corrosion, untreated, will progress by an exponential term up to that
damage level where structural part's, class 1, airworthiness can not
be guaranteed.

Dividing the progress time into determined intervalls, at which a corrosion
control treatment has to be performed, the new corrosion progress time
starts after corrosion removal from a much lower level. The structural
condition remains in a essential better condition. Comparing the amount
of corrosion damage, on the term, the difference between the treated and
non treated vector locations are obvious.

Fig. 2 Essential for effective corrosion conrol treatment is the
detectability of small corrosion spots as a just starting corrosion.
Prone to corrosion are areas of production failures where poor or no
adhesion occures. Organic coatings are not closed for gas diffusion.
Water in the gas phase may diffuse the coating system and codensation
in the adhesion poor area ist possible. Together with CO and other
environmental chemicals, an electrolyte may be created. Corrosion is
programmed.

Under a topcoat, primer cracks are not detectable. Such cracks are equal
to poor adhesion areas. System cracks are visible, but a repair by
overspraying only closes the upper surface and will leave a cave where
no adhesion occur. In such cases, the whole coating system must be renewed
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The general aging of organic coatings systems causes a steadily growing
embrittlement of the paint. Especially in areas where high movement/
vibration works on fasteners and lapjoints cracks become visible a round
fasteners and at edges. These are main areas prone to corrosion. Another
doubtless fact is that corrosion, which blister through the whole
coating system, evolves to a damage level, where a repair is necessary
in most cases.

Fig. 3 Shows a primer crack.

Fig. 4 Shows a coating system crack.

Fig. 5 Shows typical corrosion a round the fasteners and metal edges.

Fig. 6 Shows corrosion which was detected much to late.
A panel 8 mm thick is corroded through it's entirety.

Fig. 7 Shows the interior surface of a Tornado air intake before
stripping. The corroded areas are marked.

Fig. 8 Shows much more corrosion than were found before stripping

(There is no additional comment necessary.)

II. Coating Systems

In order to reduce corrosion progress protective
coatings of different types are used. Todays general coating systems are
based on a chemical pretreatment followed by a 2 component primer with activ
corrosion protective pigments and a 2 component topcoat. Required features
are: mechanical and chemical corrosion resistance, and additional there is
long list of other essential properties. The aging component is close to the
environmental conditions and is nearly not predictable. No laboratory
investigations are able to forecast the change of features depending on the
situation which cannot simulated completely.

Fig. 9 Shows the rear bottom side of a F4 a/c with loose rivets.
The dust from the Dry Stripping makes all the leaking oil visible.
The picture may explain the importance of a high elasticity and, on
the other hand, the reason why so many cracks occur around fasteners.

Fig. 10 Shows a riveted lap joint where the rivet is wet assembled
but without corrosion protection between the panels.
Residues of Alodine without complete chemical reaction creates corrosion
in this case.

If during overhaul renewing of the complete coating system is required,
we prefere a wash primer application.
This philosophy includes all components which may have gaps and over-
lappings.
Certain chemical liquids with cappilary flowing action/power pose problems
to certain parts in that they tend to get into inaccessible areas where
there is no way of removal.

3045



Another decision was made to use chromostopherous primer.
Depending on the cancerogenety of those pigments, if inhaled, they have
been eliminated and substituted by chromate free primers. Interior surfaces
are already coated with primers containing chromate, because most of
those areas are inaccessable and a renewing of the aged coatings is
impossible over the whole service life.

III. raint Removal

1. By Chemical (Wet) Strippers

Human and environmental problems using phenols and formicacid strippers
have caused the elimination of these toxic materials. By the introduction
of the Dry Stripping process, the chemical stripping activities at
Manching plant droped down to less than 2 %.
The new generation of chemical strippers needs higher temperatures
of more than 40 'C. Therefore these higher temperature problems have
to be solved.

2. By Dry Stripping (Plastic Media Blasting)

After thorough investigation and testing program which covered the
influence of the fatigue to the surface condition after 10 times stripping
under worst conditions we have designed a process package.

This was done by joint development. The responsibility was shared
by an airospace specific party and to a machine specific party. DASA-
Military Aircraft Group & Schlick-Roto-Jet blasting machine manufacturer
still works together especially to adapt the process to wide body a/c.
Main steps of the developement have been:

- The electronically controlled blasting machines.

- The measuring method for the quality assurance.

- The calibration possibility of the blasting parameters.

- The recovery system.

- The media cleaning.

- Dust collection.

- Local evacuation for media and dust.

Using those parameter combinations like

- media type

- nozzle diameter

- pressure

- media flow

- angle of attack and distance

will meet determined saturation points for the compression stress.
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This means a non restricted repetition of paint removal independant
to the dwelltime.

Fig. 11 Shows the correlation between the different hardness of media
and substrat regarding to the created compression stress.

Fig. 12 Was part of the laboratory-tests regarding alluminum alloy
2034 T3 with specified pressure and media flow.

All that assumes the availability of precisely controlled blasting
equipment. Another assumption is the knowledge of the substrate material
and its thickness.

Fig. 13 Shows a substrat plan, where these details are color marked.
Beside the process and equipment, a/c sealing will be as important as the
paint removal avoided. Cleaning later will be very costly. By using hot
glue, special masking tape and special covers, that problem was solved.

Fig. 14 Shows part of sealed a/c fuselage.
Hot glue frames can be removed easiliy, because athesion of the hot glue
to a metal surface is good enough for blasting protection but not as
strong ar on other material surfaces.
The Dry-Stripping facility was based on the trial results of 30 a/c
stripped with test equipment. Prerequisites for the new facility were.

Fig. 15 - Hangar size 25 x 25 x 8 m

Fig. 16 - Hangar view exterior

Fig. 17 - Hanger view interior

Fig. 18 - Hangar ventilation with air exchange of 25 times p.h.

Fig. 19 - local evacuation with exhausting performance

Fig. 20 - floor recovery system vact duct (SCHLICK)

Fig. 21 - cyclon as pre dust selectors

0 media cleaning and separating system

o dust filters meetiny the requirements environmental

" 4 electronically controlled pressure blasting machines

0 media hopper and refillstation

O dust collection system

The hangar size allows a/c up to a size of A 10 a/c and comparable.
Depending on economic and conveniance of the operator the lay-out
for a basic ventilation system was determined
In order to keep media flowing in the recovery circuit on air flow
of 20 m/sec. had to be installed. Volume and pressure of the air
was adapted to the drag of the local evacuation devices.
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The goal of that installation was to get 80 - 90 % of the blasting
media directly picked up at the local blasting area.
Together with the floor recovery system, 100 % collection of media will
be performed.
The floor recovery system works like vacuum cleaner having arms which
move in a floor channel. The working area is controlable between two
chosen points in order to avoid cleaning, in areas where no blasting
operations are done.
Media and paint dust pass cyclons filters and the cleaning system
where very high seperation is attained.
Cleaning blown out air is done by fine dust filters.
Media and paint dust separated and colleted in plastic bags, with given to
a special waste deposite. A comparision of the disposal cost shows:

DM 150,-- for dust deposit of 1 a/c dry stripped

DM 15.000,-- for deposit of the waste water of 1 a/c chemically stripped.

In the future the increase of chemical disposal costs will have grown to an
uneconomical level. The chromate dust, as part of the primer, is cancerogne
if inhaled, not if touched. Health requirements predicts:

a) the general elimination of any cancerogene materials

b) If it is impossible to reduce the concentration to a dust level of
0.025 mg/m3, personal protection is required.

c) "b" will be allowed only as long as no alternative with lower

danger exists.

The concentration level of point"a" is lower than required at Manching Plant.

We have stripped more than 100 c/c without problem.
Oldtimer-autos and an oldtimer a/c (JU 52) have been stripped successfully
too.

IV. Corrosion Treatment

After stripping and corrosion detection, corrosion removal is carried out.
The detection is done visually and by marking the corrosion spots. Small
corrosion will be removed by glass bead blasting, in other cases sanding,
milling and small nozzle blasting with aluminium oxide.
A chemical corrosion treatment will create further corrosion, therefore
this method is not allowed for the GAF:

V. Intermediate Coating

After paint removal some bare metal areas such as fasteners etc. are prone
to corrosion during the overhaul time of the a/c. Therefore as a temporary
measure we protect such areas with acrylic laquer in aerosol spray form,
which can be removed before paint renewing by acetone, thinner or
degreasing solvent.
Protecting the bare surface can be avoided if a/c are not placed outdoors
and will be painted before next flight.
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VI. Final Coating

With the development of new high-resistant coatings and specivic top
coats, other problems such as filiform corrosion was born. If on military
a/c no Skydrol hydraulic fluid is used and resistance against chemical
warfare agents ist not quired. Acrylic topcoats will have many advantages.
The corrosion resistance is better in combination with a 2 component
EP-primer.
Removal and repairability during service on airfields are easier to do.

VII. Final Thoughts

The problem we have in the general are that introd'aced systems are
without any doubt and an exchange to other (better) systems are nearly
impossible. Now and again we should put some questions marks on our
basic knowledge.

CORROSION-CONTROL

SCHADENSVERLAUF IN DER
INSTANDHALTUNGSPHASE

Characteristic Corrosion Progress

X ZUSTANDSVERBESSERUNG
DURCH RECHTZEIZICE

CrsoKORROSIONSBEHEDUNG
Corrsion Im vement by a determined treatment

ZUSTýIDS-
INTERVA.LZEITEN

determined maintenance - intervalls

KORROSIONSVERLAUF
OHNE'UND MTI
RECHTZEITIGER BEHEBUNG

I-IV Corrosion level without corrosion treatment
ItlV'corrosion level with corrosion treatment

Figure 1

3049



Corrosion detectability.

______________________________________________________Topcoat
Primer
Pretreatment

Substrat

Adhesion loss Primer crack System crack

Pretreatment

Saigdtcecorrosion
croingrowing corro~sion by coating blisters

Figure 2

Topcoat

Primer

Substrat

Figure 3 PRIMER -CRACKS

2. Topcoat
2. Primer

1. Topcoat
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Substrat

Figure 4 COATING - SYSTEM - CRACK
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Compressive stress

Correllation of the hardness between
blasting media and substrat material

Figure 11

Soft media to hard substrat
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Figure 16 Figure 17
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Abstract

A NDI test system for determination of the depth of attack of open corrosion damage in
the form of cavity corrosion and pitting is presented. This system is based on eddy current
method, where the signals from a special probe are correlated with a curve, which is
derived in many practical tests. The test result is presented in graphical form ("C-Scan")
which can then be quantitatively evaluated on a PC monitor.

"This test system was used in field for quantitative determination of corrosion at the
underside of the wing surface of German TORNADO aircraft. Based on the test results of
more than 100 aircraft a rank order for removal of the corrosion was developed.

Key terms: NDI, eddy current, open corrosion
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1. Introduction
In non-destructive inspection (NDI) by eddy current methods, the test results obtained
depends not only on the g"neral testing conditions resulting from the particular situation,
but also to a great extend on the measurement probe used. In the inspection of aircraft
components, the achievment of reliable test results is particularly problematical in the area
of riveted or bolted connect.ons due to the large number of variables influencing the
testing process. As these joints are a favorite starting point for corrosion attack.
quantitative description of any damage as early as possible is of great inte.-,sts. For this
application, a computer aided testing system, which permits visual display of the corrosion
damage with high image quality on the basis of the measured eddy current signals has been
developed. In conjunction with an eddy current probe specifically developed for imaging
purposes, this system facilitates quantification of the corrosion depth. The theoretical
principles and the special measuring probe were developed at BAM, Berlin. At DASA in
Manching, the hardware required for this specific application was developed, the overall
system adapted and optimized, and the system used on a large number of aircraft of type
TORNADO owned by the German Luftwaffe and German Marineflieger. Test system
software, adapted for this specific problem, was compiled by the engineering company
EMA Elektronik in Berlin.

2. Description of the testing system
A schemaLuc diagram of the testing configuration can be found in Figure 1. The testing
system consists of a standard commercial eddy current tester wvhose vector component
outputs are connected to an analogue/digital converter in a personal computer. The signals
are digitized with a resolution of 12 bits. Display and evaluation of the measurements
takes place on the PC monitor screen. During the measurement process, the PC controls
the two axis slide table used to guide the measurement probe. Acquisition of the measured
values is triggered by the separate stepping motor controller, thus facilitating reliable
assignment of the measured values to specific locations. The simplicity of the structure
makes the testing system universally usable. For the same reason, any component in the
system can tor example easily be replaced by a different make. Control of the
measurement and representation program is extremely clearly structured due to the menu
"uidance system to SAA standard which has been implemented. Preparation of the slide
.,nit for measurement is effected with the cursor keys and mouse, and is facilitated by the
graphical representation of the probe position and measurement voltage. The scanning
surface and distance between measuring points are freely selectable within the bounds of
the scanning range and computer memory. During the measurement process itself, an
image of the measured value is generated in the form of a projected threedimensional
function topography. This means that the results of time consuming measurements can be
assessed directly and the measuring process prematurely discontinued if necessary. Single
and two channel measurements can be carried out. With two channel measurements, the
vector quantity can be represented. On completion of measuremr ;-1, the data recorded are
stored to hard disk. Numerous configurations are possible for the L; phical representation.
For example, a 3-D diagram can be observed at any angle of rotation or inclination. All the
axes are scaleable. Amplitude related colours increase clarity and the facilities for
interpretation. With topographical representation, the line to line distance and the starting
threshold can be influenced. Imaging by grey scales has proved the most appropriate for
the evalu, ion of measurement data taken on a flat plane. Pseudo-co!our representation
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can also be used for rapid location of extreme values. The relevant depth indications are
derived from the amplitude values by means of a calibration curve.

3. Probe configuration
The test results are decisively influenced by the selection of the eddy current probe used.
On this topic, intensive studies were carried out at BAM [1], finally leading to the
development of a special test probe optimized for imaging purposes [2,3,4]. For
assessment of the suitability of a testing probe, the directional characteristic is determined
at a point defect. Corventional absolute probes exhibit a drop in sensitivity at the centre of
their detection area, which has adverse effects on the further signal processing. The probe
type developed at BAM avoids this disadvantage, as can be seen from the comparison in
figure 2. The "blind spot" leads to false results, in particular in the problem of corrosion
depth determination. The use of both probe types on a corrosion cavity in the vicinity of a
titanium bolted joint is shown in Figure 3. The corrosion depth curve is inaccurately
represented by the conventional probe (left). The probe without blind spot (right)
produces a truer image with much greater detail. Thus, for example, the corrosion directly
at the edge of the bolt head can be better recognized. The differences in imaging
characteristics become particularly clear when the results are compared with the
photograph of the area tested in Figure 4.

4. Application on aircraft
The application of the testing system on a TORNADO aircraft is shown in Figure 5. The
probe manipulator is fastened to the underside of the wing surface. A detailed view is
shown in Figure 6. The maximum scanning area is 110 x 90 mm-. The minimum track to
track distance is 0.02 mm. The maximum possible scanning speed depends first and
foremost on the computer used. With a 386 PC, a speed of approx. 20 mm/s can currently
be achieved. The schematic structure of the area to be tested i shown in Figure 7. A wing
has a length of approx. 3.5 m. There are 174 titanium fasteners in this length. These
fasteners are used to join the skin and rear spar together. The nominal sheet thickness in
the area of these bolted joints is 4.1 mm. The depth range to be covered by the probe
configuration is derived from this figure. On the basis of the probe design developed at
BAM, several scanning probes were subsequently developed at DASA. The aim was to
achive as great a depth penetration as possible with simultaneously high lateral resolution
capability. The calculated relationship between probe distance and measurement voltage
for one of the probes manufactured is illustrated in Figure 8. As a result of the saturation
behaviour, accurate results have to remain limited to a depth equivalent to half the sheet
thickness. This is justifiable in that greater damage depths would in any case necessitate
repair work. The directional characteristic at a point defect is shown in Figure 9. The
detection area in this case is approx. 0.8 x 1.2 mm2 . Imaging results of good quality are
achieved here. With a greater detection area, of course, the depth range available for
assessment could also be increased, but the poorer lateral resolution would then result in
an underassessment of small area defects. As a representative example, the evaluation of a
testing area with corrosion removal is shown in Figure 10. The test area represented 25 x
25 mm 2. The track to track distance for these measurements was set to the standard value
of 0.5 mmdue to time constraints. As a result, the image appears to have a somewhat
coarse grid. The amplitudes of the vector component which the tester supplies are also
shown. The geometry of the fastener can be clearly seen. Adjacent to this, at the top left,
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there is a corrosion cavity. A calibration curve is required for ar. indication of the depth
(cf Figure 8). This is determined on a perfect sheet, for example by inserting film strips of
known thickness. The thickness of any paint coating must also be taken into account. For
example, on recording of the calibration curve on an uncoated test specimen, a film of
0.24 mm thickness was used as a substitute for the wing coating. In this case, shown in
Figure 8, the curve can be described by a logarithmic model. The coefficients A and P thus
determined are used by the computer to calculate the depth from the amplitudes. For
evaluation, the tester first has to set a reference point on the monitor, representing the
zero-point. Among other things, this can be used to improve the zero-point compensation
somewhat. The locations in the image then selected with the mouse pointer are supplied
with the corresponding depth values by the computer. The mouse pointer is assigned in
this operation to a quadratic aperature within which an average is calculated from the
measured values. The size of this aperature can be adapted to meet the requirements of
reliable measured value determination. Rapid and precise location of the maximum value is
facilitated by the use of pseudocolour values (e.g. red). In the case illustrated in Figure 10,
the maximum corrosion depth of 0.58 mm was located approx. 2 mm away from the edge
of the fastener.
For verification of the test results, the corroded areas on five TORNADO aircraft were
machined out. Figure 11 shows a series of fasteners after removal of the corrosion by
grinding [5]. The maximum depths of the machined out cavities was then determined by
means of a dial gauge. The results of testing were then compiled in the graphic in Figure
12. This reveals the following: the overwhelming number of corrosion points found had a
corrosion depth of less than 0.4 mm. The depths found were fundamentally confirmed by
the mechanical measurements. The deviations are difficult to interpret in individual cases.
It must be pointed out that mechanical measurement is also not without its problems,
because the relationship to an uncorroded surface has to be established in each case. It is
fundamentally to be expected that eddy current testing tends towards relatively lower
depth indications, because grinding was carried out until no further corrosion was visible.
As the sheet thickness was reduced by approx. 0. 1 mm during every careful grinding
operation, the cavity then certainly became somewhat deeper than necessary. If deeper
values were obtained by eddy current testing, the reason is probably to be found in probe
lift off. This can be caused in particular by a swelling up of corrosion products. Such lift
off signals cannot at present adequately be distinguished from the useful signals proper.

5. In field inspection
This test system was used in field for quantitative determination of corrosion at the
underside of the wing surface of German TORNADO aircraft. For this inspection, coating
was not removed. In performance of the test, the depth values calculated in the analysis
program are assigned to the relevant fastener numbers (Figure 13) and entered into
measurement charts (Figure 14). Based on the test results of more than 100 aircraft a rank
order of the aircraft for removal of the corrosion was developed. Parameters for the rank
order of the aircraft were the numbers of corrosion, depth and diameter of the corrosion,
and strength calculation. The aircraft with the most severe corrosion are to repaired first.
Of course, aircraft based in the near of the Northern Sea were affected more severe than
aircraft based in the inner country. In the most cases the corrosion starts at the interface
fastener - skin due to contact corrosion between Al-skin and Titanium fastener and this
corrosion is than visible as bulged paint.
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In some cases where the corrosion product caused a large heightening of some tenth of a
millimeter these areas had to be flatened before the EC-inspection. The
signaldiscrimination wasen't enough to decide between the corrosion caused signal part
and the lift-off caused signal part.
The evaluation of 10 aircraft which had been treated in the mean time gave a good
conformity between the EC measured corrosion depth and the mechanically measured
depth of material removal.
A new project will use a multifrequency EC-technique and signal inverse filtering
technique for an improved discrimination of the corrosiondepth-signal and the "noise"
signal.

6. Conlusions
With the test system described, the problem of quantitative determination of the attack
depth of open corrosion damage by eddy current processes has been successfully solved in
principle and implemented in practice. An expansion to cover related testing situations
appears appropriate. Over and above this, the approach also contains a genereal potential
for other testing jobs, such as concealed corrosion. Improvements in the following areas
are to be aimed at for the application described above: the depth detection of the probes
should be improved. To increase the imaging properties, and in particular their
independence of direction, the directional characteristic should be as punctiform as
possible, but at least small and circular. Probe modelling procedures could be of assistance
in achieving this aim. The testing accuracy can be further improved if the disruptive
influences such as lift off effect, edge effect and fastener signal can be successfully
reduced. Apart from optimization of the testing parameters, image processing could
certainly also make a good contribution to this.
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Figure 1:-e-
Block diagram of the test Eddy
system used for corrosion Current
depth determination. Equipent

i 'u-Figure 2:

Comparison of the
directional charac-

teristics of two eddy
current testing
probes:
Left: The standard
commercial probe

exhibits a loss of
sensitivity at the
centre.
Right: The probe
developed at BAM
has maximum
sensitivity at the
centre.

-a-Figure 3:
Comparison of the
testing results for the
eddy current
scanning probes from
figure 2:
Left: The
conventional probe
provides an
inadequate
description of the
damage.
Right: The probe
without blind spot
provides a sharp
image of the damage.

3063



S-Figure 4:
Photograph of the
testet area of figure
3.

Figure 5:
Application of the testing system on the
underside of the wing of a TORNADO
aircraft.

3064



Figqure 6
Detailed view of the
two axis probe
manipulator.

Figure 7:
Schematic structure
of the wing in the
testing area.
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S'u- Figure 8:
S4Calibration curve for

Urn/V 4 •a scanning probe
3 /95used for corrosion

3 depth determination.
1=An(I-1) The functional

2 relationship can be
approximately
described by a

1 alogarithmic model.

0
0 0,5 1 x/mm 2

probe distance

Figure 9:
Directional charac-
teristic of th~e
scanning probe used
on a point defect.

-- Figure 10:
Represeniative example of
depth evaluation for a
corrosion cavity in the
vicinity of a titanium
fastener.
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Computer Assisted Aircraft Paint Stripping Technology

Robert M. Carnes
Striptech International, Inc.
6 Park Avenue
Sumter, SC 29150

Abstract

Removing coating from delicate aviation substrates has numerous times been more damaging
to aircraft than the in-place corrosion discovered after the stripping process. Corrosion
inspections and damage repair are essential for aircraft safety of flight. Chemical paint
stripping with methylene chloride has long been the accepted method of paint removal. Due
to the more stringent controls placed on methylene chloride by both the United States
Environmental Protection Agency (EPA) and the Occupational Safety and Health
Administration (OSHA), numerous alternate methods of paint stripping have been under
development.

Our ten year investigative effort into alternate coating removal methods led us to build a
large aviation facility and use computer controlled and calibrated plastic media dry stripping
equipment. The entire facility was systems designed, balanced and computer interfaced.
This computer network covers hangar air handling, plastic media size grading and cleanliness,
dense particle separation, plastic media dispensing dry strip air pressure, and analysis of
heavy metals in the waste stream.

Our dry strip computer parameters are determined by Messerschmitt, B6lkow and Blohm
(MBB) for each particular substrate through a consortium agreement. By very accurately
controlling the size of very clean media, weight of plastic media dispensed and the dispersing
air pressure, the media velocity is kept constant as is the energy available to each substrate
and coating.

Only through very exacting computer controls and calibrated equipment have we been able
to achieve the totally acceptable damage free results of paint removal from all aviation
substrates.
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I. Initial Investigation

A ten-year investigative effort into all aviation paint stripping technologies was recently
completed. A selection was made of what our company considered the best present day
and future stripping process, the best available equipment, and the best associated symbiotic
systems application. During the past three years, we have looked at the national need for
a large aircraft paint stripping, corrosion control and painting facility; a good facility location
and size; and adequate financing for such a large private venture.

I1. Previous Outdated Method of Paint Removal

We all realize that the true necessity for aviation paint removal is: corrosion control,
inspections, and weight reduction. Other items such as change in aircraft ownership and/or
paint scheme may necessitate aircraft stripping, too. What most people fail to realize is that
many times the damage done to an aircraft during the paint removal process may be greater
than the in-place corrosion damage that the stripping process discovered. (No, the resolution
to this induced damage is not to leave the aircraft skins unpainted and polished.) Little to
no testing has ever been done to assess the aircraft damage imposed by the accepted
method of methylene chloride wet chemical paint stripping. There are numerous bad side
effects which can be attributed to this chemical stripping and the associated maintenance
events which accompany this process. Increased pressure by EPA and OSHA will soon
eliminate methylene chloride chemical paint stripping.

II. Alternate Paint Removal Methods and Considerations

Alternate methods of paint removal have undergone extensive testing and scrutiny.
Striptech International, in our search for the best method, orocess and eguioment, had to
consider:

A. Aircraft and process insurability
B. Present and possible future EPA regulations
C. Present and possible future OSHA regulations
D. Present and potential RCRA regulations
E. Waste

1. quantity
2. transportation
3. disposal methods
4. cost
5. liability

F. Initial cost of the stripping media and recyclability
G. Maintained cleanliness of initial use and recycled media
H. Size grading and control of stripping media
I. Dust, contamination and dense particle removal
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J. Potential damage to metal skins and verification testing
1. Almen arc height
2. crack growth
3. fatigue life

K. Partial alclad, cadmium, anodize, IVD removal
L. Potential damage to composites, structural tapes, honeycomb, bonded metallics, tin-

zinc lightening suppression tape
M. Repeatable and reproducible results
N. Controllability of the process
0. Overall economics of the different processes and equipment
P. Speed and accuracy of paint removal
Q. Long-term environmental impact

IV. Investigation Conclusions

Striptech decided on the plastic media dry stripping method. Most people in the aviation
world have not embraced plastic media due to: damage imparted to aviation substrates, little
repeatability of results, training problems, dense particle contamination, entrained dust, high
waste production and lack of precise parameter controls. We found all "negatives"
associated with plastic media dry stripping could be solved with technology and superb
equipment. All too often, we heard people say with a voice of authority that plastic media
damages aircraft. We found damage was caused by poor equipment. Most plastic media
systems were a means or method of paint removal and were not a "process." Our
investigation found that most all plastic media systems severely lacked the controls
necessary for aviation quality work. We found it was essential to have exacting, integrated
and calibrated computer controls coupled with: precision media classification and dispensing,
air pressure and volume, dust and contaminat;on removal, dense particle separation and
ionized static electricity elimination. Only by having these did we actually have a plastic
media dry paint stripping process.

All other methods of researched paint removal had numerous problems also. None we
investigated had solutions readily or near term available. The combination of the 98 + /-2%
accurate calibrated computer controls, 95% media size grading accuracy, and high media
volume 99.98% cleaning capacity package made plastic media dry stripping extremely cost
effective and able to safely strip all aviation substrates with totally acceptable results. This
integrated, calibrated and well-balanced package gave repeatable and reproducible results
for each specific aviation substrate and coating system. Dry stripping problems that so
many people complained about had now been solved with technological advances. For
numerous years, plastic media dry stripping has been referred to as an operator degendent
art form. Expert training coupled with an artistic ability, color change recognition, superb
eye-hand coordination and an almost uncanny sixth sense was necessary for good results.
Our researched plastic media machine process package now makes plastic media dry
stripping a machine-dependent science. Computer controls insure the energy delivered to
a substrate is maintained at below the maximum energy saturation level that could impart
damage.
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V. Computer Controls

The computer controls are not magic nor are they complicated. Each and every aviation
substrate is tested for the exac,. non-damaging dry strip parameters by Messerschmitt,
B61kow and Blohm (MBB) . This exacting information and all future testing information on
new substrates is provided through a consortium agreement. Data such as media type and
hardness, loose grain media sieve size and tolerances, independently controlled air pressure,
independently controlled media flow rate and angle of impingement are provided. It is a
"given" that all media ejected must always be 99.98% clean and free from all dense
particles, trash and dust.

Each hose and nozzle PC controller can store 199 different parameters of media flow rate
and air pressure. A master list of MBB verified aviation substrates by type and thickness
have been provided with a matched computer entry code. When a specific air pressure code
and a separate media flow rate code are selected on the PC controller, an exacting weight
of clean, dry, static-free, size graded media is ejected from a nozzle, at a precise particle
velocity that dry strips that specifically selected substrate. Computer controls allow changes
in either air pressure or media flow rate without effecting the other. (This, of course, is not
so with a gravity flow controlled media delivery system which when you increase pressure,
you also increase the amount of media dispensed). Each hose dispensing system has its
own PC controller. A master panel operator monitors all operations, sets the PC controllers
and monitors the substrate mapped aircraft.

When training new dry stripping operators, computers can be set to maintain parameters to
the most delicate substrate on the aircraft and "no damage" is thus insured. This does slow
the paint stripping rate, but a quality, damage-free job is much more important than speed.
This gives the operator more "visual time" to assess their developing paint removal skills and
the layer by layer removal capability. This also allows time for each trainee to discover the
different reactive and visual qualities of each type top coat, primer, sealant and skin filler
under actual stripping conditions, but not at the speed of production operations. Computers
make training a non-threatening experience for the novice and reduce the anxiety of the
aircraft owner, our insurance company, and our facility management team.

Aviation skin damage is of paramount concern for companies looking at alternative methods
to methylene chloride paint stripping. There are many ways aviation skin damage can occur
using non-computer contr lied plastic media dry stripping equipment. For any dry strip
system to work properly, the same exacting events must occur in the media cleaning, media
grading, dispensing, recovery, and air delivery packages. If this occurs, then predictable
results occur each and every time.

VI. Computer controlled, high tech solutions to plastic media dry stripping.

A computer controlled, and calibrated media feed auger delivers the exact weight (98 + /-2%
accurate) of specific size and type media (95% accurate) to the very dry, computer
controlled air stream. The weight of the plastic media is precisely computer controlled from
MBB derived data. At no time does the dosage of media to the blasting air stream rely on
gravity or pressure pot selected pressure. Because the auger feeds the media at a smooth
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rate, no spurts or surges occur at the nozz;e and only a smooth stream of media is delivered
to the substrate. This is what prevents substrate damage.

All of our delivery systems use only air which has been stripped of moisture and oil vapors.
Monitors are installed to measure air moisture and are located at the master computer control
panel. Plastic media storage hoppers and processing centers, where media may stand, have
dryer-heaters to eliminate condensation problems. Plastic media thus stays in a loose grain
consistency.

High velocity air wash, high efficiency cyclones and vibrating screens insure all paint/primer
material, dust and trash are extracted from the recycled plastic media. Only plastic media
and any dense particles now remain to be separated.

A dense particle separator system removes all particles greater than the density of plastic
(1 .5 grams/cc) regardless of the size or quantity of contamination. A 99.98% (minimum)
clean factor can be achieved with only one pass through the cleaning system. A very
sophisticated computer system analyses cleaned media samples and provides parts per
million of all possible dense particle contaminants.

Pre-selected purchased sizes of media as governed by MBB for specific jobs are re-graded
by sieve size to a 95% accuracy by vibrating screens. Numerous screens can be used to
recycle any specific sizes of media. The combination of media sizing, cleaning ad dense
particle separation, allow us to purchase cheaper plastic medias and clean it better than the
expensive virgin materials. The cleaning capability also allows us to recycle plastic media
18-20 times instead of 1-3 times, as do most operations. At $1.50 to $2.30 per purchased
pound of media and a disposal cost of $.23 to $1.92 per pound, the economics of our
computer system are good. All these computer controlled and high tech factors allow the
same results to be achieved on a given substrate, over and over again without variance,
when the same MBB input factors are used and followed.

Computer controls have made plastic media dry stripping a method which was once
"suspect" in :ts abiliLy to properly strip aviation substrates into our method of choice. Our
dry strip system has over 400 input and output lines to electronically and computer monitor
and control functions. Our entire dry strip system is also computer linked to cur facility air
handling system. If any out of tolerance condition occurs within the entire PC controller,
recovery, cleaning, dense particle separation, storage or pressure pot systems, then a
systems analysis and fault diagnostic board will illuminate showing the problem area and the
system will shut down.

The facility air handling system moves over 640,000 cubic feet of air per minute at 100
linear feet per minute and cleans the a;r to 99.99% at 5 microns. Each filter is reverse pulse
cleaned only when needed via sensors and information as to filter conditions are shown. Air
handling loads, back pressure and automated louvers are handled by computer. High
efficiency motors are monitored by electronic sensors as are the large exhaust fans. Any
3ut-of tolerance conditions will shut down the dry strip and air handling system. The large
air conmore~sors are also electronically monitored to keep equal time orn each, keep a watch
on critical servicing items, record temperatures, alarm any carbon monoxide levels and
automatically shut down all systems in case of a critical condition.
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All filter dust, paint and primer chips are automatically separated from good plastic media
and relegated to a holding area. Our waste is analyzed by the spectrometric photc anlysiG
computer for levels of arsenic, barium, cadmium, chromium, lead, mercury, selenium and
silver. The contained parts per million are automatically displayed for reference with the EPA
allowable limits.

A master control and fault diagnostic room monitors, displays and controls many hundreds
of functions necessary for "top-notch" aviation plastic media stripping. Computer controls
and high tech equipment brought aviation dry stripping from the damaging dark days to a
new age of gentle paint removal. It is only through computers that Striptech can remove
paint from all present day aviation substrates and be ready to handle future substrates.

Air handling is computer controlled by zones, depending on the size of aircraft. The facility
actually fits around a large aircraft such as the DC-1O or Airbus 300. Smaller aircraft such
as the B-737 are. stripped in one side of the hanger. Fighter size aircraft and large helicopters
are stripped in the nose dock portion of the hangar. This versatility allows computer
controlled air flow to specific regions where stripping is occurring but not in others where
masking, demasking or other functions are occurring. This is good economics.

Our under floor plastic media vacuum recovery system operates under a computer controlled
system based on the aircraft length (vacuum travel distance and number of systems
operating) and the amount of plastic media being dispersed (vacuum travel speed). This is
good economics.

VIII. Messerschmitt's Investigations and Results

MBB, who is a certifying and approving laboratory both for the German government and their
national aviation agency, has spent millions of dollars conducting the most extensive test
ever performed on plastic media dry stripping and equipment. They have concluded that
damage-free aviation dry stripping can be performed on a:: substrates but only with the
correct computer controlled and calibrated equipment. MBB, over many years of research,
has helped develop a complete dry strip set of equipment and a paint removal facility. They
now dry strip three aircraft per week. We have duplicated and updated their facility in our
facility in San Antonio, Texas.

The Canadian government had a problem in trying to chemical strip the McDonnell Douglas
CF-18 fighter due to large amount of .020" graphite epoxy composite skin areas. Their
investigation into alternate methods still left them with problems of skin damage due to both
the composites and the .012" 7075 T6 alclad aluminum skin flight controls. They hired MBB
to perform definitive tests to find a way to non-chemically strip the CF-18 with acceptable
results. MBB's test report led the Canadian government to duplicate the MBB system .. .a
computer controlled and calibrated plastic media dry strip system.

The following were the overall conclusions derived after four complete paint and strip cycles
(all edges included) of numerous composite and metal test samples. American Society of
Testin- :nd Measurements' conditions were followed and all substrate coatings, bonding and
preparation were in accordance with the manufacturer's (McDonnell Douglas) specifications.
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Specimens stripped were .020" graphite epoxy composite and .012" 7075 T6 alclad
aluminum.

A. Overall Composite Test Results for Four Strip Cycles

1. Composites - ultrasonic inspection
a. no delamination
b. no disbond

2. Composites - x-ray inspection
a. no delamination
b. no disbonds

3. Composites - light microscope inspection
a. no damage after the first PMB strip
b. no damage after the second PMB strip, slight roughness of top resin
c. a decrease in surface quality occurred on the top resin of the top

laminate due to slight matrix pullout
d. slight fiber damage was visible on the fourth strip cycle
e. other test performed showed that if 70% of the primer was left on the

composite surfaces, that no rough matrix pullout occurred. By using
the primer as a stripping "flag," damage is eliminated.

4. Composite - compression tests
a. In the worst case of the 0.020" graphite epoxy bonded panel PMB

stripped four times, there was a 4% higher compression strength than
a panel that had never been stripped.

b. The worst case in a decrease in strength and strain to failure was less
than 15% for a 0.020" test panel stripped four times.

B. Overall Metal Test Results for Four PMB Strip Cycles

1. Metal - ultrasonic inspection
a. No delamination between core and skin occurred.

2. Metal - x-ray inspections
a. No delamination between core and skin occurred.

3. Metal - light microscope inspections
a. A slight roughness was observed due to number of strip cycles.

C. Other Tests and Their Results

1. Ion-vapor deposit (IVD) of aluminum on steel
a. PMB on 0.040" steel IVD aluminum plating painted and stripped.
b. Results: No weight loss occurred showing no aluminum removal and

the surface became smoother due to the small tips of the IVD plating
being flattened by the PMB action.

2. Cadmium Plated Steel
a. PMB on 0.040" steel, cadmium plated, painted and stripped.
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b. Results: No thickness loss could be measured, but a slight weight loss
did occur (.000227 of one percent). Depending on 4 or 5 PMB strips
and a later repainting, no corrosion can be expected. Aircraft fasteners
will have much more cadmium removed using wrenches, screwdrivers,
apexes, and sockets than PMB could ever remove when used in the
correct aviation grade equipment.

3. Paint removal by dry stripping from tin zinc lightening-protected substrates
a. PMB removed the paint froni tin-zinc bonded to aircraft skins
b. Results: Components with lightening protection should not be stripped

down to the tin-zinc layer due to created damage to this thin, soft film.
c. PMB stripping should only go to the primer layer.

4. Paint adhesion after PMB dry stripping
a. Numerous types of coatings were applied at different thicknesses and

stripped at different parameters on different types of substrates to
determine what effect PMB had on paint adhesion.

b. Using the same primer and paint application methods, prep, and
conditions, no basic differences in paint adhesion for PMB stripped and
non-stripped aluminum panels could be determined.

IX. CONCLUSION

The remainder of the equation to support our computer and high tech dry strip facility
includes:

A. A corrosion treatment, repair and control facility. Full and in depth support in this
area is also provided by the Dee Howard Company and Fairchild under contract
agreement.

B. A full service down draft paint facility is available as well as a full service aircraft
wash pad

Computers and high tech have taken the worry out of removing paint so inspection and
corrosion control can be accomplished.
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Abstract

Polyimides reinforced with graphite fibers possess superior mechanical properties in the 250'F
(120 0C) to 550°F (288'C) temperature range compared to their epoxy counterparts. Polyimides
such as bismaleimides (BMI) are susceptible to hydrolysis which results in physical degradation of
the composite. Hydrolysis can occur when a graphite fiber bismaleimide composite is coupled to a
metal, such as aluminum, in a sump-type environment. If the aluminum corrodes, the composite
since it is electrically coupled to the metal becomes the cathode. Water reduction in the presence of
oxygen occurs at the cathode which leads to the formation of hydroxyl ions which attack the
bismaleimide resin. This study has identified the factors required for degradation and the effect of
different variables on the reaction rate. Temperature was found to be the greatest reaction
accelerator and the elimination of exposed graphite fibers presents the best method of slowing the
reaction. It was also found that the galvanic current correlates to the amount of visual degradation
observed in the composite as well as the rate of metal corrosion.

Key Terms: polyimides, bismaleimides, galvanic corrosion, composites, graphite
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I. Introduction

The increased demand for aircraft operating at higher Mach numbers has stimulated the
development of low density materials with higher operating temperatures. Some of the most
attractive materials are polyimide based composites reinforced with graphite fibers. These
materials offer an attractive combination of low density, increased toughness, and higher operating
temperatures than their epoxy counterparts. However, recent work has shown that polyimide
based composites such as bismaleimides with graphite reinforcement are susceptible to galvanically
induced hydrolysis 1. The mechanism for this process is shown in Figure 1. The anodic reaction
consists of the oxidation of a metal which increases its valence state through the production of
electrons. The electrons are then consumed by the cathodic reaction which in this case is the
reduction of water in the presence of oxygen to produce hydroxyl ions. The graphite
reinforcement in the composite acts as the cathode in this galvanic couple. Therefore, the hydroxyl
ions accumulate at the composite and attack the imide-carbonyl linkage of the polymer which
results in degradation of the polymer.

The purpose of this work was to verify the mechanism of polyimide degradation and further
identify the conditions that are required for the reaction to occur. Electrochemical techniques were
used to quantitatively evaluate galvanically induced hydrolysis of graphite reinforced bismaleimide
composites and determine the variables that influence the rate of degradation. Corrosion potential
measurements were conducted in 3.5 weight percent sodium chloride solutions at room
temperature to construct a galvanic series. This formed a basis for predicting the corrosion
tendencies of various metal/bismaleimide composite combinations. Measurements of the galvanic
current were made over 150 days between various metal/composite combinations under different
experimental conditions. Visual damage to both the metal and the composite was recorded and
evaluated during the galvanic current experiments. This information will provide a baseline to
formulate accelerated tests to predict the service life of polyimide composites in airframe
applications.

II. Experimental

The cathodic material used in this study consisted of a woven IM7/5250-4 five-harness satin cloth
produced by BASF Structural Materials. The anode depending on the test condition was either
aluminum 7075-T6, titanium 6Ai-4V, or stainless steel 321.

A. Specimen Preparation

All metal specimens were polished to a 600 grit finish, vapor degreased (except titanium), and
rinsed in deionized water. The titanium and composite specimens were wiped with isopropyl
alcohol and rinsed in deionized water. The surface resin was removed from the top of the
composite by sanding to expose graphite fibers and permit electrode contact. The specimens used
for the potential and current measurements were all 1 inch (2.54 cm) by 4 inch (10.2 cm) by 0.125
inch (0.32 cm). The procedures used to conduct the experiments are summarized below.

B. Test Cells

The test cells used for the galvanic current experiments are shown in Figure 2. The distance
between the anode and cathode was 4.6 cm. The test cells were filled with 400 ml of test solution.
All test cells were identical to facilitate the elimination of experimental error.
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C. Measurements

1. Corrosion Potential, All measurements were conducted in 3.5 weight percent NaC1
solution at room temperature using an ESC multichannel potentiostat with a saturated calomel
reference electrode (SCE) and glassy carbon counter electrodes. The corrosion potential was
recorded three times a week. The value reported was the average of 250 days of measurements.

2. Current Versus Time Measurements. Current versus time measurements were
performed for metal/BMI couples under the conditions described in Table 1. A Princeton Applied
Research 273 potentiostat/galvanostat was used in a potentiostatic mode to monitor current. The
BMI specimen was connected to the working electrode input of the potentiostat . The metal
specimen was connected to the counter and reference electrode inputs. In this configuration, the
potentiostat functioned as a zero resistance ammeter. The specimens were placed initially in the test
cell and allowed to equilibrate in the test solution for one hour. Galvanic current measurements
were conducted for one hour on each cell every seven days. A saturated calomel reference
electrode was used for all measurements. After the measurement, the anode and cathode were
electrically connected using copper wire. The galvanic current reported is the average of the
current recorded during the one hour measurement.

III Results

A. Mechanism Verification

In order to verify that the attack of the polyimide occurred via hydroxyl ions, the original General
Dynamics "tin" can test 2 was used to reproduce the attack of the BMI. This test consisted of
placing a graphite/BMI specimen in a tin can with equal amounts of 3.5 weight percent sodium
chloride solution and JP5 jet fuel. The can was heated to 140'F (60'C) and observed until attack of
the composite was visible. Attack occurred within 24 hours, upon which the specimen was
removed from the solution and subjected to Fourier Transform Infrared Spectroscopy (FTIR) on a
Spectra Tech IR-Plan microscope. The scan associated with this sample as well as an untreated
BMI sample is shown in Figure 3. The scan of the untreated BMI showed an imide-carbonyl peak
at 1800 cm- 1 while the specimen exposed to the tin can test showed a peak at 1650 cm- 1. The peak
at 1650 cm-I corresponds to a carboxylic acid (the by-product of an imide-hydroxyl ion reaction).
To further characterize the attack, a sample of BMI exposed to a 10 weight percent solution of
sodium hydroxide (pi1 = 10) was scanned using FTIR. As shown in Figure 3, the resulting scan
was virtually identical to the scan of the specimen exposed in the "tin" can experiment.

B. Requirements for Degradation

The requirements for galvanic corrosion of metals have been summarized by Balboian and
Pohlman 3 as a common electrical path, a common electrolyte, and materials possessing different
corrosion potentials. To verify that galvanically induced BMI degradation follows the same
general principles, the tests summarized in Table 2 were conducted. The tests to evaluate the need
for a conductive fiber, corroding metal, and electrical contact were all conducted at 180OF (82 0C) in
equal amounts of 3.5 weight percent sodium chloride solution and JP5 jet fuel. These test
conditions duplicate the conditions of the original Gene:al Dynamics "tin" can test. During the
tests, the BMI specimens were periodically inspected for visual damage.

The tests summarized in Table 2, showed that a conductive fiber and electrical contact is needed for
degradation of the BMI composite. When S glass/BMI was placed in an iron can, no degradation
occurred. The same observation was made for the case when there was no electrical contact
between BMI/graphite and the metal can. This satisfies the condition of a common electrical path.
The need for electrolyte bridging was evaluated using a concentration cell. The bismaleimide was
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electrically connected to aluminum 7075-T6 with both the composite and the metal specimen
immersed in separate electrolyte solutions. The metal corroded but no degradation in the IM7/BMI
5250-4 was observed.

C. Galvanic Series

The third requirement for galvanic corrosion is a potential difference between the two materials.
To evaluate the potential difference between various metals and bismaleimide IM7/5250-4, a
galvanic series was constructed from the corrosion potential data. The galvanic series is usually a
good indication of the possible galvanic effects as indicated by the magnitude of the potential
difference between the two materials. In general, a potential difference of approximately 250 mV
between materials indicates a tendency towards galvanic corrosion 3. As shown in Figure 4, the
IM7/5250-4 was the most cathodic material with a corrosion potential of 200 mV versus SCE,
followed by the Ti-6AI-4V, and stainless steel 321. The most anodic or active material measured
was a rapidly solidified magnesium alloy, followed by the aluminum alloys 7075-T6 and 3003.
The potential difference between the aluminum alloys and the IM7jBMI 5250-4 was 950 mV
versus SCE, while the potential difference between the titanium and IM7/BMI 5250-4 was only
150 mV versus SCE.

In order to further assess the galvanic corrosion tendencies, the effect of coupling IM7/BMI 5250-
4 with various metals was examined. The data is summarized in Figure 5. This data allowed an
assessment of the effect of coupling on the polarization tendencies of the various metal/
bismaleimide combinations. The current produced by a galvanic cell depends on both the
resistance of the electrolyte and the degree of polarization of the anode and cathode. However, in
cells where the anode and cathode are in close proximity to each other, the resistance of the
electrolyte is usually a secondary factor compared to polarization. Of the couples examined, the
aluminum/ IM7/BMI 5250-4 was the only couple that was cathodically controlled. Specifically,
the corrosion potential of the couple was closer to that of the aluminum anode and hence the
corrosion rate is controlled primarily by the aluminum. The stainless steel and Ti-6AI-4V coupled
to IM7/BMI 5250-4 polarized to some degree at both the anode and the cathode. In this case, the
corrosion rate of the couple is synergistically determined by the properties of the two materials in
the couple.

D. Galvanic Current

Measurements of the galvanic current between couples of BMI/ graphite and various metals were
conducted for 150 days and are shown in Figure 7. These measurements were conducted using a
zero resistance ammeter technique. The magnitude of the galvanic current provides an indication of
the severity of galvanic corrosion in various environments through Faraday's Law 5. Faraday's
law states that the weight of reacting metal is proportional to the product of galvanic current and
time. Therefore, by measuring the amount of current between couples of IM7/BMI 5250-4 and
7075-T6, the severity of corrosion and the influence of time on the corrosion tendencies of the
various metal/ bismaleimide combinations can be assessed. Metal weight loss measurements were
used to determine the corrosion rate of the metal and to correlate metal corrosion with the degree of
bismaleimide degradation. A summary of the metal weight loss measurements is shown in Figure
6. Polyimide damage was based on visually inspecting the composite specimens and rating the
degree of attack using the rating scale shown in Table 3. A plot of the composite visual damage,
for the galvanic couples, versus time is shown in Figure 8.

1. Effect of Metal. The galvanic current of the IM7/5250-4 Al 7075-T6 couple was initially
400 jiA and increased to a maximum of 1150 htA after 150 days. The corrosion rate of the
aluminum was 7 mils per year (0.175 mm/year). The composite visual damage was rated an eight,
after exposure, according to the scale given in Table 3. The galvanic current between couples of
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BMI/5250-4 and Ti-6Al-4V and stainless steel 321 remained constant with time and was 3 pA and
5 p-A, respectively. The corrosion rate of the Ti-6AI-4V and SS321 was negligible, less than
0.0003 mm/year (0.01 mils per year). Sectioning of the corresponding bismaleimide specimens
showed that no attack of the composite in either specimen.

2. Effect of Temperature. The effect of temperature on the reaction rate was evaluated by
comparing test cells at different temperatures. The temperatures investigated were 140'F (60'C),
120TF (49°C), and 77°F (25°C). The metal in each case was Al 7075-T6 coupled to the IM7/BMI
5250-4 and immersed in 3.5 percent NaCl. The test cell at 140'F (60'C) exhibited the highest
currents. The 140'F (60'C) test cell had an initial current of 675 PA which increased to a
maximum of 5400 tA after 34 days. The test was then discontinued at this point because the
composite incurred enough damage to be rated a 10 according to the scale given in Table 3. The
corrosion rate of the metal in the 140*F (60'C) test cell was 70 mils per year (1.78 mm/year). The
test cell at 120'F (49°C) had intermediate currents compared to the 140OF (60 0C) and 77 0F (250C)
test cells. The initial current was 850 gA, which is higher than the 140°F (60 0C) test cell.
However, the maximum current measure was only 2940 tA. The 120'F (490C) test cell was
discontinued after 108 days because the composite had suffered maximum visual damage. The
corrosion rate of the metal in this test cell was 21.7 mils per year (0.55 mm/year). The 770F (250C)
test cell exhibited the lowest currents. The initial current was 400 pA which increased to 1150 p.A
after 150 days. The composite specimen was rated an 8 after 150 days of exposure. The
corrosion rate of the metal was 7 mils per year (0.175 mm/year).

3. Effect of Exposed Edges. The effect of having no exposed graphite fibers was
investigated by coupling an Al 7075-T6 specimen to a IM7/BMI 5250-4 with no edges exposed to
the electrolyte. In this test cell, the metal was coupled to the surface of the BMI. The average
galvanic current was approximately 40 pA and did not increase with respect to exposure time. The
corrosion rate of the metal in this test cell was 0.1 mils per year (0.003 mm/year). No visual attack
of the composite was observed after 150 days of exposure.

4. Effect of Area, The effect of the anode to cathode area was determined by comparing
three different anode to cath ode ratios. The highest galvanic current was measured in the couple
that had an anode to cathode ratio of approximately 0.5. This corresponds to the specimen with
the largest amount of exposed graphite fibers. The corrosion rate of the metal in the test cell with
an anode to cathode ratio of 0.5 was 15.6 mils per year (0.40 mm/year). Visual composite
damage, for this test, was somewhat less than that observed for the anode/cathode ratios of one
and two. Presumably this is because the specimen was larger and the attack was somewhat diluted
over the area. The next largest current was the test cell that had an anode to cathode ratio of one.
The metal in this test cell showed a corrosion rate of 7 mils per year (0.175 mm/year). The least
amount of current measured was in the test cell with an anode to cathode ratio of two. In this case,
the smaller cathode area translated to a 46 percent decrease in corrosion rate. The corrosion rate of
the metal in this case was 2.2 mils per year (0.06 mm/year).

5. Effect of Electrolyte. Four different concentrations of salt solution, the effect of real
seawater, and the addition of jet fuel to the baseline salt solution were investigated. The 5.0 weight
percent sodium chloride solution produced the highest galvanic current while the 0.1 weight
percent solution produced the least amount of current. The 5.0, 3.5 and 1.0 weight percent
solutions all increased in current with increased exposure times while the 0.1 weight percent
solution showed a decrease in current initially which eventually leveled off to a constant value.
The amount of damage suffered by the metal and composite correlated very well with solution
concentration. The higher concentrations resulted in more metallic corrosion as well as composite
damage. Real seawater behaved in a manner similar to the 0.1 weight percent sodium chloride
solution. The sodium chloride concentration of the seawater was approximately 3.8 weight
percent. The reaction rate was lower than that of the 3.5 percent NaCI test cell. The lower
galvanic current and consequently lower reaction rates associated with real seawater is probably
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due to buffering effects caused by the different types of ions found in natural seawater. The effect
of adding jet fuel to the salt water was investigated and found to approximately double the galvanic
current. The corrosion rate of the metal was 15.5 mils per year (0.40 mm/year) which is
approximately twice that of the same test cell without jet fuel. Attack of the composite in the test
cell containing jet fuel was also accelerated compared to the baseline test cell. The jet fuel seemed
to promote swelling which would increase the amount of exposed fiber.

6. Effect of Nitrogen Purge. The effect of reducing the oxygen concentration was
investigating by purging with nitrogen at a rate of 150 cm 3/minute with nitrogen gas. Based on the
mechanism shown in Figure 1, reducing the oxygen concentration should slow the cathodic
reaction which will result in decreasing the amount of hydroxyl ions produced. The galvanic
current measured while purging with nitrogen was approximately 60 p.A as compared to the
baseline cell which started at 400 itA. The current in the nitrogen purged cell remained fairly
steady over the two weeks of measurements.

IV. Conclusions

The following conclusions based on the data presented in this paper can be made regarding the
mechanism of galvanically-induced polyimide degradation:

- The mechanism of polyimide degradation, when coupled to a corroding metal, was shown to
occur via a galvanic reaction. Hydroxyl ions liberated at the cathode then attack the imide-carbonyl
linkage which degrades the bismaleimide composite.

- Examination of the polarization behavior of the IM7/BMI 5250-4 and aluminum 7075-T6,
stainless steel 321 and titanium 6AI-4V showed that the only couple that exhibited cathodic control
was the IM7/BMI and Al 7075-T6 couple.

• The greatest increase in reaction rate was found when the temperature was increased and the

amount of exposed graphite fibers were increased.

"* The greatest dccrease in reaction rate was found when exposed graphite fibers were eliminated.

"* The magnitude of the galvanic current correlated with the corrosion rate of the metal and also
with the amount of visual degradation observed in the composite.
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Table 1. Current Versus Time Test Cells

Cell Composite Metal Electrolyte Variable
No. (Weight %)

1 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI Baseline
2 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI and JP5 Jet Fuel

3 BMI (5250-4)/IM7 Ti 6A1-4V 3.5% NaCI Metal
4 BMI (5250-4)/IM7 321 SS 3.5% NaCI Metal
5 BMI (5250-4)/IM7 Al 7075-T6 5.0% NaCI Concentration

6 BMI (5250-4)/IM7 Al 7075-T6 1.0% NaCI Concentration

7 BMI (5250-4)1IM7 Al 7075-T6 0.1% NaCI Concentration
8 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI Anode/Cathode Ratio = 0.5
9 BMI (5250-4)/IM7 Al 7075-T6 0.5% NaCI Anode/Cathode Ratio = 2

10 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI Temperature: 120'F (49'C)
16 BMI (5250-4)/IM7 Al 7075-f6 Hermosa Seawater Type of Electrolyte
18 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI Temperature: 140'F (60'C)

19 BMI (5250-4)/IM7 Al 7075-T6 3.5% NaCI No Exposed Edges

Table 2. General Dynamics "Tin" Can Tests of Bismaleimide 5250-4

Variable Fiber Environment Contact With Degradation
Investigated Metal

Electrical IM7 Iron Can Yes Yes
Contact IM7 Iron Can No No

Conducting IM7 Iron Can No No
Fiber S Glass Iron Can Yes No

Corroding IM7 Ti-6AI-4V Yes No
Metal IM7 Al 7075-T6 Yes Yes

LM7 Al 2024 Yes Yes
Electrolyte IM7 Al 7075-T6 Electrical Contact With No Bridging Of
Bridging _ (3.5 % NaCI) Electrolyte

Table 3. Visual Rating System Used to Evaluate IM7/5250-4 Damage

Rating Description
1 Mild Discoloration
2 Significant Discoloration
3 Significant Discoloration With Exposed Fibers
4 Numerous Exposed Fibers
5 Delaminated More Than One Ply

6 Delaminzted More Than Two Plies
7 Severely Delaminated With No Surface Resin Left

8 More Severe Delamination With No Surface Resin Left
9 More Severe Delamination With No Resin In Several Plies
10 Severely Delaminated With No Resin (Maximum damage)
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Abstract

Aircraft corrosion represents a multi-billion-dollar annual expense for military and commercial
operators. Much of this costly waste can be eliminated or reduced by keeping the aircraft dry when it is
on the ground. In the last ten years, many aircraft owners and operators have been successful in
attaching desiccant dehumidifiers to aircraft, circulating dry air through corrosion-sensitive
components such as engines, radar, avionics and the air frame itself. This paper outlines four of the
principal corrosion and excess moisture issues in aircraft, and describes how each problem has been
addressed through the use of specially-designed desiccant dehumidifiers.

Principal Issues

Aircraft corrosion costs the United States taxpayer more than $1 billion dollars every year., This
figure includes only the cost of corrosion within the Air Force. When one adds the cost of aihcraft
corrosion in the Navy, Army and Marine Corps, estimates exceed $2 billion annually. When the cost of
corrosion of the commercial air fleets is added to the military figures, one can see clearly that aircraft
corrosion has become a significant waste of our national resources. The problem deserves close attention
from the engineering community, since economic realities have forced extension of the useful life of
aircraft. Military fleets cannot be replaced at the rates of the past because of reductions in defense
budgets, and competitive pressures in the commercial marketplace require that we make use of civilian
aircraft for longer periods than the designers may have originally anticipated. 2

A traditional response of a well-trained corrosion engineer to a corrosion problem is to seek a material
change or design modification to avoid the problem entirely. Failing those remedies, the engineer often
seeks a coating or other surface treatment to limit the negative effects of coirosion. While these are
certainly valid responses, there is another technology, perhaps less familiar to the corrosion engineer,
which has been effectively applied to reduce the cost of atmospheric corrosion in large, exposed
machiney. This technology-humidity control-has been effective in reducing costs of several types of
corrosion commonly found in aircraft.

Dry air prevents corrosion by eliminating moisture. The atmospheric corrosion reaction requires three
elements-the base material, oxygen and an electrolyte, which allows electrons to flow from an area of
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high potential to an area of lower potential within the base material. By removing condensed moisture
from aircraft, corrosion is slowed or halted because no electrolyte remains to sustain the reaction.
Humidity control, like any technology, does not solve all of the complex problems of aircraft corrosion,
but it has been applied with cost-effective results in a wide variety of situations. These include:

a. Propulsion System Corrosion
In some engines, operation in a marine environment has a highly corrosive effect. Alluding to this
problem, John DeLuccia of the Naval Air Development Center's Aerospace Materials Division recently
joked: "An F-14 on a carrier deck is almost biodegradable!"3

In Denmark, the J-35 fighter aircraft routinely operates at low level over salt water, and had
experienced significant corrosion of turbine blades. In 1975, the Danish Air Force began a program to
connect industrial desiccant dehumidifiers to the engine air intakes whenever the aircraft returned
from a mission. The dry air removed condensed water from the engine assembly, which effectively
eliminated the electrolyte, slowing corrosion from visually obvious flakes to levels so low they were
difficult to measure. The Danish Defense Forces estimate annual savings from this program at $970,000
in return for a one-time capital cost of $323,000 and an annual energy cost of $284,000.

b. Corrosion Effects on Avionics
The cost of computers and other aviation electronics now often exceeds the cost of the aircraft itself.
Earl T. Startzman of Boeing's Aviation Software & Electronics Laboratory in Witchita, Kansas
expressed this new hardware-software relationship succinctly when he said: "We like to think of the
airplane as just another peripheral".4

There are two humidity-related problems that have been addressed successfully by the use of desiccant
dehumidification equipment; contact corrosion and changes in insulation resistance due to adsorbed
moisture. The source of this moisture is humid air, which Londenses within the aircraft in two
situations. First, when humid air trapped in the airframe is lifted aloft on take-off, moisture condenses
as the aircraft skin encounters the much colder temperatures of the atmosphere at altitude. Secondly,
as the aircraft descends to the more humid air at ground level, the surfaces chilled at high altitudes
once again condense water as humid air re-enters the aircraft on landing.

In high-reliability aircraft electronics, circuit boards are generally protected by conformal coatings, so
corrosion on the board itself is quite minimal. The connectors, however, are more sensitive to condensed
moisture. Current must flow freely through contact points that are exposed to humid air, and in some
cases, exposed to actual water droplets. The potential for corrosion at these points is obvious, and
indeed is notorious in aircraft and in military electronics.

A second problem results from changes in resistance of cable insulation due to condensed moisture. For
example, a typical resistance value for nylon at 10% relative humidity is 1014 OHM. At 90% rh, that
value drops to 107 OHM. This more-than-million-fold change in resistance can, over the miles of
electrical cable in modern aircraft, create problems in performance of computer hardware. If the
designer assumes a fixed resistance value, and that value changes by over a million-to-one ratio, the
circuit can develop problems.

Avionics reliability was the principal concern of the Swedish Air Force when, in 1981, they applied
desiccant dehumidification technology to the problem. In a test of the Draken fighter aircraft, dry air
was supplied to the cabin and electronics areas whenever the aircraft was scheduled to be on the ground
for more than two hours. The results were impressive. The mean time between failures (MTBF) for radar
and cabin electronics increased from 7.2 hours (with no humidity control) to 14.2 hours. This doubling of
the MTBF saved money and improved mission readiness-a key concern of defense aircraft program
managers.
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c. Airframe corrosion fatigue
In his September 1992 article entitled Industry seeks tonic for aging aircraft, Alan Brown of Aerospace
America begins by saying "Some engineers knew U.S. airliners were aging even before the top of an
Aloha Airlines 737 unzipped over Hawaii four years ago. Now everyone knows." That tragic event,
which any air traveler has difficulty forgetting, has shown the potential dangers of fatigue corrosion
of the air frame in very compelling terms.

Fatigue corrosion is strongly accelerated by condensed moisture, as Mr. Brown describes in his article.
Moderate laboratory humidity cuts the fatigue life of many aluminum alloys by 50% or more. Moisture
actually condensing into microcracks has an even more harmful effect. 5 As with electronics,
condensation caused by altitude changes leaves moisture inside the air frame, where it accelerates
corrosion.

Supplying dry air to the aircraft cabin on the ground can help remove this frame-bound moisture, and
several organizations are designing systems to measure the results. For example, the Boeing 707
airframe, used as the EC-135 and KC-135 aircraft by the US Air Force, is now being supplied with dry
air in test installations at Hickham Air Force Base in Hawaii and at Mildenhal; Air Force Base in
England. Additionally, operators of the Lockheed Hercules aircraft recently reported favorable results
of similar programs that have been in progress since 1985 6.

d. Adsorbed moisture
Condensed moisture is expensive to lift. Studies conducted by commercial fleet operators in Europe show
that carrying an extra kilogram of weight costs about $14,285 per year (1993 dollars). The same studies
have also shown that large commercial aircraft can adsorb as much as 250 to 400 Kg in condensate into
cracks, crevices and especially into cabin insulation.7 By circulating dry air to remove the unwanted
moisture, it may be possible to save between $3.5 and 5 million dollars per aircraft per year in fuel costs.

Odors and microbiological infestation are also a direct result of adsorbed moisture. Many of the
unsavory odors which disturb humans originate from fungi, and fungal growth is greatly accelerated by
high humidity and especially by condensed moisture. For example, Figure 1 shows that the growth rate
for Aspergillus Ruber, one of the fungi responsible for odors in buildings, is 40 times greater at 90% rh
than at 70% rh.' Figure 2 shows another characteristic of humidity, which is that many bacteria, some
of which contain viruses, survive longer at high humidity than at low humidity. The figure shows that
at 35% rh, all but 5% of the poliomyelitis virus are dead within the first five hours of exposure, but at
80% rh, the virus continues to multiply. By keeping materials dry, fungal and bacterial growth can be
greatly reduced or eliminated entirely, as has been shown in studies of the fungal infection of
buildings.'

High humidity is the thread which runs through all four of these issues. If an aircraft can be kept dry,
the problems caused by moisture can be reduced or eliminated, which is the reason that dry air
technology has been more widely utilized in aircraft applications over the last ten years.

Dry Air Technology

In aircraft applications, desiccant wheel (DEW) dehumidifiers are generally used because of their
ability to remove moisture from air regardless of the ambient temperature or moisture level. The more
familiar cooling-based dehumidifiers are generally not used, because in aircraft operations, the
engineer must plan for cold temperatures as well as high humidities. Cooling-based dehumidifiers
cannot dry air efficiently when the ambient is below 15°C (60TF).

As the name implies, DEW dehumidifiers use a desiccant-a material which can easily attract and
remove water vapor from air. Most people are familiar with the small packages of desiccant normally
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shipped with consumer electronics and cameras, and often contained in bottles of vitamins and other
pharmaceutical tablets. The desiccant in dehumidifiers is similar, except that where a package of
desiccant eventually becomes saturated, a dehumidifier has a heating cycle to reactivate (dry) the
desiccant so the unit can produce dry air continuously.

Figure 3 shows that in dehumidifiers, the desiccant is impregnated into a corrugated ceramic composite
material, which is formed into a wheel 1. Air passes easily through the flutes, cuntacting the
desiccant. The wheel rotates slowly (6 to 10 rph) between two air streams. The incoming process air
stream-the larger one-gives off its moisture to the desiccant. The process air is dry as it leaves the
wheel. The humidity-laden wheel rotates slowly into a second, smaller air stream which has been
heated. This smaller exhaust air stream-called the reactivation air-warms the desiccant. The
warmed desiccant gives off its moisture, which is then carried away by the reactivation air. The
newly-dried desiccant material is rotated back into the process air, where it absorbs moisture once
again.

Figure 4 shows how this basic operating principle is expressed in the hardware commonly used in
aircraft dehumidification. A desiLcaiit whecl with fans and heaters is mounted on a cart, which is
large enough to carry the flexible duct which connects the dehumidifier to the aircraft. A retractable
power cable is also mounted on the cart, as power connections may be located some distance away from
the aircraft.

Figure 5 shows a desiccant dehumidifier connected to the engine air inlet of a fighter aircraft. The entry
point for the dry air varies according to the aircraft configuration and the reason for connecting the dry
air. Engine corrosion, clearly, requires only a simple connection through the cover normally placed over
the air inlet. Avionics and radar protection requires a connection to the cabin and nose of the aircraft,
and preventing airframe corrosion requires air distributed throughout the aircraft. In most cases, these
connections are fairly straightforward. In older aircraft without specific dry air connections, the
method of attachment varies, and in some cases, multi-point connections have proven useful. From a
practical perspective, operators find that the simpler and faster the connection, the more likely it will
actually be used by the ground crew.

Experience With Specific Aircraft

Dry air technology has been applied to a wide variety of aircraft, including Air Force One, the Boeing
747 which carries the President of the United States. Other fixed wing aircraft include the P-3 Orion,
DC-9, C-130 Hercules, F-16, J-37, Nimrod, Tornado, P- 3 Orion, Ea -6B Prowler, C/F-16 and tha AV-8B
Harrier and many more. Favorable results have also been obtained with helicopters including the
Cobra, UH-1, B-105 and the Sea King and others. To illustrate some interesting points, we have chosen
four different types of aircraft to describe how dehumidification technology is used.

Engine Corrosion - Danish Air Force Fighters (F-16, F-104, J-35 and J-37)
The land-based Danish Air Force has, in common with all naval aircraft, a low-level marine flying
environment. This inevitably means that salt-laden sea spray will flow through the engine during
many flights. The J-35 aircraft, for example, uses the RM-6C engine, which has difficulty resisting salt
spray corrosion, particularly on the rotor and stator blades in the first stages of the compressor.

In the early 70's, the Danish Air Force experimented with several remedies. Flushing the engine with
fresh water after each flight helped somewhat with the corrosion on the outer-most blades, but water
left inside the engine tended to aggravate corrosion in places that were hard to reach. Corrosion-
retardant coatings were also tried, but with limited success. The most effective coatings caused
performance problems, because the layers of corrosion inhibitor buiit up on the compressor blades,
altering their aerody-,d,nim prfile and reduciiig their effectiveness. These deposits had to be cleaned
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off regularly, which in some cases required engine de-mounting and disassembly, a process not far
removed in cost from replacing corroded blades.

In 1975, program managers began to explore a dry air option. The Danish Army had used dry air
preservation for many years to eliminate corrosion on stored military hardware, so there was a body of
knowledge concerning desiccant dehumidification technology in the military environment, but less
experience with aircraft. In warehouse applications, the application a dehumidifier is relatively
obvious. The building is sealed, or a lightweight plastic sheet enclosure is built inside a larger
building. The permanently-mounted dehumidifier recirculates dry air through the enclosure whenever
a humidistat indicates the relative humidity is above 50%.11 In an active-duty aircraft, there are
different challenges.

To begin with, there is the question of enclosing the object. To eliminate corrosion, dry air must surround
the item in question, and it would hardly be practical to build hangers or lightweight plastic tents to
hold all active duty aircraft. The answer, which seems obvious in retrospect, took some time to
discover. The engine was the only item at issue, and jet engines are designed for the flow of large
amounts of air. Project engineers realized they only needed to seal the intake and outflow, and circulate
dry air through the engine.

The standard engine inlet covers were drilled with a hole about 10mm (4") in diameter, and fitted with
a short collar to accept the dry air supply hose from the dehumidifier. New covers were made for the
leaving side of each engine, and these covers had a similar hole covered by a small flexible rubber
patch to act as a simple one-way air valve, allowing air to leave the engine, but not to enter. To keep
the installation procedure simple and quick, the project engineers did not bother to return the dry air to
the dehumidifier. This dehumidifier configuration is called an "open" system, reflecting the fact that
dry air is blown through the engine and out to the weather. A return air or "closed" system would have
required extra ductwork, and would have raised the issue of spark-proof (costly) dehumidifiers, since
the aircraft were kept fueled and ready for instant operation.

The program was a success from the beginning. Since 1980, dehumidifiers have been connected to all
fighters any time they are on the ground for more than two hours. These include the F-16, F-104, J-35
and the J-37 type aircraft. Based on a four-year period, the program managers calculated a
consolidated annual labor and material cost savings of $970,000. The cost of running the dehumidifiers
is approximately $284,000 per year (at an electrical cost of $0.08 kwh). The initial capital expense of
dehumidifiers and flight line power connections was about $323,000. So a ten-year net savings estimate
would be over $6.5 million. That estimate is conservative, as it does not include the additional cost
reduction which comes from lower parts inventory charges, nor has there been any estimate of the
dollar value of the operational benefit of having nearly all aircraft mission-ready.

Avionics Corrosion - J-37 aircraft
The Swedish Air Force operates the J-37 fighter aircraft, and began experiments with dry air
technology in 1981 after the successful Danish program was brought to their attention. in the Swedish
case, there was no major issue of engine corrosion. The engine metallurgy was somewhat different in the
J-37, and Swedisti aircraft do not have the same percentage of low-level, maritime operations that was
typical of the Danish experience. Also, these particular aircraft are kept inside hangers rather than
left outdoors, exposed to the weather.

The J-37, however, is like many modern aircraft in that it has a high percentage of aircraft electronics,
and the reliability of the aircraft as a whole is strongly dependant on thp reliability of that
cquipment. The Swedish program focused on improving the mean time between failures (MTBF) of the
avionics and radar gear. At approximately one major failure for every 7 flying hours, the MTBF was
less than desirable.
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One of the especially annoying aspects of J-37 maintenance was the "no-fault-found" problem. That is to
say, a radar or avionics set would fail on start-up, so it would be replaced, taken to the repair bench and
connected to power. When the technician ran through the diagnostic procedure, no fault could be found
to explain its faiiure to work properly in the aircraft. Project engineers suspected that these were
humidity-related problems. They speculated that as the equipment warmed up on the test bench,
moisture which had been adsorbed into insulation and condensed into connectors, would be driven off by
heat, which solved whatever problem prevented start up in the aircraft. As a practical matter,
however, each fault delayed launch of an aircraft, and leaving electronics and radar on continuously
generated more problems than it solved.

Over a one year period from January to December of 1981, the Swedish Defense Forces conducted a test of
failure rates for dehumidified vs. non-dehumidified aircraft. 10 aircraft were equipped with desiccant
dehumidifiers, which provided dry air to the air frame through hoses similar to those in the Danish
program. 23 aircraft were left without such protection as a test control. After a year, the MTBF of the
dehumidified aircraft was about twice that of the "humid" aircraft (7.2 hrs vs. 14.2 hrs) In terms of the
radar sets specifically, the MTBF of the 23 humid aircraft was 32.7 hrs compared to 55.7 hrs for the dry
aircraft.

Following the test program, all the aircraft were equipped with dehumidifiers. Figure 6 shows how
the MTBF continued to improve as the years moved on. During the 12 months of 1985, a follow-up
analysis was performed on 52 of the J-37 aircraft that had been dehumidified. In those units, the
overall MTBF had lengthened to 20.2 hours-nearly a 300% increase over the "humid" aircraft.
Likewise, for the radar sets alone, the MTBF had increased from 32.7 hours for humid aircraft to 101.1
hours for dehumidified aircraft.

One consequence of this success is that the new Saab-built Gripen fighter aircraft has been built with
dehumidification in mind. In older aircraft, bulkheads and other structural elements block the flow of
dry air through the air frame. In the Gripen, the Swedish Defense Forces decided to design a dry air
distribution system into the frame itself, so dehumidified air connected at a single point in the fuselage
can be carried directly to each compartment where electronics and other corrosion-sensitive components
are located. A similar dry air distribution system is part of the design specification for the new
European Fighter Aircraft.

Airframe Corrosion - Boeing 707 aircraft
The Boeing 707 aircraft, in use throughout commercial airlines for over 30 years, has also been widely
used by the U.S. Air Force. The EC-135 is used as an electronics platform and the KC-135 is used for
airborne refueling operations. Corrosion-related repair costs for these aircraft exceed $76 million
dollars annually, so they have become the subject of a test program which began in December 1991.

The C/KC-135 program office at the Air Logistics Center at Tinker Air Force Base in Oklahoma City,
Oklahoma, has placed two aircraft under test at Hickam Air Force Base in Hawaii and two more
aircraft at Mildenhall AFB in England. In each location, one aircraft is being supplied with dry air and
the other left without such protection. Sensors are located at several points inside the air frame to
record temperature and relative humidity. In addition, both passive and active corrosion sensors are
placed inside the aircraft so that the internal corrosion rate can be directly compared with fluctuations
in relative humidity.

Corrosion at Hi kam had been especially severe. In one of the test aircraft, daylight was visible from
inside the fuselage at the tail of the aircraft after the vertical stabilizer panels were removed.
Corrusion was also extreme in the area around the cannon plug connectors that penetrate the skin. The
severity of that corrosion is perhaps due to the electrical current often present at that point. Before the
test began, both the test aircraft (dry) and the control aircraft (humid) were inspected and all corrosion
damage repaired.
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In September, 1992, both aircraft were inspected once again. The dry aircraft showed no visible
corrosion in the areas inspected (the wing leading edges, engine struts and forward and aft "hell-
holes"). In contrast, the humid aircraft showed exfoliated corrosion damage on the rib structure behind
the leading edge flaps on the right wing. There were also spots of exfoliated skin jitst under the
refueling boom pod. Slight pressure from a pen knife produced a hole through the skin at that point.
Overall, the damage on the humid aircraft corresponded to a 20% increase in corrosion over the 9-
month period, where the corrosion increase on the dry aircraft was limited to less than 1%.

In the less severe humidity of Mildenhall in England, differences between the humid aircraft and the
dry aircraft were less obvious as of an inspection performed at the end of February 1993. However, both
aircraft had just completed phase inspection, and resulting repair records were not available as of the
deadline for completing this paper. A review of the phase inspection repairs may show differences
between the humid and dry aircraft for the preceding year. Informally, the maintenance crew chiefs
report that the avionics on the dry aircraft seem to be performing more reliably than normal. Standard
equipment performance monitoring systems will, at the end of the test period, be able to define this
performance improvement quantitatively. Overall, the test results to date show that dry air
technology shows promise of limiting airframe corrosion, a widespread problem that has resisted
solution through other methods.

Removing Condensed Moisture - Fokker F-28, Boeing 720-B and Mcdonnell-Douglas DC-9 aircraft
Water vapor which enters an aircraft at ground level can cause problems when it condenses to a liquid
in the cooler temperatures at altitude. The problems can be corrosion-related as seen above, and
condensed water can cause other problems as well. Specifically, when materials are moistened, the
fungal spores present in all environments (typically 3,000 to 5,000 spores per cubic meter in humid
weather at ground level 12 ) can begin to grow, producing the characteristic musty odors common to some
older aircraft. Additionally, condensed water represents a significant amount of weight, which the
aircraft operator must pay for with extra fuel consumption. To reduce fuel costs, eliminate odors and
limit corrosion, several research projects have focused on drying commercial aircraft interiors between
flight operations.

The Fokker F-28 is a short-range passenger jet used extensively through Europe. In 1988, an F-2f& aircraft
operating from Linjeflyg airport in Sweden was equipped with a datalogger and sensors to rzco1 .
temperature and humidity changes during ground and flight operations. Readings were taken
continuously from October 11th through October 31st and again from November 24th through December
14th. The aircraft made several flights every day, operating within Sweden. Sensors were mounted at
three points: inside the passenger compartment, between the cabin wall and cabin insulation and inside
the insulation batts themselves. (see figure 7) The data showed that because of wide temperature
changes from ground to cruising altitude, the relative humidity generally rose above 90% inside the
insulation and to over 70% between the cabin and the insulation surfaces. While there was no sensor
located at the external skin on the far side of the insulation, one can see by the temperatures inside the
insulation that at the colder outer skin of the aircraft, condensation was taking place because the dew
point exceeded the surface temperature. This condensation phenomenon prompts the question of how
much water is actually produced by the process in a commercial airliner. In other words, how important
is this problem?

In 1986, a test was performed on a Boeing 720 aircraft in Denmark. A single aircraft became available
for experiments while undergoing extensive maintenance inside a hanger. A desiccant dehumidifier was
attached to the ground cooling connection and dry air was circulated through the aircraft while
maintenance operations were underway. Of the 15-day test period, the doors of the aircraft were open
for maintenance (exposed to the humid air of the hanger) for over 110 hours, or about 30% of the elapsed
time. In the 250 hours when the dehumidifier could be fully effective, the dry air removed 250 Kg of
water from the aircraft, an average of one kilogram per hour. At 1993 fuel costs and engine efficiencies,
removing those 250 kilos saves the aircraft operator more than $3,500,000 per year. ($14,285 per kilo
per year, as estimated by SAS project engineers in February, 1993)
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Commercial airliners, however, do not normally sit in one place for 15 days. They are very active and
must be fully utilized to generate profits for their operators. So although there may be a condensation
problem which leads to excess fuel costs and corrosion-can the problem be effectively controlled by
drying during the short layovers which are typical of commercial flight operations? Some reasons for
optimism concerning this issue are found in the results of a test to dry a DC-9 aircraft operated by
Scandinavian Airlines (SAS) in Sweden.

In that 8-week test, the aircraft was connected to desiccant dehumidifiers at the end of each day's
flight. Connections were inade through the greund cooling system, and air was returned to the
dehumidifier from the ground cooling outlet. Returning the cabin air allows the dehumidifiers to dry it
more deeply than would be possible with an "open" system, which would have used fresh air, which is
somewhat more humid. Figure 8 shows the results of that test. The dehumidification system
consistently removed between 17 and 35 kilos per drying period.

The project engineers noted that moisture desorbs from different materials at different rates. The
moisture contained in the air was removed quite rapidly-it represented about 1.5 kg and cabin air was
dried to its minimum moisture content within 20 minutes. Moisture in carpet and upholstery totaled
approximately 24 Kg, and to reach a dry state (the point below which no further drying could be
measured), the upholstery and carpets required approximately 3 hours. The rest of the moisture
removed by the dehumidifiers came from foam in the seat cushions and from insulation in the cabin
walls. These results are quite encouraging, and the project engineers feel that even faster drying rates
can be achieved by designing a means of passing dry air more directly through the insulation.

Summary

In summary, these and other dehumidification programs suggest that:

1. Drying Engines is simple and inexpensive
As engines are designed for airflow, and come equipped with standard covers, keeping them dry with
desiccant dehumidifiers is very simple and need not disrupt the normal maintenance routine. If engine
corrosion is a problem, dehumidifers can provide an economical solution.

2. Using dehumidifiers to dry avionics saves a great deal of money
Disruptions and repairs caused by corroded avionics are very expensive. Keeping them dry wiLh
desiccant dehumidifiers does involve some custom fitting of air hoses, but can save the installation cost
within the first year.

3. Airframe corrosion merits additional research in different aircraft
Airframe corrosion is very complex, but favorable results have been obtained with desiccant
dehumidifiers in several cases. Aircraft operators may wish to examine the technique further as fleets
age and become more sensitive to this problem.

4. Removal of condensate may save both fuel and corrosion costs
Research has established that condensation can occur inside an airframe because of surface temperature
changes at altitude. Using dehumidifiers is one promising way to remove the condensation and avoid
odors, excess fuel costs and corrosion accelerated by the condensate.

Finally, in most corrosion problems, the environment is not a variable. In recent years, however,
desiccant dehumidification technology has begun to provide the corrosion engineer with a new tool: the
ability to remove the electrolyte from the corrosion reaction and therefore solve complex problems in a
simple, cost-effective way.
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Figure 1
At high humidities, fungal spores can dissolve the nutrients they need for growth
from the surfaces on which they have landed. This graph shows that the growth
rate for Aspergillus Ruber. a common fungus responsible for musty odors, is 40
times greater at 90% rh than when humidity is kept below 70% rh.
(Brundrett, G. W. , Criteria for moisture control)
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Figure 2
Many bacteria and viruses also thrive at high humidity but perish when humidity is
low The polio virus, for example can survive far longer in humid environments than
in dry air. (Brundrett, G. W , Criteria for moisture control)

3095



Desiccant Wheel ReactivationHeater

Figure 3
In a desiccant wheel dehumidifier (DEW), a high-capacity desiccant is
impregnated into a lightweight corrugated ceramic matrix shaped sike a
honeycombe wheel, The wheel rotates between air being dried (process air) and
air which reactivates the desiccant for re-use (reactivation air) Dry air is produced
continuously and the unit can dehumidify air even at temperatures below freezing.

Figumu 4
A typicel desiccant dehumidifier used for drying aircraft.
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Figure 5
Connections between a desiccant dehumidifier and an aircraft vary according tn
the purpose of the project. In this case dry air is distributed to both the cockpit
electronics and the engine air inlets.

J-35 Aircraft Mean Time Between Failure
(Flying Hours)

1981
23 Units 7.2 hrs

No DH

1981
10 Units 14.2 hrs

With DH

1985
52 Units 20.5 hrs
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Figure 6
Following the 1981 test, 52 aircraft were equipped with desiccant dehumidifiers
and the MTBF conti, -ied to improve. The figure shows the 1985 MTBF was 20.5
hours with dehumidification where without such equipment the original MTBF was
7.2 hours.
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A okker F-28 aircraft was equipped with
temperature and humidity sensors to track
humidity changes during normal flight
operations. The test showed that the relative
humidity in the insulation regularly exceeded
90%, which lindicates that condensation
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Figure 8
A test program was conducted on an SAS (Scandinavian Airlines) OC-9 to determine how much
water could be removed by dehumidifiers in the short time between normal flight operations. As the
graph shows, a great deal of moisture was removed, which indicates that drying operational aircraft
is indeed practical even when very little time is available for connecting dehumidifiers.
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Corrosion Contribution to Environmental Cracking Failures of Critical Aircraft Parts

John J. DeLuccia, Ph.D.
Senior Materials Engineer
Naval Air Warfare Center/Aircraft Division
Warminster, PA 18974

Abstract

Four separate and distinct failures, attributable to corrosion are presented and analyzed.
They are: A fuselage crown failure caused by multisite damage; A steel landing gear
lug fitting caused by Hydrogen embrittlement; A high pressure engine disc caused by
pitting; and a helicopter transmission gear caused by crevice corrosion. Each of these
failures were catastrophic in that they occurred without warning. The contribution of cor-
rosion to the initiation and/or propagation of the failure is noted. Failure avoidance is
discussed.

Key terms: corrosion, stress corrosion, corrosion fatigue, environmental embrittlement

Introduction

Aging aircraft fleets are experiencing increased structural failures due to corrosion. The
effects of undetected and untreated corrosion can lead to catastrophic consequences,
and this is especially true of older aircraft which may have experienced cumulative cor-
rosion and fatigue damage. As described elsewhere, aircraft corrosion events can be
viewed from the standpoints of time dependent, time-related, and time-"independent"
mechanisms.(1 ) Time dependent corrosion such as pitting, exfoliation, and crevice cor-
rosion will, if not prevented or controlled, accumulate to unsafe limits. Often times these
mechanisms act as the precursors to cracking that ultimately results in catastrophic fail-
ure. At least two of the failures described here fall in that category. The time related
and time independent corrosion events involve superimposed mechanical effects that
can adversely affect aircraft structural integrity. The interaction of the electrochemical
event of corrosion with the accumulated or simultaneous action of stress, either sus-
tained or cyclic, can lead to cracking damage. The phenomenon of corrosion fatigue of
airframes is not always acknowledged because of its complexity.

Fatigue failures are time related and cycle dependent. Thus, the number of flights
(stress cycles) plays a key role in this type of airframe failure. The phenomena of stress
corrosion cracking and environmental embrittlement are neither strongly time dependent
or cycle related. All that is needed is a specific corrodent or embrittling agent and an
enduring tensile stress. Thus even a new aircraft with the proper combination of stress
and environment can experience cracking over a very short period of time. since a
finite, albeit short, amount of time must pass before cracking occurs, these phenomena
are described as time "independent" with the independent in quotation marks. As an
example, when smooth tensile bars of forged 7075-T6 aluminum are stressed, usually
at 50% of the yield strength, and then alternately immersed in a 3 1/2% salt (NaCI) solu-
tion, stress corrosion cracks form within 24 hours. The cracking of aluminum alloys thus
described is classified as stress corrosion cracking. The event occurs by the combined
and simultaneous action of corrosion and a static tensile stress.

The other 'lime independent" event that can lead to failure is environmental embrittle-
ment where a particular embrittling species enters the metal through an electrochemical
or physical process. Hydrogen embnttlement of high strength steel is an example.
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The four failures presented here will be identified as to their corrosion time dependency

as well as to the mechanism of failure.

Fuselage Crown Failure

In 1988, a commercial airliner operating out of Honolulu, Hawaii experienced an explo-
sive decompression and structural failure at 24,000 feet. Approximately 18 feet of the
cabin fuselage skin and structure aft of the cabin entrance door and above the passen-
ger floorline separated from the airplane during flight. This spectacular failure is
depicted in Figure 1. The National Transportation Safety Board described the probable
cause of failure as a result of fuselage lap joint disbonding, ensuing corrosion, and
finally fatigue cracking around fasteners leading to multisite damage (MSD).(2) The fail-
ure path is traced to the fastener patterns of the mid-fuselage cold bond lap joint. A
portion of the inner bonded surface of the failed bonded and riveted lap joint is shown in
Figure 2. Note the absence of the bonding material and the extensive corrosion of the
aluminum skin. Figure 3 is a portion of the fuselage that shows the multisite damage of
the upper row of rivets from the subject aircraft.

The mechanism of this failure is simple and straightforward. The lap joints of the fuse-
lage contain three rows of rivets as well as a cold cured epoxy faying surface bond.
With time and the marine environment that this particular aircraft endured, the faying
surface bond degraded so that ingress of a corrosive electrolyte was facilitated. The
electrolyte was provided by the daily condensation of salt laden moist air. The corrosion
that resulted was accompanied by low cycle fatigue of the fuselage that endured a cycle
of stress upon each cabin pressurization-depressurization (each ascent and descent).
This aircraft was exposed to this conjoint action for nineteen years. With the degrada-
tion of the bond, the epoxy and scrim cloth acted as a wick for moisture causing subse-
quent corrosion of the 2024-T3 aluminum skin surface. With cabin pressurization
cycles, the phenomenon of multisite damage by corrosion fatigue ensued (Figure 3).
This ultimately led to the failure. Thus the time dependent event of general corrosion,
(Figure 2), led to the time and cycle related event of corrosion fatigue with its accom-
panying catastrophic consequence.

Main Landing Gear Lug Failures

In 1980, the U.S. Navy took possession of five new F-18 fighter aircraft. Within months,
all five of the aircraft experienced main landing gear lug failures. All failures were dis-
covered while the aircraft were sitting on the tarmac. All of the failures occurred in a
stressed lug on the axle beam. The gear is stored under stress during flight. During
this period, these aircraft were undergoing tests and the landing gear were being
assembled, disassembled and instrumented. During the disassembly the bearings were
removed from the lugs and the internal surface of the lugs were chemically treated. It
should be pointed out that the landing gear of forged, high strength 300M steel was
coated with aluminum by the ion vapor deposit (IVD) process. When the snug fitting
bearings were removed from the lugs, much of the thin aluminum coating was removed
exposing the underlying high strength steel. Oblivious to this fact, the maintenance
technician treated the surface with a chromate conversion coating appropriate for alu-
minum. The conversion coating, containing an acid etchant, corroded and embrittled
the underlying steel. The embrittlement of the steel was caused by the entrance of
hydrogen atoms, a concomitant to acidic corrosion, and was sufficient to cause failure of
the lug under sustained loading. The characteristic intergranular fracture surface was
noted on the failed steel surfaces as is shown in the lower right photograph of Figure 4.
Within 24 hours after one of the failures occurred, the diffusible hydrogen content within
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the axle beam adjacent to the lug was measured by an electrochemical technique
(barnacle electrode). The amount measured was over 4 times higher than untreated
steel. The oarnacle electrode method for measuring hydrogen is described in reference
(3).

Engine Compressor Disk Failure

In the spring of 1991, a commercial, cargo jet airliner aborted a flight on the takeoff roll
after unsuccessfully attempting to extinguish a fire in a failed engine. The fire spread to
the cabin and destroyed the aircraft along with its cargo of U.S. mail. It was reported
that the fire was caused by the rupture of the engine's ninth stage high pressure com-
pressor disk.(4 ) Fragments from the engine severed fuel, oil, and hydraulic lines and
penetrated the fuselage. Examination of the engine showed the ninth through twelfth
stage high pressure compressor disks to be severely corroded and pitted. Figure 5
depicts the corrosion and pitting on the 11th stage compressor disk. The compressor
disks are made of high strength, low alloy steel that were initially electroplated with a
combination of nickel and cadmium. With time and exposure to corrosive environments,
the plating is corroded away thereby exposing the underlying steel. In this particular
case, the engine in question is sparingly used. That is, the engine was not used on a
regular basis. Because of corrosion problems associated with low use, these engines
are now getting more attention. Specifically borescope inspections of the high pressure
disks are now being made to detect corrosion as depicted in Figure 5. Figure 6 shows
the failure of the ninth compressor disk of the subject aircraft. Note the total circumfer-
ential rupture (crack) of the disk. Investigators traced this failure to metal fatigue caused
by corrosion. It is precisely the corrosion as shown in Figure 5 that can initiate/facilitate
fatigue. The corrosion pits shown in Figure 5 can act as chemical notches that concen-
trate stresses and hence facilitate crack initiation in the fatigue mode. If the cyclic load-
ing is occurring while the crack is wet, the fatigue propagation is further accelerated by
corrosion. This type of failure is a classic example of a time dependent corrosion event,
pitting, occurring in the down time of the engine, i.e., moist air contaminated with the
chlorides or other pollutants, condensing on the cold surface of the disk daily provides
the electrolyte for corrosion. If the engine is under utilized this electrolyte acts on the
surface for extended periods giving the corrosion and pitting observed in Figure 5. The
situation can then degenerate to a failure mode that is time/cycle related when the part
is mechanically loaded, i.e., when the engine is used. It is theorized that the rupture in
the subject disk was caused by corrosion in the "down time" followed by corrosion
fatigue. The fatigue crack propagated to the point of overload resulting in the complete
circumferential rupture of the disk.

Helicopter Transmission Gear Failure

In the fall of 1986 a helicopter providing transportation for North Sea off shore oil work-
ers experienced a forward transmission gear failure that resulted in the loss of the air-
craft with the attendant loss of 38 lives. The gear in question is the steel spiral bevel
ring gear held in place by 24 steel bolts with an aluminum bronze shim on its upper
surface to retard fretting. The location of the gear and a typical corrosion site is shown
in Figure 7. The catastrophic failure of this gear was determined to be the result of the
combined action of the environment (corrosion); imposed stresses; as well as environ-
mental surface wear (fretting).(5 ) The gear in question was recovered from the accident
and discovered to have unusual circumferential corrosion grooves under the shim. For
corrosion of the gear to occur, the environment must have access to the metal that is
corroding. In this particular case the environment consists of an aqueous film con-
taining chlorides at the faying surface of the gear and shim. It is believed that this film
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gained access to the subject gear as a result of condensation of the moist, salt laden air
surrounding the transmission during the down time, e.g., overnight.

The enlarged depiction of Figure 7 is a sketch of the cross section showing the gear,
shim and condensed film of moisture. The operative mechanism for the corrosion
grooves is crevice corrosion caused by the geometry of the gear and differences in the
partial pressure of oxygen in the condensed film. In Figure 7, this differential aeration
causes region A on the gear to have a lesser 02 concentration than region C. This dif-
ference creates a differential aeration electrochemical cell causing region A to act as an
anode (that which corrodes) and region C to act as a cathode (that which does not cor-
rode). It should be noted that the presence of the Al bronze shim could also act as a
cathode thereby causing greater corrosion at the A region. With time, the anode region,
A, corrodes causing a build up of electropositive ferrous ions, Fe++. These ions attract
chloride ions and then hydrolyze (combine with water). The products of this hydrolysis
reaction are ferrous hydroxide and free hydrochloric acid. Thus even if the pH of the
film is neutral at the outset, after a period of time, the pH in the crevice where the
hydrochloric acid is collecting is much lower and hence much more aggressive. This
type of corrosion attack is considered autocatalytic in nature.(6)

This gear failure is further complicated by the accompanying phenomenon of fretting
(wear). In the absence of a specific corrodent, fretting tends to occur at the gear shim
interface. Thus the corrosion previously described is accompanied by fretting and fret-
ting wear particles (oxides). The previously described condensed film of salt laden
moisture combined with the fretting wear particles form a corrosive slurry that under the
conditions of dynamic loading (gear motion) accounts for the observed grooves and
trenches that lead to the failure. Thus the corrosion/wear mechanism acted as a pre-
cursor to failure. It is believed that cracking (either stress corrosion or corrosion fatigue)
was initiated at the base of the previously described trenches in the corrosion grooves.
The cracking then proceeded via a corrosion fatigue mode, circumferentially to a point
and then went radially to total gear failure. This is another example of a catastrophic
failure that was initiated by a time dependent corrosion event; crevice corrosion.

Summary

From the four failures described herein, it is evident that chemical deterioration
(corrosion) of susceptible aircraft structures can lead to catastrophic failures of critical
parts. Because of the unforgiving nature of aircraft failures, it is not sufficient to treat the
inevitable corrosion of aircraft as a low level maintenance problem that can be handled
routinely. The fuselage crown failure and the helicopter gear failure show the impor-
tance of initial design on subsequent corrosion events. Both configurations allowed for
corrosion access. The landing gear failure shows the importance of a thorough knowl-
edge of maintenance chemical actions on high strength materials, e.g., embrittlement of
high strength steel exposed to a chemical conversion coating meant for aluminum. The
engine disc failure points to frequency of inspection and consideration of corrosion dur-
ing the down time of an engine. The seemingly benign environmental conditions of
parts not in use can cause serious corrosion over a period of time.

Thus it is evident that aircraft corrosion in general, and the more time critical phenom-
ena of corrosion fatigue, stress corrosion, and environmental embrittlement in particular
demand new approaches that include factoring in corrosion at the design stage of the
aircraft (damage tolerance to include corrosion), the use of new products, alloys and
processes, and a vigilance in maintenance and inspection techniques not now in evi-
dence.(7)
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[i-ure 1. Aircraft showing fuselage crown failLure Manifested by missing upper lobe.

Figure 2. Failed inner bonded lap joint surface. Note missing adhesive and corrosion.
(magnified 3X)
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Figure 3. Outer surface of lap joint showing multisite damage around upper row of

rivets. (magnified 3X)
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(I-)

Figure 4. Navy F-18 main landing rear lug failure caused by hydrogen embrittlement.
Fracture surface of 300 M steel lug in lower left photograph. (magnified 1000X)
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Figure 5. Eleventh stage compressor disk of Ni-Cd plated steel showing Corrosion
pitting.

Figure 6. Circumferential rupture (crack) of ninth stage compressor disk.
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ABSTRACT

A variety of tests were performed to evaluate the feasibility of VCI's
application for maintenance and protection of Navy aircraft from corrosion
damage.

In the test program such procedures, as a Salt Fog Cabinet ASTM B-i 17
and Humidity Chamber ASTM D-1748 were performed to evaluate the protection
properties of inhibitor A to be applied primarily on airframes, armaments and
mechanical parts.

Inhibitor A is a complex mixture of amine salts of aromatic sulfonic acids
in the carrier, and volatile carboxylic acid salts as a vapor phase inhibitor.
Inhibitor A possessed both contact and vapor phase inhibition properties.

Inhibitor B, a polyethylene film extruded with VCI compound was
specified in the test program. Inhibitor B is a mixture of amine carboxylates.
This inhibitor was evaluated as a barrier material possessing VCI and desiccant
properties. Specially designed climatic tests have been performed to assess
protection properties of this inhibitor.

Inhibitor C, containing triazoles, amines, carboxylic acids, salts and
esters, was tested using the Battelle Flowing Mixed Gas test + ASTM-1748.
The Battelle Flowing Mixed Gas Test and ASTM-1748 have been applied on the
following metals: steel, aluminum, copper, gold, silver, solder, brass in order to
simulate the effect of indoor environments on electronic components and
materials. The Battelle test is considered to be a realistic, accelerated
environmental test since it takes into account the synergistic effect of low
concentrations of relevant pollutants, temperature and humidity.
The test condition simulated was a Class IlI environment.

KEY TERMS: Vapor corrosion inhibitor, Navy aircraft maintenance,
protection of avionics equipment.
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INTRODUCTION

This paper will address VCI materials developed by Cortec Corporation
that have provided advances in corrosion control of naval aircraft.

Prevention of aircraft deterioration is the central theme of any
maintenance effort including the Naval Aviation Maintenance Program
(NAMP). The possibility of significant corrosion damage is greatest when
aircraft are inactive, in transport, in storage, or when poorly protected and
maintained. As a general rule, tactical aircraft spends only about 40 % of their
time in active flight missions. Therefore their reliability and sustained
performance are a direct result of protective and preventive maintenance
measures on the flight deck or hanger.

The materials used in the construction of aircraft include aluminum
alloys, magnesium alloys, high-strength steels, titanium alloys, composite
materials and other non-ferrous metals used in the avionics equipment.
Numerous corrosive agents can have an adverse effect on the aircraft
structural materials. Water is always present, usually not from exposure to
rain, but as a result of condensation; spillages and leaks of hydraulic fluids,
lubricants and fuel; highly corrosive chloride and sulfate ions in the air - to
name just a few. This list of potential environmental dangers to naval aircraft
is not all inclusive. It is influenced and continually altered by advances in
technology, geographical location and strategic/tactical threat.

It is not surprising that over the years, examples of all the common
types of corrosion have been found on aircraft. These include crevice, pitting
and exfoliation corrosion on aluminum alloy components; galvanic corrosion
at dissimilar metal contacts and dynamic corrosion processes such as stress
corrosion cracking; all types of electronic corrosion; corrosion fatigue and
fretting corrosion.

In order to maintain military aircraft as a ready to mission unit,
different maintenance schemes can be employed. The protection schemes
currently used on military aircraft have been evolved over a period of 30 to 40
years and are designed to protect the aircraft throughout its life. There are six
traditional classes of corrosion preventive systems commonly used in the
military and commercial aviation. They are: protective coatings
(polyurethanes, epoxies); inorganic finishes (chrome, cadmium plating,
anodizing); corrosion-inhibitive compounds (water displacing oils); sealants
(silicones, polysulfides); corrosion-resistant alloys; desiccants.

A largely overlooked application for aircraft protection is the
technology of volatile corrosion inhibitors (VCI). This paper is an attempt to
fill this gap and provide the interested audience with prospects of possible use
of these compounds for aircraft maintenance and protection.
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EXPERIMENTAL PROCEDURE
Materials and Apparatus

The procedures for the general corrosion tests performed on inhibitor A
followed the ASTM practices B-1 17 and D-1748. Low carbon steel Q-panels were utilized
according to SAE 1010 as the surface preparation before inhibitor A application.
The original finish was used and cleaning with methanol was performed to avoid
surface contamination.

A special apparatus (see Fig. 1) was designed for the testing of Inhibitor B
(extruded with vapor corrosion inhibitor in polyethylene film). All metal samples were
polished, degreased and cleaned with methanol. Steel, copper, brass and aluminum panels
of 7x5xO.2 cm each were mounted on the test holder and packed into inhibited
polyethylene film bag, and a bag of nontreated polyethylene as a control. The bags were
sealed airtight. Inside each bag was approximately 20 grams of water in the form of a
saturated sponge. The samples were arranged inside the test assembly so as not to be
touched by the bag. The bags were placed in a temperature cycling climate chamber so
that water within the bags could condense on the samples and the bag walls. The
temperature settings were 450 C ( 1130 1-) and 150 C (590 F) respectively for each cycle.
Fvcry four hours the temperature was switched from one setting to another. The duration
of the test was 42 cycles or 108 hours. Water condensed on the samples was monitored
periodically by visual inspection. The surface area of the bag interior was 0. 1 m2 .

As the test procedures for the inhibitor C - a product specially formulated for
protection of the aircraft electronic equipment - two methodologies wvere used:

" ASTM D-1748 Humidity Cabinet Method
" Battelle Flowing Mixed Gas Test

The ASTM D-I1748 accelerated corrosion test was performed at el ,,ated
temperature and humidity. The extent of protection provided by the inhibitor C was
determined. The following metals were used in the test: silver, solder, copper, brass and
steel. Test panels of 3.75 x 7.5 x 0.16 cm were cleaned with methanol before use.
For each metal one panel was untreated, another one was sprayed with the inhibitor C.
Panels were allowed to air dry and then placed in an ASTM D-1748 humidity cabinet
with relative humidity, of 100 % and temperature of 500 C.

The Battelle Flowing Mixed Gas Test was used to determine the effectiveness of
the inhibitor C in a polluted environment. The test was developed in Battelle
laboratories to simulate the effect of indoor operating environments on electronic
components and materials. The following metals were used in the test: copper, silver,
gold and steel. The metal samples were cleaned with methanol before the application
of inhibitor C. Environmental conditions inside the chamber were:

a) Temperature 300 C T 20 C
b) Relative humidity : 75 % T 2 %
c) C12 concentration : 20 ppb T 5 ppb
d) N0 2  200 ppb T 50 ppb
e) H2S 100 ppb T 20 ppb
0) Exposure time 7 days

After stabilization, the test samples and control coupons were placed in the
chamber no closer than 5 cm from each other or the chamber. After placement of the
samples in the chamber, it was allowed to re-stabilize and adjust as required to
maintain the specified concentrations and conditions.
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RESULTS AND DISCUSSION

The anti-corrosion performance of the inhibitors

Inhibitor A performance in ASTM D-1748 and B-117 tests

The performance of inhibitor A is shown in Fig.'s 2, 3 and 4. As it can be seen,
the film of inhibitor A with a thickness of 12.5 microns provided protection for 1500
hours and 37.5 micron film provided protection for more than 2500 hours respectively
for steel. A similar pattern of performance was observed for aluminum coated with
inhibitor A.

In ASTM B-1-17 salt spray test the duration of protection is 200 hours and
500 hours, respectively, for 12.5 and 37.5 microns film. The control sample failed
in 2 hours in humidity cabinet and in 30 minutes in salt fog cabinet.
Such a performance of the inhibitor A can be attributed to both contact and vapor
inhibition abilities of the compound. The inhibitor A is a complex mixture of amine
salts of aromatic sulfonic acids in the carrier, as a contact inhibitor component, and
volatile carboxilic acids salts, as a vapor phase inhibitor. The thin polar layer
composed of surfactants, like sulfonated salts, is tightly bound to the metal surface by
mechanism of chemisorption. Between this thin polar layer and the corrosive
environments is the thicker barrier layer which is usually made up of
hyfdrocarbons. The reason combinations of different surface active components are
used in the formulation of inhibitor A is that a metal surface has many active sites
where corrosion can begin. These active sites have a great range of energy levels. A
surface active component of the inhibitor will be strongly chemisorbed or adsorbed
at active sites having energy levels complimentary to the energy levels of the polar
group. T'hus, it would form much tighter and more uniform layer over the metal
surface.

The barrier layer has three important characteristics:

* low permeability by moisture and other corrosives
* compatibility with the oleophilic ends of the polar layer

molecules so that the barrier is held firmly in place
* gtood solubilitv in the carrier so it is possible to apply the polar

and barrier layers to the metal surface

Inhibitor A also provides protection in vapor phase for metal surfaces not covered
or not sufficiently covered with the product due to presence of the volatile part in
the formulation . Inhibitor A releases a vapor of corrosion inhibitor which migrates
to recessed areas or areas not sufficiently protected with the contact part of the
inhibitor.
It is believed that these ionic vapors form a thin, monotniolecular laver ni the nmetal
surface prooviding protection by the mechanism )f passivat ion I(w steel and aluminum.
V(CI film barrier reheals and self-replenishes through further evaporation and
o den sat io 0of the inhibitor )i-, the metal surface. Inhibitor A has a in uCh greater
"aflinil\v for a metal surf;ic than Ioi water. The sulfonate part of the inhibitor displaces
'\\a'lt r Ir nll the nietal and bh,-onles ('henmisorbed i dnthe surface.
Ilhcrchrc, inlhibilor A has itlitfulnlctiona' 2l perties: rorr-osioi-nlli'ibit\ e M 0 )1 Uld,

di (~l (lisI2Jai rig (0 oi•lf) und arid, l r o: o<r, osi'Ol l ii / hibit,,1.
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These properties are critically' important for protection of airframes, mechanical
parts of aircraft and armaments during storage and operation in highly corrosive
environments. Inhibitor A is also more economical to apply, because it combines in
itself protective parameters of three currently used preventive systems.

Inhibitor B Performance

The test results on the inhibitor B are presented in Table 1. As it is shown,
the control metal samples in non-treated polyethylene bag were severely corroded.
Metal samples protected with VCI extruded polyethylene bag are practically free
from any corrosion attack. The mechanism of protection for inhibitor B material is
basically the same as it was described above. The carrier for the vapor phase
inhibitor is polyethylene film by itself. Inhibitor released by polyethylene matrix
migrates through the volume of air to the metal surface and forms a thin protective
layer at the surface. It is believed that steel and aluminum are protected by the
mechanism of passivation. The works of Miksic and Sparrow (0) revealed that
mechanism of protection for copper and copper based alloys, (i.e. brass) is different
and based on chemisorption of the inhibitor on the surface and formation of
insoluble organometallic complex on the surface. It is important to mention here
that inhibitor B is a dual function product, as it also provides action of
dehumidification along with inhibition. Therefore, inhibitor B can be used in the
form of insert bags, flexible covers and barrier material in order to protect different
parts of' aircraft during shipment, storage etc.

Inhibitor C performance

The number of days to failure of the metal panel when exposed in the humidity
cabinet is summarized in Table 2 and Figure 5, for each metal used in the test.
It can bee seen 'hat solder, copper and brass have an extremely long period of
protection •het. treated with inhibitor C. Steel and silver have somewhat less, but
still sufficient duration of protection.

The results of the Battelle flowing mixed gas test are shown in Table 3.
'Ilhe most dramatic and explicit visual results were observed for copper, silver and
gold, three metals that are very, common in different types of electronic devices.
Copper control sample was dark black after I day of testing, control gold coupon was
extensively damaged by pitting with a substantial amount of corrosion creep from
the pores and silver was covered with thick black deposit of corrosion products. In
comparison copper and gold treated with inhibitor C did not show any signs of
corrosion and silver sample was only slightly discolored near edges. The proposed
mechanism oft protection is chemisorption of the inhibitor on these particular
metals. In the c(se of aluminum, steel and solder, it is believed that absorption is
purely physical with subsequent passivation of metal surface.
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CONCLUSIONS

The purpose of this paper was to investigate the possibility of application of
different types of vapor corrosion inhibitors for aircraft protection during
maintenance, storage, transportation and active mission periods.

Inhibitors that can be used for protection of aircraft bodies, armaments,
avionics were tested on selected metals mostly common in the aircraft construction,
and under specific conditions of accelerated testings.

On the basis of test results it can be concluded that multifunctional VCI systems
are technologically feasible and are an economical method for providing corrosion
protection to military.
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Table 1.

Material Inhibitor B Non-treated polyethylene

STEEL Free from corrosion Uniform corrosion, pitting

COPPER Slight darkening Dense black film

BRASS Free from corrosion Black specks

ALUMINIUM Free from corrosion Gray-black cast

Table 2.

TYPE DAYS TO FAILURE
Ag Solder Cu Brass Steel

Control 3 10 4 1 3

Inhibitor C 18 66 >80 >80 63

Table 3.

Metal Control Inhibitor C

COPPER Dark deposit Free from corrosion

BRASS Dark deposit Discoloration of edges

SILVER Black film Discoloration of edges

GOLD Pitting Free from corrosion

STEEL 100 % Brown rust 3 % Brown rust
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Figure 1. Test Apparatus
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Figure 4. ASTM D-1 748
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ABSTRACT

Metallic surface coatings have often been used to improve
corrosion resistance of various engineering components. The
paper discusses how a better understanding of the protection
mechanism has helped in designing coating systems having
improved corrosion resistance.

INTRODUCTION

Corrosion is defined as the deterioration of useful
properties of a material as a result of its interaction with the
environment. Both direct and indirect losses due to corrosion
are huge. A substantial amount of government and industrial
funds are being spent all over the world for combating
corrosion. A wide y~riety of techniques have been used for
corrosion prevention (Table 1). Use of coatings, particularly
metallic coatings, constitute a very important domain of these
methods. A thorough understanding of various techniques, their
limitations, advantages and the effect of various process
parameters on coating properties and the mechanism of protection
has enabled corrosion engineers to design and develop metallic
coatings with improved corrosion resistance.

SURFACE COATING TECHNIQUES

A wide variety of techniques are available (Table 2)
for applying metallic coatings for improving surface sensitive
properties like wear, corrosion etc. Advantages, limitations and
typical applications of( ese techniques have been discussed in
an earlier publication. It is evidently clear that by proper
selection of the coating technique and control of process
parameters it is possible to control various coating properties
like composition, structure, thickness, porosity, bond strength
etc. All these properties are extremely important and effect the
ability of coatings in preventing or delaying corrosion.

MECHANISM OF CORROSION PREVENTION BY COATINGS

Protection of metals from corrosion by use of metallic
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coatings has been practiced for centuries. Coatings primarily
protect the underlying metal by physically separating it from
the environment. Ideally, coatings should not have any porosity.
However, all coatings have pores. Pore area and density depends
upon the nature of the coating process and the process
variables. At these pores, underlying metal is exposed to the
environment. Performance of a coating system depends upon the
nature of the coating metal, pore density and nature of the
interfacial region between the coating and the substrate.

Netallic coatings could either be cathodic or anodic
to the substrate. If the coating is cathodic (noble) to the
substrate, corrosion of the substrate at the pores is
accelerated due to galvanic cell formed between the coating and
the substrate (Fig.1A). On the other hand if the coating is
anodic (active) to the substrate, corrosion of the coating metal
around the pores is accelerated.(Fig. iB) If coating-substrate
interface is a sharp and well defined region then the problem is
further magnified due to lateral spread of the corrosive attack.
Such lateral attack can result in coating lift off, exposing
more substrate surface to the environment, resulting in its
enhanced corrosion.

COATING DESIGN FOR INPROVED CORROSION RESISTANCE.

A wide variety of coating techniques, and improved
knowledge of the effect of various process parameters on coating
properties and mechanism of protection by coatings has enabled
design and development of coating systems with improved
corrosion resistance. Various factors which make this possible
are:

a. COATING NETAL

This will be basically determined by the application
of the coated component and the nature of the corrosive
environment. Coating metal should, naturally have good corrosion
resistance in the environment in question. Customer acceptance,
bond strength, life, cost and toxicity are some of the other
factors. For example, we know that galvanic coatings of zinc and
aluminum can effectively protect steel from atmospheric
corrosion but one would hardly accept such coatings on household
appliances like electric kettle, coffee percolators etc. largely
due to their dull appearance.

b. COATING PROCESS

Once the coating metal has been selected, one has to
choose the most appropriate coating process for applying that
metal. Various factors which affect the choice of the coating
process may include

- Component size and quantity
- Maximum permissible deposition temperature
- Coating thickness
- Coating deposition rate
- Throwing power of the process
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- Bond strength of the coating
-- Coating structure
- Environmental considerations.
- Component size
- Economic considerations

c. COATING STRUCTURE

It is often possible to obtain much improved corrosion
resistance by changing coating structure. Amongst other things
pore size and distribution in the coating is extremely
important. It has been mentioned earlier that all coatings
contain pores. The environment comes in contact with substrate
at these pores. It is, therefore, obvious that control of pore
size and distribution should effect corrosion resistance of
metallic coating. At the outset it would appear that reducing
the pore area should improve corrosion resistance. However, this
may not be true in all cases. Uhen coating is anodic to the
substrate, reducing pore size and number will improve corrosion
resistance. Improved corrosion resistance would also result
when these pores are sealed with some filler. Iell known example
exhibiting such behavior is the use of anodic coatings of zinc
and aluminum on steel and subsequent painting to improve their
corrosion resistance.

However, when coatings are cathodic to the substrate
reducing pore diameter and density may actually accelerate
corrosion, specially when pores are not completely eliminated.
This is due to the fact that in such cases anodic area, metal
exposed at the pores, is very small as compared to cathodic area
which is the coating itself. Reducing the pore area results in a
lowering in anode to cathode area ratio. This causes almost same
amount of corrosion over a smaller anodic area or in other words
increased intensity of attack resulting in deeper pit and
consequently accelerated coating failure.

d. COATING SCHENE

Multi layer coatings have been used to improve
appearance and corrosion resistance of coated components. In
such cases top layer gives the desired decorative finish whereas
the second layer gives corrosion resistance. In some cases
exposure of the substrate is delayed by another layer below the
first layer.

All the above considerations have helped in designing
coatings with improved corrosion resistance. iWhile a lot has
been written on the effect of first two factors listed above,
full potential of the last two factors has not been fully
appreciated except in a very few cases. Design and development
of nickel chromium coating system for corrosion prevention is
perhaps one of the few examples where these considerations have
been fully exploited. Some of these developments are discussed
below.
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NICKEL-CHROMIUl COATING SYSTEM FOR CORROSION
PREVENTION OF FERROUS MATERIALS

Steel when exposed to an atmosphere containing
moisture is susceptible to corrosion which is commonly called
rusting. Apart from being a cause of material damage, rusting is
also unsightly. Attempts have, therefore, been made to develop
techniques for rust prevention. Coatings are one of the common
techniques for doing so.

Soon after their development in 1837, nickel coatings
have been used for corrosion prevention of Iron & steel
components. Although, the earlier nickel coatings provided a
reasonably good protection, they had to be polished to produce a
bright appearance. Further, they quickly tarnished on exposure
to the atmosphere and had to be frequently polished. lith the
advent of chromium coatings, it became possible to prevent rapid
tarnishing of nickel by electrodeposition of a thin coating of
chromium on it. Failure of this nickel plus chromium coating
took place due to corrosion of nickel layer at pores in the
chromium coating.

Concurrent development of bright nickel plating which
overcame the need of expensive post plating polishing aggravated
the corrosion problem. It was soon realized that this was due to
poorer corrosion resistance of bright nickel which was
contaminated with organic brightners and leveling agents present
in the plating bath.

Corrosion resistance of nickel plus chromium coating
system can be improved by delaying the penetration of the
underlying nickel coating. This can be achieved by

a. Increasing thickness

b. Decreasing the intensity of galvanic attack between
chromium (cathodic) and nickel (anodic) at the pores in the
chromium coating by modifying the chromium coating structure.

c. Delaying exposure of the substrate on penetration of nickel
coating by spreading corrosion pits laterally rather than
vertically before it reaches the substrate by modifying the
nickel coating.

Uhile the first alternative listed above increases life
of the nickel chromium coating system it is rarely used due to
increase in the cost of thicker nickel coatings. Next two
alternatives are widely used. They are discussed below in some
detail.

MODIPICATION OF CHROMIUM COATING

Failure of nickel-chromium coating system occurs due to
penetration of the nickel coating due to galvanic action between
nickel and chromium at pores in the chromium coating. It is
,therefore, obvious that life of this system can be increased by
either eliminating these pores in the chromium coating by using
a crack/pore free chromium or by increasing the number of these
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pores so that the galvanic attack of nickel is spread out over a
large anode area resulting in shallower pits. This technique of
increasing life of nickel chromium coating system has resulted
in development of micro-cracked and micro-porous chromium.

Crack Free Chromium

Crack free chromium over nickel coatina gives, in
general e petter corrosion resistance than conventional chromium
coating.- But if chromium coating gets slightly damaged either
in use or due to plastic deformation of the substrate,
accelerated corrosion occurs at these few isolated exposed areas
due to a most unfavorable anode/cathode area ratio.

Micro Cracked Chromium

A micro-cracked chromium coating is one which contains
a continuous and uniform network of fine cracks, usually between
25 to 80 cracks per millimeter. Such a fine network of cracks
spreads the anodic attack on the underlying nickel at many more
sites. This in turn results in shallow pits in nickel (Fig. 2B)
as compared to conventional chromium having much lower crack
density.(Fig. 2A). These micro-cracks are so fine that they do
not effect the brightness of the chromium coating.

Various techniques have been used(4-8) to deposit micro-
cracked chromium. Factors affecting crack pattern and crack
density include

- concentration of chromium tri-oxide
- concentration and type of catalyst
- nature and concentration of metallic impurities
- bath temperature
- current density
- current wave form
- nature of the underlying metal/coating

Micro-porous Chromium

One major limitation of micro-cracked chromium is the
difficulty in controlling crack density and crack pattern due to
so many variables involved. This can adversely effect corrosion
behavior of these coatings. This problem has been overcome to
some extent in micro-porous chromium. In micro-porous chromium,
pores (100 to 300 per square millimeter) are induced in the
chromium coating as a result of incorporation of small inert
particles (approximately 0, 9• 11 Ticron in diameter) in the
underlying nickel coating. This layer containing inert
particles is generally applied over bright nickel or double
layer nickel discussed later. The inert particles present in the
surface prevent subsequent deposition of chromium at these
regions, hence a porous chromium coating is formed.

Corrosion resistance of micro-porous chromium is similar
to that of micro-cracked chromium since in both cases corrosion
is spread over a larger number of anodic sites resulting in
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shallower pits and consequently delayed penetration of
underlying nickel coating.

Earlier attempts to produce micro- U 5 ous chr M10m by
inuvorating inert particles like graphite( ,alumina and
WC • etc. in chromium coating itself have not beeg 1ljU~ssful.
However, the work at author's laboratory has shown that
it is possible to incorporate such particles in chromium
coating. Corrosion behavior of these coatings is currently under
investigation.

MODIFICATION OF NICKEL COATING

Once corrosion starts at pores in chromium,
conventional or modified, coating life of the coated component
depends upon penetration of the underlying nickel coating. Life
of such a coating system, as mentioned earlier, could be
increased if the pits in the nickel coating do not reach the
substrate. This has been done by designing double and triple
layer nickel and sandwich coatings.

Double Layer Nickel Coating

It was mentioned earlier that bright nickel coating is
more electronegative (active) than conventional dull nickel
coating. A double layer nickel coating consists of a initial
layer of semi- bright sulphur free ( < 0.005 % S ) conventional
nickel coating followed by sulphur containing bright nickel
coating. Relative coating thickness ratio being 70 - 80 % semi-
bright plus 30 - 20 % bright nickel. Chromium overlay could be
either conventional bright chromium or modified chromium, micro-
cracked or micro-porous, discussed earlier. In such a coating
system once a corrosion pit at a pore in the chromium coating,
has penetrated bright nickel layer, it meets a noble dull nickel
layer. Since bright nickel is anodic to dull nickel, exposed
dull nickel area is cathodically protected by galvanic action of
bright nickel. As a resulf corrosion pit now spreads laterally
rather than vertically. ) This delays exposure of the steel
substrate and thereby extends the useful thfg.the component
without formation of unsightly brown spots.

Triple Layer Nickel

The main drawback of of two layer nickel plus chromium
coating system is the formation of large flat bottom pits that
form. Although these pits are not so detrimental as brown rust
spots but they are unpleasant and are unsightly. This problem
has been overcome, to some extent, b Yd2q1gnin. three layer
nickel plus chromium coating system. • In this system a
layer having very high sulphur content Is deposited between
semi-bright and bright nickel layers. In such a system, once the
corrosion pit penetrates the top nickel layer (bright nickel),
it spreads laterally due to sacrificial corrosion of
Intermediate nickel (high S nickel) layer. To a casual viewer
this flat bottom pit is not visible since it is still covered
with top nickel and chromium layers.(Fig. 4) Only after fairly
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long exposure period this hanging top nickel + chromium layer
cannot support itself and collapses. Once this occurs appearance
deteriorates rapidly. In any case the component appears in a
better condition for a longer time than single or two layer
nickel plus chromium coating systems. Because of extra
complications in depositing three types of nickel layers these
type of coatings are limited to specialized applications only.

Sandwich Coatings

Multilayer coatings, also known as sandwich coatings
have been designed in which a layer of a metal other than nickel
is deposited between two bright nickel coattH1 followe 2 5 @y
chromie 6 ) coating.(Fi Crack free chromium -4 copper-
silver and gold coatings have been used for this
purpose. Uhen such a multilayer coating system is exposed to a
corrosive environment, the top nickel layer is penetrated but
further penetration is delayed at the intermediate chromium or
copper layer which is cathodic to top nickel layer.(Fig. 5) For
brown rust spots to appear pits have to penetrate second nickel
layer. This substantially increases the total life of the
component. Apart from complexity of producing such coatings
there might be polarity reversal under specific environmental
conditions. These limitations have restricted the use of
sandwich coatings, like three layer nickel coatings, for
specialized applications.

CONCLUSIONS

The exciting possibility of designing surface coatings
with almost tailor-made corrosion behavior has been highlighted
for decorative nickel chromium coating system. It is hoped that
future publications will discuss this aspect for other systems
also.
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TABLE II APPLICATION OF METALLIC SURFACE COATINGS

METHODS OF APPLYING METALLIC COATINGS

I I
MECHANICAL METHODS PHYSICAL METHODS CHEMICAL METHODS
1. Cladding
2. Mechanical Plating
3. Painting

HIGH TEMP. METHODS LOU TEMP. METHODS
INVOLVING SURFACE UlITHOUT SURFACE
ALLOYING ALLOYING
1. Hot dip coatings 1. Sputtering

(Zn,AI,Sn etc.) 2. Flame Spraying
2. Uelding
3. Spray fusing

HIGH TEMPERATURE LOU TEMPERATURE
METHODS METHODS

1. C.V.D 1. Electroplating
2. Chromating 2. Anodizing
3. Aluminizing 3. Chromating

4. Phosphating
5. P.V.D
6. Autocatalytic

plating
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Abstract

Ion implantation is a technique that allows the insertion of various elements in the
superficial part of materials, forming surface alloys. Moreover there is the possibility of
forming solutions beyond the limits of solubility imposed by the thermodynamic relationships,
which is of particular interest when the low solubility of the alloys avoids them to reach the
desired level of a certain element in order to improve a certain property.

The present investigation looks at the influence of tungsten implanted in aluminum,
from the point of view of improved corrosion resistance. Comparative electrochemical results
in neutral and alkaline solutions in the presence of chlorides are presented. The results show
that for pH's where AlOOH is insoluble the W0 3 stabilizes the oxide film, making the alloy less
prone to pitting corrosion.

Key words: Ion implantation, aluminum, tungsten

Introduction

Aluminum alloys are widely used in the transport industry, especially in aeronautics,
because of their light weight, high strength and good resistance to uniform corrosion.
However, they exhibit very poor resistance against localized attack and, in particular, to pitting
in chloride-containing solutions.

It is known that many of the alloying elements used in stainless steels can also improve
the corrosion resistance of aluminum. However, improvements in the localized corrosion
resistance of aluminum using conventional alloying techniques are difficult to achieve. In fact,
to enhance passivation an alloying element should be retained in solid solution without the
formation of precipitates that normally act as microgalvanic cells, increasing the localized
attack. Thus, the low solubility in aluminum of the transition metals such as Cr, Ta, Mo, W or
Zr (below 1% a/o) does not allow them to influence markedly the corrosion behavior of the
alloys.

In the past ten years, several authors [1-6] have investigated the metastable Al alloys
obtained by nonequilibrium alloying additions of elements such as Mo, Cr, Ta, Zr and Si, using
ion implantation or sputter deposition techniques that allow the amount of solute in solid
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solution to be increased by several orders of magnitude. From their results it seems that all the
above elements lead to an improvement of the pitting resistance of the alloy, being Mo the
most promising one. Since molybdenum and tungsten have similar metallurgical and chemical
behaviors, a few works devoted to the supersaturated Al-W alloys have appeared recently
[7-10].

From the potential vs pH diagrams [1 ] of aluminum and tungsten (Fig. 1) it can be
concluded that aluminum undergoes uniform corrosion in aqueous solutions for pH below 4 or
above 8.5, whereas tungsten corrodes for pH above 4. Based on this fact, three different
ranges of pH can be established: a zone for pH below 4 where aluminum corrodes and
tungsten is passivated, a zone from pH 4 to pH 8.5 where aluminum is passivated and tungsten
corrodes and a zone above pH 8.5 where both metals corrode uniformly. In this investigation,
we study the effect of W implanted in pure aluminum on the corrosion behavior in neutral and
alkaline solutions in the presence of chlorides.

Experimental

Pure aluminum specimens were implanted with W, to fluences of lxl016 W+/cm 2 and
4x10 16 W+/cm 2. at a energy of 40 KeV and in some cases 150 KeV.

Tungsten concentration depth profiles were obtained by Rutherford Backscattering
Spectrometry (RBS) with a 2 MeV Van de Graaff accelerator at LNETI (Sacav6m, Portugal),
as described elsewhere [9,12].

Anodic potentiodynamic polarization plots at a scan rate of 100lpV/s were carried out
in N 2-deaerated 0.01M Na 2CO 3 + 0.01M NaCI, 0.IM Na2 SO4 + 0.6M NaCl and 0.6M (3.5%
w/w) NaCl solutions. Data acquisition was made through a HP-87 microcomputer.

The open circuit potential vs time was also measured in relation to a saturated calomel
electrode, using a high impedance voltmeter and a data acquisition system.

All the potentials are referred to the saturated calomel electrode (SCE).

Results And Discussion

Implantation profile

A typical W depth profile obtained by RBS for the as-implanted samples (4x10 1 6

W+/cm 2 , 40 KeV) is presented in fig. 2, showing a maximum of tungsten concentration
(13 at%) for a depth of approximately 35 nm. For the samples obtained with the same dose
and an implantation energy of 150 KeV a deeper and more uniform implant distribution is
expected [13].

Electrochemical studies in carbonate solutions

Cyclic polarization plots in chloride containing solutions (O.0IMNa 2 CO 3 +0.O1M
NaCI) show a breakdown of the film for both the pure aluminum and the W implanted
specimens (Fig. 3). However, the breakdown potential (pitting potential) is lower for the W
implanted specimens, which can be attributed to an easy pitting nucleation in sites made
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available by previous tungsten dissolution.
A potential vs time plot for the implanted specimens is shown in Fig. 4. Initially the

potential is -1175 mV, but after a short time it becomes -1700 mV, i.e., the value of the free
corrosion potential of pure aluminum.

The analysis of the above results can be done on the basis of the E-pH diagrams [11]
of aluminum and tungsten, Fig. 1. Fig. 1 A shows that aluminum corrodes in aqueous solutions
for pH<4 and pH>8.5; thus, in our case (pH= 11) the domain will be of general corrosion.
Tungsten, according to Fig. 1B, suffers dissolution for pH>4, being also in a corrosion domain
in the solution used. Therefore, no beneficial effects can be expected from alloying, as
passivation is not effective in alkaline solutions.

Electrochemical studies in sulfate solutions

Anodic polarization plots were obtained on pure aluminum and W implanted aluminum
in 0.1 M Na2 SO 4 + 0.6 M NaCI, Fig. 5. For the non-implanted aluminum a passive behavior
can be observed with residual passive currents of magnitude of 10-7-10-6 A.cm"2, followed by
breakdown, at -740 mV. For the implanted specimens a significant increase of the free
corrosion potential was observed, simultaneously with an increase of the pitting potential.

The residual passive currents are of the same magnitude of those found for pure
aluminum. The W implantation was carried out at energies of 40 KeV and 150 KeV, the results
indicating a better pitting corrosion performance for the latter ones.

Electrochemical studies in sodium chloride solutions

Anodic potentiodynamic polarization plots relative to pure aluminum and W implanted
aluminum (40 KeV) in 0.6M NaCI are shown in Fig.6.

For the non-implanted aluminum a passive behavior can be observed with residual
passive currents of magnitude 10-7 A.cm-2, followed by breakdown at -- 730 mV.

For the implanted samples a significant increase of the free corrosion potential is
observed, simultaneously with an increase of the pitting potential to values of -- 500 mV. The
residual passive current densities are of the same magnitude but slightly larger than those found
for pure aluminum.

From the above results it can be concluded that there is as beneficial effect of the
addition of W in the localized corrosion resistance of aluminum in neutral solutions. However,
as it will be discussed later, this effect is not as important as for AI-W supersaturated alloys
obtained by cosputter deposition of Al and W onto Si single-crystal wafers [7,81, where pitting
potentials as high as 1937 mV vs SCE were reported for Al-10.3at%W alloy.

The superior corrosion performance provided by alloying with transition metals has
been attnbuted by various authors to the presence of the oxidized element in the passive layer
[4,6]. According to those authors, binary alloys such as Al-Mo, Al-Cr or Al-Ta show an
enhanced passivity because their passive films become enriched in MoO4

2-, CrOOH or Ta20 5,
being more resistant to chloride attack as a result of electrostatic repulsion or modification of
the oxide structure. For Al-W alloys, where only a very thin film with low concentration of
W0 3 is found, the corrosion resistance is explained as resulting from a synergetic interaction
between W and A120 3 [8].
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Natishan et al. [2,5] proposed another explanation based on the pHzch (pH of zero
charge) of the oxides of the alloying metals. According to those authors, the pH of zero charge
affects the surface charge and the adsorption characteristics of the film, determining whether
the adsorption of Lewis acids or Lewis bases is favored. At pH's lower than the pHzch the
surface has a net positive character and attracts anions such as chloride, whereas for pH's
higher than the pHrzch a net negative charge will attract cations to the surface. The increase in
the pitting potential of the various Al alloys should then be attributed to the low pHzch of the
oxides of alloying elements.

All the above theories try to explain the enhanced corrosion resistance of Al alloys on
the basis of a more protective film. However, as can be seen in figures 5 and 6, the passive
current density is almost identical for both pure and W-implanted aluminum. This similarity in
the passive current is also found in the polarization curves obtained by Shaw et al. [8] for
several supersaturated Al alloys. This fact seems to indicate that the passive films of all the
alloys are identical to the passive film on pure aluminum. Thus, the different resistance to
pitting corrosion should not be associated with the bulk characteristics of the passive film.

According to Smialowska [14], the diameters of the chloride ion and the water
molecule are 0.36 nm [15] and 0.31 nm [16] respectively, whereas the grain boundary
thickness in Al20 3 is 8.5 nm [17]. Thus, even in the passive region, below the pitting
potential, chloride ions and water would reach the bottom of the defects that always exist on
the oxide film and react with Al3+ from the metal. However, for a pit to be stable it requires
the establishment of a critical value of the pH that dissolves the passive film and, as proposed
by Galvele [18],this critical pH is related to the product of the minimum local current density
within the pit (i) and a characteristic defect dimension (x). Thus, the pitting potential should
depend upon the dimensions of defects on the metal surface. In fact, as reported by
Smialowska [13], Ep is more positive for sputter-deposited Al film (grain size 40nm) than for
conventional Al (grain size 44ptm), being expected that fine grained aluminum should have a
smaller defect size than conventional Al. This could be used to explain the difference between
the results obtained in this work using ion implantation and those obtained by Shaw et al [7,8]
using cosputter deposited Al-W. As the average grain size for the sputter-deposited Al-W
alloys is 30nm, whereas ion implantation uses a conventional Al surface, the effect of a reduced
grain size could be pointed out as the reason for the best results obtained by those authors. The
fact that a very slight increase in the passive current is observed for the implanted aluminum
can also be explained as a result of a slight increase of the number of defects in the metal
surface due to radiation damage during ion bombardment.

The above theory can also be used to explain the beneficial effect of tungsten additions
as a result of the low solubility of W0 3 in acidic conditions. The lower the critical pH the
higher the critical x.i value needed to create a stable pit and thus the higher the pitting
potential. An element such as W, whose oxide is insoluble at the low pH's existing within pits,
will then lead to high pitting potential in neutral solutions such as sodium chloride or sodium
sulfate + sodium chloride solutions. In alkaline solutions such as sodium carbonate solutions,
where both metals undergo general corrosion, no beneficial effect should be expected.

The fact that higher implantation energies lead to better results from the point of view
of corrosion, might be due to a deeper penetration of the aluminum as shown by Ives et al. [13]
for the implantation of Mo in stainless steels. The formation of a thicker implanted layer where
insoluble W0 3 can be formed, makes more difficult the progression of nucleated pits.
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Conclusions

The role of implanted tungsten on the pitting corrosion of aluminum depends on the pH
of the solution. In alkaline solutions where AIOOH and W0 3 are not stable the presence of W
is deleterious. In neutral solutions the W0 3 stabilizes the oxide film and a low a critical pH is
necessary to nucleate pits.
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ABSTRACT

Chromium coatings are commonly used for tribological
applications due to their high hardness, good corrosion
resistance and low coefficient of friction. Applicable range of
these coatings has been further extended by incorporating hard
or self lubricating particles within the chromium matrix. The
paper describes the work done at IIT Kanpur on the effect of
various operating variables on electrodeposition of chromium
based composite coatings.

INTRODUCTION

Since tribological properties, specially wear, are
surface sensitive engineers have employed different techniques
to modify surfaces for improving tribological behavior of
engineering components. Development of electrodeposited
composite coatings has been mainly due to their potential
tribological applications. These coatings are produced by
suspending bath insoluble particles in the plating electrolyte
by agitation during the entire plating operation. A variety of
materials including Tio0, ZrO0, TiC, WC, SiN, PTFE, Graphite
etc. have been co-deposfied with a wide range of matrix metals
and alloys e.g. Ag, Au, Co, Cu, Co, Pb, Zn etc.

Electrodeposited chromium coatings have been used for
tribological applications due to their high hardness, low
coefficient of friction and good corrosion resistance. It was
therefore natural to explore the possibility of extending the
applicability range of these coatings by incorporating hard and
self lubricating particles in them. However, earlier
attempts(- 1  to co-deposit particles such as A12 0 3, Si02 etc.
from a conventional xfavalent chromium bath were unsuccessful.
Addison and Kedward were able to obtain composite coatings
from a trivalent chromium plating bath. However, there were
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serious limitations due to poor throwing power III inability to
obtain thick deposits from these baths. Young' showed that
for codeposition to occur presence of thallium ions (Tl+) was
essential in hexavalent chromium pljing baths. Contrary to
these observations, Skominas et. al.('' reported co-deposition
of A120, Sio., ZrO2 from a hexavalent chromium bath without
any I Iddit ivey Succrssul codefg)ition q SiO('
TiO2 1,'; B C4 ' ,B 6 C ' Cr C2 TiB2 Zrý2 ( ',9 ,

and diamond in a chromium matrix from a hexavalent bath has
been claimed by some investigators. However, in most cases
detailed information regarding the effect of various operating
variables on codeposition is not readily available. Work was
undertaken at our institute to obtain this vital information.

EXPERIMENTAL

Mild steel flat strip specimens (5 x 1 x 0.125 cm )
were first ground with 80 grit emery followed by 220 grit. The
specimens were then polished with 4/0 paper. All sharp corners
and edges were rounded off to avoid burnt deposits at these
places. The specimens were then cleaned with acetone and
anodically etched in a mixture of Cr0 3 and sulfuric acid at 25
A/dm . They were then washed in warm water and immediately
placed in the plating bath.

A schematic diagram of the experimental setup is
shown in Fig.l Second phase particles were added to hexavalent
chromium plating bath containing 250 g/l chromic acid and 2.5
g/l sulfuric acid operated at 50 0 C and 50 A/dm , unless
otherwise stated. Solution containing suspended particles was
blended for adequate time to ensure good wetting and
distribution in the plating solution. Amount of particles co-
deposited was determined gravimatrically by dissolving the
coating in concentrated acid containing few drops of
formaldehyde, diluting 4:1 and filtering.

RESULTS

Effect of various operating variables on codeposition
of graphite, A12 0 3 and WC in a chromium matrix has been studied
at our institute.
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hours. Blending beyond 3 hours did not have any significant
effect.(Fig.2A). Room temperature aging of the plating bath up
to 4 days 4Fig.2B) and variation of current density between 20
to 60 A/dmi at different bath loads (Fig.2C) had practically no
effect on the amount of graphite content in the coating.

Amount of codeposited graphite increased with
increase in its content in the bath (bath load).(Fig.3)
Increasing the bath temperature also increased the amount of
graphite in the coating. Optimum co-deposition took place at
50 0 C.(Fig.4)

Cr-A1 2 03 COMPOSITE COATINGS( 1 2 )

Initial attempts to co-deposit as-received alpha
A120, with chromium were unsuccessful. Codeposition was
possible only when A1 2 0 3 powder particles were coated by
electroless nickel. However, this coated powder was not stable
in chromium plating bath. Further investigations showed that
co-deposion was also possible by using dry ground alumina
powder. Further work was carried out with alumina powder dry
ground for 12 hous in a ball mill. Average particle size of
this powder was 1.7 microns.

Aging of the plating bath had practically no effect
on the amount of A1 2 0 3 in the coating at all bath loads and
current densities except at a Path load of 20 g/l operating at
a current density of 30 A/dm . Under these conditions aging
about 10 days was essential for optimum co-deposition to occur
(Fig.5)

Bath temperature also effected the amount of A1 2 0 3 in
the coating with maximum co-deposition occurring at 400C
(Fig.6). At bath temperatures lower than 40°C the deposits were
very rough and heavil~ cracked. Optimum bath temperature for
smooth deposits was 50 C.

Amount of co-deposited alumina increased on
increasing its content in the plating bath. (Fig.7) Increasing
current density also increased the amount of AlJ0 3 in the
coating. (Fig.8) Maximum codeposition occurred at 35 A/dmi
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Cr-WC COMPOSITE COATINGS( 1 3 )

Increasing the chromic acid concentration in the bati
at a H2 S0 4 to chromic acid ratio of 1:100 at 55 0 C and 55 A/dmi
increased the amount WC in thý. coating. Optimum co-deposition
took place at about 240 g/l.(Fig.9)

Increasing the blending time at 55 A/dm2 , 50 0 C and
chromic acid concentration of 240 g/l, increased the amount of
WC in the coating. The effect leveled off after about 300
minutes of blending. For blending times less than 30 minutes no
co-deposition took place. (Fig.10)

Increasing the plating bath temperature up to 55 0 C,
at all bath loads, increased the amount of codeposition.
Increasing bath temperature beyond 55 0 C had practically no
effect. (Fig.ll)

MECHANISM OF CO-DEPOSITION

Various mechanisms of codeposition have been
pSqposed. Detailed analysis of the above results has shown(10-
• that t o stage adsorption mechanism proposed by

Guliielmi(14) is applicable for co-deposition of Graphite,
A1203 and WC in a chromium matrix .

CONCLUSIONS

Possibility of co-deposition of Graphite, A1 2 0 3 and WC in
a chromium matrix has been clearly established. Effect of
various operating parameters like blending time, bath aging,
bath load, current density and bath temperature on the amount
of codeposition has been studied. By controlling these
variables it is possible to control the amount of second phase
particles in chromium matrix.
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Evaluation of Chromate Free Corrosion Inhibited
Primers for Airbus Aircrafts

C.W. Matz
Deutsche Aerospace Airbus GmbH
Huenefeldstr. I - 5
D-2800 Bremen 1, Germany

Abstract

The economical repair life of transport aircrafts is limited by the increasing maintenance
expenditures, which are today mostly due to repair corrosive defects of aging structures.
Therefore replacing the well proven chromate leaching corrosion inhibiting primers by
chromate free materials needs thorough investigations in order to minimize the technical and
economical risks.

Based on available service experience and taking into account the present state of surface
protection technology the valid specifications for corrosion inhibiting primers were reviewed
and a new profile of requirements developed. This draft specification includes, besides
changes in well known standard tests, a new specimen for testing crevice corrosion by an
alternating immersion exposure.

Additionally basic studies were performed on the electrochemical influence of chromates in
corrosive environments. These tests were performed with various in the aerospace industry
applied aluminium alloys. Generally cladding turns out to be clear disadvantage in the
crevice situation of joints.

The overall results of the investigation showed the equivalence of chromate free materials
with their predecessors in nearly all properties with some important restrictions:

Sufficient filiform corrosion resistance is achieved only in combination with an anodizing
pretreatment. Crevice corrosion resistance does not reach the performance level of the high
chromate leaching EP primers, but equals to the performance of the older chromate contain-
ing PU primer generation.

Key terms: Chromate free primer, corrosion, corrosion inhibition

Introduction

The economical repair life of transport aircrafts is limited by the increasing maintenance expendi-
tures, which are today mostly due to repair corrosive defects of aging structures. Since decades
the aircraft industry relies upon the unique corrosion inhibiting properties of chromates. The
protection of aluminium alloys inclusive the safeguarded integrity of load carrying primary
structures built out of Al, is not only demonstrated in laboratory tests, but also well proven by in
service experience. The need to replace soluble chromates (mainly Zn- and Sr-c'6romates are used)
derives from the fact that these materials posess also cancerogenic potential. Thus a conflict
between technical and economic advantages versus health, safety and environmental demands is
obvious.
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Concept for Evaluation of Replacements

By analyzing the currently valid specifications for corrosion inhibiting primers, one can easily
detect that these are not fully applicable for chromate free materials due to several reasons:

Often tests are included, which can only be performed with conventional materials (e.g.
chromate leaching rate).
Due to historic reasons tests are defined which are no longer valid for current production
(e.g. surface treatment).
The layer thickness is designed to conventional materials.

On the other hand not all really needed properties are asked for. An example is the wetting
ability, which is most important for touch up processes of riveted structures.

Faced with this situation it was decided to create a completely new specification for chromate free
corrosion inhibiting primers (CFCIP).

Following principles were applied:

- The materials and processes included in the requirements should be used in current pro-
duction and reflect the most critical configuration for the general structure.

- The exposure conditions should correlate to circumstances in reality.
- The test design should take care of proven in service experience and simulate well known

damage scenarios.
- The tests should create unambiguous results, i.e. natural scatter should be a minimum and

reproducability should be proven.

Main Features of a Draft Specification for CFCIP

Most of the test are to be performed with the Al alloy 2024. If convenient, we used partly chemi-
cally milled sheets (Fig. 1) with clad and bare surfaces, which are typical for today interior
structures. Generally both areas are tested simultaneously. With exception for flexibility tests ('0)
the heat treatment condition is T3.

Three different surface pretreatment processes were applied. Two of them, the chemical conver-
sion coating (CCC)1 and the chromic acid anodizing (CAA)2 are well known and applied in
original equipment manufacturer (OEM) production. The third one is the nitric acid pickle
treatment (NAP), which contains a degreasing step, followed by an alkaline etch and the final
nitric acid brightening. This process was selected to simulate in reproducible manner surfaces
gained by low pretreatment technology like solvent degreasing or mechanical processes, which are
often used in repair situations.

Concerning the exposure conditions following important changes were introduced:

A flexibility test at -55 0C
Immersion in a mixture of water, hydraulic fluid and toilet fluid (simulation of bilge area
fluids)

Also reworked were the temperature and time parameters, e.g. the exposure condition applied for
toilet fluid is 1500 h at 35 0C.
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Special care was taken for the corrosion tests. In service experience generally shows following
weak points:

Corrosion starting from local accidental damage (by scratches or impacts)
Corrosion starting from edges with insufficient protection (coverage of coatings, probabili-
ty of damage)
Crevice corrosion

The scenarios of accidental damage and insufficient edge protection are covered satisfactorily by
the well known test procedures of salt spray test, filiform corrosion test' and alternate immersion
test, because the specimens are exposed with artificially produced scratches. For crevice corro-
sion testing purposes a new specimen design was created (Fig. 2). This specimen is normally
exposed in corrosive fluid(') by an alternate immersion procedure.

For the tests, approved paint manufacturers were asked to supply their latest technology chromate
free corrosion inhibiting primers together with compatible top coats, suited for interior structural
application.

Significant Test Results

With exception of the corrosion inhibiting properties the CFCIP's are at least equivalent to their
chromated counterparts. This includes adhesion properties, where e.g. no problem is indicated
also on NAP surfaces. A positive surprise are extremely good values reached in the ISO 1518
scratch test, (Fig. 3).

Also improved with comparison to the chromated materials is the behaviour in chemicals resis-
tance. As an example the resistance against hydraulic phosphoric ester fluid is shown (Fig. 4).

The main difference in corrosion performance can be seen in the filiform corrosion test and the
crevice corrosion test. Extremely important for the CFCIP's seems to be the surface pretreatment.
If anodizing is used the overall performance of the surface protection system meets the specified
requirements (Fig. 5). In combination with e.g. chromic sulfuric acid etched (CSA)6 aluminium
the performance can hardly be accepted (Fig. 6).

The crevice corrosion test indicates also performance differences, which showed clearly that
cladded Al is a disadvantage in a crevice configuration (Fig. 7).

This was the reason to look more in depth in this situation by electrochemical methods.

Electrochemical Tests

For simulating crevice corrosion a simple electrochemical test configuration with two separate half
cells connected with each other by an KNO3-solution filled conductance bridge was chosen (Fig.
8). In the basic worst case set-up the cathodic half cell, simulating the exposed edge of a crevice,
used bare 2024 sheet material as electrode and neutral 0.1 N NaCI-solution as an electrolyte. This
half cell was aerated. The anodic half cell, simulating the non-aerated situation within the crevice,

•" e.g. 30 g/l NaCI; 1,25 g/l Boric acid; 0,19 g/I NaH2PO4 + Na2CO, solution (100 g/l) to
make pH 8
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used clad 2024 sheets (with covered edges) as electrode and acidic 0.1 N AICI3-solution (pH 3,5-
4,0) as electrolyte. The corrosion current density measured was about 22,000 nA/cm2 (Table 1,
experiment 1). Stopping the aeration or changing the anodic material to bare 2024 creates a
significant drops of that value (experiments 2 to 4). Compared to experiment 1 the effectivity of
chromate was tested at the edge and in the crevice by addition of 0.01 N Na2Cr2O7 - 2H 20 to the
electrolyte (Table 1, experiment 5 to 7).

The cathodic inhibiting effect of solved chromate is convincingly demonstrated.

These effects are qualitatively confirmed with other Al alloys. Currently a procedure for testing
unknown inhibitors in paint primers is under investigation.

Conclusions

The evaluation of CFCIP's showed advantages and disadvantages in comparison to chromated
materials. In connection with anodizing pretreatment processes for aluminium the replacement can
be performed. The corrosion tests indicated also that in repair situations this exchange of materials
should not yet be carried out.

This complex situation creates some scepticism on customer side. We therefore invite airlines to
participate in an in service evaluation program with specimens flown in corrosion prone areas of
aircrafts.

References:
1. AECMA prEN 2437 "Chromate conservation coating for aluminium and aluminium

alloys"

2. AECMA EN 2101 "Chromic acid anodising of aluminium and aluminium wrought"

3. ISO 7293 "Paints and varnishes - Determination of resistance to neutral salt spray"

4. AECMA EN 3665 "Paints and varnishes - Filiform corrosion resistant test"

5. AECMA EN 3212 "Paints and varnishes - Corrosion resistance test by alternate
immersion in a sodium chloride buffer solution"

6. AECMA EN 2334 "Acid chromate pickling of aluminium alloy"
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Table 1: Current density measurements

Experiment Cathode Anode Current
No. density

Material Electrolyte Aeration Material Electrolyte [nA/cm2
)]

1 2024 bare NaCI + 2024 clad AICI3  22,000

2 2024 bare NaCI - 2024 clad AICI, 7,000

3 2024 bare NaCi + 2024 bare AICI2  1,900

4 2024 bare NaCl - 2024 bare AICI, 700

5 2024 bare NaCI + Crv1  + 2024 clad AICI, 20

6 2024 bare NaCI + 2024 clad AICI3 + Crv' 16,000

7 2024 bare NaCi + Crv' j + 2024 clad AICI3 + Crv' 10

40 mm 40 mm

,/ ,//"I

150 mm /
/'

, /'

/__ //

1,6 mm 1-,/i1 mm

80 mm

Al 2024 clad

Firgure 1: Specimen design for paint testing

(partly chemically milled Al coupon)

3,2 X 7 .n

design: M3 20470

matlrlil: 2117 (MII-R-5674)

0 0

"C) Al 2024 che.. milled

F- Al 2024 clad

/ / 0 • 7I~
71 dClth 1 2 M,

/" d /o .,, " o,.

3,2 l,

Figure 2: Test Specimen for Crevice Corrosion Test
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Figure 3: Scratch Hardness of Primer Coat
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Figure 6: Fiiiformcorrosion test with etched specimres
length of filament Substrate: Al 2024 T3 Pretreatment: CSA

(mml Coating; Primer *Top Coat
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Figure 7: Crevice Corrosion test ME clad
Subatrate: Al 2024 T3 Pretreatment: CAA
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Figure 8: Set-up for Current Density Measurements
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Abstract
Cadmium is the coating of choice for high strength steel fasteners in many Navy applications, even
though it is electrodeposited primarily from hazardous cyanide baths. A government initiative has
been established to replace cyanide baths used in the plating industry. The objective of this study
was to develop a pulse plating process capable of producing cadmium deposits which rival those from
cyanide baths using a sulfate bath formulation with no complexing agents and near neutral in pH.

The bath formulation for this investigation contained 0.234M cadmium sulfate, 0.282M sodium
sulfate, 0.400M boric acid, and was maintained at a pH of 5.5 and an operating temperature of 30°C.
Direct current (de) deposits from this formulation produced large grain deposits with only partial
substrate coverage. Taguchi experimental designs were used to evaluate the effects of pulse plating
(PP) variables (cathodic current density (CCD), symmetry (SYM), anodic current density (ACD),
pulse recurrence frequency (PRF), surfactant concentration, and hydrodynamic conditions) upon
cadmium deposit characteristics. The results provided criteria for selection of plating conditions
which were effective in reducing the grain size, improving the deposit coverage, and significantly
decreasing plating times.

Introduction
Cadmium is utilized in military systems as an electrodeposited coating for structural metals because
of attributes such as corrosion protection, lubricity, solderability, electrical contact resistance, and
appearance. Cadmium coatings are widely used to minimize galvanic corrosion between high
strength steel fasteners and aluminum in the aerospace industry. An additional benefit of cadmium
coatings is their lubricity, or low coefficient of friction, which reduces fastener tightening torque and

Key terms: cadmium, non-cyanide, pulse plating, deposition
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allows repetitive dismantling '. Cadmium is readily solderable with non-acid (electronic) fluxes 2

The contact resistance of cadmium is lower than zinc, and cadmium forms tightly adherent corrosion
products, while zinc has the disadvantage of forming voluminous corrosion products 1.2 This
attribute of cadmium electrodeposits allows for proper functioning of moving parts, threaded
assemblies, valves, and delicate mechanisms during corrosive exposure without tight clearances being
filled with corrosion debris 1.

Cadmium coatings are applied by vacuum deposition, mechanical plating, and electroplating. More
cadmium is used for electroplating than for any other industrial use 2. Cadmium is almost exclusively
plated from cyanide baths which are easy to control and produce fine-grained, uniform deposits over
complex shapes. With the recent trend toward reduction of hazardous chemical waste generation,
a number of non-cyanide plating processes have been developed, but these have been shown to be
inferior to cyanide baths. Thus, the development of a high-speed, non-cyanide cadmium pulse
plating process which utilizes a plating formulation without complexing agents or toxic organic
additives is of paramount importance, especially for military applications.

The objective of this investigation is to improve non-cyanide cadmium plating technology by
developing non-cyanide bath formulations without complexing agents or toxic organic additives and
by utilizing pulse plating to obtain cadmium deposits which rival those from cyanide baths. This
paper describes our efforts to determine the effects of pulse plating variables upon cadmium
deposition and to define those plating conditions leading to cadmium deposits with the finest grain
size and most complete substrate coverage with a minimal number of experiments.

Figure 1 shows an overview of the approach to this investigation. The first step was to review the
results of others who have performed non-cyanide cadmium plating investigations. Sulfate, acetate,
and bromide were selected from the many bath formulations revealed by the literature survey as
candidate supporting electrolytes. Bath screening studies were performed to characterize the
physical, chemical, and electrochemical properties of candidate plating bath formulations prior to
initiating the pulse plating experiments. Cyclic voltammetry (CV) was performed at a platinum
rotating disk electrode (RDE) to examine the effects of agitation, pH, temperature, cadmium
concentration, supporting electrolyte, and surfactant concentrations upon cadmium elcctrodeposition.
The results of these experiments led to the selection of a sulfate bath formulation for the dc and
pulse plating experiments. Taguchi experimental design techniques were used to evaluate the effects
of six pulse plating variables (CCD, SYM, ACD, PRF, surfactant concentration, and hydrodynamic
conditions) upon cadmium deposition. Energy dispersive X-ray fluorescence (EDXRF) techniques
were implemented for characterizing the cadmium concentration in solution and the thickness of
cadmium electrodeposits. The results of pulse plating optimization were used to produce 24 samples
which were prepared to demonstrate that the process is reproducible and to be used in subsequent
corrosion resistance and hydrogen embrittlement evaluations. Prior to producing the demonstration
samples, it was necessary to develop and implement a process for reproducibly cleaning high strength
steel (4340) substrates before electroplating in order to produce samples with uniform coverage and
good adhesion.

Experimental
Experimental Setup and Electrodes
A diagram of the experimental setup for the dc and pulse plating studies is shown in Figure 2. A
cadmium counter electrode, positioned as shown in Figure 2, was used when plating disks. Three
cylindrical cadmium anodes were used when plating cylindrical substrates. The reference electrode
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was mercury/mercury sulfate (MMS). High strength steel (4340) disks (2.54 cm diameter x 0.229
or 0.318 cm thick) and cylinders (1.194 cm diameter x 0.803 cm long) were used as the substrate
material for a rotating cylinder electrode (RCE) and a RDE (Pine Instrument Company). The
resistance between the high strength steel disk or cylinder and contact brushes when installed in the
precision rotator was verified to be less than 1 ohm prior to each run.

The galvanostat used for the low current (less than 1A) experiments was an EG&G Princeton
Applied Research (PAR) Model 273 galvanostat. The galvanostat used for the high current
experiments (1A to 20A) was a Kepco 20-20M Bipolar Operational Power Supply/Amplifier. A
calibrated current shunt was connected in series with the cathode and the potential drop across the
shunt was used to determine the plating current.

Steel Pretreatment for Initial Studies
The 4340 steel substrates were machined, ground, heat treated in accordance with MIL-H-6875
(Linberg Heat Treat Company, Orlando, Florida). The hardness (Hauser 292DR Hardness Tester)
of the disks was determined to be 47.6 +/- 0.3 Rockwell C after heat treatment. The disks and
cylinders were again heat treated at 185 °C for 30 minutes before cleaning and plating '. After heat
treatments, the disks and cylinders were polished with 600 grit silicon carbide paper on an automatic
polisher (Leco AP-600) and a lathe, respectively, and vapor degreased. Each disk or cylinder
electrode was polished immediately before each run using 0.05 micron alumina on microcloth.

Test Solutions
All of the test solutions were prepared using water from a commercially available water purification
system (Millipore Milli-Q). Purge and trap gas chromatography-mass spectroscopy was used to
verify that no organics were present in the water. The cadmium sulfate was at least 98% pure
(Aldrich Chemical Company). The sodium sulfate and boric acid were both certified American
Chemical Society grades. None of the salts were dried prior to separation of the test solutions.

Two bath formulations, Solution I (0.234M cadmium sulfate, 0.282M sodium sulfate, 0.40M boric
acid) and Solution II (Solution I plus 0.0345M nonylphenol ethoxylate), were used for the dc and
pulse plating experiments. Both solutions were maintained at a pH of approximately 5.5 and an
operating temperature of 30+/- 0.5 'C. The solutions were not deaerated prior to performing dc
and pulse plating experiments.

Bath Characterization
The concentrations of the constituents of the plating baths used in the dc and pulse plating
formulations were routinely monitored. EDXRF (Tracor Spectrace 5000) and ultra-violet
spectroscopy (Bausch and Lomb Spectronic 2000) were performed for cadmium and surfactant
concentration determination. Boric acid concentration was periodically determined by titration'.
The pH of the plating solutions was determined using a pH meter (Corning) which was standardized
daily using standard buffers with pH values of 7.00 and 4.00. The temperature of the test solutions
was maintained at 30.0 +/- 0.50C.

Deposit Characterization
The appearance and coverage of cadmium deposits were rated on a scale from 0 to 10 after
examining the deposits with an optical microscope (40 to 120 times magnification) and a scanning
electron microscope (50 to 2500 times magnification). Typical deposit morphology photographs were
taken in the center of the disks. In addition, EDXRF was used to characterize the thickness and
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coverage of the cadmium deposits. Independent metallurgical cross-section thickness measurements
were performed in conjunction with EDXRF to develop a quantitative nondestructive technique for
measuring the thickness of cadmium deposits.

Results
Bath Formulation
The bath formulation for this investigation contains 0.234M cadmium sulfate, 0.282M sodium
sulfate, and is maintained at a pH of 5.5 and an operating temperature of 30+/- 0.5 'C. In
addition, boric acid was added to all bath formulations at a concentration of 0.40M. Boric acid
is reported to increase the nucleation density during deposition of nickel 6.7 , cobalt-zinc alloys 8,
nickel-zinc alloys ', iron-nickel ", and cadmium ". Nonylphenol ethoxylates were chosen as a
class of surfactants to be added to the plating bath formulations to decrease surface tension, and
increase the overpotential necessary for cadmium electrodeposition. This type of surfactant was
used by Tomassi et.al 12 in acid sulfate cadmium plating formulations.

dc Plating
Figure 3 and Figure 4 show the morphologies of cadmium deposits produced under dc plating
conditions at a steel disk rotating at 97 rpm (Reynold's number, Re = 1500) in Solutions I and
II, respectively. Increasing the current density from 10 to 20 mA/cm2 improved the coverage due
to the larger overpotential. The presence of 30 g/L nonylphenol ethoxylate decreased the grain
size and increased the substrate coverage of the cadmium deposit, but caused the deposit to
become dull and powdery. Similar results were obtained for dc deposits when the hydrodynamic
conditions were turbulent (Re = 40,000).

Initial Taguchi Experimental Design
The Taguchi method of experimental design 13.14 was selected as a means of screening a large
number of variables with a minimum number of experiments. The pulse plating and
hydrodynamic conditions at the cathode have a significant effect upon the rate of cadmium
electrodeposition and the deposit quality. A good fundamental understanding of the effects of
pulse plating and hydrodynamic conditions upon the electrodeposition process facilitates the
selection of the variables and ranges for optimization.

Pulse Plating Conditions. Pulse plating offers the possibility of achieving enhanced
instantaneous mass transport and provides additional process parameters which can be varied
independently to influence deposit properties 15. There are four independent variables (ACD,
CCD, and anodic (ta) and cathodic (t.) pulse times) which can be varied during pulse plating, but
only one (current density) for dc plating. These independent parameters enable one to vary mass
transport, electrocrystallization and/or adsorption and desorption conditions during both the
anodic and cathodic pulse periods 16

Hydrodynamic Conditions. High electrolyte flow velocities enable the use of high current
pulses during pulse plating. Well-defined hydrodynamic conditions ensure reproducible plating
conditions a.ud are important for scale-up considerations. Most non-cyanide cadmium
investigations were performed at stationary electrodes in either quiescent or stirred solutions. A
few investigators 17.18.19 have performed non-cyanide cadmium electrodeposition studies under
well-defined hydrodynamic conditions.
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Table I outlines the pulse plating variables and ranges selected for optimization in the initial
experimental design. The levels of variables shown in Table I were selected after examining the
results of the cyclic voltammetric bath screening studies, the operating conditions used in other
pulse plating investigations 16,179.1.20, and practical issues such as size and speed limitations of
commercially available power supplies and rectifiers. The L4 (27) design matrix shown in Table II
was selected for preliminary experiments designed to determine the effects of pulse plating
conditions upon deposit appearance and coverage. Column 3 (variable C) is reserved for
interaction effects between CCD (variable A) and SYM (variable B). Interaction effects between
variables A and B were observed by other investigators 17.20 and one would expect this interaction
to be significant as the product of A times (1-B) is the cathodic charge per pulse cycle. The low
and high levels for Re (variable G) correspond to laminar and fully developed turbulent flow,
respectively. All of the runs in Table II were performed under conditions of constant total (net)
charge of 125 coulombs which corresponds to a theoretical thickness of 16.6 microns (0.652 mils)
assuming 100 % efficiency and the density of the cadmium deposit is 8.642 g/cm3. The last
column in Table II shows the run times in minutes.

Results from Initial Taguchi Experimental Design. The pulse plating experiments performed
as part of the L8 (27) Taguchi design were effective in obtaining a significant amount of
information with a minimal number of experiments. The results of the experiments are
summarized in Table III. Table IV is a response table calculated from the results shown in
Table III. The response results show that the effects of PRF and ACD upon deposit quality are
negligible (difference less than 1.0). The remaining variables significantly influence the deposit
quality. There is a strong (A x B) interaction effect between CCD and SYM. In fact, this
interaction effect is stronger than the other main effects. The Taguchi responses shown in
Table IV predict that the optimal deposit will be obtained under the conditions of
A1BDE 2FG 2 . The confirmatory experiment showed that deposits (Figure 5) produced under
these conditions had the best average deposit rating (( 8.0 + 9.8)/2 = 8.9) and showed an
improvement over dc plating (Figure 3) in an additive-free formulation. Although the
confirmatory experiment gave results which provided the best average deposit rating, there were
still voids in the deposit and the plating time was 21.6 minutes.

Prior to initiating another Taguchi experimental design, the previous results and program
objectives were reviewed. The goals were to decrease the grain size, enhance the coverage of the
deposit, and decrease the plating time as well. The grain size decreases with increasing CCD,
but higher CCD values cause excessive deposition in the high current density areas.

Final Taguchi Experimental Design
In order to accomplish the above-mentioned goals, a Taguchi experimental plan was designed to
optimize CCD, ACD, and SYM. Table V shows the ranges of the variables to be optimized.
There was no surfactant in the bath formulation due to the negative influence observed from the
initial L. (27) Taguchi experimental results. The rotation rate was fixed at Re = 40,000 in order
to ensure a high flux of cadmium ions to the rotating electrode when plating at high CCD values.
The PRF was fixed at 500 Hz as it was observed during the initial Taguchi experiments that the
anodic and cathodic disk potentials (vs MMS) never reached a steady state value at a PRF of
5000 Hz. The final Taguchi L, (34) design matrix is shown in Table II.

Results from Final Taguchi Design. The results from the final pulse plating experiments are
summarized in Table VII. Table VIII is a response table calculated from the results shown in
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Table VII. The Taguchi responses shown in Table VII predict that the optimal deposit will be
obtained under the conditions of A3B1C3. The confirmatory experiment showed that deposits
(Figure 6) produced under these conditions had the best average deposit rating (( 9.5 + 8.0)/2 =
8.8) and showed a significant reduction in grain size compared to Figure 5 and a significant
reduction in plating time (0.56 minutes). Although the confirmatory experiment gave results
which provided the best average deposit rating, there were still some excess cadmium grains on
the surface indicating the need for additional refinement. The excess cadmium grains on the
surface may be attributed to insufficient cadmium being etched from the surface during the
anodic portion of the pulse cycle. Figure 7 and Figure 8 show the actual current and potential
(vs MMS) waveforms for the final confirmatory experiment. The desired anodic and cathodic
current values were not reached and maintained as the maximum power output capacity of the
bipolar power supply (20 Volts, 400 Watts) was exceeded. Although the waveform shown in
Figure 7 is not desirable from a technology transfer standpoint, it was reproducible for our cell
geometry. Efforts were taken to minimize the solution resistance (iR drop) by moving the
anodes as close as possible and increasing the anode surface area. Future efforts will require a
larger capacity power supply or a decrease in the resistance between anodes and cathode.

All of the substrates used in the initial and final Taguchi pulse plating optimization studies were
cleaned as outlined previously, but did not reproducibly pass adhesion tests 22. It was felt that
some of the bare spots observed in the pulse plated deposits may have been caused by inclusions
and/or dirty spots on the steel substrates.

Steel Cleaning Methods for Process Demonstration
It was necessary to develop a chemical/electrochemical cleaning procedure to ensure good
adhesion of cadmium electrodeposits to the 4340 steel substrate. Table IX outlines the cleaning
procedure used for the high strength steel disks and cylinders. This procedure is similar to that
used by others 4.21 and produces cadmium electrodeposits which pass an adhesion tape test 22

Process Demonstration
The production of demonstration samples requires the integration of the results from the pulse
plating optimization, steel cleaning, and bath and deposit characterization tasks. Twenty four
(24) samples; three (3) sets of four high strength steel test rings and four high strength steel
disks, each coated with a different cadmium plating thickness (12 rings and 12 disks) were
fabricated for future corrosion tests, salt spray resistance, and hydrogen embrittlement tests.
Table X summarizes the plating thicknesses for each sample as determined by X-ray
fluorescence. Figure 9 and Figure 10 show typical morphologies of the cadmium deposits on
cylinders and disks, respectively. The disks and cylinders were cleaned as shown in Table IX,
pulse plated using the current waveform shown in Figure 7 in Solution I under turbulent (Re
=40,000) hydrodynamic conditions.

Discussion
The results from this investigation are consistent with the results of other investigations of

pulsed electrodeposition of cadmium from non-cyanide baths16 .1 7.18.1923.24.25.26.27.28. Non-cyanide plating
formulations for dc plating require organic additives to increase the overpotential for cadmium
electrodeposition and obtain good cadmium deposits. Pulse plating enables one to increase the
overpotential for cadmium electrodeposition and obtain good cadmium deposits from additive-free
bath formulations. Abd EI-Halim and co-workers 23,124 report that superimposed ac modifies the
growth morphology and produces brighter cadmium deposits than those produced by dc from both
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chloride and acetate baths. Puippe and Ibi "7 report that pulse plating improves the covering power
and decreases the grain size of the cadmium deposits from acid sulfate baths. This improvement is
attributed to an enhancement of nucleation by the high pulsed CCD and the resulting high
overpotential, which allows metal to grow on sites that are inhibited under conditions for dc plating.
Varma and co-workers I'.19 found that the use of high CCD pulses was instrumental in nucleating
fine-grained, near hydrogen-free cadmium electrodeposits from fluoborate solutions. The nucleation
of a fine-grained cadmium deposit minimized the codeposition of hydrogen since hydrogen enters
steel through the pores of the coating and the hydrogen overpotential of steel is much lower than
that of cadmium 2. In addition, any codeposited hydrogen can be desorbed or oxidized during the
anodic pulse period.

The non-cyanide cadmium pulse p!ating process developed under this effort shows promise as an
additive-free environmentally-friendly alternative to cyanide cadmium plating bath formulations.
However, additional refinement and development are necessary to implement such a process for
commercial and military applications. The greatest process concerns are with the hydrodynamic and
bipolar power supply requirements when plating large amounts of small parts or large surface area
parts. The hydrodynamic requirements for small parts can be met with plating barrels while the
effluent from filtration pumps can be directed across large parts.

The other concern is that future environmental legislature may eliminate the use of cadmium. If
cadmium is absolutely necessary for naval aircraft applications, then it is necessary to develop and
implement methods to minimize and recycle cadmium waste. For example, it is possible to reclaim
cadmium from spent plating solutions and rinse waters by electroplating the cadmium on mesh
electrodes in a fluidized bed electrochemical cell.

Another approach is to consider environmentally safer alternatives to cadmium plating 30.31.32. Zinc
alloys show promise as safer alternatives to cadmium, however a significant amount of development
will be necessary to define and develop suitable plating processes and to verify corrosion
performance.
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Table 1. PULSE PLATING VARIABLES

VARIABLE DESCRIPTION LOW HIGH
NO. VALUE VALUE

(1) (2)

A Cathodic Current (i, (mA/cm2)) 2 2000

B (SYM (%)) 5 95

C A x B Interaction

D Anodic Current (i. (mA/cm2)) 0.0 -50

E Pulse Recurrence Frequency (PRF (Hz)) 50 5,000

F Surfactant Concentration (SUR (g/L)) 0 30

G Reynold's Number (Re) 1,500 20,000

Table 11. INITIAL PULSE PLATING Ls (27) TAGUCHI EXPERIMENTAL DESIGN

VARIABLES

A B C D E F G RUN
EXPERIMENT ic SYM i. PRF SUR Re TIME
No. (%) (Hz) (gfL) (MIN)

1 1 1 1 1 1 1 1 21.6
2 1 1 1 2 2 2 2 24.9
3 1 2 2 1 1 2 2 411.2
4 1 2 2 2 2 1 1 NA
5 2 1 2 1 2 1 2 0.2
6 2 1 2 2 1 2 1 0.2
7 2 2 1 1 2 2 1 4.2
8 2 2 1 2 1 1 2 8.0

3164



Table II1. INITIAL PULSE PLATING L. (27) TAGUCHI EXPERIMENTAL RESULTS

VARIABLES RESULTS
S....................................................................................................................

A B C D E F G COVER APP AVG
EXP. ic SYM i. PRF SUR Re RATE RATE RATE
No. (%) (Hz) (g/L)

1 1 1 1 1 1 1 1 8 7 7.5
2 1 1 1 2 2 2 2 10 4 7.0
3 1 2 2 1 1 2 2 0 0 0.0
4 1 2 2 2 2 1 1 0 0 0.0
5 2 1 2 1 2 1 2 10 7 8.5
6 2 1 2 2 1 2 1 2 2 2.0
7 2 2 1 1 2 2 1 4 3 3.5
8 2 2 1 2 1 1 2 10 6 8.0

S....................................................................................................................

EXP DEPOSIT DESCRIPTION
No.

I Bright, silvery, grainy deposit with dendrites on the edges
2 Dull gray deposit with blade-like features and nodules

covering surface, excellent coverage
3 No deposit
4 No deposit
5 Bright, silvery, fine grained deposit, excellent coverage,

areas of excess deposit buildup, no dendrites
6 Dull, streaked, powdery, nonuniform deposit with bare spots
7 Dull, streaked, powdery deposit
8 Dull gray deposit with blade-like features all over surface,

excellent coverage
S....................................................................................................................

COVER RATE = Arbitrary rating of deposit coverage of the substrate on a scale of 1 to 10.
APP RATE = Arbitrary rating of deposits appearance on a scale from 1 to 10.
AVG RATE = Average of the coverage and appearance ratings.
NA = Not Applicable
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Table IV. INITIAL PULSE PLATING L4 (27) TAGUCHI RESPONSE TABLES

VARIABLES

LEVEL A B C D E F G
No. i" SYM i. PRF SUR Re

(%) (Hz) (g/L)
S................................................................................................................
1 3.63" 6.25 6.50 4.88 4.38 6.00 3.28

2 5.50 2.88 2.63 4.25 4.75 3.13 5.88

Difference
Between -1.87 3.37 3.87 0.63 -0.37 2.87 2.50
Levels
S................................................................................................................

* Using average coverage ratings from experiments with A, level in Table II1,
(7.5 + 7.0 + 0.0 + 0.0)/4 = 3.63

A x B (C) INTERACTION RESPONSE

I A, A2

I
B1  I 7.25- 5.25

B2  [ 0.0 5.75

+ Using average coverage ratings from experiments with A, and B, levels in Talte I,
(7.5 + 7.0)/2 = 7.25
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Table V. PULSE PLATING VARIABLES FOR FINAL TAGUCHI DESIGN

VARIABLE DESCRIPTION LOW MID HIGH
NO. VALUE VALUE VALIJF

(1) (2) (3)
S...............................................................................................................
A Cathodic Current (i, (mA/cm2 )) 500 1000 2000

B Symmetry (SYM (%)) 30 45 60

C Anodic Current (i. (mA/cm')) -250 -550 -1000

FIXED Pulse Recurrence Frequency (PRF (Hz)) 500

FIXED Surfactant Concentration (SUR (g/L)) 0

FIXED Reynold's Number (Re) 40,000

Table VI. FINAL PULSE PLATING L. (27) TAGUCHI EXPERIMENTAL DESIGN

VARIABLES

A B D RUN
EXPERIMENT i, SYM i. TIME
No. (%) (MIN)
S.................................................................................................................
9 1 1 1 13.8
10 1 2 2 25.1
11 1 3 3 13.8
12 2 1 3 1.3
13 2 2 1 1.6
14 2 3 2 NA
15 3 1 2 0.5
16 3 2 3 1.1
17 3 3 1 1.5
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Table VII. FINAL PULSE PLATING L (34) TAGUCHI EXPERIMENTAL RESULTS

VARIABLES RESULTS
S....................................................................................................................

A B C RUN COVER APP AVG
EXP. ir SYM i. TIME RATE RATE RATE
No. (%) (MIN)
S....................................................................................................................
9 1 1 1 13.8 7.0 10.0 8.5

10 1 2 2 25.1 4.0 4.0 4.0
11 1 3 3 13.8 9.0 8.0 8.5
12 2 1 3 1.3 9.5 6.0 7.8
13 2 2 1 1.6 9.5 6.0 7.8
14 2 3 2 NA 0.0 0.0 0.0
15 3 1 2 0.5 10.0 5.0 7.5
16 3 2 3 1.1 9.8 7.0 8.4
17 3 3 1 1.5 9.0 7.5 8.3

EXP DEPOSIT DESCRIPTION
NO.

9 Bright, silvery, grainy d,posit, no dendrites on the edges
10 Poor coverage and appearance
11 Areas with excess Cd deposits, uniform deposit underneath, no dendrites
12 Dark gray deposit with excess Cd powder balls
13 Dark gray deposit with excess Cd powder balls & blades
14 NA
15 Dark gray deposit with excess Cd powder balls
16 Grainy deposit with excess Cd blades
17 Bright, silvery deposit with excess Cd
S....................................................................................................................

COVER RATE = Arbitrary rating of deposit coverage of the substrate on a scale of 1 to 10.
APP RATE = Arbitrary rating of deposits appearance on a scale from 1 to 10.
AVG RATE = Averag., of the coverage and appearance ratings.
NA = Not Applicable

3168



Table VIII. FINAL PULSE PLATING L9 (34) TAGUCHI RESPONSE TABLES

VARIABLES
-------------------------------------------------------------------------------------------------------------------.

LEVEL A B C
No. i: SYM i.

(%)

1 7.00 7.92 5.63

2 5.17 6.72 6.67

3 8.05 5.58 5.47

Table IX. CLEANING PROCEDURE FOR HIGH STRENGTH STEEL 4340 PRInR TO
CADMIUM ELECTROPLATING

STEP DESCRIPTION TIME (MINUTES)

1 50% (v/v) HCI, Room temperature (RT) 5
2 Deionized watet rinse 2
3 Deionized water rinse 2
4 Alkaline Clean in Ferroprep 390 (Allied Kelite) 5

80 6C, 90 mA/cm', reverse polarity every 30 seconds
5 HUt (60 °C) deionized water rinse 2
6 RT deionized water rinse 2
7 RT deionized water rinse 2
8 RT 25% (v/v) HCI 2
9 RT deionized water rinse 1
10 RT deionizcd water rinse 1
11 Anodic Clean (160 mA/cm 2) 1

150 ml/L HSO,/125 g/L Na2SO 4

12 Running deionized water rinse 0.5
13 Transfet disk or -ylinder to arbor
14 RT 25% (v/v)HC! 0.5
15 RT deionized witer rinse 0.25
16 RT deionized water rinse 0.25
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Table X. SUMMARY OF CADMIUM PLATED DELIVERABLES

Part Part Thickness Morphology
Type Number (Microns) Shown in

Ring 51 4.1
Ring 61 4.2
Ring 65 4.8 Figure 9
Ring 72 3.5

Ring 56 6.1
Ring 67 6.2
Ring 68 5.5
Ring 71 5.5

Ring 54 7.6
Ring 59 7.4
Ring 64 6.5
Ring 73 6.7

Disk 82 5.2
Disk 84 3.0
Disk 90 4.2
Disk 95 3.2 Figure 10

Disk 83 4.9
Disk 103 7.1
Disk 104 6.4
Disk 114 6.7

Disk 101 7.5
Disk 102 7.2
Disk 108 8.5
Disk 109 8.9
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a) 10 mA/cM2

h) b 20 mA,'cm"Ar

Figure 3. DC Plating Results at A High Strength Steel RIDE (97 rpm) in Solujtion, I
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a) 10 mA/cm2

b) 20 mA/cm2

Figure 4. DC Plating Results at A High Strcngth Steel RDE (97 rpm) in Solution 11
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a) 50)tflc magnifitcationl

)500) times magnification

Figure 5. Pulse F'lat inrg IRc,,ulv f rom Initial Ta puchi C'onfi rmatoryRn
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r-Final Taguchi
'50 times magnification

a) 50 tirnic' magnification

Final Taguchi

b)50 time, magnification

Figure 6. Pulse Plating Results from Final Taguchi Confirmatory Run
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a)500 times magnification

b)2500 times magnification

Figure 9. Typical Cadmitim I lectrodeposit Mor),phology on A I figh Strenigth Steel Cylind(er.
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Effect of Surface Impurities on the Corrosion
Behavior of Type 434 Stainless Steel

Robert Baboian
Texas Instruments Incorporated
34 Forest Street, MS 10-13
Attleboro, MA 02703

Abstract

Stainless steels are widely used for exterior trim on automobiles. These
material are subjected to an extremely aggressive environment and
therefore, the stainless steel must be corrosion resistant. Bulk
metallurgy and surface characteristics are important factors affecting the
resistance to corrosion. This paper addresses reduced resistance to
cosmetic localized corrosion observed with stainless steel surfaces which
have been subjected to processing including the application of a protective
plastic film (polyfilm). Cyclic immersion corrosion tests, Auger analysis
and gas chromatography coupled with Fourier Transform Infrared Analysis
(FTIR) have been used to determine the mechanism of reduced corrosion
resistance and methods to restore the resistance to this type of
degradation.

INTRODUCTION

Corrosion problems associated with exterior automotive trim include: 1)
effects of the trim system on the auto-body and, 2) corrosion of the trim
itself. The problems are caused by the severe corrosivity of the
automotive environment as well as the inherent crevice geometry, attachment
requirements in the trim/auto-body system, and the susceptibility of paint
damage in this area. 1

The inherent corrosion resistance of the material, the quality of the
surface and the design configuration are three important factors which
affect the durability of trim systems. The increasing severity of the
corrosive automobile environment has required changes in the selection,
processing, and design of trim materials. Systems which were satisfactory
in the 1950's became unsatisfactory during the 1960's. Those that were
satisfactory during the 1960's and 1970's have now become susceptible.
Trim systems must therefore be designed for corrosion resistance in an
environment which now consists of harmful salts both from road salting and
marine atmospheres, and atmospheric pollutants in the form of acid
deposition. 2 ,3,4

Stainless Steel Exterior Trim

Stainless steel trim materials have been used for many years to provide a
number of important functions on automobiles. Properties such as
formability, strength, appearance, and corrosion resistance are considered
important in choosing a trim material. Therefore, stainless steel
materials such as bimetal (stainless steel clad aluminum) have been used
widely in these applications.

Factors affecting the corrosion behavior of stainless steel in automotive
trim include bulk composition, surface characteristics and trim design. 5

Quality is affected by the first two of these factors. The bulk
composition plays an important role in providing corrosion resistance.
Type 430 stainless steel with 17% chromium was used widely up to the early
1960's, however, with the increased corrosivity of the automotive
environment, this alloy was no longer corrosion resistant. Type 434
stainless steel with 17% chromium and 1% molybdenum was therefore
developed. In recent years, even higher alloys have been developed for
stainless steel trim applications.
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Bulk impurities can be very important in the performance of the stainless
steel. Carbon and nitrogen can precipitate as chromium carbides and
nitrides in grain boundaries leading to reduced corrosion resistance. The
chemistry of inclusions is another important factor. For example, calcium

,sulfide in inclusions is known to be a pit initiator in stainless steels
and therefore make these alloys susceptible to localized corrosion.

The surface of the stainless steel is directly exposed to the environment
in exterior trim applications and therefore its characteristics are
extremely important. Chromium depletion at the surface can occur during
the bright annealing process resulting in reduced corrosion resistance.
Rolled in impurities during stainless steel production can also be a
problem.

One of the most important factors today is the introduction of surface
impurities during the trim manufacturing process. Processes used today
include the application of chemicals, heat, adhesives, rubber and plastic
strips, plastic protector film, roll forming lubricants, etc. The
corrosion resistance of stainless steel can be aftected by all of these.
Therefore, even the most corrosion resistant stainless steel can become
susceptible to corrosion In the aggressive automotive environment. This is
demonstrated by the results reported in this paper on the effect of
polyfilm protector on the corrosion resistance of stainless steel.

In recent years, some automotive trim manufacturers have applied a PVC
polyfilm protector to the stainless steel surface before processing (such
as rollforming) in order to prevent damage to the bright surface. An
adhesive, applied to one side of the polyfilm, facilitates bonding to the
stainless steel surface. The polyfilm protector is subsequently removed
prior to service on the automobile. This study was conducted in order to
determine what effect the application of the PVC polyfilm protector could
havte or, Lhe corrosion behavior of stainless steel trim.

Experimental

The cyclic immersion test was used (according to Table 1) to assess the
corrosion behavior. 6 Bimetal material which consisted of Type 434
stainless steel clad to 5052 aluminum alloy was used in the study. In all
of the corrosion tests, the aluminum side of the bimetal was masked so that
the stainless steel would not be cathodically protected by sacrificial
corrosion of the aluminum. Two types of PVC polyfilm protector currently
used in trim production was used in this study: clear PVC polyfilm and
blue PVC polyfilm protectors. These contained acrylate adhesives to
facilitate adhesion to the stainless steel surface. Prior to testing, the
stainless steel surface was cleaned with a mag oxide or a light alconox
detergent. The mag oxide clean is an aggressive treatment to remove
surface chemicals. The light alconox clean is intended to remove only
airborne deposits and not surface chemicals introduced during trim
fabrication. The materials used in this study consisted of bimetal
production material in the as-shipped condition, as-received by a roll
former, roll formed and stamped bimetal trim parts with blue or clear
polyfilm protector. All corrosion tests were performed with five specimens
each and ratings are reported in Table 1 as the average for the five
specimens.

Results

Initial cyclic immersion tests on current production bimetal both mag oxide
and alconox cleaned, resulted in all 0 ratings for all specimens. (see
Table 2) This is in agreement with the ongoing quality test program to
insure excellent resistance to localized corrosion of bimetal stainless
steel.
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Cyclic immersion tests were conducted with as received (by rollformer)
bimetal before polyfilm was applied and after polyfilm was applied and
removed - both blue and clear. The results show a definite susceptibility
of the stainless steel to localized corrosion where blue or clear plastic
had been applied and removed. The as-received bimetal stainless steel was
corrosion resistant (see ratings in Table 2).

In order to determine if corrosion resistance could be restored to bimetal
stainless steel which had blue or clear polyfilm applied, the polyfilm was
removed and the surface was mag oxide cleaned prior to testing. Comparison
specimens were prepared by alconox clean only. The results showed that
cleaning these materials with mag oxide restored the corrosion resistance
and therefore removed corrosion initiating substances from the surface.
The comparison parts which were only cleaned with alconox performed poorly.

At this point, it appeared that the application of protective blue and
clear polyfilm was introducing a substance to the bimetal stainless steel
surface which was causing reduced resistance to localized corrosion. We
therefore removed a portion of blue protective polyfilm from a production
part and applied it to the stainless steel surface of bimetal current
production material with a known excellent corrosion resistant behavior.
Results of cyclic immersion tests on this material with the polyfilm
removed showed very poor rating (Table 2) and therefore, the current
production bimetal had lost its corrosion resistance. The mag oxide
cleaned material performed as expected restoring the excellent corrosion
resistance. This test demonstrated that the observed reduction in
corrosion resistance was not caused by the rollforming process but was
actually caused by the polyfilm.

One important result showed that there was a time dependence of removal of
the plastic polyfilm on corrosion performance. When the cyclic immersion
test was conducted immediately after removal of the blue plastic, the
bimetal stainless steel performed well. However, if the test was conducted
24 hours after removal of the plastic, it performed poorly ,Table 2).

All of the above results indicate that the application of the protective
polyfilm on bimetal stainless steel reduces the resistance to localized
corrosion of that stainless steel. The time dependence indicates that
there is a reaction with the residue on the surface after the plastic is
removed, or/and absorption properties of the residue are such that
corrosive agents are attracted to the surface. The conclusion is that the
residue reduces the corrosion resistance of the stainless steel.

Residual Deposits

Auger spectral analysis was used to analyze the surface for elements that
were present on production bimetal (as shipped) stainless steel and bimetal
stainless steel after the plastic film (clear and blue) was applied and
removed. Argon ion sputtering allowed an Auger profile to be obtained from
the outermost surface to the bulk metal.

The Auger spectra for the surface of current production bimetal stainless
steel (Figure 1) shows substantial peaks for iron, oxygen, and carbon with
barely detectable amounts of sulfur and chlorine. The carbon is likely due
to normal absorption of organic vapors from the atmosphere. The iron oxide
is the typical species found on the topmost surface of type 434 stainless
steel. The argon ion sputter profile for this surface in Figure 2 shows
that the carbon layer sputters away in a very short time. The profile also
shows a chrome-rich oxidized layer just under the topmost surface. Further
sputtering penetrates the chrome-rich layer to show the bulk composition of
the alloy.

The Auger spectra for the stainless steel surface with the blue polyfilm
applied and then removed (Figure 3) shows iron, oxygen, and carbon along
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with sulfur. Typical sputter profiles (Figure 4) show areas of carbon rich
deposits are significant indicating the residue remains after the polyfilm
is removed. When this surface was exposed to atmosphere for 60 hours, the
Auger spectra showed that significant quantities of chloride had been
absorbed on the surface (Figure 5). This would explain the time dependence
of polyfilm removal on corrosion test results.

Analysis of the organic deposit was conducted using FOURIER TRANSFORM
INFRARED (FTIR) SPECTROSCOPY. Infrared Spectroscopy is a well established
technique for polymer characterization. Gas Chromatography (GC) is used to
separate the components by volatilizing the sample in a carrier gas stream
and then conducting FTIR on the effluent.

FTIR spectra of adhesives removed from the clear and blue plastic films
respectively compare to known spectra for acrylate adhesives. The FTIR for
the residual deposit on the bimetal stainless steel was also identified as
an acrylate adhesive.

Acrylates are esters which are formed by the reaction of acrylic acid with
an alcohol as follows:

CH2 = CH - CO - OH + OH - CH2 CH2 CH3
Acrylic Acid Propyl Alcohol

SSplit off H2 0

CH 2 = CH - CO - 0 - CH2 CH 2 CH 3
Acrylate

When this reaction is complete, residual acrylic acid can frequently be
found in the acrylate due to unreacted excess. In fact, the adhesive
associated with the blue film was found to contain acrylic acid using FTIR
and gas chromatography.

Acrylic acid, a colorless liquid, miscible with water, alcohols, and
ethers, is hygroscopic and known to be corrosive. On the surface of
stainless steel, it could then attract moisture and subsequently absorb
other contaminants. This chemistry could therefore react with the passive
film on stainless steel and therefore destroy the protective film in these
locations. Such a surface would be susceptible to localized corrosion such
as pitting and crevice corrosion in the aggressive automotive environment.

Removal of Residual Deposits

Identification of the residual deposits due to the application of polyfilm
protector to the stainless steel surface is important in order to
determine what solvents could be used to clean the surface. However,
solvents such as MEK, Toluene, Xylene, and alcohols were not successful in
restoring corrosion resistance to the stainless steel. Those solvents were
used at room temperature and at elevated temperatures without success.
(Table 3). Although an alconox clean at room temperature did not restore
corrosion resistance to the bimetal stainless steel surface after polyfilm
removal, some improvement was obse-ved. It was therefore tried with a hot
solution with success. Full corrosion resistance was restored to the
stainless steel surface using a 20 to 25 percent aqueous alconox detergent
solution at 70 0 C with moderate agitation and a DI water rinse.

3182



This procedure has been used on materials with polyfilm removed and which
when tesced by cyclic immersion, fails due to localized corrosion. Using
this procedure, these materials pass the cyclic immersion test and
therefore resistance to localized corrosion is restored. (See Table 3) It
is felt that the hot alconox treatment removed residual deposits such as
acrylates, neutralizes acrylic acid, and restores the passive film in areas
where the protective film has been damaged due to surface reactions.

Polyfilm Development

The development of polyfilm protector which does not reduce the corrosion
resistance of the stainless steel surface has been focused on the chemistry
of the adhesive material. The presence of residual acrylic acid is an
important factor and therefore elimination of an excess in the adhesive
manufacture is beneficial. Results of cyclic corrosion tests show that
acrylate adhesives without residual acrylic acid provide substantially
improved performance over conventional acrylate adhesives. Rubber base
adhesives completely eliminate the effect of reduced corrosion resistance.
However, these adhesives do not have optimum properties required for this
application.

Summary

Results of corrosion tests show that the corrosion resistance of stainless
steel is reduced considerably when PVC polyfilm protector is applied and
then removed after trim processing. The results show that the reduced
resistance is due to a residual deposit which remains on the stainless
steel surface after the polyfilm is removed. Auger analysis and gas
chromatography coupled with Fourier transform infrared spectroscopy has
shown that the residual deposits are acrylate adhesives containing residual
acrylic acid used to bond the polyfilm to the stainless steel surface.
These chemicals can react with the stainless steel passive film to yield
reduced corrosion resistance. Since the acrylate/acrylic acid chemistry is
hygroscopic, aggressive agents can then be absorbed on the stainless steel
surface at the exact areas where the passive film has reacted. Removal of
the residual adhesive deposits has been achieved through a hot aqueous
alconox detergent treatment and therefore restoring corrosion resistance to
the stainless steel surface. Development of acrylate adhesives without
residual acrylic acid has also provided a polyfilm which does not reduce
the stainless steel corrosion resistance after it is applied.
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TABLE 1

Cyclic Immersion Test

Specimen Size 50 x 50 mm

Test Solution (Aqueous) 4.5% NaCI, 4.5% CaCl 2 .2H 2 0,
NA2 SO4,0.022% Na 2 SO3 ,
Na 2 S203

Test Conditions PN = 9.3, 300mi,
Solution Temp = 420C
Air Temp = 400C

Immersion Time 1-2 Seconds

Dry Time 98-102 Seconds

Test Duration 100 Cycles

TABLE 2

Cyclic Immersion Corrosion Tests on Bimetal Stainless Steel (100 cycles)
Showing the Effect of Polyfilm Polyfilm Application

Current Production (as shipped)
Alconox clean 0
MgO clean 0

As Received (rollformer) (alconox clean)
No polyfilm 0
Blue polyfilm (removed) 3.5

As Received (rollformer) (alconox clean)
No polyfilm 0.75
Clear polyfilm (removed) 2.25

Roll formed with Blue Polyfilm (removed)
Alconox clean 2.5
MgO clean 0

Stamped with clear polyfilm (removed)
Alconox clean 4.5
MgO clean 0

Blue Polyfilm applied to current production bimetal
stainless surface

Blue polyfilm (removed) 4
MgO clean 0

Roll Formed with Blue Polyfilm (alconox clean)
Tested immediately after polyfilm removal 0.75
Tested 24 hours after polyfilm removal 3
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TABLE 3

Cyclic Immersion on Bimetal Stainless Steel After Treatments to
Remove Deposits (Trim Parts with Polyfilm Removed)

Treatment Rating After 100 Cycles

None 2.5

Xylene (RT) 2.5

Xylene (HOT) 2.5

Toluene (RT) 2.0

Toluene (HOT) 1.5

MEK (RT) 1.5

MEK (HOT) 1.5

Alconox (MT) 2.5

Alconox (HOT) 0
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Figure 1 - Auger spectra of the surface of current production bimetal
stainless steel surface.
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Figure 2 - Argon ion sputter profile for the surface of current production
bimetal stainless steel.
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Figure 3 - Auger spectra for the surface of bimetal stainless after
polyfilm protector was applied and them removed.
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Figure 4 - Argon ion sputter profile for the surface of bimetal stainless
steel after polyfilm protector was applied and then removed.
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Figure 5 - Auger spectra for the surface of bimetal stainless steel exposed to
atmosphere for 60 hours after polyfilm protector was applied and then removed.
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Abst, act

NITREG. a modern, controlled gas nitriding process, has been successfully applied to simultaneously enhance

corrosion and wear resistance of various grades of steel.

Emphasis is placed on unalloyed and low alloyed structural steels, used for automotive components, including

those of hydraulic systems, e.g. dump-truck lifting mechanisms, exposed to especially great corrosion hazards,

while requiring enhanced wear resistance. In this case, an oxy-nitro-carburizing treatment (ONC) improves the

corrosion resistance of as-nitrided surfaces. The application of surface impregnating agents, containing corrosion

inhibitors, brings about a further enhancement of their corrosion resistance. This effect has shown itself to be the

most substantial.
Corrosion resistance was evaluated by the salt spray test, administered per ASTM B-1 17. Additionally, some

electrochemical investigations were carried out on 1006 steel to complement the salt spray tests. Material samples

were evaluated metallographically in order to correlate corrosion behavior to thickness and microstructure of the

nitrided layer. Optimum conditions of layer formation were formulated.
Wear resistance of nitrided and ONC-treated layers. optimized for corrosion resistance, remained satisfactory.

Key terms: gas nitriding, white layer, porosily, corrosion resistance, wear resistance
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I. Introduction
Increased pollution of the atmosphere in all industrialized countries, as well as some widely practised

procedures, such as de-icing of snow-bound roads with salt, expose automotive and other machine parts, especially

those used outdoors, to greater corrosion hazards than in the past.

At the same time, advancing technology places increasing demands on part surface properties. Among these are

high corrosion resistance, high wear resistance and controlled roughness, often required simultaneously, as in the

case of components of hydraulic systems. Meeting all the above by way of nitriding is a complex problem because of

many and varied factors influencing the overall result. Of paramount importance is the thickness and morphology of

the nitrided layer, dependent on process conditions, i.e. temperature, time and nitriding potential. This last factor is

considered the basic parameter of the nitriding process, determining the nitriding capability of the atmosphere. It is

expressed by the ratio of partial pressures of ammonia to hydrogen and its optimum value is selected experimentally.

I1. Historical Development

Traditionally, many parts requiring both high corrosion and wear resistance have been hard chrome plated.

Although a source of numerous problems besides being ecologically polluting, hard chrome plating has, for many

years, been regarded as the best, or even the only method.

Nitriding, a diffusion process for steels, known since the beginning of this century, has been used in the past for

one or the other application, i.e. to enhance corrosion or wear resistance but not both. In the latter case, process

temperatures have been traditionally high, even above 600°C, which limited the scope of application of nitrided parts

to such where core strength was not a major requirement. Besides, thickness of the so-called white (compound) layer

obtained in such processes is very big, reaching 75 pIm which renders it useless for wear applications. In the case of

stainless steels, nitriding has been known to actually impair the corrosion resistance of the surface.

In recent years, nitriding has, however, proven itself to be a substantial improvement over hard chrome plating

and, in many instances, has replaced the hitherto practiced technology. To this day, most of the nitriding carried out

on automotive components is accomplished in various proprietary modifications of the salt bath process. A further

development was the finding that a complex oxide layer deposited over a nitrided layer increases corrosion

resistance without significant loss to wear resistance of the as-nitrided surface.

Nitriding in a salt bath, however, means carrying out of the process in a medium with a fixed nitriding capability. In

such a process, time and temperature are the only factors determining the final result. The additional,

microprocessor controlled variables available in the gas process, e.g. atmosphere composition and flow rate, give it

much more flexibility needed to arrive at a nitrided layer with predetermined properties, tailored to any particular

application.

Nitriding of stainless steels with a high Cr content requires separate mention. These steels are clad by an

extremely thin but compact protective oxide film, impermeable to nitrogen. That film must, therefore, be destroyed

before nitriding can take place. This is referred to as surface activation, The aggressive medium of salt bath readily

activates stainless steels, which cannot be said of commonly used gas media.

Gas nitriding of automotive parts, constitutes a much needed replacement of the salt bath process. It is

ecologically non-polluting and does not pose the known hazards and problems of waste disposal. The advent of ONC
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- an oxy-nitro-carburizing treatment, has further enhanced this controlled technology. ONC gives nitrided parts an

attractive, black appearance and a corrosion resistance superior to that of parts nitrided in salt bath processes

Substantial corrosion protection of steel components can be obtained by the application of corrosion-inhibitor

bearing surface impregnation agents.

Ill. Aim of Investigation

With the above considerations in mind, our team, composed of metallurgists and corrosion engineers set out to

investigate controlled gas nitriding conditions in order to obtain an optimum white layer, enhancing both corrosion and

wear resistance on selected grades of steel, meeting the stringent requirements and industrial standards of modern

technology.

IV Materials Used

A. Steels for Automotive Parts.

For tests concerning automotive components, the following steels were selected:

a-1006 unalloyed carbon steel

b-1 010 unalloyed steel

c-MM2 microalloyed steel

d-1045 unalloyed steel

B. Steels for other applications

For tests concerning specialized applications, e.g. aero components, 17-4 PH precipitation hardening steel was

selected.

V Experimental Procedure

A. Sample preparation.

Steel samples used in the tests were polished to an initial roughness of 2-4 pl prior to nitriding. Actual parts were

nitrided with surface roughness as manufactured.

B. Nitriding Processes.

Nitriding processes were carried out at temperatures ranging from 5200C to 5800C in atmospheres composed of

100% NH3 , as well as various combinations of NH3 and N2 which resulted in different nitriding potentials. Processing

times varied from 0.5 h to 7 h. The ONC process, where performed, was applied for 30 to 40 mins at 520'C.

C. Post-Process Evaluations.

1. Roughness evaluation. After each process, samples were roughness tested.

2 Hardness Measurements. Surface hardness measurements were taken, using 500 pf, 1 kpf and 5 kpf loads.

These were only to demonstrate that the surface does exhibit enhanced wear resistance but were not used as a

parameter against which corrosion tests were evaluated.

3 Metallogral:hv. Metallographical observations were carried out on mounted, polished and etched cross-

sections, with the aid of a metaliographical microscope, using magnifications from 200X to 1,OOOX.

4. Corrosion Testi Corrosion tests were carried out in a salt spray cabinet, per ASTM B-1 17 on samples

which were nitrided only or nitrided and ONC-treated. The medium used was an aqueous solution of NaCl. Some

samples and parts were additionally treated by impidyuiation with various corrosion inhibitors. Daily inspections
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determined the progress of corrosion with time. One criterion used for evaluation was time to the appearance of the
first corrosion spot. In some cases, the severity of corrosion attack on the tested surface after a fixed time in the fog

chamber was compared to evaluate the effect on corrosion resistance of the various modifications of the nitriding

and ONC processes.

Electrochemical studies were carried out on nitrided and oxynitrided 1006 steel. This portion of investigations,

accomplished in Poland, employed a Russian made PI-50-1 potentiostat with automatic polarization curve recording.

Current density was measured with an accuracy of ca. 0.1 mA/cm 2.
5. Wear Testing. Wear tests quoted in this report were carried out by the cone and three cylinder (Bekker)

method. In this method, three nitrided (oxynitrided) cylinders are worn against a rotating cone, made of the equivalent

of 4140 steel, hardened and tempered to 30 HRC. The cone was spun at 576 r.p.m. and constant lubrication was

used. Every 10 mins, the test was interrupted to measure the wear scar and the load force was accordingly adjusted

to maintain a constant unit pressure.These tests were carried out only to demonstrate that nitriding does indeed

enhance wear resistance by increasing the surface hardness of the nitrided steel. In these investigations, wear test

results were not used systematically as a factor to correlate with corrosion behavior of layers.

VI. Results

A. Roughness Tests

Typical roughness values (Ra expressed in pl) obtained on three grades of steel nitrided at 530'C and 570'C are

shown in Fig. 1. As can be seen, low initial roughness is conducive to lower final roughness after nitriding.These

results inJit,,Itz Inat rugi, increase is a iactor that must be taken into accuunt when designing a nitriding

process. This is especially 'rue of some applications, e.g hydraulics system components, for which the final Ra

value may not exceed 25 pl.

B. Hardness and Wear Tests.

Ranges of surface hardness values obtained on steels nitrided in this study are shown in Table 1. As is clearly

seen, both carbon content and alloying additions raise surface hardness, thereby enhancing wear resistance. It

should be pointed out that relatively low surface hardness readings on low carbon steels are resultant of combined

white layer and substrate hardness. The true hardness of white layers even on unalloyed steel is min. 700 HV.

The results of 2 groups of wear tests, all carried out on nitrided or nitrided + ONC-treated 1045 grade steel are

put together in Fig. 2. The plots contain delineations to show the extent of the particular phase components of the

white layer. It is seen that the most wear resistant component, yielding stable wear characteristics is the e phase with

with a chemical formula of Fe 2 N(1 x), Nitrided only steels exhibit a slightly better wear resistance than those which

were additionally ONC-treated but even the latter are considered to have very good tribological characteristics,

compared to non-nitrided steel surfaces. The same set of plots illustrates how the formila of the impregnating agent,

besides enhancing corrosion resistance, may affect wear characteristics, by acting as a lubricant.
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C. Corrosion Tests

1 Initial Selection of Nitrided Laygrs. This study was carried out on 1010 and MM-2 steels. Several samples of

both of the above grades were nMtrided only or nitrided and ONC-treated in different processes and placed in the salt

spray chamber for a total time of 300 hours. rig. 3a shows the appearance of 1010 samples and Fig. 3b the

appearance of MM-2 samples as taken out of the chamber after the completion of the test. They were classified into

two categories, depending on the severity of corrosion attack *Good exhibited no corrosion or only minimum

effects, not exceeding 10%, concentrated near edges. The remaining samples, all classified "bad", exhibited

substantial corrosion All samples were subsequently sectioned and evaluated metallographically to determine the

th~ckness of the compound (white) layer and its phase composition Classification, corresponding process

information, as well as results of metallographic evaluation for the 1010 grade are put together in Table 2. Analogous

results for the MM-2 microalloyed grade are put together in Table 3.

Results from the two tables demonstrate that layers belonging to any one classification share some common

characteristics. These are, total white layer thickness, its uniformity and the thickness of the porous zone. The

layer on low carbon and low alloy steels comprises the compound layer, termed white because it does not etch

easily and a deeper lying diffusion zone, where nitrogen is in solution with dispersed precipitates of nitrides. On these

steels, this last zone is significant only from the point of view of fatigue strength and plays no part in wear or

corrosion resistance The outer white layer is composed of a mixture of E (Fe 2 N1 x) and y (Fe 4 N) nitrides. The

outermost, porous zone has a predominance of e. The deeper lying compact, truly white zone has a predominance of

the y nitride On steels with very low carbon content, a thin sublayer of pure ý can be observed at the interface with

the diffusion zone. On ONC-treated steels, a thin gray zone of complex oxides is visible above the porous sublayer.

Fig. 4a shows a typical "good" layer, while Fig. 4b a typical bad- layer on 1010 steel. " Good" layers are generally

characterized by greater total thickness, good uniformity and a substantial participation of the r phase. The deeper

situated -on-porous. compact E + y' phase does not appear to have such good anti-corrosion properties.

Corresponding microstructures of layers on MM-2 steel are shown in Figs. 5a and 5b. In this case too, the outermost

porous zone appears to be of vital importance to good corrosion behavior and it should constitute at least 40% of the

total white layer thickness. Its role is that of a seif-lubricating reservoir for impregnating agents containing

corrosion-inhibitors. Layers with ONC-treatment generally exhibit better anti-corrosion properties but ONC has little

effect on corrosion behavior if the underlying white layer is otherwise poor. Since roughness rises with layer

thickness, poor layers with small thicknesses usually exhibit low roughness. In other investigations, not reported in

the present paper, it was found that the phenomenon of surface roughness is related to conditions of nucleation and

growth of the layer 1. From literature it is apparent that increasing carbon content in steel favors the nucleation of the

Snitride first 2, hence the formation of the porous zone. This porous zone is believed to enhance roughness. Since

it is advantageous to corrosion protection, a compromise must be sought between the latter and roughness

exceeding specified limits. However, no direct correlation has been found between roughness per se and corrosion

behavio; , the same results have been reached in a related study 3.

2. Optimization of White Layer Thickness. The second round of experiments consisted of correlating white layer

thickness with corrosion behavior, measured as the time in the salt spray chamber required to produce first corrosion

spot This investigation covered steel grades 1010 and MM-2, both used in the automotive industry for hydraulics.
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After the completion of the test. steel samples were sectioned for metallurgical evaluation. Typical trends obtained

',or the two steel grades are shown graphically by Figs. 6 and 7. For any given white layer thickness (very thin, poor

layers excluded), the application of ONC significantly enhances corrosion resistance. For the two investigated

grades, corrosion resistance clearly rises with increasing white layer thickness. The thickness and microstructure

of the white layer depend on temperature and time and on the nitriding potential which in our process is automatically

controlled.

3. Effect of Impregnating Medium. Fig. 8 shows the effect on corrosion resistance of the nitrided steel surface

of liquid impregnating agents, containing corrosion inhibitors. The two agents used in this study were code-named

KO-1 (oil-base) and NL-4 (wax-base). Both were applied by immersion. It is seen that impregnation significantly

extends times in salt spray to the appearance of the first corrosion spot which can be regarded as protection times.

Tne example shown here is for MM-2 steels. Same trends and similar results were obtained for other grades.

4 Polarization Test. Fig 9 shows anodic polarization curves obtained on electrodes made of 1006 steel, after:

a) oxidation. b) controlled nitriding and c) controlled nitriding + oxy-nitro-carburizing(ONC). All three versions were

tested with and without impregnation by the KO-1 agent. The electrolyte used was 1.0 M solution of NaCI Potentials

shown in the plot relate to the Normal Hydrogen Electrode. The results obtained indicate a substantially positive

effect of impregnation on the anti-corrosion properties of nitrided and nitrided + ONC-treated steel surfaces This

effect on only oxidized surface is insignificant Also, the positive effect of the ONG treatment is noted. The existing

correlation between the results of salt-spray and polarization tests bodes well for the development of a simple and

fast method of evaluation of Ihe quality of various nitrided and nitrided + ONC-treated surface layers on steels, as

well as of the effectivity of various impregnating agents

5 Testing of Nitrided Stainless Steel. In this applicetion. the requirement was to nitride a component of aircraft

undercarriage braking system, manufactured from 17-4 PH precipitation-hardening stainless steel without

excessively compromising corrosion resistance. A batch of the components was nitrided in a specially developed

proprietary mode of the controlled process for stainless steels, involving surface activation. As a result, uniform

diffusion layer of 0.004' thickness, with a hardness of over 1000 HV was obtained. A piece that was not nitrided was

placed in the salt-spray chamber along with one that was nitrided and impregnated with the NL-4 agent After 130

hours, the test was discontinued when it was observed that the nitrided piece is actually behaving better than the one

which was not nitrided.

VII. Conclusions

Tne results of this study allow the following conclusions to be drawn:

1 Controlled gas nitriding s capable of producing layers which are resistant to both corrosion and wear.

2 Corrosion resistance of the white layer depends on its thickness, uniformity and microstructure, above all, on the

participation of the outer, porous zone with a predominance of the E phase.

3. For low alloy steels, best results in corrosion protection were obtained on layers of 20 to 25 pm thickness with the

porous zone constituting at least 40% of the total layer thickness. The participation of the porous zone can be

controlled,

4 ONC - treatment consisting of generating a thin complex oxy-nitro-carbide iayer over the white layer

enhances corrosion resistance while loss in wear resistance is insignificant.
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5. Surface impregnation with agents containing corrosion inhibitors serves to further substantially enhance

corrosion protection of nitrided steels.

6. Although surface roughness has no direct effect on corrosion behavior, it is associated with the porous e zone. A

project is currently underway to optimize the white layer for both roughness and corrosion behavior.

7. Metallurgical analysis of the investigated layers allowed the determination of what type of layers are optimum, in

terms of total thickness and morphology, to which carefully preselected process parameters correspond.

These include: temperature, time and the nitriding potential which determines nitriding capability.

8. A combination of activation, controlled nitriding and subsequent impregnation resulted in a uniform, hard nitrided

layer on stainless steel without compromising corrosion resistance.
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Table 1.

Steel Grade HVO.5 HV1 HV5 Corresponding

white layer (lim)

1006 360-400 340-384 ----------- 20- 30

1010 356-409 378-413 317-332 9-27

1045 453-481 395-413 310-323 12-28

MM-2 727-765 686-713 603-628 10-24
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Table 2.

Results of Initial Corrosion and Metallurgical Evaluation of Nitrided 1010 Steel After 340 Hours in Sa!', Spray
Chamber per ASTM B-1 17

Classifi- Sample Type of Process White E(porous Roughness Remarks
cation No per Layer sublayer) Ra

Fig. 3a Pm iim PI

1 Contr. Nitriding 21.5 9.5 12.5 White layer continuous and
Suniform in thickness

4 Contr. Nitriding + ONC 21 9 11 White Layer continuous and
Good uniform in thickness

7 Contr. Nitriding + ONC 22 8.5 27 White layer continuous and
uniform in thickness

10 Contr. Nitriding + ONC 27.5 12 21.5 White layer continuous and
C d2uniform in thickness

3 Contr. Nitriding + ONC 13 2-3 11 White layer fairly uniform

11 Contr. Nitriding 11 2-3 10.5 White layer fairly uniform

2 Contr. Nitriding + ONC 6- 14 1 -2 7 White layer very non-uniform
in thickness

Bad 5 Contr. Nitriding + ONC 10-14 none 8.5 White layer fairly uniform

6 Contr. Nitriding + ONC 6- 10 none 12 White layer uniformity poor

8 Contr. Nitriding + ONC 5 -6 none 20 White layer fairly uniform

9 Contr. Nitriding 11 aimost 11 White layer fairly uniform
none

Table 3

Results of Initial Corrosion and Metallurgical Evaluation of Nitrided MM-2 Steel After 340 Hours in Salt Spray
Chamber per ASTM B -117

Classifi- Sample Type of Process White c(porous Roughness Remarks
cation No per Layer sublayer) Ra

Fig. 3b Jim Pm Pl

5 Contr. Nitriding + ONC 22.5 12-15 24 White layer continuous and
Good uniform in thickness

6 Contr. Nitriding + ONC 18 7 -9 54 White Layer continuous and
uniform in thickness

2 Contr. Nitriding 21.5 12-15 46 White layer continuous and
uniform in thickness

1 Contr. Nitriding 12 - 16 mostly none, 15 White layer fairly uniform
Bad sporadically,

up to 6 pm
3 Contr. Nitriding + ONC 6-9 none 12.5 White layer fairly uniform

4 Contr. Nitriding 7-8 1 -3 10 White layer fairly uniform
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Fig. 3 a. Appearance of 1010 steel samples after 300 hours in salt spray.
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Fig. 3 b. Appearance of MM-2 steel samples after 300 hours in salt spray.
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a b

Fig. 4. Typical "good" (a) and "bad" (b) white layet s oil 10 10 steel.

Etched with 2%1 Nital. 1000 X.

a b

Fig. 5. Typicail "good" (,a) and -bad- (b) white layers on MM-2 steel.

Etched with 2%,o Nital 1000 X.
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In Situ Analysis of Corrosion in the Crevice of
Automotive Body by AC Impedance Measurements.

SAKAE FUJITA
MATERIALS AND PROCESSING RESEARCH CENTER
NKK CORPORATION
1 Kokan-cho, Fukuyama, Hiroshima Pre, 721, Japan

KATSUMI MASAMURA
MATERIALS AND PROCESSING RESEARCH CENTER
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1 Minami-Watarida, Kawasaki, Kanagawa Pre, 210, Japan

Abstract

A new AC impedance technique was developed to investigate the basic corrosion
mechanism of steel in the crevice of lapped portion of automotive body, using a model
consisting of two identical steel panels facing each other with a small gap. It was shown that
impedance at high frequencies above 10kHz gave information about the degree of wetness in
the crevice. Impedance at low frequencies less than about 0.01Hz was used to evaluate the
variation of the corrosion rate in the crevice. The wetness and the corrosion rate in the crevice
of the lapped panels were measured continuously in the wet and dry corrosion test . The
relationship between the degree of wetness and corrosion rate was discussed.

Key terms: AC impedance, Automobile, In situ measurement, Crevice, Wetness, Dry,
Atmosphere, Accelerated corrosion test

Introduction

Corrosion protection of steel in the crevice at lapped portion of automotive bodies is
very important because the throwing power of the conversion coating and the electrodeposition
paint is not sufficient to coat such areas, where corrosion species such as chlorides tend to
accumulate. However, corrosion mechanism in the crevice of lapped portion has not yet been
established because of limited information on the relevant environment and on the variation of
the corrosion rate by the change of the environment. The degree of wetness is an important
factor that affects corrosion of metals in wet and dry corrosion cycles. Various types of
time-of-wetness meter have been proposed for flat panelsl- 2), but not for crevice areas.

AC impedance spectroscopy has been widely used for analysis and evaluation of
corrosion behavior of bare and painted metal. AC impedance measurement using two
frequencies 3-4) was first designed by S.Haruyama and T.Tsuru for corrosion monitoring. This
system has been applied to field corrosion monitoring of certain structures.

In the present study, a new AC. impedance technique was developed, using a model
consisting of two identical steel panels facing each other with a small gap, to measure the
degree of wetness and the corrosion rate. Solution resistance measured by the AC impedance
technique was compared with the mass gain of the solution in the crevice and it was
demonstrated that the degree of wetness could be calculated from the measured solution
resistance in the crevice. The AC impedance technique was also used to determine the change of
the corrosion rate with time in the crevice. In situ measurements of the time dependence of the
wetness and corrosion rate in the crevice of the lapped panels were carried out in the laboratory
wet and dry corrosion test. Based on the results, the basic corrosion mechanism of steel in the
crevice of lapped portion was discussed.

3200



Experimental Method

Specimen

Figure 1 shows the schematic of lapped panels used for measuring the mass gain and
impedance in the crevice. The lapped panels were made of two steel sheets coated with the
conventional conversion coating and electrodeposited paint(24-30p.tm thick) for automobile
body except for the center portion (10mm x 20mm). Spacers (66-704.m thick) were placed
between the two panels. The uncoated surfaces were facing each other inside the lapped panels.
The edges of the lapped panels except for the solution inlet were covered with a small amount
of epoxy resin. The clearance between the unpainted inside surfaces was not measured, but
estimated to be a little more than 1.14 mm considering the thickness of the electrodeposition
coating and the spacers.

Accelerated corrosion tests

The wet and dry cycle was repeated daily in the following manner; (i) immersed
vertically in 5wt% NaCl solution for 1 hr at room temperature, (ii) placed horizontally in air
maintained at 20-23°C and 18-22%RH forl4 hrs, (iii) left horizontally for 9 hrs in vacuum
chamber at room temperature to eliminated all the water remaining in the crevice. The mass loss
through the last procedure showed the amount of water in the crevice. A cycle of 1 hour
immersion and 23 hours drying was also used.

The mass gain of the lapped panels was measured in the laboratory wet and dry test to a
precision of 0. lmg in order to determined the inward and outward migration of the solution
with respect to the crevice during the wet and dry cycle. The solution outside the lapped panels
was removed by wiping with filter paper immediately after the panels were taken out from the
5wt% NaCl solution. The mass gain of a flat panel covered totally with the conversion coating
after one hour immersion in 5wt% NaCl solution was also measured to correct the error of the
mass gain caused by water absorption in the electrodeposition coating.

AC impedance measurements

The instruments used for AC impedance measurements consisted of Solartron 1250
frequency response analyzer (FRA) and electrochemical interface 1285. The effective applied
AC signal amplitude was 5 mV. The AC frequency was scanned down logarithcally from
60kHz to 0.01Hz.

Results and discussion

The mass gain in the crevice

The saturated mass gain of the lapped panels in 5wt% NaCl solution was 0.045g(about
one hour immersion). On the other hand, the corresponding mass gain of fully coated panel
was 0.003g/sheet. The mass gain of the lapped panels included an error of 0.003 X 2--0.006g.
However, all the water absorbed in the coating of the panel sheet disappeared in approximately
1 hr from the start of indoor exposure. The mass gain of the coating by absorption of water was
negligible after one hour from the start of indoor exposure.

Figure 2 shows the variation of the mass gain of the lapped panels in the laboratory wet
and dry test at room temperature. Obviously, the solution quickly entered the crevice. The mass
gain during immersion, however, became smaller as the number of corrosion cycles increased.
On the other hand, the mass loss during the dry period decreased with increase of the number
of cycles.

Impedance in the crevice

Figure 3 shows the Bode diagram for the lapped panels in 23 hrs from the start of
indoor exposure. Solution resistance was measured at 1OkHz-6OkHz and corrosion resistance
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at lower frequencies. It was found that the solution resistance and corrosion resistance in the
crevice of the lapped panels could be measured simultaneously by using the two electrode AC
impedance technique.

It was assumed that both of the unpainted surfaces in the crevice of the lapped panels
were wetted with incoming solution because the gap was narrow as shown in Figure 4. The
effective surface area, S, where the unpainted surfaces are in contact with the inside solution is
as follows.

S= dop/ Rs, (1)

where Rs is the solution resistance, d is the clearance in the crevice of the lapped panels and p

is the specific resistance of the solution in the crevice. The value of p became constant in few
cycles as the solution was saturated with NaCl (approximately 25wt%). Based on Equation(1),
S is proportional to 1/Rs.

Figure 5 shows the time dependence of the reciprocal of the solution resistance in the
crevice of the lapped panels in the laboratory wet and dry corrosion test. Besides the first quick
mass gain, the variation with time of 1/Rs in Figure 5 and the mass gain in Figure 4 are in
parallel.

Figure 6 shows a relationship between the mass gain and 1/Rs in 5 cycles of the
laboratory wet and dry corrosion test. Up to the saturation amount of the crevice solution, a
good correlation exist between the mass gain and 1/Rs as indicated by the data in Figure 6. The
first mass gain was due to water absorption in electrodeposition coating and epoxy resin. It can
be concluded that the solution in excess of about 0.033g(saturation amount of crevice solution)
is that which permeated other than the unpainted surface.

Corrosion monitoring in wet and dry corrosion tests

Impedance at lower frequencies was assumed to provide the relative corrosion rate in
the crevice. Figure 7 shows the time dependence of the reciprocal of corrosion resistance and
the degree of wetness of the lapped panels. Corrosion resistance was determined at a frequency
0.0 1Hz. The degree of wetness was evaluated as follows,

Wetness = Rs(sat) / Rs, (2)

where Rs(sat) is the solution resistance of the lapped panels at the mass gain of 0.033g. The
highest corrosion rate was observed immediately after immersion in 5wt% NaCI solution. It
rapidly decreased with decrease of the degree of wetness, reaching a minimum at 20% wetness,
and increased again when the degree of wetness decreased further.

It was speculated that the initial high corrosion rate was caused by the oxidizing action
of the corrosion products and the final increase of the corrosion rate was due to oxygen that
diffused into the crevice at the low wetness stage. When significant amount of solution exists in
the crevice, supply of oxygen to the crevice solution was extremely limited because of the
narrow crevice clearance. Thus, the state of intermediate wetting accelerates corrosion in the
crevice.

Conclusion

From the results obtained, the following conclusions can be drawn.

1. The AC impedance technique is useful for simultaneous measurements of the degree of
wetness and the corrosion rate in the crevice at the lapped portion. The degree of wetness is
given by impedance at high frequencies above 10kHz and the corrosion rate by impedance at
low frequencies less than 0.01Hz.
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2. The state of intermediate wetting provides relatively easy entry of oxygen and hence
accelerates corrosion in the crevice of lapped portion.
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Figure 1 The schematic of the lapped panels used for measuring the mass gain and
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Figure 2 The variation of the mass gain of the lapped panels in the
laboratory wet and dry corrosion test at room temperature.
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Abstract

The object of this investigation is to select the cement ,o be used in reinforced
concretes which are able to resist to chloride diffusion and therefore to the rebar
corrosion. For all the tested concretes, the cenen't contents were equal to 250 kg/m 3

and the water-cement ratio was equal to 0.6, but tie cement type varied.

The experimentation was focussed first on the determination of the diffusion coeficient
of chloride into concrete, then on plotting stationary polarization curves and
measuring the electrochemical impedances of the embedded rebars.

The diffusion study has shown out that the cement type is a major parameter
influencing the chloride diffusion into concrete. The polarization curves of embedded
rebars have the same shaoe. whatever the cement type. They include a passivation
plateau and a current peak at about -600 mVSCE. The length of the passivation
plateau and the height of the peak are related with the cement type, therefore with the
chloride diffusion.

Finally, the electrochemical imoedance of a rebar embedded in concrete was
modelled with an equivalent circuit which takes into account the real products formed
on steel. In this model, a dispersion constant (A nias been introduced and the
experimental results have shown that this constant is related with the cement type.

The results of this investigation were applied to a real case.

Key terms : concrete. reinforcement, electrochemical tests, chloride diffusion
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Introduction

The corrosion of rebars in concrete is due to chloride ions and similar agents which
are coming from the environment and can deoassivte the metal surface. It means that
corrosion occurs when the chloride content close to rebars is high enough, i.e. after a
delay which is related to the chloride migration into concrete.

So. for designing a concrete which prevents the rebar corrosion, it is needed to
choose the cement type , the cement content and the water-cement ratio, as well. In
this paper. only the effect of the cement was investigated.

The cement to use in real structures, had to be selected out of the cements which were
available in the concernea area. The chosen cement had to have the following
properties
- it gives the lowest diffusion coefficient of chloride ions,
- rebars embedded in it are passivated.

The environments testea in this investigation were aqueous solutions, which were
similar to ground waters encountered in Tunisia.

Experimental

Concrete design

The cements used in this investigation were tunisian. It dealt with
- ordinary Portland cement "CPA". from Enfida plant,
- composed Portland cement "CPC 1", from Karouba plant.
- Portland cement with a high resistance against sulphates "CPA HRS 45", from
Karouba plant.

Table I gives the compositions of these cements. The two cements from Karouba plant
were "sulphate resistant", because these requirements are met concerning the
following contents : [CaO A120 3] < 5%. {2[3CaO A12 0 3] + [4CaO AL 2 0 3 Fe 2 0 3] }< 20%
and [S031 < 2.3%.

The concrete design corresoonded to that of real. industrial, low cost products, for
which the cement type was to be determined (table II). The water-cement ratio was
equal to 0.6. The concrete was mixed manually and compacted by vibrating, before
pouring into moulds. Concrete specimens were cured in a climatic chamber, with a
relative humidity a little higher than 50 %/a, during 48 hours. At this age, they were
taken out of the moulds. Then they were immersed and stored in tap water, at 200C,
during 28 days.
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Specimens for electrochemical tests

The reinforced concrete specimens were parallelepipeds, 4x4x16 cm. A plain carbon
steel wire, 6.5 mm diameter and 120 mm long, was placed in the longitudinal axis of
the specimen. Table III gives the steel composition. The wires were polished with
abrasive papers, rinsed with distilled water and dryed with warm air, before being
embedded in concrete.

The polarization (potentiodynamic) curves were plotted with reinforced concrete
specimens which had been cured during 28 days, then immersed in salt solution
during one hour.

For the electrochemical impedance spectroscopy, the specimens were first cured
during 28 days, then they were continuously immersed in the aggressive salt solution,
during 72 weeks. At this time, the electrochemical impedance was measured on
specimens which were immersed in the salt solution.

Aggressive solution

The reinforced concrete specimens were immersed in a solution containing 90 g/I
sodium chloride (pH = 6.5). This content coresponded to that of a real water in a
tunisian site. Some reference tests were made with immersing concrete specimens in
distilled water.

Methods for studying chloride diffusion

The chloride diffusion in concrete was studied with the following procedure, which
uses a "diffusion cell". A concrete plate was placed in a cell, with salt solution on one
side of the plate and a lime solution (saturated with calcium hydroxide, pH = 12.4), on
the other side. This technique has been used without any supplementary applied
potential which could enhance the diffusion process (Figure 1). Only the chloride
content gradient has made the ions flow from the aggressive solution to the lime
solution, through concrete. The chloride content in the lime solution was measured in
function of time. The curve giving chloride content in this solution, versus time, yields
an apparent diffusion coefficient.

The concrete specimens were smal plates 160 x 160 x 20 mm 3 in dimensions. They
were 28 day old, when the diffusion test started. The specimen faces contacting
solutions, had been in contact with the mould during concrete hardening. The volume
of every solution (salt solution and lime solution) surrounding the concrete specimen
was V = 1 250 cm 3 .

The chloride diffusion tests lasted at least 250 days.
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Procedures of the electrochemical test

Polarization curves Potentiodynamic curves were plotted for the steel wires
embedded in concrete. The reference electrode was a saturated calomel electrode
(SCE) placed on the concrete surface. The counter-electrode was a stainless steel
([Cr] : 18%, [Ni] : 10%) sheet, placed on the concrete surface.

Toe potential sweep started one hour after the reinforced concrete specimen had
been immersed in aggressive solution. A one-way potential sweep was made, starting
from E = - 1200 mVSCE, up to + 650 mVSCE, at the rate of 50 mV/min.

Electrochemical impedance spectroscopy (EIS) The aggressive medium was
placed in a plastic vessel where a specimen was immersed. For measuring the
electrochemical impedance, the experimental arrangement was the same as that for
plotting potentiodynamic curve.

The frequency of the applied potential ranged between 50 kHz and 10 mHz. The
(peak to peak) amplitude of the potential AE was about 8 mV.

The measurements were made after the ageing tests, at rest (zero current) potential.
The impedance results were plotted as a Nyquist diagram, having, for a given applied
frequency, the real part R as abscissa and the imaginary part -j G as ordinate.

An example of the electrical circuit equivalent to the concrete-steel system was
proposed in 1 :this model has been improved.

Results and Discussion

Results concerning chloride diffusion

The curves giving chloride content C versus Ln t (logarithm of time) are of the same
shape. Figure 2 gives an example of such a curve. It appears that choride diffusion
obey two laws, with a change at a time which was determined in the following way 2. A
theoretical law was assumed for the chloride diffusion.during the first stage. A
software, using the "least square" method, was used for fitting the experimental curve
with the theoretical curve. It appears that a sudden decrease of the correlation
coefficient occurs at a given time (the end of the first stage) : it means that an other
diffusion law is then to be used. More precisely, the diffusion processes were
assumed as being as follows. During the first stage, the chloride content profile in the
concrete plate is not stable and changes with time. Then, during the second stage, it is
stable.

For the first stage, the chloride content C at a depth e (thickness of the concrete plate)
and at time t, is deduced from FICK's law, knowing the diffusion coeficient D10
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2

Ln C,/t = Ln A e

where A is the plate area.

Table IV gives the results concerning the first diffusion coefficinet D1, which ranges
between 546 and 1160. 10-9 cm2s 1.

The transition times, between the two stages, were : 50 days for CPC1, 60 days for
CPA and 120 days for CPA HRS cement.

For the second diffusion stage, the chloride content profile in the concrete plate is
stable and the chloride content C2 in calcium hydroxide solution, at time t is deduced
by the FICK's law:

D2 A
02 =C1 e (t-to)

where C1 is the chloride content in salt solution, e the plate thickness, V the solution
volume and to a constant.

Table IV gives the values of second diffusion coefficient D2 , which are ranging
between 34 and 2 30.10-9 cm 2s-1.
The comparison of the two diffusion coefficients Di and D2 ,shows that
- D1 is higher than D2 , for a given concrete design,
- the rankings of concretes designs by using either D1 or D2 are the same,
- the highest diffusion coefficients correspond to cement CPC 1 and the lowest values
correspond to CPA HRS 45, but cement CPA is similar to CPA HRS 45.

So, according to the results of the chloride diffusion study, the composed Portland
cement (CPC 1) is not to be recommended.

Results concerning potentiodynamic curves

The potentiodynamic curves were plotted with using reinforced concrete specimens.
Figures 3 and 4, correspond to a sound (reference) concrete, 40 day old, and
concretes immersed in salt solution for one hour, respectively.

It appears that

- the potentiodynamic curves have the same shape. whatever the cement type,

- an oxidation peak is visible near E = -600 mVSCE, followed by a passivation plateau,

- the peak heights are higher for chloride contaminated concretes than for sound
concretes,
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- the length of the passivation plateau depends on the cement type. As a rule, ordinary
Portland cement (CPA) gives the longest passivation plateau and the lowest current
density in this potential range.

During the test, the salt solution pH was stable (equal to 6.5), so that it has no
influence on the results concerning the obtained potentiodynamic curves.

It means that, after this method, out of the three cements tested, the ordinary Portland
cement (CPA) is the most protective. The composed Portland cement (CPC 1) is not to
oe recommended.

Results concerning electrochemical impedance

The electrochemical impedance Nyquist diagrams were plotted for steel in the various
concrete samples.

Steel in sound concrete Figure 5 gives the Nyquist diagram for steel in a sound
concrete, about 40 days old. It shows only one loop, which is a circular arc, having its
center below the "real" axis. It corresponds to passivated steel 1,3,4,5,6,7,8, as
supplementary visual examinations have confirmed (whitish products are formed on
steel surface). It is to be noticed that for a steel rod which was directly immersed in a
saturated Ca(OH) 2 solution, during 1 hour or 24 hours, a similar Nyquist plot (with a
single loop) was obtained (Figure 6).

Steel in concrete contaminated by salt solution Whatever the cement type, the
Nyquist diagram of steel in concrete contaminated by salt solution includes two loops.
Some authors have already obtained such results 1. 4,9. The centers of these circular
loops are not on the real axis, but a little lower. The loop which corresponds to high
frequencies, is far smaller than the low frequency loop (Figure 7). The high frequency
loop may be attributed, according to 1. to the lime layer on the rebar. More generally,
this high frequency impedance loop corresponds to products formed in the cement
paste closed to the steel surface. The low frequency loop corresponds to the direct
interface between steel and concrete.

For interpreting the impedance results, a model was established (Figure 8). It includes
the concrete resistance, the impedance corresponding to the products formed in
cement pores near steel, and the impedance of the steel-concrete interface. It is to be
noticed that when no product is formed in the cement paste (in calcium hydroxide
solution, for example), the corresponding part of the impedance vanishes.

The interface resistance R2 is similar to a polarization resistance, but when the
embedded steel is highly corroded the area between oxided metal and concrete
maynot be assumed as being a pure metal-electrolyte interface. So, it appears (table
VI) that the R2 values doesnot depend only on the cement type.

The dispersion parts of the impedance correspond to the hardened cement porosity
which results in a inhomogeneity of the products distribution. The parameters al and

3212



'X2 describe this dispersion and they are defined in the following way. For a given loop
(high frequency or low frequency loop), the dispersion part of the impedance Z~d obeys

1 1
-+ j OtoO

Zd i(U)) ddi

where w is the pulsation (frequency), Rd and C a capacitance. Then, parameters ai
(with i = 1 or 2) and are defined by

-r Ca

Rdi =Ci tg--2

Table VI give the results concerning al and (X2. It appears that:
- parameters al1 and (X2 are higher for concrete contaminated by chlorides than for
sound concrete of the same design,
- parameter a2 has the highest values in the case of cement CPC 1,
- supplementary visual examinations have confirmed that when a2 value is low (case
of cement CPA HRS 45), the film formed on steel surface is homogeneous.

So, the electrochemical impedance svectroscopy, which is applied along with the new
interpretation model, has shown that cement CPC 1 is not to be recommended.

Conclusion

The results obtained have shown that

- the three procedures for choosing cement give consistent and complementary
results,

- Portland cements CPA and CPA HRS 45 have similar properties concerning chloride
diffusion and rebar protection, as well.

- composed cement CPC 1 is not to be recommended because as far as chloride
diffusion and rebar protection are concerned.

These results had been used for designing concrete in real structures in Tunisia.
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Tables

Table I - Compositions of the cements tested (i weigh percent)
Cement Si02 AI2 0 3 j Fe 2 0 3 f CaO MgO S03 CaO Loss on Insoluble

_,_(free) ignition
CPA 21.73 5.39 13.36 .61-99 1.19 2.04 0.49 1.9 0.70
CPA HRS45 21.75 3.85 1A68 164.14 1.44 1. 74 0.30 1.0 0.32
CPC 1 18.50 3.80 13.80 !62.30 1 .50 1.220 0.35 4.5 1.60

Table I1:
a) Design of concrete for electrochemical tests

Comoonent Content (kg/m 3)
Cement 250
Sand (dia.<5 mm) 650
Fine gravel (5 < dia. < 8mm) 635
Gravel (8 < dia. < 12 mm) 850
Water 150

b) Design of concrete for studying chloride diffusion

Component Content (kg/m 3)
Cement 250
Sand (dia.<3 mm) 650
Fine gravel (3 < dia. < 5 mm) 635
Water-cement ratio 0.6

Table III : Chemical composition of steel wire
Element IC IMn Si iS P
Weight percent (%)_) 0.22 10.089 0.24 0.016 0.046

Table V
Diffusion coefficients D1 and D2 of chloride through concrete (in 10i9 cm2 . s-1)

Cement CPA CPA HRS CPC 1
Di 680 546 1180
D2 130 34 230

Table VI :
Values of interface resistance R2 (kf,. cm2 ), dispersion parameters al and a2

after EIS measurements

Concrete Sound In distilled water In chloride solution
Parameter a2 R2 aI 1 a2 R2 a1 a2 R2
CPA 0.10 400 0.19 0.10 875 0.56 0.41 2
CPA HRS 0.001 500 0.13 0.06 140 0.50 0.44 214
CPCl 0.11 294 0.20 0.18 1120 0.45 0.60 41
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Figure 3 : Potentiodynamic curves of steel in sound concretes (steel area : 24.5 cm2 )
These reference concretes were cured during 28 days in tap water and for 12 days in atmosphere.
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Figure 4 : Hotentiodynamic curves of steel in concretes contaminated with chloride
(steel area : 24.5 cm 2 ). These reinforced concrete specimens were cured during 28 days, then
immersed in chloride solution (pH = 6.5) during one hour, before plotting the potentiodynamic curve.
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Figure 5 Nyquist plot of the impedance of steel in sound (reference) CPC 1 concrete,
40 day old. (steel area : 24.5 cm2 ).
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Figure 6 : Nyquist plot of the impedance of steel placed in calcium hydroxide
saturated solution (steel area : 24.5 cm2 ).
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Figure 7 : Nyquist plot of the impedance of steel in CPA HRS concrete, contaminated
with chloride (steel area : 24.5 cm2 ). These reinforced concrete specimens were cured during
28 days, then immersed in chloride solution for 72 weeks, before measuring the steel electrochemical
impedance.
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Figure 8 : Equivalent circuit for the electrochemical impedance of steel in concrete
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Figure 1 Experimental arrangement for studying chloride diffusion. The pH of the
sodium chloride solution is equal to 6.5.
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Figure 2 :Typical curve giving chloride content in lime solution, versus time
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A Current-Based Criterion for Cathodlir Protection

of Reinforced Concrete Structures

Jack Bennett
ELTECH Research Corporation
625 East Street
Fairport Harbor, Ohio 44024

Abstract

Several criteria have been proposed to measure the effectiveness of cathodic protection of reinforced concrete
structures. Most of these techniques have been adapted from their use in the underground and submerged cathodic
protection industry, and have not been vigorously verified in concrete. Many of these criteria are difficult to interpret
and apply. In this paper, a new current-based criterion is suggested which is simple to use and technically accurate
throughout the life of the system.

Laboratory data are presented which establish the actual corrosion rate of cathedically protected steel as a function
of salt concentration, pH and polarization. The amount of polarization needed to achieve an acceptable rate of
corrosion is especially sensitive to salt concentration and pH. At pH 13.37, polarizations ranging from zero to 170
millivolts were needed at chloride concentrations ranging from I to 30 pounds chloride per cubic yard (0.16 to 4.80%
by weight of cement). One unit of pH was found to change the rate of corrosion by over an order of magnitude.
These data illustrate the complexity of trying to apply criteria based on steel potential.

Corrosion rate data are also presented as a function of macrocell current flowing to or from the test specimens.
Macrocell current was found to represent a relatively small portion of thl corrosion cccuiai.j oa the test specimens.
The application of cathodic protection current was found to effectively eliminate both macrocell and microcell
corrosion, however. Based on these data, a cathodic protection criterion is proposed based on current flow to or from
probes constructed from corroding steel within the structure. This proposed criterion is simple, easy to apply,
technically accurate throughout the life of the system, and does not rely on the long-term stability of embedded
reference electrodes. Limited field experience is also provided.

Key words: concrete, corrosion, criteria, cathode, cathodic protection, polarization
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Introduction

Cathodic protection (CP) is rapidly becoming accepted as a repair option for reinforced concrete structures
undergoing corrosion due to the presence of chlorides. Experience over the past 15 years has shown cathodic
protection to be both technically effective and economically viable.

Despite this success, however, there still exist confusion and disagreement over the methods used to measure the
effectiveness of CP systems. A variety of CP criteria have been proposed, including those using electrode operating
potential, potential shift, potential decay, current-potential relationship (E-log I) and a statistical treatment of static
potentials. Many of these criteria are complex and difficult to apply.

A field survey conducted in 1989 by Battelle' determined the cathodic protection criteria being used on 466 CP
installations in North America. The survey showed that the most number of structures were being controlled using
the 100 mV depolarization technique (223 structures). Second in popularity was the E-log I criterion (146
structures). Both of these criteria are listed in NACE Standard Recommended Practice2 . The E-log I criterion,
typically used as a start-up procedure, is often difficult to interpret and apply, and is normally performed by
consultants or service firms specializing in cathodic protection. The most popular criterion, 100 mV depolarization,
was developed in the underground CP industry and was first applied to reinforced concrete structures in the early
1980s. This criterion is simpler than E-log I, but the proper amount of depolarization needed, as well as the
procedure for measurement, is still debated. Its use in concrete was reported by Bennett and Mitchell who conducted
an empirical investigation of the criterion and recommended that it be raised from 100 mV to 150 mV3. In a
technical review of polarization shift criteria, Funahashi and Bushman suggested that polarizations of 155 to 240 mV
are needed, depending on the chloride content of the concrete'. This finding was reinforced by a subsequent study
by Funahashi and Young in 1992g. Other authors have suggested that 100 mV of polarization is too high, and results
in excessive polarization of steel reinforcemente.

Uncertainties in the test procedure further complicate the 100 mV depolarization criterion. The amount of
polarization measured depends significantly on the time period used for the test. NACE Standard Recommend
Practice suggests that a four hour time period be used for the test2. A recent survey of cathodic protection on North
American bridges shows that as little as 25% of the total depolarization may be recorded in four hours, however7.
Determination of the IR-free potential, which is the starting point for the depolarization test, is also dependent on
procedure. If the IR-free potential is taken too soon, the initial starting potential will be too high since capacitance
decay and charge balancing effects are slow in concrete3. If, conversely, the IR-free potential is taken too long after
current-off, then the full depolarization will not be included in the measurement. Most authors suggest that the IR-
free reading be taken between 0.01 and 1.0 second after current off".

Contributing to the uncertainty regarding criteria is the lack of corrosion rate data in concrete. Such data could
provide a sound experimental basis for CP criteria. With this realization, work began on Strategic Highway Research
Program (SHRP) Contract SHRP-91-C-102D in April of 1991. It was the objective of Task 5 of this contract to
determine the actual rates of corrosion of reinforcing steel in concrete as a function of chloride concentration, pH,
temperature, and cathodic protection current and to use this data to justify cathodic protection criteria. Oxygen was
generally accessible to the. teel for this study, and the availability of oxygen was not studied as a variable.

Experimental Procedure

A corrosion cell approximating concrete construction with a double mat of reinforcing steel was built from Schedule
40 PVC (see Figure 1). The cell was comprised of two chambers separated by a cation exchange membrane. The
anode chamber was filled with Ottawa sand (ASTM C 778-91, "Standard Specification for Standard Sand") and
saturated with simulated pore water solution containing chloride ion. The cathode chamber contained Ottawa sand
saturated with pore water solution containing no chloride. The cation exchange membrane prevented chloride ion
from migrating out of the anode compartment and contaminating the catholyte. Two flat steel coupons were placed
in the cell, one on each side of the ion exchange membrane. During operation the two coupons were shorted
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together to induce macrocell corrosion. A 10 ohm resistor was placed in the circuit to allow for the monitoring of
corrosion currents. Catalyzed titanium anodes were placed on each side of the anode coupon for impressed current
tests. The steel sample coupons were manufactured from SAE 1020 steel which contained 0.2% carbon.

The corrosion rate experiments were conducted at various levels of CI ion concentrations, ranging from 1 to 30#
Cl/yd3 (approximating 0.16 to 4.8% by weight of cement). This was achieved by adding simulated concrete pore
water to the sand. Standard pore water solution with chloride contamination was prepared with the following
composition:

0.20% Ca(OH) 2
3.20% KCI
1.00% KOH
2.45% NaOH

When Ottawa sand is wetted with solution of this composition, and then drained to create an unflooded condition,
the resultant C1 ion concentration was 10.2#/yd3 (approximating 1.63% by weight of cement). The percentage of
KCI in the pore water was adjusted to yield various other concentrations of chloride ion. The use of wet sand in
this way permitted access for the oxygen needed to sustain corrosion reactions. Experiments were also conducted
at different pH levels by adjusting the amount of NaOH and KOH that were added to the pore water solution. This
cell and test procedure are described in detail in another recent publication9.

The corrosion rate experiments were conducted on both freely corroding and polarized coupons. A set of five
coupons were tested for every set of conditions. Due to the sensitivity required to determine weight losses, extra
care was taken during handling to minimize contact with the surface of the coupons. Each experiment lasted 20 days
during which corrosion currents were measured thrce times per week. Depolarization data was periodically collected
on the polarized coupon tests using a Saturated Calomel Electrode. Determination of net current flow, cither anodic
or cathodic, was accomplished by the application of Kirchoff's laws according to the schematic in Figure 2. Typical
observations included average weight loss, average depolarization and average current flow, either anodic or cathodic.

Weight loss determinations were conducted by rinsing the test coupons in tap water to remove residual sand.
Corrosion products were removed from the surface using ASTM G 1-90, "Standard Practice for Preparing, Cleaning,
and Evaluating Corrosion Test Specimens". Several procedures were tested until one was found that did not
significantly attack the substrate. The procedure chosen involved dipping the coupons for ten minutes in a room
temperature solution containing 20g of Antimony trioxide and 50g of Stannous chloride dissolved in concentrated
hydrochloric acid (sp. gr. 1.19) to 1000 ml. After all five coupons were cleaned, a blank untested coupon was
cleaned using the same procedure and any weight loss imparted by the etching solution was included in the final
weight loss determinations.

Two concrete specimens were used to study corrosion current flow in reinforced concrete. One of these specimens
was a 4 ft2 (0.37 in2) slab constructed according to Ohio bridge deck specifications. It contained a double mat of
reinforcing steel, with the upper mat in chloride contaminated concrete and the lower mat in non-chloride
contaminated concrete. This arrangement facilitated development of macrocell corrosion. The second specimen was
approximately 0,28 ft (0.026 in') containing two #4 reinforcing bars, one in an upper, chloride containing
environment, and another in a lower non-chloride environment. Catalyzed titanium mesh anodes were installed on
each specimen and covered with a one inch concrete overlay. The upper and lower mats were electrically shorted
through a 10 ohm resistor. The resistor served as the path for macrocell currents while also serving as a means for
measuring the currents.

Results and Discussion

Corrosion rate experiments conducted as described above in sand wetted with pore water solution closely simulate
conditions in an unsaturated concrete environment. Oxygen is generally available for the corrosion process, unlike
experiments conducted in aqueous solution where oxygen availability is limited. Diffusion constants are likely to
be much higher in wetted sand than in concrete, however. For this reason, corrosion rates developed in this study
are expected to be similar to those which occur when cathodic protection is first applied. After a significant amount
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of current is passed, concentration gradients can be expected to develop in concrete as a result of electrochemical
reaction and ionic migration. Chloride ions will be depleted at the surface of the steel, while hydroxide ions will
accumulate, tending to decrease corrosion rate with time. Under such conditions the corrosion rate relationships
developed in this study are still expected to be relevant, but the exact chloride and hydroxide concentrations at the
surface of the steel may be unkno wvn.

Corrosion rate experiments conducted in sand cells have significant advantages over experiments conducted in
concrete. Test coupons can be easily removed from the sand and weighed to establish weight loss data. Weight loss
of samples embedded in concrete is much more difficult to establish. Some authors have suggested the use of
corrosometer probes in concrete.1" Corrosion in concrete is characterized by a large amount of pitting corrosion.
This pitting corrosion, especially present in freely corroding specimens, tend to confound corrosion rate experiments
using a corrosometer, which assumes a uniform corrosion.

Corrosion Rate Experiments

Figure 3 shows the relationship between corrosion rate and chloride concentration at about 20' C and a pH of 13.37.
Each point is an average of five cells operated under identical conditions. The graph shows a steadily increasing
corrosion rate as chloride concentration was increased from I to 30 #/yd3 (approximating 0.16 to 4.8% Cl- by weight
of cement).

Figure 4 shows the strong relationship between pore water pH and corrosion rate in the sand cells at 10 #Cl'/yd3

(approximating 1.6% by weight of cement) and a cathodic protection current of 0.68 mA/ft2 (7.32 mA/m2). An
increase of one pH unit reduced the corrosion rate 1N orders of magnitude under these conditions. This is considered
to be especially significant for cathodic protection since cathodic reactions will increase pH at the surface of the steel
with time.

Figure 5 shows the effect of cathodic protection current on corrosion rate at concentrations of 10 and 30 #Cl/yd3

(approximating 1.60 and 4.80% by weight of cement). These data confirm cathodic protection to be highly effective
in a concrete-like environment.

The objective of any cathodic protection criterion is to allow the user to reduce the rate of corrosion to an acceptable
level. It is therefore necessary to define an "acceptable" rate of corrosion. Studies conducted by Kenneth C. Clcar
indicated that cracking of concrete may result from as little as 2 mil (0.05 mm) of corrosion11. Another recent study
by Clemena et al indicated that a metal loss of 3 to 6% was the threshold of corrosion necessary to initiate
delamination in reinforced concrete decks"2. Calculating for #5 bar (16 mm dia.), this metal loss equates to a
corrosion loss of 4.7 to 9.5 mil (0.12 to 0.24 mm). For the purposes of this study, we will assume the more
conservative figure of 2 mils (0.05 mm) of corrosion is required to initiate cracking. Assuming that a minimum of
20 years is needed without delamination, an acceptable corrosion rate of 0.10 miu/yr (0.0025 mm/yr) can be
calculated.

One objective of this study was to determine the amount of polarization necessary to maintain an acceptable
corrosion rate of 0.10 mi!/yr. (0.0025 mm/yr.). This relationship has, unfortunately, been determined to be very
complex. Figure 6 shows the relationship between polarization (measured as depolarization) and corrosion rate at
chloride concentrations ranging from 1 to 30 #/yd' (approximating 0.16 to 4.8% by weight of cement). Each data
point is an average of data from five cells. Although general relationships can be seen (i.e. increasing chloride
concentration increases corrosion rate, and increasing polariLation sharply decreases corrosion rate), much more data
would be needed to establish the relationships quantitatively. These relationships are complicated further by changes
in pH. It therefore appears that a procedure attempting to define the exact amount of polarization necessary for each
case would be too complicated for practical use. Another approach is to define and apply the amount of polarization
necessary for the worst case, in which case all the steel should receive adequate protection. This approach commonly
res,,Its in overprotection, however, which is undesirable.
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Nulling of Corrosion Current

Figure 7 shows an interesting and relatively simple relationship between corrosion current (flowing to or from the
anode) and corrosion rate. The entire range of chloride concentrations, from 1 to 30 #/yd3 (approximating 0.16 to
4.8% by weight of cement), are plotted on this same line. This graph implies that if corrosion current could be
measured and controlled, it could be used as an accurate and relatively simple criterion. In other words, making the
anode net cathodic effectively stops corrosion. This is a well accepted principle of cathodic protection"3, but this
is the first confirmation of its effectiveness in concrete. It is clear from this graph that most of the corrosion
occurring in these tests can be attributed to localized pitting corrosion. Measured weight losses far exceed that
predicted by Faraday's Law. But it is also clear that cathodic protection current is capable of eliminating both
macrocell and pitting corrosion.

The concept described above, that of measuring corrosion current and applying cathodic protection to null or reverse
that current, is applied when using a "rebar probe"'14. Rebar probes are typically constructed by casting a 5 inch (12.7
mm) long piece of #5 rebar (16 mm dia.) in salty mortar, usually 15 #Cl/yd3 (2.4% by weight of cement). This
probe is then installed in an excavation in the structure where reinforcing bars have been exposed on all sides, and
the excavation is patched with chloride-free concrete. When the probe is connected to the system negative, through
a 10 ohm resistor for monitoring purposes, a strong macrocoirosion cell is created. Cathodic protection current is
then applied to null or reverse the measured corrosion current, making the probe a net cathode. The rebar probe is
usually constructed to be the most anodic site for the structure. It may then be assumed that if the probe is
sufficiently protected, the rest of the structure will be protected as well.

Although rebar probes are considered useful, especially for start-up, they are not generally regarded as a cathodic
protection criterion, and are not mentioned as such in NACE Recommended Practice'. One common criticism of
rebar probes is that they indicate a decreasing CP current with time as chloride migrates away from the probe. This
is precisely what should happen, however, and it is appropriate that a criterion reflect this process. It is the view
of this author that rebar probes have been under utilized in past practice, and deserve further consideration.

Based on the above data and observations, a Corrosion Null Probe (CNP) concept was developed. The CNP is
similar to the rebar probe described above, except that it is constructed from reinforcing steel and concrete native
to the structure. Corrosion rate monitored in this way will be site specific, and cathodic protection requirement will
be completely relevant for the structure at the time of the test.

To verify this concept, the sand cells described above were set up to null macrocell corrosion currents established
at several different salt concentrations. The results of these tests are shown on Figure 8 and Table 1. For these tests,
cathodic protection current was gradually increased using auxiliary anodes placed near the corroding steel coupon.
The null point was recorded when the corrosion current was exactly balanced by cathodic protection current. The
range of the data again shows the scatter caused by localized pitting corrosion. Table 1 lists the average cathodic
protection current requirements along with the average polarization of the steel at the null point. It is interesting to
note that even though the cathodic protection current requirement increases about two orders of magnitude from 1
to 20 #Cl/yd3 (approximating 0.16 to 3.2% by weight of cement), 100 to 150 mV of polarization is adequate
protection over most of this range. These data tend to confirm the 100 mV depolarization criterion as a technique,
although, as has been suggested by other authors, the criterion should be increased to 150 mV total polarization for
worst-case protection. The amount which should be measured in a 4 hour time period is still in question.

The Corrosion Null Probe technique was then tested on two concrete test yard specimens. Results of these tests are
shown on Figures 9 and 10. The specimen in Figure 9 was a 4 ft2 (0.37 m2) concrete slab which had top mat
reinforcement in a state of mild corrosion. In this case, a cathodic protection current of 0.05 mA/ft2 (0.54 mA/m2)
of concrete was required to null out corrosion current. A second test was then performed on a 0.28 ft2 (0.026 M2)
test yard slab which was badly delaminated. The slab was in an outdoor test yard, wet and corroding at the time
of testing. For this slab, a cathodic protection current of 3.0 mA/ft2 (32.3 mA/m2) of concrete was required to null
corrosion current, as shown on Figure 10. Following this test, the slab was brought indoors and allowed to dry out
for a period of about one month. The nulling test was again performed, and a cathodic protection current of 0.94
mA/ft2 (10.1 mA/m2) was then required. The slab was then maintained indoors with weekly ponding and a constant
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current of 0.94 mA/ft2 (10.1 mA/m2). After 84 days-on-line, the nulling test was again performed and a cathodic
protection current of 0.21 mA/ft2 (2.26 mA/m2) was determined. This drop of required current from 3.0, to (1.94 to
0.21 mA/ft2 (32.3 to 10.1 to 2.26 mA/m2), a result of concrete drying and of cathodic protection current, is
considered reasonable. This illustrates how the CNP test responds correctly to changes in environment and
conditions.

Field Testing

Figure 11 shows the construction of the Corrosion Null Probe. To create the CNP, a short piece of strongly
corroding reinforcing bar is isolated by dry saw-cutting. A wire is attached to one end of the bar for monitoring
purposes. The cut ends of the bar and the wire contact are then sealed with non-conducting epoxy. The remainder
of the excavation is filled with cementitious grout. The lead wire from the CNP is attached to the cathodic protection
system negative through a 10 ohm resistor for monitoring purposes.

In order to verify this concept, Corrosion Null Probes were installed in Wawecus Hill Road Bridge in Norwich,
Connecticut. An ELGARDT

M cathodic protection system was installed on 12,100 ft (1125 mi) of the deck of this
bridge in November of 1992. The cathodic protection system was separated into 4 separately controlled zones, and
it was decided to install 2 CNPs in each zone (total 8). Prior to installation, delaminated concrete was extensively
removed. The deck was not patched since it was intended to place the concrete in a single pour. It was therefore
necessary to locate and construct the probes in the existing concrete before any patching was completed. This is
probably not ideal since the potential survey is likely to change somewhat after patching.

After verifying the electrical continuity of steel in the deck, a potential survey was conducted using ASTM C 876-91
"Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete". The procedure was
conducted using a saturated calomel (SCE) half-cell and Fluke 27 high impedance voltmeter. The survey was first
conducted on 4 ft (1.2 m) center to approximately locate the most anodic sites. After this was complete, the most
anodic (negative) areas were re-surveyed on I ft (0.3 m) center to more closely locate the most anodic reinforcing
bars. The exact positions of the bars selected for the probes were determined using a CT-4950 Micro Covermeter,
made by ELE International, Inc. The static potentials of the selected bars, before cutting, are given on Table 2.

The reinforcing bars selected for CNPs were then isolated by dry-cutting using a diamond saw. The cutting process
is shown on Figure 12. A monitoring wire was attached to one end of the CNT by drilling and tapping one end of
the bar. The connection and the cut ends of the bar were coated with non-conducting epoxy. The installed CNP
is shown on Figure 13 prior to mesh installation and overlay. The slots which were cut to isolate the CNP were filled
by the overlay.

Unfortunately, the wires to the CNPs were left disconnected for 43 days during the construction process. This
interrupted the macrocell corrosion and caused the corrosion currents to decrease. When the cathodic protection
system was energized, corrosion currents on the probes was still very low, and the required cathodic protection
current averaged only 0.05 mA/ft2 (0.54 mA/m2). This was not considered valid for start-up and the system was
energized at 1.5 mA/ft2 (16.1 mA/m2).

After the cathodic protection system on Wawecus Road Bridge had been operating for 34 days, the probes were again
tested. During this period of operation the probes were connected to the system negative and had equilibrated to
their operating conditions. The required cathodic protection current indicated by each probe is shown on Table 2.
The required cathodic protection currents, ranging from 0.23 to 0.75 mA/ft2 (2.5 to 8.1 mA/mr) are not unreasonable
since the CP system had been operating for 34 days, and since this test was conducted on January 20 when
temperatures were very cold. Two of the eight probes were apparently not functioning properly, indicating a negative
cathodic protection current requirement. At this time there is no obvious explanation for this behavior.

ELGARD" is a trademark of ELGARD Corp.
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This approach appears to offer a technically accurate and simple to apply criterion for cathodic protection in
reinforced concrete. It is site specific, and will reflect diminishing cathodic protection current requirement with time.
Installation in simple, and the test is quick and easy to perform. Significantly, it does not rely on the long-term
stability of embedded reference electrodes. The CNP technique does require that reinforcing steel be cut and
isolated, however, and in certain cases this may be objectionable. One such case would be where prestressing steel
is involved. Another concern is the need to select the most anodic area for the construction of the CNP. This must
be done very carefully. If the CNP is installed in the wrong location, the cathodic protection current may be grossly
misjudged.

On the strength of these tests and results to date, additional field tests of the Corrosion Null Probe are recommended.
As of this writing, monitoring of the probes in Connecticut is continuing and other field tests are being initiated.

Conclusions

1. Cells filled with sand wetted with simulated pore water solution provide a useful simulated environment
for corrosion studies of steel in concrete.

2. Cathodic protection current can effectively stop corrosion of steel in a concrete environment.
3. The rate of corrosion of steel in concrete is strongly dependent on chloride concentration and pH.
4. The amount of polarization needed to stop corrosion is variable, depending on chloride ion

concentration, pH and temperature.
5. The 100 mV polarization criterion is reasonably appropriate as a worst case criterion, but as such the

requirement should be increased to 150mV total polarization. The 4-hour time period typically used
for depolarization measurement may be inadequate in some cases, which could lead to overportection.

6. The Corrosion Null Probe (CNP) is proposed as a simple and effective criterion for cathodic protection
of steel in concrete.

7. Additional field testing and experience are needed to verify the CNP technique.
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Table 1. Average CP Requirement and Polarization vs. Salt Concentration

Salt Concentration Avg. CP Requirement Avg. Polarization
# Cl*/yd. 3 (% by wt. cement) mA/ft.1 steel (mA/M 2) mV

1 (0.16) 0.05 (0.5) 9

3 (0.48) 0.34 (3.7) 53

5 (0.80) 1.64 (17.6) 114

8 (1.28) 2.14 (23.0) 102

10 (1.60) 5.98 (64.3) 140

20 (3.20) 10.90 (117.3) 155
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Table 2. Static Potential and Cathodic Protection Current Requirement for Corrosion Null Probes,
Wawecus Hill Rd., Norwich, Connecticut, January 20, 1993.

Static Potential Cathodic Protection Current

Zone Probe No. mV vs SCE mA/ft. Concrete (mA/M 2)

1 1-1 -436 0.23 (2.5)

1 1-2 -430 * *

2 2-1 -385 0.36 (3.9)

2 2-2 -485 0.32 (3.4)

3 3-1 -424 0.45 (4.8)

3 3-2 -482 0.75 (8.1)

4 4-1 -400 * *

4 4-2 -345 0.31 (3.3)

"negative CP current indicated

CORROSION MACROCELL DESIGN

Ottawa sand Ottawa sand
wetted with wetted with
pore water pore water
without cr withC[l

steel coupon steel coupon

(cathode) (anode)

drain drain

4' diameter
cell body cation exchange membrane

Figure 1. Corrosion Macrocell design
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ELECTRICAL SCHEMATIC FOR THE SAND/PORE WATER CELLS
i3

il i2

® IlR I - 10fa R2 -10,a,

Power Supply

{•) Anode
Mesh

0

Control C1 1c2

cl - Coupon #1 (corroding coupon)
c2 - Coupon #2 (non-corroding coupon)
i - CP Current (electron flow)
i2- Macrocell Current (electron flow)
i3 Corrosion Current
Then: i3 = iI + (i2)

Figure 2. Electrical Schematic for the Sand Cells

SALT CONCENTRATION vs. CORROSION RATE
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- 1.5 Vemperature - ambient
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€• 1.0

U0.5
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Salt Concentration, # Cllyd3 of sand

Figure 3. Corrosion Rate vs Salt Concentration
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pH vs. CORROSION RATE
Under Applied CP Current
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Figure 4. Corrosion Rate vs pH Under, Applied CP Current

CATHODIC PROTECTION CURRENT DENSITY
vs. CORROSION RATE
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Figure 5. Corrosion Rate vs Cathodic Protection Current
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AVG. DEPOLARIZATION vs. CORROSION RATE
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Figure 6. Corrosion Rate vs Average Depolarization

CORROSION CURRENT vs. CORROSION RATE
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Figure 7. Corrosion Rate vs Macrocell Corrosion Current
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CATHODIC NULLING CURRENT
vs. SALT CONCENTRATION
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Temperature - ambient
C: 3
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Figure 8. Cathodic Nulling Current vs Salt Concentration

CATHODIC PROTECTION CURRENT REQUIREMENT
Mildly Corroding Concrete Specimen
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-0.1
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ICp, mA/ft' concrete

Figure 9. Cathodic Protection Current Requirement

for Mildly Corroding Concrete Specimen
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CATHODIC PROTECTION CURRENT REQUIREMENT
Badly Corroding Concrete Specimen
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Figure 10. Cathodic Protection Current Reauirement
for Badly Corroding Concrete Specimen

CORROSION NULL PROBE INSTALLATION
NOT TO SCALE
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CONCRETE SURFACE

• -
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Ti" 6"

ET-EPO\YFIIII' h GROUT

Figure 11. Construction of the Corrosion Null Probe
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Figure 12. Cutting Reinforcing Bar for the Corrosion Null Probe

Figure 13. Installed Corrosion Null Probe Prior to Mesh Installation and Overlay
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Abstract

Addition of flyash to concrete has been finding increasing applications in recent years.
Although a number of studies have been made in order to evaluate the mechanical properties of
concrete with flyash addition, only few tests have been reported concerning the influence of
flyash on the electrochemical behavior and corrosion of concrete reinforcement. One of the
processes which leads to reinforcement corrosion is carbonation of the calcium hydroxyde in
the concrete pores, which leads to a pH drop, with consequent depassivation of the metal
surface.

Electrochemical impedance spectroscopy - EIS - has proved to be a useful technique for the
study of corrosion problems, both for mechanistic interpretation and for monitorization.
However, most of the applications in the literature deal with localized corrosion under chloride
influence.

This study deals with the corrosion of steel due to concrete carbonation and also with the
influence of concrete composition and curing time on that process. Electrochemical Impedance
Spectroscopy and Open Circuit Potential measurements were used, as well as pH tests for
determination of carbonation depths. The results have shown that the additio,, of flyash leads
to higher carbonation rates.

Both the techniques of potential monitoring and EIS showed sensitivity to the phenomena
ocurring on the surface, the combination of the two being particularly useful in the
interpretation.

Key terms : Concrete, flyash, impedance, potential, carbonation.

Introduction

The alkaline nature of concrete provides reinforcing steel with good corrosion protection. The
high pH (> 12.5) in concrete results in passivation of reinforcing steelI. However, corrosion
can occur if the concrete is not of adequate quality, the structure was not properly designed for
its service, or due to an agressive environment, namely the presence of chlorides and / or
carbon dioxidel. 2.

The importance of carbonation, which is a slow process under natural conditions, has grown in
recent years due to the increase in structures age and associated risk of corrosion.
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Carbonation occurs when C02 from the environment reacts with Ca(OH) 2 , lowering the pH to
about 8 - 8.5.

Carbonation rate is a function of concrete moisture content; it is very slow in dry concrete and
in water saturated concrete, maximum carbonation rates being usually found at 50 - 60 % of
relative humidity 3.4. Carbonation rate is dependent upon other factors, namely: the type and
content of cement, composition and porosity of concrete, thickness of concrete cover5.

In order to have a good quality concrete, the addition of flyash to the cement has becornz, a
common practice in recent years. Flyash is a finely divided residue, resulting from the
combustion of coal in power plants. It possesses pozzolanic properties and reacts with
Ca(OH) 2 to form compounds with cementitious properties.

In this work, the corrosion process induced by carbon dioxide is studied on reinforced concrete
blocks having different flyash contents under conditions of natural and accelerated carbonation.
The corrosion behavior is studied by electrochemical impedance spectroscopy (EIS) and open
circuit potential (OCP) measurements. Carbonation depths were determined by the
phenolpthalein test.

Experimental procedure

A - Concrete blocks:

The concrete mix proportions were:
Portland cement + flyash = 350 kg
Water = 200 1
Sand = 1400 kg
Aggregates = 360 kg
The w/c ratio was 0,57 and samples had 0%, 30%, 50% of flyash in partial substitution of
Portland cement.

Two kind of blocks were prepared:

-For electrochemical experiments - Two commercial steel bars (0 = 1 cm) were embedded in
each concrete block, under a cover thickness of lcm. The dimensions of the blocks were
1OxlOxl6 cm. When not mentioned, steel bars were polished with SiC grit up to 600.

-For carbonation depth measurement - Small concrete prisms were prepared. The bottom and
top of each prism were isolated with an epoxy paint in order to control the carbonation
direction.

All samples were cured in a saturated humidity chamber before starting the experiments.

B - Exposure:

Accelerated carbonation conditions:
Samples having different curing time (7 and 28 days) were exposed in a 5% CO 2 atmosphere at
about 65% of relative humidity. Carbonation tests, using the phenolphtalein method and
electrochemical measurements were made.

Natural carbonation conditions:
Samples having different curing time (7, 28 and 90 days) were exposed in an urban
atmosphere (7c% Co() - 0.03). Only tests of carbonation depth (using the phenolphtalein
method) were made.
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C - Electrochemical Techniques:

Open circuit potential (OCP):
The open circuit potential of each steel bar was measured versus a saturated calomel electrode
whose tip was envolved in a sponge previously immersed in distilled water. The electrode was
slightly pressed against the prism surface. The measurements being taken with a high
impedance (10 MU ) voltmeter.

Electrochemical impedance spectroscopy (EIS):
The measurements were made between the two steel bars of each concrete block, across a
concrete thickness of 6cm. The range of frequencies analyzed was generally between 100 kHz
and 5 mHz. A 1255 Solartron FRA and a 1286 Solartron electrochemical interface were used.

Results

A - Carbonation Rates

Fig. 1 shows the results of carbonation depth as a function of time, for the accelerated tests
(5% C0 2). To a first approximation, the evolution can be considered as linear, with a slope
depending both on the curing time and on the composition of the concrete (% of flyash
amount). As expected, higher carbonation rates were observed for the blocks with the lower
curing time.

On the other hand, higher carbonation rates were observed for the blocks with higher flyash
amounts, this result being observed both for 7 and for 28 days of cure. Approximate
carbonation rates for the accelerated tests can be found in Table I.

Table I - Carbonation rates (mm/year)

Flyash amount 7 days of cure 28 days of cure(%)__ _ _ _ _ _ _ _

0 170 49
30 452 76
50 576 169

For the blocks under natural exposure (Fig. 2), observed carbonation rates were significantly
lower in all cases. The dependence on the concrete composition was identical to the accelerated
tests, i.e., carbonation becomes a slower process in the absence of flyash. The process,
however, seems to be independent of the curing time, even for a very long cure (90 days).

B - Potential Measurements ( vs. SCE )

The potential of the embedded steel bars (Fig. 3) shows an evolution which is characterized by
values around [-100, 0] mV at the end of the cure, followed by a potential drop after a period
of time. The potential values observed after curing are typical of a passive state, wl ereas the
drop to lower values can be interpreted as being due to activation of the metal. These "active
potentials" are independent of the curing time, being rather a function of concrete composition,
i.e., of the flyash amount. Thus, typical potential ranges for activity are: [-500, -6001 mV for
the 50% blocks; [-400, -500] mV for the 30% blocks, and - -300 mV for blocks with no
flyash. The time for activation significantly decreases with the amount of flyash, this tendency
being true also for 28 days of cure.

After a period of time at the active potentials, most of the steel bars showed a slow raise of the
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OCP, towards the same potential range as observed at the beginning of the tests.

To determine the effect of surface preparation, a few concrete blocks were prepared using
rusted steel bars. OCP measurements made on rusted and pre-polish steel bars showed that the
time for potential decay, and therefore for metal activation, were quite similar, as illustrated in
fig.4.

C - E.I.S. measurements

Fig.5 shows the impedance spectra for a block with 50% of flyash , at the following exposure
times and potentials (vs SCE): 1 day ( -256 mV), 3 days ( -556 mV), 10 days ( -566 mV)
and 20 days ( -537 mV ). For one block without flyash addition - fig.6 - a spectrum obtained
after 39 days ( -60 mV ) shows a passive behavior, whereas the other spectra - after 126, 134
and 150 days - refer to OCP values in the range [ -310, -328 ] mV. The OCP evolution of these
blocks is plotted in Fig.3.

At the beginning of the exposure, i.e., before the arrival of the carbonation front to the
electrode surface, the impedance spectra - figs. 5a) and 6a) - are typical of a capacitor, therefore
revealing a passive state.

After a period of time, which corresponds approximately to the time for potential decay, two
time constants develop in the Nyquist plot: one at high frequencies, with a very small
capacitance (1-50 nF/cm 2) and a resistance which increases with the time of exposure, and
which is also a function of the amount of flyash; and one other at lower frequencies, with
values of resistance and capacitance which are significantly different for blocks with different
compositions. Thus, for the 50% blocks, the low frequency process leads to a semicircle
which is very well resolved in a first state, but becomes gradually more depressed in time,
Fig.5c)d). The resistance is approximately constant (35-40 kQ.cm 2) and the capacitance
increases from approximately 10 to 80 pF/cm 2. This low frequency process was attributed to
the slow corrosion of the reinforcement, the raise in the measured capacitance suggesting an
increase in the attacked area.

For the blocks made with plain cement - Fig. 6 - the low frequency region of the spectra is
characterized by a very high resistance (3-5 MQ. cm 2) and an apparent capacitance which starts
at values attributable to an electrochemical double layer (15-20 laF/cm 2), later rising to much
higher values (200-500 giF/cm 2), suggesting a diffusion controlled process. Comparable
results were obtained by other workers6 for carbonation in ordinary Portland cement.

Visual inspection of the steel bars when the concrete samples were broken revealed generalized
corrosion , the surface being covered by corrosion products.

Discussion

In agreement with other workers 7 we have found that concrete with high flyash contents
carbonates faster. This conclusion is based on both the electrochemical measurements (OCP
and EIS) and the phenolphtalein tests. It is well known that the carbonation of concrete follows
according to the reaction:

CO 2 + Ca(OH)2 -> Ca CO 3 + H20 (I)

The presence of calcium hydroxide is a result of the hydration reaction of CaO (a main
component of cement). In the presence of flyash, the amount of CaO added to the concrete is
lower, and thus less Ca(OH)2 will be availabe for reacting with CO 2 . This can explain why
carbonation, proceeds faster in flyash-containg concrete. In addition to this effect, the presence
of flyash retard,, the setting time of concreteS. For this reason, porosity can be expected to be
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higher in a first stage, thus allowing carbon dioxide penetration.This negative influence of
flyash on the protective properties of concrete was observed both for the accelerated tests and
for the natural exposure tests.

An increase in the curing time, on the contrary, has resulted in a retardation of the carbonation
rate. This effect is a consequence of a higher degree of hydration at the start of carbon dioxide
exposure, which corresponds both to a lower porosity and to a higher amount of Ca(OH)2.
For the natural exposure tests, however, no significant effect of the curing time on the rate of
carbonation was observed. This can be explained by the comparatively low C02 concentration,
which permits the evolution of the hydration processes during exposure.

Three different tests were used in this work for the evaluation of concrete carbonation and
consequent reinforcement corrosion : pH test, OCP measurements and EIS.

The phenolphtaiein pH test, although inexpensive and easy to use, is not a precise test and only
gives information on whether the acidity of the concrete is above or below a pH value around
9. Such low acidity, however, does not necessarily mean that the reinforcement has become
active. This explains the large differences in time for complete carbonation determined by the
phenolphtalein test and the potential measurements ( figs. I and 3 ).

Potential measurements normally give information on the surface state of the metal, and have
revealed useful for previous studies using immersed blocks 9,1o. For low moisture contents,
however, the measurements may be affected by an ohmic drop 1 1.12. Potential measurements
made on blocks dried in air and after wetting with distilled water showed only a small decay in
the potential, indicating that, for the working conditions, the ohmic drop did not significantly
affect the results.

As mentioned above, the active corrosion potentials were dependent on the composition of the
concrete, this observation being related with the alkaline content. According to the literature7

the carbonation of Ca(OH) 2 , reaction (1) - leads to a pH decrease to a value around 8.
However, in the presence of water and of a C02 excess, another reaction may proceed, leading
to bicarbonate formation, which lowers the pH to a value around 6:

Ca C02 + H20 + CO2 -> Ca(H C0 3 )2 (2)

Therefore, in the presence of a large excess of C02, the pH is expected to become lower
leading to higher corrosion rates and more negative corrosion potentials. This explains why
samples with 50% of flyash showed corrosion potentials in the range [-500, -6001 mV whereas
concrete without flyash showed less negative potential values (- - 300 mV).

The fact that potential evolution is identical for polished and non-polished rebars suggests that
the fundamental factors are the concrete composition and namely its pH, and not the steel pre-
treatment.

After complete carbonation, the potential of samples having 0 e 30% of flyash increased
towards more noble values. An explanation for this behaviour is probably due to the fact that
when carbonation is complete, the high resistivity of concrete hinders carbon dioxide diffusion
and bicarbonates precipitate as Ca C03. In other works, reaction (2) is reversed, and this tends
to raise the pH to more alkaline values.

The EIS results clearly confirmed the potential measurements, which is another indication of
the unimportant effect of the ohmic drop on the OCP measurements, for the cover thickness
used.

At the beginning of the exposure, when the potentials are in the passive range, the spectra are
mainly capacitive, irrespective of the concrete composition. After the potential drop, the spectra
changed to reveal a process which can be described by two time constants, whose resistances
vary both with time and with the flyash amount. The high frequency time constant,
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characterized by very low capacitance values and a time increasing resistance, suggests the
presence of a film of corrosion products which becomes thicker as corrosion proceeds, and
which was detected by visual inspection at the end of the tests. A small semicircle at the high
frequencies had been observed in previous studies on immersed blocks under pitting corrosion,
and was attributed to the concrete properties8.9 . In this work, however, the high frequency
process has higher time constants and appears only after corrosion initiation, suggesting a
different origin.

The charge transfer process, which was also observed for all the compositions, was
significantly influenced by the amount of flyash. Thus, for the 50% block which, as mentioned
above, had lower corrosion potentials and lower pH values, corrosion proceeded more easily
and for that reason the Nyquist plot shows a well defined semicircle, in opposition with the
spectra of the 0% block, which reveals a very large and incomplete semicircle, revealing a slow
corrosion process; for longer exposure times, a Warburg develops at the low frequencies,
revealing diffusion controlled attack. This difference in behavior is probably related not just
with the concrete composition, but rather with the lower porosity of the 0% block, since
corrosion started in this case only after long exposure times, threfore giving way to a decrease
in concrete porosity.

Conclusions

Tha addition of flyash to concrete in partial substitution of Portland cement has shown, for the
concentrations used in this study, an undesirable effect concerning reinforcement corrosion
under concrete carbonation.

This effect, which was observed in both natural and accelerated tests, and for all the curing
times, was evidenced by an acceleration in the carbonation rate determined by the
phenolphtalein test, and by the smaller values of the charge transfer resistance from the
electrochemical impedance spectra.

For the accelerated tests, an increase in the curing time has led to lower carbonation rates, for
all the concrete compositions tested, although this effect was not observed in atmospheric
exposure.

The large gap observed between the time for carbonation front arrival to the steel surface and
the time for corrosion potential drop reveal that the results from the phenolphtalein test cannot
be extrapolated for estimating the time for corrosion initiation.

The interpretation of the steel corrosion behavior by OCP measurements was confirmed by
EIS, this technique being particularly useful in the monitoring of the system.
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Abstract

Concrete sewer pipe is a cost effective means of providing sewage transport. The
recently mandated elimination of toxic chemicals in effluents has resulted in an
increase in bacterial activity and the formation of localized high concentrations of
sulfuric acd in the sewers. This has lead to relatively rapid degradation of the
concrete and ultimately to failure of the sewers. In this paper, we determine the effect
of microsilica (silica fume) on the resistance of concrete pipe to acid attack. In addition
to sulfuric acid, the resistance of laboratory specimens to formic and acetic acid as well
as various acid salts was examined. It was found that in general, microsilica can result
in substantial improvements in the life expectancy of concrete in chemical
environments, and that the performance of concrete specimens containing microsilica
in slurry form was superior to specimens made with densified microsilica. In the
presence of magnesium sulfate and aluminum sulfate, however, the improvement in
durability is negligible and not sufficient to make practical extensions in life
expectancy.

Keywords: Chemical resistance, microsilica, sewer, sulfuric acid, acetic acid, formic
acid, magnesium sulfate, aluminum sulfate, ferric chloride, ammonium
nitrate, zinc sulfate, aluminum chloride, anaerobic bacteria, aerobic bacteria.
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Introduction

Portland Cement concrete is an extremely versatile and cost effective structural material. Unfortunately,
many natural and industrial environments exist where the highly durable nature of concrete is
compromised. Perhaps the most common example of this is the deterioration of reinforced concrete in our
roads and bridges due to chloride induced corrosion of the embedded reinforcing steel.

When concrete deteriorates due to chloride induced corrosion of reinforcing steel, the concrete itself is
not corroding or being chemically altered in any significant manner. Instead, it is rupturing in response to

the high internal stresses which the expansive corrosion products produce. 1 ,2 However, many
environments do exist where the portland cement paste and/or the aggregate may be chemically
attacked, resulting in deterioration.

Previously published papers have reported on the use of microsilica to increase concrete's durability in

exposure to several aggressive chemical environments.2 '5 This paper reports the results of a test
program designed to expand the realm of aggressive environments where the impact of microsilica is
documented. In addition, brief accounts of several field applications of microsilica in aggressive
environments are presented.

Background

There are essentially two basic modes whereby a chemical agent will attack and degrade concrete. In one,
the product of the chemical reaction is soluble and is leached away into the attacking solution. This leads
to loss of material, higher porosity, and loss of strength. In the other deterioration mode, the reaction
product is insoluble and expansive. The formation of expansive reaction products builds high internal
stresses, leading to heaving, cracking and spalling of the concrete.

When Portland cement hydrates, the resulting paste matrix is a combination of calcium silicate hydrate gel
(CSH), and crystals of calcium hydroxide (Ca(OH)2). Since this Portland cement paste matrix is an alkaline

material (the pH of the pore water is typically 12 to 13), 6,7 it is particularly susceptible to attack by acidic
solutions. In general, all acids will react with the calcium hydroxide component of the paste. In addition,
very low pH solutions and certain specific compounds (regardless of pH) will react with and degrade the
CSH paste. The actual rate of deterioration will be extremely dependent upon the permeability of the
concrete to the attacking solution, as well as the solubility or expansive nature of the reaction products. As
a result, merely knowing the pH of a solution without knowing its chemical composition is not sufficient to
predict its aggressiveness toward concrete.

The Sewer Environment

One of the purposes of this work is to attempt to characterize the performance of microsilica in increasing
the concrete durability in a sanitary sewer environment. Although not as visible as our deteriorating roads
and bridges, the problem of deteriorating concrete in the sewer and wastewater treatment systems is

almost of the same magnitude. 8

The mechanism of deterioration of concrete exposed to a sanitary sewer environment is primarily that of
sulfuric acid attack. The sulfuric acid which attacks the concrete is not present in the sewage stream, but it
is produced on surfaces above the sewage stream by sulfide oxidizing bacteria. These bacteria oxidize
hydrogen sulfide gas, produced by sulfur reducing bacteria in the sewage stream, to produce sulfurous
and sulfuric acids.
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Sulfur is generally present in wastewaters in the form of sulfate ion. Anaerobic bacteria (disulfovibrio) that
are present in sewers can, under certain conditions, reduce the sulfate to sulfide. The required
conditions include the absence of oxygen and the presence of organic nutrients, conditions that usually
exist in the slime layer that builds up on the concrete surface below the water line. The microblally
generated hydrogen sulfide and volatile organic sulfides enter the atmosphere above the water line and
are deposited on the concrete surface as shown in Figure 1 (Obtained from Ref. 8). Here, aerobic bacteria
(thiobaccillus) oxidize the sulfides to sulfuric acid which then proceeds to attack the concrete. Note that
the attack takes place in the non-wetted portion of the pipe so the sulfuric acid that is produced Is not
diluted by the sewage stream.

It is interesting to note that some studies have concluded that recently enacted regulations limiting the
dumping of hazardous materials into municipal sewers have exacerbated the situation by creating a more

hospitable environment for the sulfur reducing bacteria which produce the hydrogen sulfide gas.9

Published empirical relationships for predicting the rate of buildup of sulfide in a sewer indicate that the
sulfide concentration in a sewer increases with the biological oxygen demand (a measure of the
concentration of biodegradable organics) of the sewage and the wetted perimeter of the pipe, and

decreases with the velocity of the flow. 1 0 Note that the size of the slime layer in which the sulfate
reduction occurs increases with the wetted perimeter, but decreases with increasing velocity of the
sewage due to mechanical attrition.

Sulfide concentrations in flowing sewage of up to 4 mg/L have been reported. 1 0 The rate at which
hydrogen sulfide enters the atmosphere above the sewage depends on the fraction of the total sulfide
that is present as hydrogen sulfide; this fraction increases significantly with decreasing pH. It is believed
that sulfide concentrations of 0.4 mg/L are sufficient to lead to significant corrosion of reinforced concrete

structures. 11 Sulfuric acid concentrations may be as high as 5,000 mg/L (equivalent to a pH of 1).9,11

Acid attack In the sewer environment. Once the sulfuric acid is formed, it must be transported to
the vulnerable concrete components before it can do harm. Subsequently, the reaction products must be
transported out of the concrete matrix. It is the rate of these transport processes that ultimately
determines the rate of degradation of the concrete. Transport of aggressive chemical solutions into the
concrete matrix is dictated primarily by the concrete permeability.

A standard design practice to account for the acid attack in sewer pipe is to provide some thickness of
sacrificial concrete. The thickness of this sacrificial layer is calculated based on predicting the amount of
hydrogen sulfide to be produced over the design life of the sewer. The assumption is then made that this
will be converted to sulfuric acid, and then that some high percentage of the sulfuric acid produced will be
neutralized by reacting with the alkaline concrete. This has been an accepted practice for several
decades, but it ignores the contribution of concrete permeability, and it ignores the expansive sulfate
reaction which accompanies the sulfuric acid attack.

The amount of acid required to neutralize a certain mass of concrete can be calculated, once the alkalinity
of the concrete is known. However, with sulfuric acid, the reaction product formed in this neutralization
process with calcium hydroxide is calcium sulfate. This calcium sulfate will then react with the aluminate
phase of cement to form ettringite, an expansive product which will cause further deterioration of the
concrete. So, attack by sulfuric acid will result in damaging ettringite reaction in addition to loss of material
through acid neutralization. The more porous the concrete, the further into the matrix this expansive
ettringite will be produced , and the more disruptive its action.

With sulfuric acid attack in a sewer environment, the concrete attacked is above the sewer stream. As the
permeability of the concrete is decreased, less of the aggressive material will permeate into the concrete,
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and more of it will drip back down into the sewer stream. Unfortunately, the methods of testing utilized In
this testing program do nothing to simulate this behavior. The method used to expose concrete samples
to the various attacking media in this study was to immerse them (and in some cases to cycle between
immersion and drying). Immersion tests are simple to carry out, they provide comparability with other
published tests, and they are accurate for modeling conditions similar to immersion; but it is quite possible
they fail to capture the full benefit of lowered permeability in exposure conditions similar to that of sewer
pipe. The testing carried out here did not simulate the effects of concrete mix proportions or matrix
characteristics on the ability of the bacteria ecosystem to grow and thrive.

Other Aggressive Chemical Environments

In addition to studying the applicability of microsilica for the sewer environment, testing was performed to
characterize the advantages of using microsilica to increase durability in many other chemical
environments. Many inorganic salts can lead to the rapid degradation of concrete. Generally, the more
acidic the salt solution, the more rapid the attack, but this is not universally true. With some exceptions,
basic salts are not usually a problem, but once again, this is not universally true.

Mlcroslllca

Microsilica is an extremely fine high silica material that acts both physically and chemically to after the pore
structure of concrete. Adding microsilica to concrete in the range of 5 to 30 percent by weight of cement
will result in drastically reduced permeabilities, and reduced amounts of calcium hydroxide. It has been
reported in several papers that an addition of 30% microsilica (by weight of cement) will virtually eliminate
any calcium hydroxide. The decrease in permeability afforded by 7 to 15 percent microsilica has been

reported to be by as much as a factor from 10 to 100.5,14

The importance of reducing permeability has previously been discussed. Reducing calcium hydroxide is
also important since this is the component that is most easily attacked by virtually all aggressive media.
Further, it has been reported that the calcium silicate hydrate resulting from the reaction of the microsilica
with calcium hydroxide has a lower calcium-to-silica ratio and a high degree of polymerization. This enables
concretes containing microsilica to accommodate foreign ions without associated degradation action. In
combination with the reduction in permeability, it is expected, and has been found in practice, that
microsilica is able to reduce the rate of attack of a range of chemical media.

Experimental Investigation

In these tests, pipe sections and pipe cores supplied by several manufacturers, as well as cylinders
produced in our laboratory were exposed to sulfuric acid solutions of different strengths. The pipe
samples were received with and without pozzolan additives. The cylinders were made from a range of mix
designs to determine the effect of microsilica on the resistance of concrete to a range of salt solutions.

The concrete samples were exposed to the test solutions in two ways. In one method, the samples were
immersed continuously in the test solution, whereas in the other the samples were subjected to wet-dry
cycles of one week submerged followed by one week dry. The loss of mass of the sample was used as a
measure of the amount of degradation and was calculated from:

Initial mass (ssd) - Current mass (ssd)
Mass loss,% = - x 100

Initial mass (ssd)

The initial mass is obtained by immersing the concrete samples in water for at least 24 hours, removing
them, and then weighing them after lightly wiping off the excess moisture. The mass obtained in this way
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is known as "surface saturated dry" (ssd). The exposed samples were periodically removed from the test
solution, wire brushed to remove loose material, lightly blotted to remove excess surface moisture, and
then weighed. After weighing, the samples were either returned to a fresh test solution (continuously
exposed) or left to dry for one week and then returned to a fresh solution (cyclic exposure). In the case of
continuously exposed samples which were weighed at intervals of greater than one week, the pH of the
test solution was adjusted weekly.

The exposure and weighing continued until the sample "failed," that is, the mass loss reached 25%.

The cyclic exposure method is selected as a means of accelerating the degradation. It is thought that the
dry period serves to increase the concentration of the attacking medium in the concrete pores. The wire
brushing technique is used mainly to ensure all the loose material is removed before weighing. The
brushing also removes any gypsum layer that may form on the surface of the concrete, and which in
practice might serve to reduce the rate of attack by providing a barrier between the concrete and the
attacking solution. Both test procedures therefore provide an accelerated rate of attack that is suitable for
comparison purposes, but which is different from degradation rates that might be found in the field.

Tests In sulfuric acid

PipStions. The pipe sections were obtained from pipes manufactured for sewage conveyance
by a west coast supplier. Pipes made from three different mix designs were obtained. These included

controls with 320 kg/m3 (542 lb/yd3 ) cement content, a mix with 123 kg/m3 (208 lb/yd3 ) fly ash plus 74
kg/m 3 (125 Ib/yd 3 ) microsilica, and a third mix with 296 kg/m3 (500 lbIyd3 ) cement content, 99 kg/m3 (167

lb/yd3 ) fly ash plus 49 kg/m3 (83 lb/yd3 ) microsilica. The water to cement ratio was not provided, but was
probably below 0.3 which !o typical of the very dry mixes used for pipe manufacture. Four samples of each

mix design were exposed to a 1% (by mass) sulfuric acid solution (pH=1.2) at 22 °C (72 OF). Both
continuous and cyclic exposure methods were used for these samples.

Pipe ores. Two sets of pipe cores were obtained. One set included three different mix designs.

The control had a CF of 244 kg/m3 ( 412 Ib/yd3) and 90 kg/m 3 ( 152 lb/yd3 ) fly ash with a

Water/Cementitious ratio of 0.35. The other two mixes had 20 % microsilica (49 kg/m3 -82 lb/yd3 ). Two
types of microsilica, namely a "densified" powder and a slurry, were used. Two to three samples of each

mix design were also exposed continuously to a 1% (by mass) sulfuric acid solution (pH=1.2) at 22 °C (72

OF). These samples were also exposed to a 5% sulfuric acid solution (pH=0.6) at 22 °C (72 OF).

The second set of pipe cores were from packerhead pipe. Samples from seven different mixes were
provided, each having a cementitious content of 361 kg/m 3 (609 lb/yd3 ). Details of the mix proportions
are given in Table 1. As before, Water/Cementitious ratios were low (around 0.3) as is customary with pipe
mixtures. Four samples of each mix design were tested in sulfuric acid solutions with pH=l, 2 and 3 at

38OC (100 OF).

Other Aggressive media testing

Cylinders produced in our laboratory 76 mm in diameter and 152 mm long (3" by 6") were used for these

tests. The samples were demolded after 24 hours and moist cured at 100% RH and 22 0C (72 OF) for 28
days before exposure to the various aggressive chemicals.
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In these tests, we tried to obtain information on the effectiveness of microsilica in protecting concrete
against attack by a number of salts and acids. The solutions and their pHs were as follows:

* 20%. aluiminum chloride pH 1.0
* 10% aiuminum sulfate pH 3.2
* 10% ferric chloride pH -1.0
* 20%ammonium nitrate PH -5.9
* 10% magnesium sulfate PH -5.9
* 15% zinc sulfate pH -4.9
* 5% acetic acid pH -2.5
* 5% formic acid pH1- 1.9

The cyclic exposure method was selected for these tests. The mix proportions and physical properties of
the concrete used are given in Table 2. The microsilica used was a water-based slunryl). The concrete
mixtures were prepared at 22 Oc (72 OF). Again, the samples were cast in 76 mm diameter by 152 mm
long (3" by 6") cylinders which were demolded at 24 hours and moist cured at 22 0C (72 OF) for 28 days.
Three samples of each mix were tested.

Results and Discussion
Sulfuric Acid

The rate at which the pipe sections and pipe cores lost weight in the low pH sulfuric acid solutions (pH = I
to 1.2) are shown in Figures 2 to 5. In all cases, the rate of degradation was rapid with little variation
amongst the different mix designs. By contrast, the rate of degradation at the higher pHs (pH = 2) was
much slower as can be seen in Figure 6, which shows that after one year exposure, all the samples are still
gaining mass.

As shown in Figure 4, addition of microsilica to the mix does extend the life over that achieved with fly ash
alone. Furthermore, it appears that there is a significant advantage to using microsilica in ihe slurry form as
opposed to the densified product. This might be due to incomplete breakup and dispersion of the
densified product in this very dry mix. Note that increasing the concentration of the sulfuric acid to 5%
(pH=0.6) had no effect on the relative performance of the concrete specimens (Figure 7).

Effect of microslllca In various acid and salt environments

The concrete deterioration in the presence of the two organic acid tested, namely 5% acetic acid and 5%
formic acid are shown in Figures 8 and 9. The effect of microsilica on the rate of degradation in the
presence of various salt solutions is shown in Figures 10 to 15.

The data for the organic acids tested had been presented in a previous paper.2 These tests have now
been completed and the data for the 5% formic acid solution show that there is a 2, 3 and 4 fold
improvement over the concrete without microsilica, by the addition of 10%, 20% and 30% microsilica
respectively (Figure 9). The acetic acid solution was a more detrimental solution than the formic acid
solution for concrete with no microsilica and for the 7.5% and 15% microsilica. However, a marked
improvement was achieved by the addition of 30% microsilica, as can be seen in Figure 8. An eleven fold
improvement was observed over the controls for a mass loss of only 20%.

(1) Force 10,000, a 50% water based slurry, trademark of W. R. Grace & Co. - Conn.
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The two chloride solutions (Figures 10 and 11) were as acidic as some of the sulfuric acid solutions tested,
yet the microsilica had a marked beneficial effect on the resistance to degradation. The aluminum chloride
was by far the more aggressive, and the control specimens failed after (38 cycles) cyclic exposure. The
greater aggressiveness of the aluminum chloride relative to the ferric chloride is attributed to the effect of
the aluminum ion. After 38 cycles, the specimens containing 10 percent microsilica had lost only 8
percent of their mass, and the rate of mass loss was still relatively low. In the case of ferric chloride, the
control specimens had lost 8 percent of their mass after (48 cycles) exposure. By contrast, specimens
containing 20 percent microsilica had lost only 2 percent of their mass.

It is clear that although 1he pH is a measure of the strength of the acid, it is not necessarily the most
important indicator of aggressiveness. This is illustrated further in Figure 12 which shows the mass loss in
the presence of ammonium nitrate. Although this solution had a pH of 5.9, the rate of degradation is about
the same as that of ferric chbride at pH = I (Figure 11). It is also seen that microsilica is effective in
reducing the attack by the ammonium ion. After 80 cycles, the mass loss in specimens with 25 percent
microsilica was less than half that of the controls.

Variable results were obtained in the case of the three sulfate salts tested (Figures 13 to 15). In the case
of aluminum sulfate (pH = 3.2, Figure 13), the attack was relatively rapid and the microsilica had little effect.
Both the aluminum and the sulfate ions probably contribute to the aggressiveness of this salt. Zinc sulfate
(pH = 4 9, Figure 14), is not very aggressive, and the microsilica is able to significantly reduce the little
attack that does occur.

Some researchers, 15 , 16 have noticed that magnesium sulfate was particularly aggressive to concrete
with microsilica. However, here, the attack of concrete up to 20% microsilica was found to be insignificant.
At 30% microsilica there was an increase in attack, but the overall attack was still low.

Field Experience

City of Houston Sewer System

Microsilica has now been used for several years in the certain portions of the sewer system of the City of
Houston. To date it has been used mainly in shotcrete for repair of leaking manholes and lift stations. It has
also been used in manufacture of new precast manhole and lift stations, and one contract has now been
let with microsilica specified to be used in the sewer pipe as well as the manholes and lift stations. This is
not to imply that the City of Houston has embraced microsilica as the solution to their hydrogen sulfide
induced corrosion problems. They are evaluating it and using it on an experimental basis in portions of the
sewer where conditions are known not to be extremely aggressive.

Recently, an evaluation was done of a concrete lift station containing microsilica located near Houston
Intercontinental Airport that had been in place for over three years. Detailed petrographic examination of
cores taken near the high water level showed absolutely no sign of acid attack on the surface of the
concrete. Unfortunately there is no directly comparable reference structure for comparison purposes.

Food Processing Applications

Perhaps one of the most cost effective uses of microsilica is in floor slabs in food processing plants. Floor
slabs in many types of food processing plants experience deterioration due to exposure to mongrately
aggressive organic acids, coupled with abrasion and the effects of aggressive cleaning procedures.
Numerous plants across North America have used microsilica to increase durability in this environment with
positive results.
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In the September 1987 edition of Plant Services magazine, the performance of a microsilica concrete floor
in a Durkee Famous Foods plant in Wolcott, NY is detailed. This plant produces French fried onions, and
the acidic onion Juice that repeatedly falls on the floor had produced an exposed aggregate finish. The
deteriorated original concrete floor was repaired using an overlay course of nrniosilica concrete in 1985.
The article attests to how well the microsilica concrete stood up to the environment after 2 years in service.
In 1991 this same floor was inspected and reportedly did not show any signs of wear or deterioration.

Another example the beneficial effect of microsilica in a food processing application is the Cuddy Foods
chicken parts processing plant in London, Ontario. Constant exposure to the fatty acids, exacerbated by
the daily cleanings using high pressure steam, was causing the floors to deteriorate so fast that they
required resurfacing almost every year. In 1987 Cuddy used microsilica concrete in a 200,000 sq ft
expansion. Last year the floor with microsilica was reported to be showing the first signs of deterioration
and wear in particularly aggressive areas.

The durability enhancemers provided by micros;lica in food processing plants such as those recorded
above is not too be expected in all applications. In an extreme example of this, microsilica was used in a
battery recycling plant where the concrete was exposed to spills and splashing of 25% sulfuric acid. This
was clearly an inappropriate application, and the concrete deteriorated rapidly.

The laboratory test data available at the time this battery recycling project was constructed clearly
indicated that this was not a suitable application for microsilica. However, many industrial environments
exist where no guidance is available to assess the suitability of microsilica. This is the primary reason for
performing the testing reported in this paper, to expand the realm of chemical environments where the
performance of microsilica is documented. Even with these results, numerous environments exist where
microsilica has not been tested. In these situations, it is essential that microsilica concrete be tested in the
environment to determine it' performance before it's use is contemplated.

Conclusions

Based upon the work presented here, the following conclusions can be reached concerning the
resistance of concrete to chemical attack:

1. In general, additions of microsilica to concretes improved the resistance to attack by aggressive

chemicals.

2. In the extremely dry mixes, as those used in concrete pipe fabrication, the slurry form of microsilica
was more effective than the densified form.

3. Microsilica has been successfully used to improve resistance to chemical attack in the field.

4. Pretesting is needed to determine if concrete mixtures are resistant to specific chemicals, since
pH and ions present are not necessarily accurate indication of performance.
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(From Reference 8)
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Effect of Microsilica on Sulfuric Acid Resistance
Continuous Soaking in 1% Sulfuric Acid
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Abstract

Maintenance and planning of the restoration work on reinforced concrete structu-
res need a rapid, non-destructive inspection technique that detects corrosion at an
early stage. In this paper the field experience with electrochemical techniques are
reported. The results of potential surveys on bridge decks and walls realized with a
new computer controlled eight-wheel measurement system clearly show that a
fixed potential value (as proposed in ASTM C 876-87) for the identification and
location of active corrosion of steel in concrete does not exist. A statistical
elaboration of the potential data allows to identify the potential value for corroding
and passive rebars for each structure individually.

A rapid new technique using galvanostatic pulse measurements was tested
successfully on site. It gives clear, unambiguous results on the corrosion state of
the rebars when half-cell potentials are uncertain. In addition, the ohmic resistance
and the apparent polarization resistance are determined from the evaluation of the
transients. From these values the concrete resistivity and the actual corrosion rate
of the rebars may be estimated.

Keywords: non-destructive, monitoring, potential mapping, pulse technique

Introduction

Corrosion of the rebars is the main cause of damage and early failure of reinforced
concrete structures [1]. The increasing use of deicing salts has resulted in severe
damage to the bridges of the Swiss highway system, chloride concentrations in the
concrete up to 4 % by weight of cement are found resulting in pitting attack of the
rebars. Maintenance and planning of the restoration of these structures as well as
quality control needs a rapid, non-destructive inspection technique that detects
corrosion of the rebars at an early stage and defines adequately which areas of
bridges require repair. The traditional method of inspection of reinforced concrete
structures is too limited for two reasons:
o relying on a visual inspection in combination with physical techniques to detect

disbondment and cracking, damage is detected too late and only when it
reaches a significant level of deterioration.

o The results of laboratory_ tests on core samples (chloride penetration, porosity,
carbonation) are always limited in their number and thus not representative of
the whole structure.
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The main problem, the corrosion - especially the dangerous pitting attack - of the
reinforcing steel, can not be detected rapidly and at an early stage in this way. Due
to the electrochemical nature of corrosion of steel in concrete electrochemical
methods are well suited for the inspection and monitoring of concrete structures.
The location of corroding zones is a comparably simple task, on site corrosion rate
measurements are of great practical interest and of fundamental research concern.
In this paper, the theoretical basis and field experience with electrochemical
methods (potential mapping and galvanostatic pulse measurements) are reported
and discussed.

Electrochemical Fundamentals

Steel embedded in good quality concrete is protected by a very thin oxide film (the
passive film) that forms spontaneously in the high alkaline pore water. The loss of
alkalinity due to carbonation of the concrete or the penetration of chloride ions
(arising either from marine or deicing salts) to the steel can destroy this protective
passive film [2 - 5]. In the presence of oxygen and humidity in the concrete
corrosion of the reinforcement starts, alternating wetting and drying of the concrete
are the more dangerous conditions. Chlorides are transported with the water and
changing humidity gradients result in a transport zone at the concrete surface
(Figure 1). Rebars located behind this transport zone will not corrode rapidly. A
characteristic feature for the corrosion of stee! in concrete is the developement of
macrocells (Figure 2). The coexistence of passive and corroding areas on the
same rebar form a short circuited galvanic element with the corroding area as
anode and the passive surface as cathode. The cell voltage AU in this macro-
element equals the potential difference between corroding and passive steel and
may reach up to 0.5 Volt. The resulting current flow I (which is directly proportional
to the mass loss of the steel)

I =AU/(RE+RA+Rc) (1)

where
I= current flow, A
AU = cell voltage in the macroelement, Volt
RE = electrical resistance of the concrete, Ohm
RA = anodic reaction resistance, Ohm,
RC = cathodic reaction resistance, Ohm

is determined by the electrical resistance of the concrete and the anodic and
cathodic reaction resistance [5, 6].

The electric field can be measured at the concrete surface, resulting in
equipotential lines (potential field) that allow the location of corroding zones at the
most negative values. This is the basis of potential mapping, the principal
electrochemical technique applied to the routine inspection of reinforced concrete
structures [7 - 12]. Its use and interpretation are described in the ASTM Standard
Test Method for Half Cell Potentials of Reinforcing Steel in Concrete C876-87.
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When surface potentials are taken they are measured essentially remote from the
reinforcement due to the concrete cover. The measured potentials are affected by
the ohmic potential drop in the concrete and are in fact mixed potentials. Several
factors as concrete resistivity (humidity) [8, 13], high resistive surface layers [8, 9,
14], oxygen access [15], concrete cover depth and chloride content have a
significant effect on the potentials measured at the concrete surface as already
discussed [6, 10 - 12]. Thus the results of potential mapping need carful inter-
pretation. It becomes obvious that absolute potential values for assessing the
corrosion hazard in a structure are not applicable. In addition, a rapid new
monitoring technique that can overcome the difficulties in interpreting potential
measurements is needed.

Potential mapping - location of corroding zones

Procedure
The procedure for measuring half-cell potentials is comparatively straightforward: a
good electrical connection is made to the reinforcement, an external reference
electrode (copper / copper sulfate, CSE) placed on the concrete surface and
potential readings are taken on a regular grid on the surface. To facilitate the
potential survey of large bridge decks, walls, or parking decks, the IBWK (Institute
of Materials Chemistry and Corrosion, Swiss Federal Institute of Technology)
developed a novel eight-wheel electrode measuring system (for details see [6, 10 -
12, 17]) that allows a survey of 200 square meters per hour with grid dimensions of
15 cm using computer-assisted data acquisition and processing. The optimum way
of representing the data has been found to be a colour map of the potential field,
where every individual point can be identified.

Results and Interpretation
The interpretation of the potential readings according to the ASTM C876-87
standard is based on a fixed potential value of -350 mV. More negative potentials
were found to indicate corrosion with 95% probability [16]. Practical experience has
shown, however, that for different conditions (that is concrete cover, humidity,
chloride content) different potential values indicate corrosion [8 - 12, 17]. As is
shown in figure 3, the most positive potential values where corrosion of the rebars
was detected can range from as high as -200 mV down to -570 mV CSE. Examples
of our recent work on potential mapping were presented in more detail already [10
- 12].

Probability distribution of potentials
One of the main advantages of using a computerized data aquisition in the
potential mapping technique is that the very large number of potential readings
taken on a bridge deck or a wall can be treated statistically. It has been found that
the standard deviation of the half cell potentials remains fairly constant at a = 55 -
60 mV for passive and a = 100 -110 mV for active regions [18]. In the cumulative
probability distribution plots (figure 4,) for most structures a mixed slope of a = 115 -
125 mV appears [11, 17, 18] corresponding to the geometric sum of the passive
and active zone. The potential difference observed between the distribution of
passive and corroding rebars in the example of the San Bernardino tunnel clearly
shows that these two zones have very different concrete humidity. Indeed, near the
expansion joints the concrete was very wet and the resistivity in these areas was
much lower [6, 11, 19].
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Measurements in the project phase
Our experience from the restoration of bridge decks shows that potential surveys
should be taken already in the project phase of a restoration to get a precise idea
of the degree of damage of the structure. Only based on the results of the potential
measurements core sampling for chloride analysis or resistivity measurements can
be performed at the most representative points. Usually at this stage potential
readings can be taken only from the underside of the bridge deck or through holes
in the asphalt cover, thus a much larger grid of measuring points has to be used.
The cumulative probability distribution of the potentials measured on a bridge deck
of 400 m2 shows (figure 5) that the information on the degree of damage and the
location of large corroding zones is still maintained at large grid size.

Field experience on a large number of bridge decks investigated with the potential
mapping technique has shown a clear correlation between the measured potential
value and the chloride content in the concrete [18, 19]: the most negative potentials
coincide with the areas of high chloride content. This is especially important in
choosing the adequate points for core sampling in the project phase of a
restoration and it allows - with a non-destructive technique - an insight in the
chloride distribution on a structure.

Summarizing our experience with potential surveys, the interpretation of the
potential field, that is the location of corrosion, can not be based on an absolute
value as proposed by ASTM C 876-87. The examples presented (among nume-
rous others [8 - 12, 17]) show that the structure of the potential field and the local
potential gradient are better ways to identify the type of corrosion (general corro-
sion, pitting attack) and to locate corroding rebars. The statistical evaluation of
potential data and recent experience [19] have shown that measurements from the
underside of a bridge deck with a grid spacing of about 100 cm are sufficiently
accurate to assess the degree of damage in the project phase and to locate large
corroding zones. In addition, only based on the results of tne half cell potential data
core sampling for chloride analysis or resistivity measurements can be performed
at the most representative points

Galvanostatic Pulse Measurements

The potential mapping technique has provided a very useful, non-destructive
means of delineating areas of corrosion in the project phase as well as during
restoration work. It is an early warning system that can assess the magnitude of the
problem of corrosion and can be used to control the effectiveness of a restoration.
The technique, however, suffers from two main disadvantages. Firstly, there is no
direct assessment of the corrosion rate, although the corrosion rate may be
estimated from the potential gradient and the concrete resistivity [11, 20]. Secondly,
the measured potentials can not always be interpreted in a straight forward
manner: negative potentials may occur due to polarization effects or due to lack of
oxygen in very wet, dense or polymer-modified concrete and may thus lead to
misinterpretations. The galvanostatic pulse method is a rapid, non-destructive
technique to overcome these difficulties and to obtain unambigous information on
the corrosion state of the rebars with a single measurement. In addition, the
resistivity of the concrete is determined and according to eq. (1) the corrosion risk
on different points of the structure can be estimated.
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Theory
When an instantaneous current step lapp is applied to a simple corrosion system,
the potential, Vt, at a given time t can be expressed as [21]:

Vt = lapp [Rp [1 -exp (-t/(RpCdl))] + R•] (2)

Rp polarization resistance [Q I]
Cdl double layer capacitance [IaF]
Rf ohmic resistance [Q]

This equation may be rewritten in a form suitable for curve fitting, from which all the

parameters can be detrmined:

Vt = Ko-Kjexp(-t/K 2) (3)

Ko (lapp Rp + lapp R%)
K1 lam RP
K2 (RpCdl)

Procedure
A short-time anodic current pulse (typically eight seconds) is imposed galvano-
statically on to the reinforcement from a small counter electrode (d = 14 cm) [11] on
the concrete surface and the resulting change in potential is monitored. The
potentials are measured with a Cu/CuSO4 reference electrode (in the center of the
CE) and a high input impedance differential voltmeter. The output of the voltmeter
is connected to the A/D converter of the computer. The pulse response is registered
with 10 msec / point, each curve consisting of 1000 points. In the experiments
performed, current pulses from 0.05 mA to 0.3 mA were used. To avoid any
electrical connection between the rebars and the ground of the mains a special
battery powered precision current source was used as a galvanostat. A typical
example of a pulse response and the fit according eq. (3) is shown in figure 7.

Lollipop samples
The pulse measurement technique (GPM) with the evaluation according to eq. (3)
has been tested on a series of lollipop samples with different chloride content at
various exposure conditions in the laboratory. A good agreement with the results of
:mpedance spectroscopy (EIS) for the values of Rjj and Rp (figLre 6) has been
found. Systems which involve more than one time constant show deviations from
the fit according eq. (3). This has been noted especially at very short time of the
pulse in agreement with the occurence of a high frequency loop in impedance
spectra [11, 22]. These problems are currently in elaboration.

Application on site
Potential-time transients (fig. 7) were measured on a reinforced concrete wall
heavily contaminated with chlorides from deicing salts at the bottom (up to 1 m
above the street level). The curves measured at the bottom (corroding area) quickly
reach the steady-state potential. Due to the steep polarization curve in the case of
localized corrosion, the rebars can be polarized only a few millivolts with the
applied current pulse of 0.1 mA. i continuous increase in potential instead showed
that passive rebars can be polarized easily for several tenth of millivolts but with a
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higher time constant (eq. 3). The results obtained on the reinforced concrete wall at
different heights are summarized in table 1.

In contrast to a small laboratory specimen, on large slabs or on site the inhomo-
geneous current distribution arising from the small counter electrode has to be
taken into consideration [18, 23 - 25]. The measured area varies over a wide range
due to the variation in resistivity of the concrete and the true polarization resistance
(active or passive state of the rebars) [24]. Calculations using an electrical network
to model a sing'- rebar in concrete (figure 8) confirmed this fact: for active
corroding bars 95% of the current is confined to ± 10 cm from the border of the
counter electrode, on passive rebars 95% of the current are dispersed within ± 50
cm (figure 9). The effect of concrete resistivity is notable for passive rebars.

Thus, the current pulse and its response cannot be related a priori to any specific
electrode area and only effective polarization resistances Rp eff are determined.
The data Rp eil from table 1 have to be multiplied with the area measured, a rough
estimation using figure 9 results in a specific polarization resistance of 2000 k~cm2
for passive rebars (height 3 m). Another model to overcome these difficulties
(spatial distribution of the electrical signals in the structure) is based on
transmission lines [23 - 25]. Any approach to estimate the true polarization
resistance on a structure has to take into account the rebar density at the different
points of measurement and the concrete cover thickness. These values might vary
considerably on a structure. To allow a fully quantitative evaluation of the pulse
measurements (and of all other electrochemical techniques on site) much work has
still to be done.

A more direct approach to evaluate differences in the corrosion rate at least
qualitatively can be based on equation (1): for macrocells the corrosion rate is
approximately proportional to the concrete conductivity. For the data in table 1 the
corrosion rate at the bottom of the wall would be 30 times higher than at the height
of 3 m. Due to the simple way of determining the ohmic resistance from galvano-
static pulse measurements this might be a rapid, non-destructive and easy way to
obtain on-site informations on the corrosion risk at different points of a structure
[26].

Conclusions

The results of field applications of non-destrucive electrochemical techniques to
assess the corrosion of rebars in concrete show:

1. Potenltial surveys with a new eight-wheel electrode measuring system are very
well suited to locate corroding rebars. However, an absolute potential value
for the identification of corrosion as proposed in ASTM C876-87 does not
exist. It is shown that the structure of the potential field and the local potential
gradient are better ways to identify the type of corrosion (pitting or general
corrosion) and to locate corroding rebars.

2. Already in the project phase of a restoration work potential surveys should be
performed. The statistical evaluation of half cell potential data from a number
of bridge decks and practical experience has shown that measurements from
the underside or through holes in the asphalt cover with a grid spacing of 1 m
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are sufficiently accurate to assess the degree of damage and to locate large
corroding zones.

3. Galvanostatic pulse measurements have been applied in the laboratory and
on site. In the laboratory a good agreement with the results of othior P!ectro-
chemical techniques has been found. This rapid and non-destructive tech-
nique gives clear information on the state of the rebars in concrete when
potential measurements are uncertain. In addition, it provides informations on
the concrete resistivity simultaneously and allows to estimate the corrosion
risk at different points of a structure.

4. To calculate the true polarization resistance the non-uniform current distri-
bution between the rebars and the small counter electrode on the concrete
surface has to be taken into account.
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Table 1:
Results of the galvanostatic pulse measurements on a reinforced concrete wall

exposed to splash water with deicing salt. Heavily chloride contaminated up to 1 m
height.

Height Ecorr K0 eq.(3) Ra Rp eff tconst

[ mV CSE] [0] [n] [sec]

0.2 m -510 -483 220 60 2.25

0.5 m -482 -462 160 38 2.47

1.0 m -360 -200 1380 235 3.36

3.0 m -138 +442 5350 430 4.25
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impedance (EIS) and galvanostatic pulse measurements (GPM) for two sets of
lollipops (2% and 1.4% Cl-/cement) in different environmental conditions
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Abstract

Corrosion of steel in concrete is one of the major causes of the loss of durability in ma-
rine and deicing salt environments. Numerous protection systems are commercially
available including corrosion inhibiting admixtures. The proper evaluation of corro-
sion inhibiting admixtures requires determining their effectiveness in the presence of
chloride at the steel concrete interface, and on their effect on concrete properties. This
paper shows that proper testing in good quality concrete can differentiate between a
corrosion inhibitor and water repellent or permeability reducer, and by comparison to
other studies shows how erroneous conclusions can be reached by not testing in
good quality concretes.

Keywords: cuirosion inhibitors, calcium nitrite, concrete, dampproofing admixtures,
butyl ester emulsion, oleic acid, dimethylethanolamine, cyclic polarization,
polarization resistance, water repellent
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Introduction

Corrosion of steel reinforced concrete is a major problem in marine environments and in those environ-
ments where deicing salts are used. Though not a major problem in the United States and Canada, car-
bonation also leads to corrosion of embedded steel. Several protection techniques have been applied
and suggested for combating the corrosion problem. These include epoxy-coated reinforcing steel,
corrosion inhibiting admixtures, permeability reduction in the concrete by using low water-to-cementitious
ratios and pozzolans such as microsilica, protective membranes, sealers, cathodic protection, and replac-
ing the steel with stainless steel or composite materials. In this paper the corrosion inhibitor approach is
examined.

The evaluation of a corrosion protection system for steel in concrete is not trivial. Extensive screening and
long-term testing is needed to demonstrate that the system is viable for the 40 to 100 year design life of
new structures. Though this type of testing has been performed by metal producers before introducing
new alloys or coatings, it has not always been the case in the concrete industry. This is illustrated by the
current activity of modifying the specifications for epoxy-coated reinforcing steel to address problems that
occurred in the Florida Keys and elsewhere. 1-3 Inhibitor admixtures need to be evaluated in two areas.
One is their effect on concrete properties and the other is their corrosion performance.

Corrosion inhibitors protect steel in the presence of chloride ions. A good definition is that of Rozenfeld
which states that a corrosion inhibitor varies the rate of a corrosion process by influencing the kinetics of
the elec'rochemical reactions responsible for this process. 4 Inhibitors thus must retard either the anodic,
cathodic, or both reactions simultaneously. Numerous other protection systems such as epoxy-coated
rebar, silica fume, and slag might reduce corrosion, but as they do not affect the kinetics of the corrosion
reactions when chloride is next to the steel, they are not corrosion inhibitors.

Corrosion inhibitors added to the concrete in the mixing cycle are chemical admixtures, as such they must
not be harmful to the properties of the concrete. Though there is no ASTM specificaiion for corrosion in-
hibiting admixtures, ASTM C 494 does give guidelines for the effects of admixtures on plastic and hard-
ened properties of concrete. A corrosion inhibiting admixture should not cause excessive retardation or
acceleration (unless this can be offset by other approved admixtures), it should not reduce flexural or com-
pressive strengths below 90% of a similar concrete without the inhibitor. Freezing and thawing resistance
must also be maintained if the concrete is to be used in regions subjected to temperatures below freez-
ing.

Initial screening tests such as cyclic polarization to determine the effect of the inhibitor in a concrete type
solution in the presence of chloride, and ASTM G 109 to determine the effects in concrete of lesser quali-
ty are useful. However, testing must also be conducted to demonstrate long-term performance in con-
crete similar to that specified in the field. The corrosion inhibiting behavior of admixtures needs to be de-
termined in good quality concrete meeting the code requirements of ACl 318 or similar codes. Successful
completion of the long-term laboratory program should lead to field applications, starting with small struc-
tures.

The long-term evaluation of calcium nitrite as a corrosion inhibiting admixture is complete and shows that it
is effective. 5 9 Recently a butyl ester of oleic acid emulsion type admixture has been introduced as an
ester and amine organic corrosion inhibitor. 10 A comparison of the two products in screening tests is
given here, as is a comparison to a dimethylethanol amine (DMEA) product that was recently introduced.
The results show that the butyl ester product does not provide significant corrosion inhibition, in contrast
to published test data conducted in extremely poor quality concrete, 10 and that the DMEA is ineffective.
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These differences are discussed and point to the necessity of longer-term evaluation of new products.
An analysis of the concrete properties is also given indicating that there is a marked decrease in mechani-
cal properties when the butyl ester emulsion type product is added.

Preliminary results of long-term experiments with better qualiy concretes are also presented. The con-
crete data show a significant decrease in the mechanical properties when the butyl ester emulsion type
product is added and virtually no improvement in permeability in field quality concretes. Comparisons to
longer-term experiments that were conducted previously with calcium nitrite are also given.

Experimental
Cyclic Polarization

Cyclic polarization is a relatively quick test that gives an indication of the corrosion inhibiting (or lack there-
of) properties of metals exposed to a chloride environment. This test provides a useful method of gaining
information on the pitting tendency of a metal in a particular environment. This is achieved by shifting the
applied potential from the cathodic zone toward the anodic region at a rate slow enough to allow for the
formation of a protective film, followed by a scan in the reverse direction. This latter scan should be at a
rate fast enough to minimize the amount of time that the specimen is subjected to high current. The
method used here is a modified version of ASTM G 61 (Test Method for Conducting Cyclic
Potentiodynamic Polarization Measurements for Localized Corrosion, Susceptibility of Iron-, Nickel-, or
Cobalt-Based Alloys). 11 Because the applied potential brings the sample potential into regions far re-
moved from the corrosion potential (500 mV or more), this technique can be destructive. Under actual
field conditions, such high values are not encountered unless large, stray voltages are present.

Because it is destructive, the method cannot be applied to concrete structures in the field, nor is it a moni-
toring technique. Its use is restricted to the examination of test specimens in the laboratory.

Solutions commonly used are saturated calcium hydroxide at a pH of approximately 12.4 which is very simi-
lar to concrete.

These tests were carried out by immersing the rebar specimens machined into 9.5 mm diameter by 13 mm
(0.4" by 0.5") long cylinders to fit an EG & G Princeton Applied Research cylindrical specimen holder. The
cylinders were degreased with methanol prior to testing. Solutions used were 0.25 M sodium chloride sat-
urated with calcium hydroxide. Additions of calcium nitrite in dosages equivalent to 10 and 15 /im3 (2 and
3 gallyd 3), butyl ester emulsion in dosages equivalent to 5, 10 and 15 /m3 (1, 2, and 3 gaL/yd 3), and
dimethylethanolamine (DMEA) in a dosage equivalent to 0.6 kg/m 3 (1 lb/yd3), were used.

The potential of the specimens was held at -1 V vs. SCE for 15 minutes prior to starting the cyclic
polarization test. A scan rate of 5 mV/s was used in all cases. The potential was scanned from -800 mV vs.
SCE in the direction of positive potentials to a maximum current of 255 t,/cm2, at which point the poten-
tial was reversed and scanned in the direction of more negative potentials until -700 mV vs. SCE was
reached.

The test determines a breakdown potential, Eb, which is indicative of the start of pitting during the scan.
The higher the breakdown potential Eb the more effective the inhibitor is, at the given chloride level. The
more important value is the pitting potential Ep, at which pitting stops. Severe corrosion cannot occur at
potentials more negative than this value. Typically if Et values are greater than 0 mV then Ep values above
-280 mV vs. SCE (-350 CSE) indicate protection.
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Macrocell Corrosion

A useful screening test in concrete is the new ASTM G 109 Standard Test Method for Determining the
Effects of Chemical Admixtures on the Corrosion of Embedded Steel Reinforcement in Concrete
Exposed to Chloride Environments.1 2 This method is conducted on a well cured concrete at 0.5 wlc ratio
to produce a discontinuous pore structure with a higher permeability than that specified in field concretes.
Good performance in this method would be one of several criteria needed to demonstrate effectiveness
of a corrosion inhibitor for steel in concrete.

Concrete specimens were made with the mix proportions listed in Tables 1 and 2. Table 1 specimens were
made in accordance to ASTM G109, 12 and a modified version of the procedure was used for the other
macrocell specimens. Beams 279 mmx114 mmx152 mm (11"x4.5"x6") were made which contained one
top bar and two bottom reinforcing bars (#4,13 mm (0.5") diameter) made of black steel. The bottom bars
were 25 mm (1") from the bottom as described in Reference 12. The reinforcing bars were taped with
electroplater's tape to expose 203 mm (8") of rebar. After a curing period at 100% RH and 22 cC (72 OF), a
plastic dam 152 mmx76 mm (6"x3') was caulked to the top. The four sides of the specimen and the top
surface outside the dam were coated with a concrete epoxy. Ground clamps were used to attach a 100
ohm resistor between the top and one of the bottom bars. The two bottom bars were also electrically con-
nected. The samples were cyclically ponded with a 3% solution of sodium chloride on a two-week wet
two-week dry cycle. The voltage drop across the 100 ohm resistor was measured every four weeks.

Polarization resistance

Polarization resistance is used to directly measure the total corrosion rate of steel in concrete. It is based
upon a variation of ASTM G 59 Standard Practice for Conducting Potentiodynamic Polarization Resistance
Measurements. 13 The method is nondestructive due to the small perturbations applied for only short
times, allowing for the long-term monitoring of reinforced concrete specimens.

Specimens used were 76 mm diameter 152 mm long (3"x6") cylinders with embedded #3 steel reinforc-
ing bars (9.5 mm-3/8"). The protruding length of the bar as well as a short length of embedded bar was
covered with electroplater's tape, leaving 26 cm2 of exposed bar embedded in the concrete. After 28
days curing at 100% RH at 22 cC (72 OF), the specimens were ponded to half their height in 3% sodium
chloride. The solution was changed every two months.This type of ponding models concrete exposed to
a marine environment in the splash/tidal zone.

The polarization resistance was measured using a PAR model 351 system consisting of a computer-con-
trolled potentiostat and associated software. The applied potential was increased at a rate of 0.1 mV/s
from 20 mV below the equilibrium potential to a final potential of 20 mV above the equilibrium potential. To
eliminate errors due to the large conciete resistance, the current-interrupt feature of the system was en-
abled when obtaining the data.

Results and Discussion

Cyclic Polarization Screening Tests

Cyclic polarization is a useful test to demonstrate that a corrosion inhibitor is actually working when chlo-
rides are present at the reinforcing bar level. It clearly eliminates the effects of dampproofing admixtures
and concrete permeability reducers, which might appear to have enhanced properties in some concrete
tests. Cyclic polarization Eb and EP values at a chloride level equivalent to 3 kg/m3 (5 lb/yd3)of chloride ion
are given in Table 3 and characteristic curves are shown in Figures 1-4. The data indicate that only calcium
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nitrite provides resistance to pitting corrosion. The DMEA at reconmended levels improved Eb, but actu-
ally resulted in a reduced Ep value compared to the control, Indicating that 11 might be detrimental in alka-
fine environments. The butyl ester emulsion at 5 Vmrr (1 ga/tyod) was essentially the same as the control,
however, an increased dosage actuafly worsened Its performance indicating that this product is not a cor-
osion inhibitor. As found in numerous other studies increasing the calcium nitrite content was increasing-
ly beneficial. 14-16

There is some indication that cathodic currents 100 mV active to EF are slightly reduced for an the additives
tested. However, considering extremely large cathode to anode ratios present for steel in concrete, a
minor improvement in cathodic inhibition is not enough to stop pitting corrosion. This fact Is also men-
tioned by Rozenfeld as to why cathodic inhibitors, and in particular organic corrosion inhibitors are usually
only effective under acidic conditions where hydrogen reduction is the cathodic reaction. 4 Thus, by in-
creasing the threshold for pit initiation, calcium nitrite is the only admixture that shows corrosion inhibiting
properties in this test.

Concrete Testing

Mechanical Properties. The evaluation of a corrosion inhibiting admixture, or for that matter any
admixture, must include a study of the effects of that admixture on concrete properties. The effects of cal-
cium nitrite, butyl ester emulsion, and DMEA on concretes produced at a 0.5 w/c ratio for ASTM G109 test-
ing are shown in Table 1. The data show that DMEA does not adversely affect compressive strength,
whereas, there was a 5.3% decrease with the butyl ester emulsion. However, this decrease occurred
even though there was a 24% decrease in the plastic air content, which should have resulted in arn in-
crease in strength. Using the standard 5.5% strength decrease per 1% air increase, 17 the compressive
strength for the butyl ester emulsion, at the same air content as the control, would have been 33 MPa
(4785 psi) for a 13% decrease in compressive strength. This 13% reduction in strength would not pass
the ASTM C 494 requirements. The calcium nitrite specimens showed a significant improvement in com-
pressive strength of over 39%.

Of interest is the extremely high value of air entrainment admixture needed to achieve even a reduced
level of air entrainment for the butyl ester emulsion treated concrete. Figure 5 graphically illustrates the
substantially increased air entraining dosages needed. In areas subjected to freezing and thawing this
could be of major concern.

There was a slight decrease in concrete slump with the calcium nitrite mixture. However, in actual field
usage superplasticizers and high range water reducers are used to adjust slump.

In addition to tests in concrete produced according to G109, additional tests were made at w/c = 0.4. This
is more representative of a typical field application. Mechanical properties for these concretes are given in
Table 2. In this case there was a 13% decrease in compressive strength for the butyl ester emulsion prod-
uct at 28 days. Again, this 13% reduction in strength would not pass the ASTM C 494 requirements. The
calcium nitrite concrete specimens in contrast showed better than a 10% improvement. Once again it was
more difficult to entrain air with the butyl ester emulsion.

The concrete data clearly show that butyl ester emulsion negatively affects the compressive strength of
concrete, and makes it more difficult to entrain air. Thus, the margin of safety in meeting compressive
strength requirements is significantly reduced. Extra cementitious material and increased ait entraining
agent additions will most likely be needed with this product's use.
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Corrosion Testing In Concrete Figure 6 shows the results of G109 macrocenl corrosion testing
on the concretes descrtied in Table 1. Note that only the 15 VntV (3 gal/yd3 ) 30% calcium nitrite treated
concrete was showing no signs of corrosion activity at the completion of the test. The DMEA treated con-
crete appears to be equivalent to the control and there is only a moderate improvement with the butyl
ester emulsion product.

When broken open for visual comparison it was seen that the corrosion on the bars paralleled the corro-
sion currents for all products tested. Figure 7 shows the measured corrosion areas. It is dear that DMEA is
not behaving like a corrosion inhibitor and might even be detrimental. This was not totally unexpected
based upon the poor performance in the cyclic polarization tests.

The slightly improved performance with the butyl ester emulsion might be due to the fact that It Is reducing
the ingress of chloride to a small degree. The chloride analyses given in Table 4 do show a decrease in
chloride ingress for the butyl ester emulsion and to a lesser extent for the calcium nitrite treated concrete.
However, since corrosion is occurring for the butyl ester emulsion product at a reduced chloride level rela-
tive to the control, it can hardly be considered to be a corrosion inhibitor, and is more in the dampproofing

admixtures category. 18. 19

Tests are also being conducted at 0.4 w/c. Preliminary chloride results after one year of ponding show that
there is no decrease in chloride ingress over that of control specimens for the butyl ester emulsion. This is
in accord with work by T. C. Powers et. al. that showed that dampproofing admixtures have little benefit in

good quality concrete.20

Corrosion testing in concrete with 4.7 kg/m3 (8 lb/yd3) of adrn*xed sodium chloride at 0.4 w/c is in
progress. Figure 8 shows the corrosion currents determined by polarization resistance over 18 months ol
testing for controls, 5 rin3 (1 gaVyd3) butyl ester emulsion, and 15 irrP (3 gaVyd 3) of calcium nitrite corro-
sion inhibitor. Corrosion rates above 15 MS/cm 2 are indicative of some corrosion activity and above 25

MjS/cm 2 significant corrosion is occurring.21, 22 Thus the butyl ester emulsion is showing signs of corro-
sion and activity slightly higher than that in the controls, whereas the specimens with calcium nitrite are
passive. This is more clearly shown in the integrated currents shown in Figure 9. Once again these re-
sults could have been predicted from the cyclic polarization data.

Further Discussion

As noted earlier there is substantial evidence pointing to the effectiveness of calcium nitrite as a concrete
corrosion inhibitor. Much of this evidence was obtained from long-term testing in high quality concretes. It
was demonstrated that the improvements in corrosion protection were due to protection of the steel in the
presence of chloride and not by a decrease in chloride permeability.

In contrast, the published data showing improvements in corrosion performance with butyl ester emulsion

have been on concretes with low cement factors, higher w/c values, low cover, and poor curing.10,23,24

These papers highlight the chloride permeability reductions and claim corrosion inhibition. As seen in this
work the claims for chloride permeability reduction in poor concrete are valid, however, for quality concrete
there is little or no improvement. The overwhelming evidence is that the butyl ester emulsion is not an
effective corrosion inhibitor for steel in concrete. This is not really surprising since organic inhibitors are
mostly used in acid environments. 4

Furthermore, the studies presented here indicate that long-term tests in better quality concretes are
needed, because some products can look better in poor quality concrete than in good quality concrete.
For example an updated graph of a long-term lollipop test first described in 1985 25 is shown in Figure 10.
These data showed that it took approximately 3 years for severe corrosion activity to initiate on control
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specimens produced at 0.34 w/c. The specimens with calcium nitrite corrosion inhibitor are still not corrod-
ing, after over 8 years of testing, at chloride levels exceeding 10 kg/n 3 (17 Ib/yd3).2 6 If these tests were
ended after 1 year it would have appeared that a high range water reducer was more effective than caliurm
nitrite, which was not the case.21' 26 Therefore, corrosion inhibitors have to be evaluated in long-term
tests in concretes representative of those used in the field.

Conclusions

Based upon this work the following conclusions can be made:

1. Cyclic polarization tests give an accurate assessment of the corrosion inhibiting properties of a chemi-
cal when chloride is present at the steel.

2. Calcium nitrite is an effective corrosion inhibitor for steel in concrete in chloride environments and pro-
tects when chloride is present at the steel.

3. Butyl ester emulsion reduces chloride ingress at 0.5 w/c. However, in concrete at 0.4 w/c it had little
effect on chloride ingress.

4. Butyl ester emulsion does not prevent the corrosion of reinforcing steel in the presence of chloride,
and therefore is not considered to be a corrosion inhibitor in concrete. It is a fatty acid and falls under
the category of dampproofing admixtures.

5. Butyl ester emulsion adversely affects compressive strength and the ability to air entrain concrete.

6. DMEA does not appear to be an effective corrosion inhibitor in alkaline or concrete environments
when chloride is present at the steel reiniorcement.

7. Long-term corrosion tests in good quality concrete are needed for all newly introduced products to
prove performance benefits.
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Table 1

Properties of the fresh and hardened concrete

CIF . 356 kglrn3

Type I cement
948 kg/rn3 13 mnm Trap Rock
84 kg/rn5 fine aggregate
WIC a 0.50

Mix el Mix #2 Mix #3 Mix 04
Control 5 Urn3  1S Uj 3  0.6 kg/mS

butyl esatr 30% eel DMEA*
emulsion calcium nitrite

Vinsol Rosin- 174 4931 232 174
(rnL/m3)

Air (%) 5.8 4.4 5.8 6.6

Slump (mmn) 76 69 51 8

Compressive
Strength (MPs)

I day 11 13 13 12

7 days 27 27 40 32

28 days 36 36 53 38

Dimettiylethanoiamine
Air-entraining admixture

I kg/m3.1 .69 ib/yd3 1 mL/M3=0.026 oz/yd3  1 mm=O.04 Inches 1 Msz`I45 pal

Table 2

Properties of the fresh and hardened concrete

CIF . 362 kg/rn2

Type I cement
1037 kg/rn3 grave
741 kghl fine aggregat
WIC a 0.40

mix # Mix #2 mix #
Ccntroi 1SLUM3  5 LM3

30% e" huty ester
calcium nitrite emulel

set-retarder* 709 946 708

(mu~m
3)

Vinsol Reslm so so 944
(mum

3 )

Air (%) 6.6 6$A 5.8

Slump (mm) 159 171 203

Ccmpreeatee Strenigth (Ufs)

I day 26 27 25

7 "y 35 46 36

2S days 46 51 40

1.Ugnoeulfcnaleigluccse polymer retarder
Air-entraining admixture

1 kg/m'.I .69 lb/yds IrnmL'f%=.026 cziyd3 I rnr=0.04 Inches I MPa=145 psi
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Table 3

Cyclic Polarization Data

Eb (my vs. SCE) Ep (mY vs. SCE)

0.25 M +63 -463
NaCI

10 L/m 3  +370 -136
15 L/m 3  +386 -126
30% calcium
nitrite

0.6 kg/m3  +241 -543
DMEA

Butyl ester
emulsion

5 L/m 3  +58 -398

10 L/m 3  +39 -541
15 LUm 3  +72 -484

1 kg/m
3 

: 1.69 lblyd
3  I Irm

3
= 0.2 gallyd

3

Table 4

Chloride Concentration after 13 months ponding

WIC=0.5 ASWTm1G109

Control Butyl ester Calcium Nitrite DMEA
emulsion 30% eoluton 0.6 k0lm

Depth (mm) 0 L/m3  15 L/ml

0.5 6.2 6.6 5.7 12.6

29 4.3 1.4 2.4 9.0

46 0.65 0.36 0.36 2.7

07 0.41 0.16 0.23 0.3

1 kgm' a 1.66 IbW I LW w O2 gl/yd I nMua.044 hMe
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Abstract

Installation of cathodic protection, CP, into new, chloride-free steel reinforced concrete
structures should be considered as preventive maintenance in a hostile environment where
intermittent or continuous chloride ingress into concrete will occur during the lifetime of the
structure, e.g. in marine environment, through application of de-icing salts, in the presence of
brackish groundwater close to surface. The decision on the incorporation of cathodic
protection into new structures should be taken during the early stages of cooperative design
by construction and CP engineers. The installation of strong, but flexible, activated titanium
anodes of long lifetime directly onto rebars before concrete pouring is advantageous from both
technical and economic viewpoint. Of the more than 500,000 m2 total surface area protected
by activated titanium anodes, 113,000 m2 is on new/quasi new structures, predominantly on
viaduct decks and curbs in Italy. Several activated titanium anode mesh and ribbon installation
techniques are described for a variety of steel reinforced concrete structures.

Key Terms: Cathodic protection, new steel reinforced concrete structures, activated titanium
anode mesh/ribbon, anode installation techniques, preventive maintenance..

Introduction

Reinforced concrete structures are designed for a lifetime of up to around 100 years and are
known to have lasted for 50 to 80 years. Steel reinforcement, rebar, embedded in concrete,
a complex composite material, is normally passivated in its alkaline environment. However,
in the presence of chlorides, the natural passivity of steel is destroyed and the rebar corrodes
leading to concrete deterioration in considerably shorter time, sometimes as short as 5 years.

The corrosion products have greater volume than the steel rebar leading to large tensile
stresses on the concrete (pressures up to 32 MPa were measured)1 and inevitable concrete
cracking and spalling. The corrosion risk depends, among others, on content and distribution
of chlorides, quality, state, and cover of concrete, environmental factors: wetness, water
content and their distribution, temperature. The main culprit, chloride's source may be a) the
(un)intentional incorporation, as additive, or via brackish water or salt-laden aggregate, and/or
b) an ingress from the environment: marine (sea water and/or spray), soil (groundwater), or
seasonal (de-icing salt).

There are several rehabilitation techniques for old reinforced concrete structures of which only
the cathodic protection of rebars was found to stop corrosion regardless of the chloride and
water (wetness) content of concrete.
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Application of cathodic protection to new chloride-free steel reinforced concrete structures is
to be considered as a preventive maintenance in a hostile environment where intermittent or
continuous chloride ingress into concrete will occur during the lifetime of such structures 2.
Some examples are: de-icing salt a) spraying onto concrete bridge decks or roadbeds of
tunnels b) splashing onto bridge columns, walls, c) leakage through cracks in
blacktop/membrane or through deteriorated joints into deck/roadbed or onto substructure;
marine environment a) submerged area, b) tidal/splash zone, c) salt-laden atmosphere (mist,
sand) on/around concrete structures such as bridges, offshore platforms, piers, terminals,
wharves, sea water cooling, buildings; in/above saline groundwater: underground concrete
structures/installations, substructures, basement and lowest floors of buildings, industrial
installations, etc.

The decision to incorporate cathodic protection into steel reinforced concrete structures should
be taken very early, preferably during the design stage of the structure. The designers of the
structure and cathodic protection system should work closely toward a "construction friendly"
and cost-effective solution best suited for the structure under the given conditions and
environment.

The anode could be installed onto the concrete surface, such as conductive paint, zinc, but
such systems a) probably require special formation/preparation of the new concrete surface,
b) usually are not suited for wet concrete and in the presence of water on the concrete
surface, c) need occasional maintenance, repair of damaged anode/protective surface layer,
and d) have the anode reaction zone at the concrete/anode interface just below the
outer/protective surface layer.

It is preferred to install a dimensionally stable, strong but flexible anode with long lifetime
directly on to the reinforcing steel or into the rebar cage before concrete pouring. Thus, there
is no need for surface preparation and no joint in the concrete (single or briefly interrupted
concrete pouring). The activated titanium anodes are the most suited for new concrete
structures. Their installation onto the reinforcing steel and/or into rebar cage a) is simple, b)
hardly interferes with the construction techniques used (concrete pouring, vibrating) and c) is
cost effective.

There are three principal requirements for the cathodic protection of steel reinforced concrete
structures (new or old) to function properly: 1) the steel reinforcement must be electrically
continuous (usually no problem in new structures), 2) a contact between rebar and other steel
elements and activated titanium anode must be absent before, during, and after concrete
pouring or overlaying, 3) the electrical resistivity of concrete must be below 50,000 ohm.cm.
at around 20 0C (usually it is well below).

For the design of the cathodic protection, CP system, it is imperative to have the related
drawings of the concrete structure, especially dimensions, details , positions of rebars and
other embedded steel parts. The choice of anode depends, among others, on the nature of
concrete structure, steel density, required protective current density, construction and
concreting techniques used, concrete quality, especially cover, environment.

The activated titanium anodes are .Jlable as a) expanded mesh of various diamond and
strand dimensions and b) ribbon of appropriate thickness and width.
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This paper describes the application of proprietary activated titanium anodes, ELGARDTM (1),

to a variety of new and quasi-new concrete structures.

Anode Mesh Installation

The choice of the activated titanium anode mesh installation and concrete pouring technique
will be affected by the nature of the concrete structure/element, among others: orientation
(horizontal, vertical, sloping), dimension (length, width, depth), rebar size, quantity and
distribution (presence, size of cage[s]) as well as concreting conditions, such as, concrete
quality, pumping or dumping, distribution over the surface, compacting (vibrators), access.

Activated titanium anode mesh can be installed directly onto the rebars using concrete
spacers or suitable plastic fasteners 3, such as horizontal rebar clips, tie-clips or push-on
fasteners. In order to prevent a contact (electric short) between the rebars and anode mesh
(during the pouring, vibrating, and curing of concrete), a plastic spacer mesh is placed directly
onto rebars after the installation of plastic fasteners, as shown in Figure 1, and the activated
titanium anode mesh is subsequently faste ,ed to them. It is obvious that such an arrangement
will prevent the compaction of poured concrete by vibrators below the installed plastic
spacer/anode mesh on horizontal structure elements such as decks of bridges, wharves,
parking garages. There is really no hindrance on vertical elements, e.g., columns, walls,
coping, as shown in Figure 2, but the vibrating must be done with care. The presence of mesh
or mesh strips must always be on the mind of the crew doing the vibrating.

In the simplest installation technique for especially large horizontal surfaces, such as decks,
the concrete is pumped in up to a height of minimum 13 mm, practically around 25 mm, above
the rebars and levelled to the selected height. The activated titanium anode mesh can be
prefabricated into a "carpet" of desired dimensions with spotwelded conductor bars and
suitable attached cables. Such rolled up activated titanium anode mesh "carpets" are best
suited for smaller areas (ca. 3 x 10 m). The concrete is poured onto the unrolled anode mesh
to the required height and its surface is finished to the desired quality.

On larger horizontal areas (e.g. 5 x 30 m), the concrete is poured as described above. As
soon as one can walk on the fresh concrete (1-3 hr), or without any delay, the concrete
surface is roughened, e.g., by rake, the activated titanium anode mesh is rapidly rolled onto
the wet concrete, and a current conductor bar is spotwelded to the anode mesh3 '. On a soft
concrete surface, planks are placed onto the unrolled activated titanium anode mesh, as
shown in Figure 3; this prevents the feet sinking into the concrete and pushing the anode
mesh against the rebars creating an electric short. In both cases, the concrete is immediately
pumped onto the activated titanium anode mesh up to the required height which is followed
by the usual finishing operation.The installation of activated titanium anode mesh is rapid, and
ca. 14 m2/man-hour of mesh installation rate was obtained on a bridge deck. Obviously, the
bulk and "overlay" concrete composition is the same, and there is no solid/wet interface
between the two roncrete pours. It is to be noted that such an installation has been in
operation for 5 years5.

I" ELGARD TM is a trademark of ELGARD Corporation
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Similar technique, practically a single concrete pouring, was used for the prefabrication of new
bridge deck units (1.9 x 10 m) to be installed subsequently onto new steel beams. The
prefabricated welded rebar deck unit was placed into a special frame resting on an appropriate
steel platform. Concrete was poured up to the predetermined height, vibrated, levelled and its
surface roughened, as in all similar techniques. After the installation of the prefabricated
activated titanium anode mesh "carpet", concrete was immediately poured onto, and spread
out up to the final height and surface finished, as shown in Figure 4. The anode mesh
installation rate is around 16 m2/man-hour. The activated titanium anode mesh and titanium
current conductor bar, extending from the prefabricated bridge deck units, are interconnected
after the placement of deck units onto the steel substructure and concreting of the gaps.

It is to be mentioned that all rebar connections, placement of reference electrodes, sensors,
cables, obviously must be done before the concrete pouring.

The majority, (95%), of the new/quasi-new steel reinforced concrete structures with cathodic
protection using activated titanium anode mesh/ribbon (113,000 M 2) are bridge decks, mainly
post-tensioned, and curbs on the Italian Autostrada, Torino-Frejus, and Aquila-Gran Sasso6.
The decision to incorporate cathodic protection was made after the design, start of
prefabrication and installation of box girders. Thus, the activated titanium anode mesh/ribbon
had to be incorporated during various stages of the construction of the viaducts. Some of them
were already standing with or without concreted New Jersey-type curbs. A large number of
box girders were prefabricated and stored for installation onto pillars being constructed. Other
box girders were prefabricated and appropriate activated titanium anode mesh and overlay
were installed in a separate building erected next to the box girder production hall.

In spite of this large variation of conditions, the installation technique remained practically
constant for the deck: a) roughening of the concrete surface for good adhesion of the overlay,
b) attachment of the activated titanium anode mesh to the roughened concrete surface with
plastic fasteners, and c) spraying of a 10-15 mm thick acrylic polymer modified cementitious
overlay onto appropriately prepared concrete surface. Numerous roughening techniques were
used: from mechanical grinding through grit blasting to water jet. The same installation
technique was used for concreted curbs. However, anode ribbon was installed into a large
number of curb rebar cages with subsequent single concrete pouring (see later).

Figure 5 shows the overlay spraying onto the installed activated titanium anode mesh attached
to the roughened concrete deck surface of a prefabricated box girder. Figure 6 shows the
activated titanium anode mesh installed onto the curb and walkway as well as the
cementitious overlay on both parts with the required surface finish. The titanium current
conductor bar from the curb goes over the walkway to the bridge deck and finally through it
at an, =ppropriate location. It is attached to a cable inside the box girder where all cables,
trunking and instrumentation are located.

The prefabricated box girders are installed onto columns. Their curb and walkway rebar cages
are exposed and the concreting takes place in-situ. Thus, the activated titanium anode,
preferably ribbon could be installed onto the rebars before the placement of the formwork and
concrete pouring (see later). It is obvious that this method of activated titanium anode
installation will be more economical and technically superior, i.e., absence of two concrete
layers of probably different compositions and their interface.

3290



Anode Ribbon Installation

Due to its nature, the activated titanium anode ribbon can be advantageously used for the
cathodic protection of new, narrow and long concrete structures, such as beams, walls,
columns, barriers, swimming pools. The anode ribbons, well attached to the rebars through
plastic fasteners hardly interfere with the vibrating of concrete and rarely touch the rebar(s)
causing a short-circuit. It is already a well-accepted practice to contact each ribbon with a
separate short cable; thus an eventual short-circuit can be easily identified and rectified by
disconnecting the appropriate cable if it cannot be eliminated otherwise. Figure 7 shows the
individual cable connections and anode ribbons installed into the rebar cage of a swimming
pool wall and overflow. It also shows this concrete structure after the removal of the formwork.

The activated titanium anode ribbon is well-suited for the CP of curbs formed in-situ on
viaducts and bridge decks. The anode ribbon is easily installed with plastic fasteners onto
rebars in segmented cages, as shown in Figure 8. The connecting cables from the anode
ribbons are collected into a junction box already embedded in the concrete base. The installed
activated titanium anode ribbons do not interfere with the placement of railing attachment base
on the top of the rebar cage. The formwork is easily placed over the rebar cage and hardly
anything hinders the concrete pouring and vibrating. In the background of this photo the
finished curbs are visible on the parallel viaduct.

It may be advantageous to install activated titanium anode mesh strips2 in certain steel
reinforced concrete structures located in areas with brackish groundwater, such as multistorey
buildings with numerous beams, columns, walls, stairways, especially in their basements and
lower floors.
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FIGURE 1 FIGURE 2
Plastic spacer mesh and push-on Use of vibrators on both sides of a vertical
fasteners on rebars ready for placement plastic spacer/activated titanium anode
of activated titanium anode mesh. mesh during concrete pouring.

FIGURE 3
Concrete is spread out over unrolled activated anode mesh during an interrupted "single"
concrete pouring.
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FIGURE 4
Spreading and surface finishing of concrete over installed activated titanium mesh during the

prefabrication of a bridge deck unit.

FIGURE 5

Spraying of a thin acrylic polymer modified cementitious overlay onto an activated titanium

anode mesh installed on the deck of a box girder.

FIGURE 6
Installed activated titanium anode mesh on a curb and walkway partially covered by a

cementitious overlay.



FIGURE 7
Activated titanium anode ribbons in the rebar cage of, and view of, a swimming pool wall and
overflow.

FIGURE 8
Viaduct curb with installed activated anode ribbon and formwork.

3294
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Abstract

Measurement of corrosion rate of reinforcing steels in concrete
using steady state techniques is beset with the problems of large
ohmic drop arising out of the concrete resistance. In this work,
a simple and elegant technique for correcting this ohmic drop
component from the measured polarisation data has been proposed
and tested. Using the corrected values from the gal,,anostatic
steady state technique, the corrosion rates have been evaluated
for High tensile steel(HTS),mild steel(MS) and High yield
strength deformed steel (HYSD) reinforced in different grades of
concrete mixes. Measurements were conducted on specimens cured
for one day as well as 28 days. The results indicate that the
corrosion rates of different steel specimens are largest in a mix
of cement,sand and aggregate ratio of 1:2:4 followed by 1:3:0
and 1:1:2 mixes. The effect of adding chloride ions in the
concrete mix has been studied and the results show that for 28
days cured specimens, the corrosion rates of different steels do
not significantly increase in the presence of admixed chloride
ions. In contrast, under similar conditions, there is a large
increase in corrosion rate in the case of one day cured
specimens.Measurements were also carried out with several
inhibitors such as sodium nitrite, sodium chromate and sodium
lauryl sulphate added to the concrete mix.It is also shown that
the measured electrical resistivity can be correlated with
permeability and pore size distribution of concrete. Since it is
the permeability which controls the extent of ionic intrusion
which in turn causes corrosion of reinforcing steel, a knowledge
of resistivity is quite useful in evaluating the corrosion
resistance of reinforced steel.

Key terms:Corrosion rate,galvanostatic charging,concrete,inhibitors
Chloride intrusion , resistivity
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I.INTRODUCTION

The pH of hydrated cement is about 13 at common W/C ratios. At
this alkaline range, a passive film is formed on the steel
surface which protects it from degradation. This film breaks down
under certain conditions like carbonation and attack by chloride
ions which penetrate the concrete leading to active corrosion. It
is therefore of interest to study the effect of different mix
proportions and additives on the corrosion rate of reinforced
steel in different environments. In this paper, the results of
such a study are presented and discussed. In addition, the
resistivity values of concrete are measured psing a novel method
known as galvanostatic charging technique. This technique is
simple and elegant while also minimising the electrode
polarisation during measurement.

II.EXPERIMENTAL

A. Instrumentation

The corrosion rates and polarisation resistance values are
measured using steady state galvanostatic polarisation technique.
Fig 1(a) shows the schematic experimental set-up.A home made
potentiostat is used in the galvanostat mode.The specimen (Fig 2)
which forms the working electrode is kept with the entire
concrete portion immersed in the electrolyte. This is surrounded
with a stainless steel sheet acting as a counter electrode and
positioned concentrically about 20 mm from the specimen. A
saturated Calomel electrode is used as a reference electrode in
all the cases along with a suitable salt bridge .

For polarisation resistance measurement, the polarisation
range is confined within 20mV from the rest potential on either
direction. For the measurement of corrosion rate, the Tafel
extrapolation of the anodic curve is carried out with the
straight line portion located at a potential > 60mV from the rest
potential.All the potential values are corrected for IR drop
which is calculated from the measured uncompensated resistance
using the galvanostatic charging technique described below.

In this technique, a small duration current pulse of
amplitude I is imposed on the steel-concrete-solution interphase
using a galvanostat and the potential response with respect to
the sat. calomel electrode was displayed on an oscilloscope. The
initial step is equal to the ohmic drop IRu, from which Ru can
be obtained. The current pulse and potential response are
schematically shown in Fig. 1(b).

B. Systems studied

(i) Types of Steel used : (a) High tensile steel (HTS)
(b) Mild steel(MS)
(c) High yield strength deformed

steel (HYSD)
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(ii) Types of mix proportion : (a) 1:2:4 (MI5): w/c = 0.5
(b) 1:1:2 (M25): w/c = 0.4
(c) 1:3 (Mortar) with water based on

cement consistency 28%

(iii)Types of electrolytes : (a) SAT Ca(OH) 2 + 0.1M NaOH
(b) 0.1 M H2 SO 4 +1M Na 2 (SO 4 )
(c) 3% NaCl

(iv) Curing periods : 1 day ,3 days ,28 days

(v) Additives used : (a) Calcium chloride (b) Sodium Nitrate
: (c) Sodium Stannate (d) Stannous Nitrite
: (e) Sodium lauryl Sulphate

C. Preparation of specimen

The steel rods used for embedment in concrete was first cleaned
thoroughly to remove all rust and oxide film using rough emery
and then dipped in 1:1 hydrochloric acid, cleaned, dried and
finally degreased in acetone.

A typical specimen used for corrosion measurements is shown
in Fig. (2). A particular length (usually 30 mm) was exposed and
the remaining portion was made non-conductive using PVC adhesive
tape tightly wrapped with several layers on the steel to ensure
no seepage of electrolyte into the unexposed portion.An epoxy and
PVC tape seal was also used on either end (about 35mm) of the
concrete.

The concrete, with the reinforced steel packed in the mold is
kept immersed in distilled water for curing after 24 hours of
preparation of the sample. The curing is continued for 28 days
and then the samples are taken out and kept immersed in the
respective electrolyte for 24 hours before performing the
measurements.As for the one day cured specimens the samples are
kept immersed in water for 24 hours and in the respective
electrolyte for 1 hour.Three specimens are prepared under each
condition and the results presented are the average of these
three values.For the measurement of resistivity change with time
of curing, cylindrical specimens were used with full length of
the rod exposed to concrete. For a study of resistivity variation
with thickness, a tetragonal block of concrete with a square base
and constant height (50 mm) was used (i.e., 1 = b kh).

III.RESULTS AND DISCUSSIONS

It is well known that the cathodic reaction occurring during the
corrosion of steel in concrete is,

02 + 2H 2 0 + 4e- ---- > 4(OH)-
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In other words, the system needs supply of oxygen for corrosion
to take place under active conditions, while for the formation
and continuation of protective passive layer presence of oxygen
is necessary. In any steady state polarisation method, applied to
steel in concrete, a limitation arises due to slow rate of oxygen
diffusion. This leads to inaccuracies in corrosion rate measured
by polarisation technique.

For small polarisations, the concentration polarisation is
small and the measured polaristion resistance Rp can be
considered to be quite accurate. The measured corrosion rate,
however, may not be quite correct but yet provides valuable
information in comparative evaluation under different
environmental conditions.

(A) Study under different electrolytes

The three electrolytes used for measurement represent different
environmental conditions to which reinforced steel is subjected
to. Sat.Ca(OH) + NaOH represents the real world situation of
pHl3, 0.1 M Su]phuric acid represents the conditions prevailing
due to so-called 'acid rains' in industrial atmosphere and 3%
NaCl simulates the marine environment.

From Table 1 it can be seen that for 28 days cured specimen,
the corrosion rates of all the steels follow the same trend in
different electrolytes, viz., icorr in Ca(OH) 2 < in H2 SO 4 < in
NaCl. Corrosion rate of all the three steels are more or less
same in calcium hydroxide. The lowest corrosion rates observed in
Ca(OH) 2 is due to the absence of any aggressive ions like
chloride and sulphate which tend to disrupt the natural positive
film. However, in H2 SO4 the corrosion rate is higher. This is
because of the lowering of pH by H2 SO 4 and consequent active
dessolution of the metal. The highest icorr in NaCl confirms the
generally observed pattern where diffusion chloride of ions break
down the passive layer of the steel surface. Rp values also show
the same trend.

(B) Study in different concrete mixes

Table 2 presents the results obtained for three different
concrete mix proportions. In all the cases NaCl has been used as
the electrolyte as it provides the most aggressive environment
among the three electroytes.

It can be seen that the lowest corrosion rate is obtained in
M25 followed by mortar and M15. It is obvious that M25 with the
highest cement-sand ratio has the lowest porosity. This is
because ,at a larger cement to sand ratio, the pores are filled
with the more hydrated cement gel which decreases the porosity.
Therefore diffusion of CI- ions through the pores is limited
whereas in M15 due to more voids, the corrosion rate is the
highest. Mortar with more impermeable cover than that of M15 has
a corrosion rate intermediate between that of M15 and M25.
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The corrosion rates of different steels do not show much
variation in different concrete mixes. Even though HTS shows
higher corrosion rate in M15 compared with mortar and M25, the
same is not reflected in other mixes. These results indicate that
the nature of steel and its composition are not very important
factors which lead to corrosion over a long period of time.

(C) One day cured specimens

The results of study in two different electrolytes are shown in
Table 3 It can be seen that corrosion rate is generally higher in
NaCl electrolyte as expected. For different steels however, the
corrosion rate was least in HTS and highest in HYSD and
intermediate value in MS, a trend, which was not observed in the
case of 28 days cured specimens. The presence of chromium
offerring protection in HTS may be a factor in reducing the
corrosion rate in HTS steel. This may not be a significant factor
in 28 day cured specimens.

(D) Effect of chloride ions

CaCl 2 is being used in concrete as an accelarator for early
development of strength and earlier setting time. CaCI 2 acts as a
catalyst in the hydration of C3 S and C2 S.

The results of corrosion rate and RP values for 28 day cured
specimen in NaCl electrolyte for different mix proportions with
3.5% CaCI 2 by weight are tabulated in Table 4.

Even though an increase in corrosion rate has been observed
in a few cases in M25 mixes for all the steels, it is not quite
significant to be attributed to the effect of admixed chloride.
In fact, there is a decrease in corrosion rate in the case of HTS
steel. A repeat experiment showed the same trend. This shows, for
28 day cured specimens, the admixed C1- ions are not quite
effective in breaking the passive layer.

The effect of admixed chloride ion on one day cured specimens
has been studied in Ca(OH) 2 + NaOH. As can be seen from the Table
5, the corrosion rates for one day cured specimens with admixed
chloride have increased by 4 to 6 times in almost all cases
compared to specimens with no admixed CV- ions. Rp values also
showed similar trend.

When CaCl 2 is added as an admixture, calcium oxychloride
hydrate is formed, which accelerates the hydration of cement.
Moreover, tricalciYm aluminate (C 3 A) forms calcium chloro
aluminate hydrates. It is evident that majority of CaCI is
present as a complex. Hence C1- ions in these complexes cannot be
extracted by water. Hence the meagre amount of C1- ions cannot
induce breakdown of passivity. It is evident that in one day
cured specimens not all CaC1 2 gets complexed as in the case of 28
day cured specimens. It is these free CI- ions which cause
greater corrosion in one day cured specimens. It is evident
therefore, that C1- ions that diffuse from outside that are more
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aggressive than admixed chloride in causing corrosion of
reinforced steel. This observation is also substantiated by other
works. 3

(E) Effect of Corrosion Inhibitors

Corrosion inhibitors are added in concrete mix to protect the
steel ffom corrosion. In this work, sodium chromate and sodium
nitrite and sodium lauryl sulphate have been used as corrosion
inhibitors.The amounts of added inhibitors are mentioned in
Tables 6-9.

The results of corrosion rate measurements for steel in the
presence of sodium chromate for 28 day cured specimens in sodium
chloride electrolyte is shown in table 6. The results show that,
even though the inhibition is evident only in the case of HTS,
there is no significant inhibition in other steels. This shows
that in the presence of chloride ions which disrupt the
protective film of chromium oxide (Cr 2 03 ), there is no inhibition
of steel corrosion by chromate addition.

However, it has been found that sodium nitrite is an
effective inhibitor of steel corrosion in NaCl electrolyte as can
be seen from Table 8. The same trend is observed with sodiup
lauryl sulphate which incidentally is also used as a porefiller.'

Some workers 4 have suggested using one day cured specimens
for inhibitor studies. From the results presented in Tables 7 and
9 it can be seen that the corrosion rates in Sat Ca(OH)2 + NaOH
is not significantly decreased even with the addilion of
inhibitors which were found effective in 28 day cured specimens.
The results suggest that measurements conducted with one day
cured specimens cannot be used to assess the inhibitor efficiency
of the additives.

(F) Resistivity Measurements

The measurement of electrical resitivity of concrete is quite
important in evaluating the strength and durability of concrete
in addition to the corrosion properties of reinforcing steel.
This is because electrical resistivity is indicative of
permeability and pore distribution in concrete. The variation in
the resistivity of cement with time is also related to hydration
of cement paste and is indicative of the rate at which the
chemical reactions occur within the paste.

It has been shown by us' that the galvanostatic charging
technique provides a simple and elegant method of measuring the
electrical resistivity of concrete. The details of the method and
instrumentation had been decribed elsewhere. Fig. (3) shows a
typical resistivity curve plotted against the number of days of
curing. It can be seen that the resistivity increases steeply at
the beginning and asymptotically approaches an upper limit after
25 days of curing. This variation follows a hyperbolic fit of the
form
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y = x/(ax + c)

where the constants a and c are found to be characteristic of any
particular mix proportion. Since the resistivity of concrete is
an indicator of permeability and pore distribution, it is also a
measure of compressive strength of concrete. The compressive
strength values reported in literature5 when plotted against the
number of days of curing is found to follow a similar hyperbolic
expression.

We have carried out the resistivity measurements on
tetragonal concrete blocks with square base (1 = b #h) but with a
constant height of 50 mm. Two mild steel plates were embedded at
either end of the concrete specimen. The distance of separation
(1) is varied for each specimen and the resistivity values are
shown in Table 10. The results show that at constant height and
at different cover thicknesses the resistance actually shows a
slight decrease with increasing cover thickness. The resistivity
of course shows a similar trend.

It must be emphasised that for a highly inhomogeneous medium
like concrete, with different conduction paths, no simple
mathematical expression can be used to calculate resistivity from
the measured resistance. This is because the local field
intensification or field distortion introduced by different
materials of different conductivity must be taken into account
which makes any mathematical development quite complex. However,
the calculated resistivity values assuming a simple homogeneous,
isotropic medium can still be used to gain an understanding of
the various phenomena contributing to the porosity, durability
and strength of concrete.

IV. SUMMARY AND CONCLUSIONS

Corrosion rates of different steels used for reinforcement in
concrete such as HTS,MS,HYSD had been measured in different
electrolytes and concrete mixes using steady state galvanostatic
polarisation technique after correcting for the ohmic drop.The
effect chloride ions on the corrosion rates had been investigated.
It was found that the chloride ion intrusion from the electrolyte
increased the corrosion rate of steel while the admixed chloride
did not significantly affect the rate.A new method of measuring
the electrical resistivity of concrete was proposed and tested.
It was found that the electrical resistivity of concrete
increases in a hyperbolic manner with number of days of
curing.This conforms to the pattern observed in the case of
compressive strength variation with time
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Table 1 : Corrosion rate(uA cm- 2 ) and polarisation resistance(ohm cm2 )
of different steels in M15 mix in different electrolytes
(28 days curing)

HTS MS HYSD
Electrolyte icorr Rp icorr Rp icorr Rp

NaOH+sat.Ca(OH) 2  0.34 59.73 0.26 56.89 0.32 68.90

0.1M H2 SO 4 +Na2 SO 4  4.38 3.10 2.73 6.33 0.35 49.40

3% NaCI 7.17 1.90 4.00 9.23 3.40 8.34

Table 2 : Corrosion rate (uA/cm2)of different steels in different
concrete mixes in NaCl Electrolyte(28 day cured specimens)

Mix (cement:sand:aggregate) HTS MS HYSD

1:2:4 (MI5 Mix) 7.17 4.00 3.40

1:3 (Mortar Mix) 0.45 0.44 0.60

1:1:2 (M25 Mix) 0.23 0.29 0.27

Table 3 : Corrosion rate (uA/cm2)of different steels in different
electrolytes (1 day cured specimens)

MI5 MORTAR

HTS MS HYSD HTS MS HYSD
Electrolyte

3% NaCl 1.34 2.91 8.05 2.22 5.16 4.37

NaOH +SAT.Ca(OH) 2  1.63 1.59 3.04 0.98 1.01 4.00

Table 4 : Corrosion rate (uA/cm2)of different steels in different
concrete mixes in NaCl electrolyte (28 day cured specimens)
with 3.5% CaCl 2 by weight of cement added

Mix MI5 MORTAR M25

HTS MS HYSD HTS MS HYSD HTS MS HYSD

with CI- 3.95 4.53 4.77 0.35 2.08 3.22 0.43 0.33 0.63

without 7.17 4.00 3.40 0.45 0.44 0.60 0.23 0.29 0.27
Cl-
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Table 5 : Corrosion rate (uA/cm2)of different steels in different
concrete mixes in NaCH + Ca(OH) 2 electrolyte (1 day
cured specimens) with 3.5% CaCl 2 added.

Mix M15 MORTAR M25

HTS MS HYSD HTS MS HYSD HTS

with CI- 4.42 4.00 6.21 4.95 6.78 6.69 1.19

without 1.63 1.59 3.04 0.98 1.01 4.00 0.27
Cl-

Table 6 : Corrosion rate (uA/cm2)of different steels in
different concrete mixes in NaCl electrolyte
with inhibitor (28 day cured specimens)

Mix MI5 MORTAR M25

HTS MS HYSD HTS MS HYSD HTS MS HYSD

with 3.72 0.91 3.39 0.10 0.77 0.86 0.15 0.45 0.12
2% Na 2 CrO4

without 7.17 4.00 3.40 0.45 0.44 0.60 0.23 0.29 0.28
Na2 CrO4

Table 7 : Corrosion rate (uA/cm2 ) of different steels in
different concrete mixes in NaOH+SAT.Ca(OH) 2
electrolyte (1 day cured specimens).

MI5 MORTAR M25

HTS MS HYSD HTS MS HYSD HTS

with 2.12 3.15 6.75 0.43 1.42 3.40 0.30
2% Na2 CrO4

without 1.63 1.59 3.04 0.98 1.01 4.00 0.27
Na2 CrO4
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Table 8 : Corrosion2 rate (uA/cm2 ) and Polarisation resistance
(K ohm cm ) of HTS with and without inhibitors
(28 days curing)

Mix type Electrolyte Icorr Rp

Without chemicals Mortar(1:3) NaCl 0.45 43.3
With 2% NaNO3  0.18 93.9
With 4% NaNO3  it 0.10 111.4
With 2% Na2 CrO4  0.10 169.2
Without Chemical M25(1:1:2) Ca(OH) 2  0.40 113.2
With lauryl
Sulphate 2% of 0.30 74.4

Table 9 : Corrosion 5ate (uA/cm2 ) and Polarisation resistance
(K ohm cm ) of HTS steels in M25 concrete mix in
NaOH+SAT.Ca(OH)i Electrolyte with and without addit
ives (1 day cured specimens) (average values).The
indicated % are with respect to weight of cement.

Icorr Rp

Without chemicals 0.269 46.58
With 3.5% Calcium chloride 1.197 9.90
with 2% Sodium Chromate 0.303 61.90
With 2% Stannous Nitrite 0.507 52.10
With 2% Sodium Stannate 0.268 59.80
With 2% Sodium Nitrite 0.242 29.10
With 2% Sodium lauryl 0.320 60.34
Sulphate

Table 10 :Resi~tance and resistivity values for cubic concrete
spe intens of different cover thicknesses and constant
height

Mix proportion(1:1:2):w/c =0.4 :Number of days of curing =3
Height of the specimens = 50 mm

Length (1) Resistance Resistivity
(mm) (ohm) (ohm m)

47 470 23.5
54 462 23.1
67 441 22.0
77 434 21.7
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FIG 1 (a): Schematic experimental set-up used In the study.

V dc: IXC voltage source R1,R2,R3,R4 : Resistances
PG : Pulse generator 1CI1,C2,1C3,1C4 : Op.ampsCA : ControA mplfier DYN : Digital multimter

VF : Voltage follower CE ,RE, WE : Counter~reference and
C :capacitor working electrodes

Ii

FIG 1 (b): Schematic diagram of the Input current pulse (a) and
the potential response(b)
IR :potential drop due to resistanc, of concrete

u
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FIG 2: A typical reinforced concrete specimen used for corrosion studies.
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FIG 3: A typical resistivity Vs numer of days of curing plot.
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Abstract

Ferrocement is a kind of thin-wall reinforced concrete. The main characteristic
of ferrocement is that it is lighter than ordinary reinforced concrete. it is
economical and durable for industrial buildings, especially high industrial
buildings in earthquake areas. Some uses of ferrocement are successful, while
some were not because of corrosion. For the purpose of comparison two
examples are presented.There is a workshop built in 1959. The slabs were
in an environment with fairly high temperature, and corrosive gases. After
more than thirty years, the ferrocement suffered varying degrees of damage
at different parts. At the top region of the electric furnace, several seriously
corroded ferrocement blocks in the slabs fell down onto the ground. Fumes
from the electric furnace were sampled and analysed. Carbon dioxide is the
main corrosive component.The other workshop is in Shaanxi Province, China.
It is also an electric furnace processing workshop , with a 5 tons electric
furnace built in 1971. The top surface of the ferrocement roofing slabs were
painted with a type of emulisified bituminous materials and the bottom
surfaces were painted with polyurethane paints combined with coal tar and
other additives. It was discovered that the ferrocement still appears to be
performing satisfactorily. This indicates that paints protect ferrocement from
carbonation and corrosion.

Key terms : ferrocement, roofing slab, electric furnace, fabric reinforcement,
carbonation, emulisified bituminous material, polyurethane paints
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I. Introduction

Ferrocement is a kind of thin-wall reinforced concrete using weld-wire fabric
and well-graded fine aggregate and gravels'. The main characteristic of
ferrocement is that it is lighter than ordinary reinforced concrete. Thus, the
dead loads of the structures are largely decreased. In addition , it is
convenient for ferrocement constructions to be transfered and erected. Moreover
it is economical and durable for industrial buildings, especially high industrial
buildings in earthquake areas, to use ferrocement as roof materials.

Ferrocement is more durable than various metal materials and is more
economical than ordinary reinforced concrete2 ' ' when ferrocement is produced
on a large scale in factoriesusing mass-production techniques. Usually use of
ferrocement can save 1/3 construction cost, and ferrocement structures are
able to last more than 40 years3 . However, some ferrocement elements have
deteriorated earlier. It is necessary to pay attention to some particular instances,
such as corrosive and high temperature environments, where ferrocement is
used.

Some uses of ferrocement are successful, while some are not because of
corrosion. For the purpose of comparison two examples are presented.

II. The appearance of deterioration

Precast ferrocement roofing slabs (Fig. 1 ) were used in an electric furnace
processing workshop of a metallurgical machine-building factory, Zhejiang
Province, China. There was a length of clerestory roof with shelter enhacing
ventilation and smoke ejection on the top of a 3 tons electric furnace which
produced melten steel day and night. The workshop was built in 1959.
The slabs were in an environment with fairly high temperature, and corrosive
gases; in addtion, water vapour and water formed by condensation and rain
water permeated the ferrocement. After more than thirty years, the ferrocement
suffered varying degrees of damage at different parts. In the vicinity of the
electric furnace , the bottom surface turned black , and its inside became
dull yellow. The bottom surface layer of the slabs became somewhat loose.
At the top region of the electric furnace, there were serious cracks and fabric
reinforcement corrosion in the slabs nearby the clerestory roof. The steel
frames of the clerestory roof were seriously corroded and several seriously
corroded ferrocement blocks in the slabs fell down onto the ground.
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Mll. Prevention of corrosion

The other workshop is in Shaanxi Province , China. It also is an electric
furnace processing workshop , with a 5 tons electric furnace built in 1971.
Top surface of the ferrocement roofing slabs were painted with a type of
emulisified bituminous materials and the bottom surfaces were painted with
polyurethane paints combined with coal tar and other additives. ( Fig.2 )
The operational situation of the electric furnace and the surrounding environment
conditions were similar to those described above. In order to improve the
ventilation condition , the clerestory roof was expanded and some slabs were
removed recently. It was discovered that the ferrocement still appears to be
performing satisfactorily. Tests with phenolphthalein indicator solution did not
show any sign of carbonation. This indicates that paints protect ferrocement
from carbonation and corrosion.

IV. The mechanism of corrosion

Fumes spurted from the electric furnace were sampled and analysed . The
chemical constituent by volume are as follows,

Tab.1 Chemical constituent of the fumes

Chemical constituents(by volume %)
phase CO CO 2  02 N 2

melt 34 7.5 0.2 58
Oxidation 41 8.3 0.4 50
Reduction 38 1.7 0.3 60

A. Carbonation of the ferrocement

The exposure of porous ferrocement roofing slabs to CO2 which penetrates
the surface of ferrocement through the capillary pores in the presence of
moisture or vapour condensation results in carbonation, which is a major
cause of corrosion . The other constituents, CO, 02,N2 , have been shown
to cause no damage.
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B. Carbonation shrinkage

All compounds of Ca in portland cement paste can be carbonated. Calcium
hydroxide , a major constituent of hydrated portland cement, reacts with C0 2 ,
thus:

Ca(OH)2 + CO2 -* CaCO3 + H 20

dissolution of calcium hydroxide crystals increases compressibilty of hydrated
Portland cement, and is a significant factor in the carbonation shrinkage of
hydrated Protland cement paste. As a result of carbonation shrinkage, the
total porosity and volume concentration of large pores are reduced, and fine
cracks are caused in the area restrained.

C. Serious cracking of ferrocement

A network of fine cracks occurs on the bottom surfaces of ferrocement roofing
slabs. Meanwhile CO2 penetrates the surface of the cracked slabs, permeates
through the cracks and consequentially , promotes carbonation. The vicious
circle repeats itself . The more the carbonation takes place, the more the
ferrocement roofing slabs crack , and vice versa.

D. Erosion and corrosion

Carbonic acid is capable of dissolving lime from ferrocement , since:

CaCO3 + H 2 0 + CO2  * Ca(HCO3 )2

Calcium bicarbonate is very soluble , even small quantities attack ferrocement.
Meanwhile CO2 dissolved in water is known to cause corrosion of carbon
steel because of the increased quantity of hydrogen ions, that is,

CO2 + H20 +-+ H2 CO3  +-* H÷ + HC03 -

AS a result of deep carbonation , the alkalinity of the ferrocement is lowered;
that is , carbonation of concrete decreases the P" to a value of less than
11.5 and the passivation can no longer be preserved . The passivation layer
is formed on the surface of the steel fabric . It is a very thin but dense
layer . When it is attacked by the surrounding ferrocement environment,
electrical potential develops along the fabric, so that electro-chemical corrosion
of the steel fabric is then possible.
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V. Preventing corrosion - paintings

Emulsified bituminous materials containing units derived from butylene and
propylene and also bitumen-compatible fillers, surface adhesion promoters
and plasticising agents show good resistance to gases and water.

Polyurethane combined with a sufficient amount of coal tar and other chemical
additives exhibits excellent properties . It is a sprayable, one-component
painting comprising mixtures of polyurethane elastomers, specified isocyanates,
polyurethane-compatible coal tars of specified viscosity containing about more
than 85% by weight. The constituent make up of coal tar varies with the
source; however, it contains mainly hydrocarbons and oxygenated materials.
The main characteristic of coal tar is its permeability. Tar penetrates into
the capillaries of ferrocement and fills the bottom surface layer forming a
thin membrane. The painting possesses high impermeability to gases, vapour
and water formed by condensation , and exhibits outstanding adhesion to
ferrocement and resistance to aging . The addition of coal tar increases the
plasticity , activity and gas resistance of the polyurethane while decreasing
the cost, and the addition of polyurethane to tar improves high-temperature
softenings.

Conclusion

1. The characteristic of ferrocement element is that it is lighter than ordinary
reinforced concrete. It is economical and durable forindustrial buildings,
especially high industrial buildings in earthquake areas, to use ferrocement
as roof materials.

2. ferrocement roofing slabs painted with a type of emulisified bitumious
material on the top surfaces and polyurethane combined with coal tar and
other chemical additives on the bottom surfaces exhibit excellent bahavior
under erosive and corrosive environments.
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Fig.1 Ferrocement roofing slabs
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Fig.2 Ferrocement roofing slabs
protected from corrosion
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MANAGEMENT OF CORROSION CONTROL OF REINFORCED CONCRETE IN
THE CHANNEL TUNNEL

Antoine Pourbaix (Cebelcor, Brussels) and Stephen Cargo (Eurotunnel)

I. THE STRUCTURE

The Channel Tunnel system consists of three separate tunnels - two running tunnels (7.6 m
internal diameter) and a central service tunnel (4.8 m internal diameter) - together with
terminals at Folkestone in England and Coquelles near Calais in France. The scheme,
although based on rail transportation, links both the rail and road networks of the United
Kingdom to those of continental Europe. It will carry through trains of both passengers and
freight and special shuttle trains which will take drive-on road vehicles. The shuttle trains
will take 35 minutes to complete the journey from platform to platform at an average speed
of 120 km/hr, but only 26 minutes will be in the 50 km of tunnel. In the early years of
operation, passenger shuttles will run approximately every 15 minutes during peak periods
and generally every 20 minutes during the day. The minimum service, which will be
provided at night, will be one passenger shuttle per hour. For lorries there will be at least
one shuttle per hour rising to three per hour at peak periods.

Ideas and proposals for a Channel Tunnel have been contemplated by engineers for nearly
200 years, and go back to Napoleon's time. The present scheme was the outcome of a
competition organised by the British and French governments in 1985. The successful
scheme used more tried and tested techniques than those put forward by the other
competing schemes. The decision to carry road transport on rail wagons was made for very
sound safety, technical and driver psychology reasons. This virtually decided the tunnel
configuration and diameter. The 7.6 m diameter tunnels could be more easily constructed at
speed than the 13 or 14 m diameter tunnel needed for a two-lane road tunnel. The total
tunnel length is 50 kmn, 38 km of which run beneath the sea. The cover from tunnel to
sehbed is between 25 and 45 metres.
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From Folkestone, past Dover and under the Channel for a total distance of about 45 km the
tunnels are bored through chalk marl, generally considered to be one of the most consistent
and safe tunnelling mediums. As they approach the Folkestone terminal, the tunnels pass
through gauit clay and other strata, and for the first 5 km from the Coquelles terminal they
pass through more faulted zones and sands and gravels. Some idea of the durability and
relative impermeability of the chalk marl can be gauged from the fact that the tunnel
constructed by Colonel Beaumont's boring machine in the i 880s under Shakespeare Cliff
was never lined yet remains there to this day.

The vertical and horizontal alignment of the tunnels was therefore chosen so that the
maximum possible length would be in the chalk marl, taking into account the acceptable
gradients (not exceeding 1. 1%) and the power consumption criteria applicable to a high-
speed railway system, as well as drainage and pumping requirements.

Even the risk of earthquakes is not being overlooked in the design of the tunnel. Wide-
ranging studies have been made to identify the possible earthquake risks, based on historical
records and other on-going investigations.

The tunnels are bored by tunnel boring machines (TBMs) to permit the installation of
reinforced concrete linings, or alternatively of bolted cast iron linings (Spheroidal Graphite
Iron) where ground conditions would not permit concrete linings to be built to the
satisfactory standard.
On the UK side, to sustain high rates of progress, Open Face TBMs were used with
expanded concrete linings directly against the excavated ground. Pads on the back of the
linings allowed the formation of a 20mm annulus which was filled with cement grout and fly
ash. This enabled the lining, which is not in itself watertight, to largely prevent water
ingress. Where openings were required, a cast iron concrete hybrid lining was used. Due to
the more difficult nature of the ground, on the French side Earth Pressure Balance TBMs
were used in conjunction with bolted precast concrete segments, which were sealed with a
neoprene gasket.

Main tunnels The scheme comprises two running tunnels, each carrying a single rail track,
and a separate service tunnel lying midway between the running tunnels, and connected to
them by cross-passages. Two separate running tunnels, rather than a single large-diameter
tunnel carrying twin tracks, were chosen to minimise construction risks and to provide
greater safety of operation and maintenance.

Service Tunnel The service tunnel has the primary function of providing access to and from
the running tunnels throughout their length in both normal and emergency conditions, and it
allows the tunnels to be evacuated, following any emergency halting of trains, within 90
minutes. The service tunnel carries its own guided transportation system. In addition, it
accommodates water and pumping mains and a drainage channel, and acts as the fresh air
supply duct to the tunnel complex in normal operation. It is designed to be kept at a t.
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positive pressure in relation to the running tunnels in all conditions to prevent smoke ingress.
The service tunnel was designed to act during construction as a pilot tunnel, allowing
ground conditions to be investigated more thoroughly in advance of the running tunnel
drives. It was also used for ground injection to improve running tunnel driving conditions
where this was required near the UK coast.
Cross-passages and equipment rooms The cross-passages connecting the running and
service tunnels are at 375 m centres, such that three passages will be directly adjacent to a
halted shuttle train. The cross-passages incorporate fire-proof evacuation doors which may
be opened and closed in all operational conditions.
Equipment rooms, accommodating transformers, switchgear and signalling equipment, are
located between the service and running tunnels, are accessed from the service tunnel.

Pressure relief ducts Differential air pressures and aerodynamic resistance build up rapidly
on a train travelling at speed in a very long tunnel. The shuttle stock in particular gives a
high blockage ratio (ratio of train to tunnel cross-section); without pressure relief the power
required to drive a train at operational speed would greatly increase. The pressure relief
system adopted comprises 2 m diameter ducts at 250 m centres connecting the two running
tunnels, crossing above the service tunnel. The ducts are fitted with fully closable dampers to
prevent the passage of smoke from one tunnel to the other in case of fire.

Pumping stations Three under sea pumping stations serve the whole of the underground
works.

Crossovers For operational and maintenance requirements, four double crossovers are
incorporated between the two terminals, two in the under sea section, to allow trains to
cross from one running track to the other. The crossovers are equipped with fire doors to
close the full length of the opening between the running tracks in normal operation.

2. THE CONCRETE

Design Parameters The combination of a 120 year design life with the need for a rapid,
accurate and safe lining erection led to a stringent concrete specification, sophisticated
detailing and onerous casting accuracy.
With no British, French or other international codes available relating specifically to design
of tunnel linings, the design criteria were based on site investigation of linings remaining in
previous works abandoned in the 1970s and on full scale load tests on the sophisticated
convex knuckle-joint design of the proposed segments.
Durability was the key to meeting the 120-year design life. This required a very high
resistance to permeation and diffusion of saline water into the concrete, and this was met by
using dense, high strength 60 N/mm2 concrete.
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Design Differences Fundamental differences between the F and UK designs can be
observed. On the UK side, the joints between segments include curved faces and no
particular water tightness is sought. Water ingress is considered as normal and a system of
closed drainage channels was provided to collect water at the bottom of the tunnel.
On the French side, all the segment contact faces are provided with neoprene seals able to
withstand the water pressure. An eventual water inflow would be treated as on the UK side,
but this would be regarded as exceptional. The result is that, during normal service, the
lining on the French side will be subjected to full hydrostatic pressure, whereas, on the UK
side, the water ingress can lead to a reduction of the water pressure behind the lining.
Segments on either side also differ in their length, measured longitudinally, and in their
thickness: on the UK side, the thickness varies as a function of the depth, while, on the
French side, it remains the same for a given tunnel diameter.
Finally, the reinforcements are also different, on the French side, the TBM ram forces are
acting directly on the edge of the last installed segments, whereas on the UK side, the TBM
gains its support from radial gripper pads acting on the excavated ground.
These differences are at first surprising since they occur within the same structure They
result at the same time from difference in French and UK technical philosophy and practice,
in codes, in equipment, and in the fact that the TBMs are of different origins
Despite these divergences, the levels of design safety on both the UK and French sides are
very close to each other, and in any case it is very difficult, if not impossible, to assert that
one concept is better than the other.

The materials On the UK side, the use of 30% PFA as a cement replacement was for the
following reasons.

- to enhance the long-term strength development,
- to produce a more economical mix,
- to produce a more dense concrete
- to reduce the heat of hydration
- to lower the water demand

On the French side, the contractor tried with little success to make use of a mix
incorporating silica fume. Apparently, the characteristics of the fume available were
irregular. Moreover, the use of silica fume (SF) has drawbacks: mixes incorporating SF are
very sensitive to small variations of water ratio, which makes their production more critical
SF mixes also require a longer curing period than normal concrete.

On the French side, crushed limestone from a local quarry was used as an aggregate in
conjunction with river sands. In the UK, a low alkaline granite from the west coast of
Scotland was used The problem of Alkaline Silica Reaction (ASR) was resolved by using
crushed granite fines from the same quarry, as oppe'sed to the local natural sarxus, which are
high in silica. Because this then increased the water demand significantly, thus reducing the
strength of the concrete, amongst other things, the need was identified to use a super
plasticiser with a water/cement ratio of 0 35.

The composition of the French and UK concrete is given in Table I, below. It is worth while
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mentioning that the precast lining for the Channel Tunnel on the UK side won the Building
and Civil Engineering category of the 1992 Concrete Society Award for outstanding
structures.

France UK

Ciment CPA55PM 400 kg cement 310 kg/M3

sable roul6 Oise 325 kg pfa 130 kg/mr
sable concasse LS 340 kg 20 mm 32% 580 kg/m 3

granulat concasse 3/8 250 kg 10 mm 25% 454 kg/m 3

granulat concasse 5/12 1060 kg fines 43% 780 kg/M3

adjuvant sika HR401 7 kg superplasticiser 5,8 I/m3

ou cnryso durciplast 5,5 kg target w/c ratio 0.35
eau libre 140 kg

Table 1. Final composition of the concrete for the linings

The erection tolerance required a casting accuracy of± 0.1 mm. This was checked using
technology developed for jet turbine blades. The success of the quality systems is
demonstrated by the reject rate of 0.6% over a three-year with only 0.03% rejection for
dimensional defects.
Delivery of linings for the UK side to Shakespeare Site, Dover, 100 km from the casting
yard, involved 1250 train movements. This major exercise in logistics avoided the
environmental problems assocaited with road haulage and helped to minimise the impact of
this immense project on the people of Kent.
On the French side, the casting yard was located on site.

Cover The structural design dictates that the cover cannot be more than 35 mm without the
cover spalling at high compressive loads. Whereas a larger cover gives a greater degree of
protection against time-related processes such as chloride ion diffusion, the quality of the
concrete is such that 35 mm cover should prove adequate to provide the required durability.

Coated rebar It was recognised that the only practical reinforcement material/coating
system that was considered viable was epoxy coated rebar. However, whilst epoxy coated
rebar would probably provide for a far more durable system, the cost benefit could not be
easily quantified.
In view of the anticipated exposure conditions, the predicted performance of the selected
mixes, and the inteiiion to use cast iron segments in "severely aggressive" areas, the
decision not to use epoxy coated reinforcing bar was supported by the consideration that
data on the performance and availability of epoxy coated bar was limited at t.Ie time of
setting up the original test programme
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3. THE CORROSION PROBLEMS

The environment The environment in the Tunnel has been described as "warm, humid,
saline, turbulent and dusty".
Specifically, during operation the interior will have air temperatures in the range of 30 -
35*C, with high circulation rates, hence ample oxygen. It will be generally humid, due to the
seepage of water and condensation from the cooling piping, with local areas seeing
intermittent drying due to the high circulation of air during train passage. Train operation
will occasionally cause "misting" , or condensation zones.
The exterior faces of the liners will have salt water, with about 17,000 ppm chloride
concentration; essentially the same as the sea.
Trains will operate on high voltage alternating current (25,000 volts) drawing a very high
amperage over the 120 year life.

The risks The long-term performance of reinforced concrete structures in general, and
precast reinforced concrete segments within the Channel Tunnel project in particular, will be
determined by either corrosion of the reinforcement steel or the degradation of the concrete
itself
Corrosion of reinforcement steel can be initiated by one or more of the following
mechanisms:

i. Loss of pH due to carbonation of the concrete
ii. Chloride attack

iii. Cracking of concrete, mechanical damage
iv. Stray current effects

i. With the use of dense concrete of low permeability and a minimum cover of 35 mm, the
risk of carbonation in the undamaged linings is greatly reduced. The greatest risk is where
the inner face is subject to alternate wetting and drying.
ii. Chloride permeation and diffusion from the outside, including wick action, is certainly a
possibility. The impermeability of the concrete, the presence of an annulus of grout, the
continuous saturation and consequent lack of oxygen, and the probable formation of
secondary gels such as brucite, leading to even lower permeability, are all beneficial in
reducing the ingress of chloride.
Perhaps the greatest risk will be at the edges, where the rebars are exposed simultaneously
to chloride ingress from outside and oxygen penetration from inside.
iii. Repaired defects, especially spalls, may show early corrosion due to the different levels of
chloride and different oxygen permeability characteristics.
iv. Most of the references in the literature indicate that AC induced corrosion is only a small
fraction of the corrosion caused by an equivalent DC current. Figures given are between 5%
and 0.1% for steel in soils (1-4) We consider that this approach can be misleading; in
passive systems such a steel in concrete, AC induced currents produce shifts of electrode
potentials and this may eventually cause breakdown of passivity (5). A 3-month test made
on the linings of the Channel Tnnel indicated that there was no direct relation between
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cor osion and the AC induced current density. The test showed that the conservation or the
destruction of the state of passivity was easily detected by potential measurements.

Relevant past experience a) High quality concrete has been successfully used in the marine
environment for many decades, with numerous instances of highly durable performance, and
little, if any, corrosion of the reinforcing steel.
Examples are:

I. Some twenty North Sea offshore platforms. Note especially that their utility shafts
have a comparable external water head and comparable internal environment

2. Floating concrete barges and ships, built during the First and Second World Wars,
many of which are still serving as breakwaters.

3. Floating concrete bridges, such as the Hood Canal Bridge in Washington, USA,
with essentially no corrosion of the reinforcing steel below their waterline.

4. Quays in Kuwait, built in 1959 - 60, showing no corrosion.
5. Harbour structures and bridges in many locations around the world.

b) On the other hand, there has been a significant number of notorious cases of early severe
and destructive corrosion.
Examples are:

I. Dubai Immersed Tunnel
Seepage of water through joints has led to severe corrosion of reinforcing steel,
with much cracking and spalling, necessitating major repairs.

2. Hong Kong Mass Rail Transport Tunnels
These tunnels, built with precast concrete segments, with a design life of 120 years,
are showing significant corrosion after 4 to 10 years. Most corrosion is apparently
occurring on the inside face, in areas of defects and repairs and where cover is
deficient.

3. (Jubail) Seawater Cooling Canals and Siphons, Saudi Arabia (Middle East)
These are showing severe corrosion within 3 years, where concrete has been
subject to wetting and drying. The corrosion process has been fully arrested by the
installation of a sacrificial anode cathodic protection system.

4. Iron Ore Terminal at bin Qasim, near Karachi, Pakistan
This installation has exhibited severe corrosion after 5 to 8 years.

5. The original San Mateo-Hayward Bridge, near San Francisco, California (now
replaced).
the bridge showed severe corrosion, commencing even prior to completion.
Repairs merely shifted the corrosion to adjacent areas.

c) Special attention was paid to the existing (1974) service tunnel at Dover. Cores show 0.2
to 0.8% chloride, by weight of cement, which is at or above the commonly accepted
threshold of 0.4%. Localised corrosion is reported from those areas which are subjected to
ponding of salt water and where cover was deficient.

Prediction of Lifetime "There is a reasonable probability that the reinforcing bars will be
depassivated and exposed to corrosion at mid-life, i.e. after 50 to 60 years."
This conclusion was arrived at by the Technical Review Committee in their report on the
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Durability of the Concrete Tunnel Liners.
Their recommendation was that Cathodic Protection Systems should be designed now to
ensure that these are practicable for application at a later date. These designs should be up-
dated periodically to take advantage of new technology. They also recommend that a
rational and effective maintenance management system is put in place and a data base
established at an early date, to track each lining segment throughout its life.
This is why CEBELCOR was asked to conduct a feasibility study on cathodic protection and
to make recommendations for corrosion monitoring.

4. PROTECTION METHODS; FEASIBILITY STUDY OF CATHODIC PROTECTION

A study on the risk of corrosion was conducted to identify parts of the Tunnel that could be
more exposed to corrosion and to identify possible corrosion scenarios.

Corrosion scenarios One possibility is that chloride will diffuse or permeate from the
surrounding wet ground and reach the outer rebar mat. If the inner rebar mat is passive,
corrosion of the outer rebar will be accelerated by the coupling of the two mats.

A second possibility is that the oxygen initially present in the concrete will be consumed,
leading to low potentials of the outer rebar mats (-0.8 to -1.0 Vsce)(6-7). This situation
was extensively studied in connection with the long term storage of nuclear wastes, and
there is a consensus that it does not lead to a risk of corrosion (6,8-10). In this case, the
coupling with the passive inner mat has little consequence.

The inner mat will be exposed to carbonation, possibly accelerated locally by wet and dry
cycles. Normally chloride is kept out of the tunnel by closed drainage channels inside the
concrete wall.
The galvanic couple between the inner and outer mats will tend to decrease the corrosion
rate of the inner rebar if the potential of the outer rebar is low. Such a situation will exist
both when there is cathodic protection of the outer rebar or when oxygen in the concrete on
the extrados is depleted.

Cathodic protection is the only way to combat corrosion of the outer rebars of the concrete
linings. If a corrosion threat on the inner rebars is identified early enough, coating the
concrete is a possible remedy; otherwise, cathodic protection is necessary.

External anodes are best suited for the protection of outer rebars surfaces, and conversely
internal surface anodes are more effective to protect the inner rebar mat. It is considered that
only 10 % or a little more of the total current reaches the remote mat.

Isolated cases of cathodic protection in concrete date back 30 or 40 years; the number of
applications increased much in the last 10 to 15 years, particularly on bridge decks exposed

3321



to winter desalting and on bridge piles in marine splash zones.

Although current density is important as a design parameter, it is not the correct criterium
for protection. The primary criterium is a value of the electrode potential. An overview of
the literature and the selection for the project for the Channel Tunnel is presented below.

Potential criteria NACE issued in april 1990 a recommended practice RP0290-90
applicable to structures exposed to the atmosphere and to cathodic protection systems with
distributed mesh anodes. These recommendations are based on purely empirical evaluation
of successful CP systems. The proposed criteria are:
- the instant off-potential should be at least 100 mV lower than the final potential ("final"
means a stable potential after some unspecified time, typically 4 hours), or: the instant off-
potential measured immediately after application of the CP current should be at least 100
mV higher than the off-potential after a period of time of cathodic protection (typically 4
hours),
- the most electronegative potential must be lowered by at least the standard deviation of the
potential values measured before applying CP (potential under polarization is measured by
instant off-value),
- E-log i curve analysis: the IR drop free potential is measured when the CP current is
incrementally increased. The current required is the one which starts a linear portion of the
E-log i curve (after a curved portion).
This latter criterium is often not practical. The NACE recommendation does not reject the
simultaneous use of other criteria.

Other criteria concrete were reviewed and discussed at an AFREM-CEFRACOR seminar
(11):
- the potentials -0.71 et -0.79 Vsce proposed by Vrable (see discussion in (12)) are
considered conservative (too low). The same opinion applies to a decrease of 300 mV from
the zero current potential.
- Isecke (13) suggests -0.55 to - 0.65 Vsce (or -0.7 with time).
- D.A.Hausmann (14) introduced an interesting proposal: prevention of corrosion initiation
at -0.44 Vsce and arrest of corrosion at -0.65 Vsce.
- Tache and Lemoine (15) take over the same approach, with different criteria for
uncorroded structures (-0.425 Vsce) and for corroded structures (-0.635 Vsce).

The scatter of the figures mentioned is an indication of a specific property of steel in con-
crete which is properly identified only in a small number of papers:

in high alkalinity concrete contaminated with chloride, initiation of pitting corrosion can be
prevented by keeping the potential below a critical "pitting potential". If corrosion due to
chloride has just started, it is possible to restore passivation by maintaining the potential
below another critical potential called "protection potential against localized corrosion",
which is slightly lower.
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If corrosion has started because of a loss of passivation due to a pH decrease, it is necessary
to protect steel by lowering the potential initially below the immunity potential, which is
lower than the protection potential against localized corrosion. In the longer term, when a
higher pH is restored by the cathodic polar ization, the "protection potential against localized
corrosion" criterium is again applicable.

Our recommendation is to apply cathodic protection before corrosion starts and to use the
"protection potential against localized corrosion" as the criterium for cathodic protection.
This is a good combination of safety and economy. The value of this protection potential is
in the range of- 0.40 to -0.45 Vsce. This potential must naturally be controlled without
error due to ohmic drop.

Required current density Data from literature on current density required for cathodic
protection of steel in concrete are highly scattered. Examples of extreme values are 0,06
mA/m 2 (concrete in soil saturated with water) to 42 mA/m2 (in sea water) (16) or even 268
mA/m 2 (17).
More data are reviewed below:
- R.OMuiller (18) : I mA/m2 in the absence of Cl-, and 20 mA/m 2 with 2% Cl- per weight
of cement was enough to bring protection, in ordinary concrete.
- F.Hunkeler (19) found adequate protection on non corroded rebars with 0,5 to 10 mA per
m2 of concrete surface (for bridges with two mats of rebars), and the current required
decreased significantly with time. For corroded steel, initial protection was achieved with 5
to 20 mA/m 2, and the current required also decreased with time.

Tache and Lemoine (15) presented a series of figures of current densities for buried
reinforced concrete pipes (0,4 to I mA/m 2 in a good quality concrete, and 1 to 2 mA/m2 in a
poor concrete), for bridge decks (I to 32 mA/m 2), for foundations (0.65 to 17 mA/m2 ), for
concrete in sea water (1,2 to 42 mA/m 2) and in water saturated soils (0.06 to 12 mA/m 2).
Tache and Lemoine carried out some tests and used a few hundreds of gA/m

2 to reach -0.9
Vsce and I mA/m2 for -A Vsce (15). Other figures mentioned at this conference (15) include
0. 1 to 15 mA/m 2.

At the conference UK Corrosion 90, a general opinion was expressed that the current
densities cited are often too large. According to H.Arup, I to 4 or even 0. 1 to 4 mA/m2 is
enough, after the reduction of the oxygen initially present in the concrete.

C.M.Preece, F.OGronvold, T.Frolund (20) produced polarization curves in OPC concrete,
and in concrete containing fly ash or micro silica, immersed in saturated deaerated Ca(OH)2.
All backscan curves show current densities between 0,01 and 0,2 mA/m 2 for potentials
between -400 and -800 mVsce.

The Norwegian Petroleum Directorate (21, page 145) recommends of 0,2 to 4 mA/m 2 of
rebar surface. Most of the offshore designers use 1 to 2 mA/m 2 of concrete surface. The
same publication (page 148) mentions that Den Norske Veritas (DnV) recommended in
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1977 0.5 to 1 mA per m2 of outer layer of rebar.

It is generally considered that the surface of steel in a structure with two rebar layers is
approximately equal to the surface of one face of the concrete. This is true for the
prefabricated concrete linings of the Channel Tunnel.

It appears that maintaining passivity can be achieved at lower current density than if
passivity must be restored from an actively corroding situation. This is a strong argument for
a careful corrosion monitoring programme and for the application of cathodic protection
before corrosion starts.

Considering the low permeability concrete used in the Channel Tunnel, and assuming that
cathodic protection will be applied before corrosion starts, a current density of I mA per m2

was recommended as a design value. The estimate current for the three tunnels, including
the protection of cast iron linings is 2136 A.

Selection of the cathodic protection system Different systems were considered:
- sacrificial anodes outside the tunnel
- impressed current with groundbeds installed on shore,
- impressed current with distributed groundbeds drilled from the tunnel,
- surface anodes on the inner surface of the ti'nnel.
Functional and engineering aspects, access during operation of the tunnel, interferences with
other structures, electrical safety inside the tunnel, maintenance and costs were analyzed.

Sacrificial anodes:
The sacrificial anodes would be drilled through the concrete linings and forced into the
ground. The optimum combinations of the number, size of anodes and lifetime were
estimated at 35000 14 kg zinc anodes with a backfill, to be replaced every 8 years, or 50000
6 kg magnesium anodes, with a lifetime of 13 years. Zinc anodes must be distributed on the
three tunnels; magnesium anodes can be installed only on the service tunnel.
The advantage is the possibility of protecting limited sections of the tunnel, if required, and
the absence of safety and earthing problems in long return conductors. The system with
magnesium anodes is cheaper; both are however expensive in the long term.

Impressed current with deep anode groundbeds:
A system with remote anode grounbeds positioned on shore as shown on figure 1 was
considered. The cost of the electrical cable to the rectifier at Cap Gris-Nez appeared
prohibitive; the system lacks of flexibility, if protection is needed only on specific lengths of
the tunnel.

Another impressed current system with anode groundbeds drilled in the ground from the
service tunnel looks more attractive presently: 16 one hundred metre deep groundbeds in the
subsea section would each protect sections of 2.5 km long (figure 1). With this system, the
protection current can be adjusted rather easily, if needed. This system is comparatively less
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expensive.

Surface distributed anodes:
Mesh anodes are embedded in a conductive cementitious overlay. Zinc flame sprayed on the
surface can also be used as an impressed current anode. In both cases, surface preparation is
necessary. Installation raise immense problems in fully equipped and operating tunnels.
This system would not protect the segments below the trackbed, nor the external surface of
cast iron linings.
The total cost (material, installation, instrumentation, surface preparation, application of
overlay) is estimated at 250 GBP/m2, or more than 10 % of the cost of the whole project,
and this is considered excessive. The system may be interesting only for very local
application, if the need is demonstrated. The joints, or edges between segments is one
example of a possible local application of this technique.

In all cases, all the rebar cages must be electrically connected. This is already done under the
trackbed, and provisions were taken from the beginning to make it possible in due time. This
will be a major item in the cost.

5. CORROSION MONITORING

Corrosion monitoring will indicate when additional protection methods must be
implemented. We have seen before that it is important to apply cathodic protection before
corrosion really starts.
Corrosion monitoring will indicate which corrosion scenario comes true: chloride ingress
from outside, or carbonation from inside, etc. This will govern the selection of the additional
protection method. Corrosion monitoring will also indicate if additional protection is needed
everywhere or on specific sections.

An investigation was conducted to design a corrosion monitoring programme for the
concrete linings of the Channel Tunnel, and a report on guidelines was prepared:

Monitoring the progression of carbonation and chloride ingress from inside is done easily by
small core sampling. The surveillance of chloride ingress from outside is done by
electrochemical monitoring on probes cast with a redu -I concrete cover near the outer skin
of the linings. Figure 2 shows a typical arrangement of instrumented linings with such a
probe (B-probe). The probe has a known exposed surface; it is accessible from inside the
tunnel; a recessed hole allow potential measurements with limited interference due to local
currents; polarization measurements can be done, using the rebar cage as a counter
electrode.
The instrumented linings also contain a resistivity probe with a reduced concrete cover; four
A-probes are designed to monitor corrosion near the edges and corrosion due to AC
induced current.
There are 140 instrumented linings distributed on the three tunnels.
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The corrosion monitoring programme actually covers more than the instrumented linings; on
the whole 1200 linings are controlled, distributed in different groups: wet grounds sections,
linings damaged during installation and random zones. If there are condensing zones, these
will also be controlled.

The size of the samples (300 in each group) indicates with a degree of confidence higher
than 90% that the proportion of bad linings in that group is between 7% and 13%, when the
proportion of bad linings in the sample is 10%. The degree of confidence increases when the
proportion of bad linings observed increases: if 25% of bad linings are observed, there is a
95% confidence that the number of bad linings in that group is between 20 and 30%.

The monitoring procedures selected are: core drilling and analysis, potential mapping and
polarization resistance measurements with a guard-ring cell on the rebar cages, potential and
polarization measurements on probes with a reduced concrete cover and on probes near the
edges of the linings, AC induced current measurements and corrosion measurements on
probes exposed to AC induced current, concrete resistivity and rebound number (measured
with a sclerometer). At this time, electrochemical impedance, electrochemical noise, ultra-
sonic pulse echo, pulsed radar system and infrared thermography were not considered
further, although we are convinced that electrochemical impedance will soon become a
valuable tool for the operation conditions in the Channel Tunnel.

The detailed monitoring procedures were established, the instrumentation was selected, or
developed when specific needs appeared for the Tunnel. The monitoring techniques were
tested and demonstrated on mock-up linings brought to the laboratory. Extensive tests were
conducted to understand the exact meaning of slow potential drifts observed during
potential mapping on dry carbonated concrete (22,23). Polarization resistance is measured
under potentiostatic control because this allows shorter stabilization time (24). A portable
potentiostat was developed for that application, using a switch-off method to control the
applied potential without error due to ohmic drop (23).

Two teams of Eurotunnel technicians were trained for the monitoring operations; the first
monitoring campaign is now completed and the data at time zero has been collected. AC
induced measurements must still be done under normal traffic conditions. It is planned to
conduct such monitoring campaigns once a year during 5 years, then to consider longer
intervals and a revised statistical control.

6. INTERPRETATION AND MANAGEMENT

The data collected is interpreted on the base of the general knowledge of electrochemistry in
concrete, of recommendations such as ASTM C876 and of critical values determined at the
time zero and from measurements on reference mock-up linings. Polarization measurements,
coupling currents, potential contours in the depth of the linings, alkalinity measurements and
core analysis are used as cross-check methods.

3326



All the data is stored in a single data base. Software has been progressively developed for an
automatic interpretation and to provide an early warning alarm, automatically. The software
analyses trends in the course of time, verifies the critical values and revises the experimental
plan for the statistical control.

Examples of results obtained so far are illustrated in figure 3.

7. CONCLUSIONS

Corrosion monitoring is an essential part of the maintenance programme in the Channel
Tunnel. One of the aims is to identify zones at risk and to concentrate future monitoring
there, leading to increased confidence with less cost/time impact.

Eurotunnel is working towards a unique system of electronic data capture and analysis, for
an early warning system. This corrosion monitoring system is integrated into the daily
maintenance management system. the data logger will be used not only to capture the
corrosion monitoring data, but for the general and detailed inspection on the conditions of
the linings as well.

Due to the time restrains during operations in the Tunnel and cost implication, it was
important to collect as much data as possible in a short period of time. We think we have
gained the expertise in that respect. A rough estimate of the time for the collection of the
data is 0.66 man.year and we expect to decrease this in the future. If we take into account
the management of the data and the expertise of Cebelcor to analyse it, the total cost is
estimated at 25,000 GBP or 42,000 US$/year.

Eurotunnel considers that this monitoring programme developed by Cebelcor is a good
balance between reliability and cost efficiency. With this programme, Eurtunnel will have a
clear picture of the increasing risks of corrosion and therefore be in a confident position to
make a well informed judgement on the need for additional protection, and particularly on:

- which protection system
- where to apply it
- and when.
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Figure 2: Schematic presentation of an instrumented concrete lining
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ABSTRACT

Discovering and preventing corrosion and failures requires the use of accelerated-life tests that
uncoVer real-world failure mechanisms. Accelerated-life testing of electronic materials and
assemblies has usually been carried out without considering the potential effects of ambient
particles in corrosion and other degradation processes. Yet data collected in recent years shows
that the mass concentration of corrosive airborne particles is comparable to the total of all acid
pollutant gases in most urban environments. The question arises, do the traditional corrosive gas
tests realistically represent the degradation, on a macroscopic or molecular scale, that takes place
in real-world ambients.

In this paper it is shown that natural and anthropogenically derived submnicron particles need to
be considered in corrosion processes because: (I) many are sufficiently hygroscopic and
corrosive to react directly with non-noble metals and passive oxides or to allow harmful
electrical leakage currents to flow between metallizations; (2) others will inhibit oxygen and
moisture access to the region of the surface under the particle, leading to variations in the
electrochemical potential across the surface; (3) others adsorb corrosive gases and moisture
leading to corrosion. Following discussion of the importance of particle contamination in
corrosion of electronics, this paper describes a prototype submicron particle exposure chamber
for accelerated-life testing of electronic devices and assemblies.

Key terms: particle induced corrosion, accelerated life testing, dust chamber, particle deposition.

Introduction

Airborne particle contamination is present in all of the environments inhabited by humans. Most
airborne particles are too small to be visible to the unaided eye. Research on atmospheric
ccrr'osioi and the degradation of electronic materials and assemblies has usually been carried out
without c n.sidering the potential effects of corrosive submicron particles, in spite of the keen
awareness of the undesirable consequences of microbial and inanimate particle contamination by
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at least a few manufacturing industries, e.g. pharmaceutical and semiconductor. In two papers in
the early 1980s, Wood et al. (I) found that coarse particles of ammonium chloride or nitrate, and
some ambient particles, frequently had a marked effect on the corrosion of iron, zinc, and
aluminum in the presence of SO2. Limited access of moisture/oxygen to surfaces beneath
particles or other foreign matter is well known to cause some corrosion processes (2). This
differential aeration causes variations in electrochemical potential that drive the corrosion
reactions.

The mass concentration of airborne particles in indoor electronic equipment environments has
been measured in several different climates (3-5) and found to be in the same range as the
concentration of corrosive, acid forming inorganic gases (6). For example, the total mass
concentrations of submicron (0. l-l.l0gm) and coarse (>l.Opim) airborne particles found within
telecommunication equipment centers or factories in Wichita, KS (4), Newark. NJ (4), Neenah,
WS (4). and North Andover, MA (5), were 5, 9. 2, and 15ýtg/m3, respectively. In comparison.
the concentration of SO2 was typically found to be <101.tg/m 3, and that of NOx <354.tg/m3 for

electronic equipment in several different environments in the United States (6).

The consequences of unintended particle deposition during all types of corrosion experiments are
also frequently overlooked in the interpretation of experimental results. Studies over the last 15
years have shown that all surfaces become rapidly contaminated with submicron corrosive
particles in ordinary indoor environments.

The question arises, do the traditional corrosive gas accelerated-life-tests realistically represent
the degradation, on a macroscopic or molecular scale, that takes place in real-world ambientms. In
this work it is concluded that natural and anthropogenically derived submicron particles need to
be considered because: (1) all surfaces exposed to ambient environments are contaminated with
corrosive particles that can cause localized defects and lead to weak-link failures: (2) many are
sufficiently hygroscopic and corrosive to react directly with non-noble metals and passive
oxides: (3) others will inhibit oxygen and moisture access to the surface: (4) other inert particles
can adsorb corrosive gases and moisture from the ambient leading to corrosion.

Following discussion of the importance of particle contamination in corrosion of electronics, a
prototype, submicron particle exposure chamber is described for discovering particle related
failure processes in electronic devices and assemblies. The same accelerated-life testing
chamber can also be used to evaluated the effectiveness of design, materials, or environmental
changes in preventing corrosion and failures.

Traditional Corrosive Gas Testing

Corrosive gas testing for electronic equipment used in normal urban environments in the United
States evolved in large part through an industry supported program at Battelle Laboratories in
the early 1980s (7). The so-called Class II test uses Cl 2 (31.7ýtg/m 3), H2S (15.2.tg/m3 ), and NO 2
(410pBg/m3) as the test gases. The Battelle experiments showed that realistic corrosion products
are produced on a variety of connector metallizations with the Class II test. Notably absent are
SO2 in the gas mixture and sulfate in the corrosion product. The author and colleagues have
shown (8) that the accumulation of sulfate on zinc and aluminum surfaces in telecommunications
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facilities correlates strongly with the local concentration of airborne sulfate, but not with SO2
concentration, indicating that sulfate accumulation is due to particulate deposition. The
European testing community frequently includes SO2 in the gas mixture, though it seems
unlikely to the authors that SO2 contributes to corrosion in these exposure tests at relative
humidity levels below Vernon's critical relative humidity (9). Of course, if hygroscopic
particles are present, the humidity at which a moisture film forms may be reduced. However, in
a purely corrosive gas test no hygroscopic particles will be present.

Experience With Particle-Related Degradation Processes

Experience with circuit board failures in recent years has demonstrated the impact that particles
can have on reliability. The increasing power density in electronic devices demands that forced-
air cooling be provided to equipment cabinets. As air velocity across surfaces increases, particle
deposition velocity also increases. For example. the deposition velocity of a typical ammonium
acid sulfate particle (0.5pam diameter) in an office building (typical flow rate of 4-8 ft/min) is
about 0.0002 ft/min. In a forced-air cooled cabinet (typical flow rate 30 ft/min) the deposition
velocity is about 0.02 ft/min (3-5). Particle accumulation rates (airborne concentration
multiplied by the appropriate deposition velocity) are approximately 100 times higher in the
forced-air cooled cabinet. This greatly enhanced deposition leads to rapid particle accumulation
on circuit boards, devices, and the leads which connect devices to circuit boards.

The submicron particles found in these deposits in urban environments are predominantly
derived from fossil fuel combustion. They tend to be hygroscopic above 50-65% relative
humidity. In the presence of hygroscopic contamination and elevated relative humidity, an
absorbed film of water will form. If the water film extends over a defect in the circuit board
covercoat and the defect sits above a conductor pathway operating at a different voltage fr-om
that on a nearby lead, current will flow between the lead and the conductor. In an extreme case,
with a voltage differential of a few hundred volts, an arc may occur. Component damage will
result. Failures of this type underscore the need for both detailed understanding of particle-
related degradation processes and new accelerated-life tests that include corrosive, hygroscopic
particles.

Particle Sources In The Environment

Particles are usually categorized in three size groups that relate to their predominant sources.
Coarse particles (I - -20pm) are largely derived from mineralogical or biological sources and
commonly are formed by mechanical processes. Wind-induced erosion is the most important
outdoor generation process. The number density of coarse particles is much lower than that of
particles in other size ranges (see Table I), but their mass concentration per unit volume of air is
usually about half of the total mass concentration of all airborne particles (4,5,10-12). Fine
particles, i.e. <lpm diameter, may be sub-divided into two categories. Particles with diameters
in the 0. I- I.Opm size range are largely anthropoiogically derived. Their mass distribution peaks
at about ().51am. Their number density is much higher than that of the coarse particles, but their
total outdoor mass is usually comparable (4.5,10-12). These particles are designated mature
particles here since they originate as much smaller particles that grow predominantly by
agglomeration. Once a particle reaches the size range 0. I - l.0()m, its diffusivity is too slow to
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further agglomerate with other similarly sized particles.

Ultra-fine particles (0.0 1l-0.11pm) are mainly attributable to fossil fuel combustion in populated
areas, except when volcanic activity is high. They are more plentiful than mature and coarse
particles ( 10, 12). Most of the materials in these particles originates from SO2 , NO, NO., and
volatile organic substances resulting from energy consumption, solvent evaporation, and other
sources. Under the influence of sunlight, Oxygen, and atmospheric moisture, they are converted
to droplets containing sulfuric acid, nitric acid, and a host of organic substances. Ambient
ammonia subsequently neutralizes the acid droplets. Because these particles grow rapidly and
their composition is continually evolving, they are referred to as adolescent particles in Table 1.

Effects Of Moisture On Particle-Contaminated Surfaces

An important characteristic of particles is their critical relative humidity (CRH). The CRHs at
room temperature of some relevant compounds are: H-2 SO 4 - <5%/(:
NH4HSO4 - approximately 40%: (NH 4 ) 2 SO 4 - 80%: NH 4 NO; - 61% (13-16). In
contrast, the effective CRH for many clean metal surfaces, as Originally described by Vernon (9),
is 7(1-80'/%,. Particles derived from fossil fuel combustion lower the humidity at which an
appreciable film of water exists on metal or insulating surfaces and increase the conductivity of
the water film. Comizzoli and others (17) have shown that surface conductance on insulators is
exponentially related to relative humidity. Comizzoli has developed a phenomenological model
that explains the dependence of surface conductance on temperature and humidity.

Deposition Rate of Particles on Surfaces

Particle deposition rates can be calculated if their size-dependent airborne concentrations are
known and a size-dependent deposition velocity appropriate for the air-flow conditions is known
or can be estimated. Data on deposition velocities are not entirely consistent and are very sparse
for some conditions. The author and colleagues have used the values indicated in Table II for
making predictions on deposition rates. These are suggested as guidelines for estimation
purposes. Experimentally determined deposition velocities appropriate to the air-flow conditions
are needed to insure quantitative results. Deposition velocity is strongly dependent on air-flow
velocity and particle size. as shown in Table 11 (3-5, 18-20). The deposition velocities for the
coarse particles are dominated by gravitation and thus increase with size. Deposition velocities
for the smallest particles are dominated by their diffusivity and thus increase with decreasing
size. The mature particles are affected by both factors.

Outdoors. where wind speeds are typically 500 - 2000ft/min, the average expected deposition
rates (deposition rate equals airborne concentration times deposition velocity) of particles to
surfaces are 2x 106 -2x 109. 2x l(0 -2x ()6, and 2(1 - 2000 particles/ft 2 sec for adolescent,
mature, and coarse particles, respectively.

For indoor environments, the airborne concentrations vary considerably, depending on the air-
handling-system characteristics (air exchange rate, efficiency of primary and secondary air
filters) and indoor sources. For Ordinary Office buildings where electronic equipment may be
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housed (4,5,10,21,23), at typical air flow velocities of 4 - 8ft/min, the deposition rates are
calculated to be 3 - 2x1()5, 200 - 2000, and 0.2 - 20 particles/ft2 sec, for adolescent, mature, and
coarse particles, respectively. These rates contrast with those for a Class 10 semiconductor
manufacturing cleanroom where deposition rates are 0.02 - 15, 0.0003 - 0.03, and 0.001 - 0.02
particles/ft 2 sec, respectively, foir adolescent, mature, and coarse particles. The relevance of
these cleanroom data to the study of corrosion of electronics is two fold. (1) The low deposition
rates that cause yield degrading defects in semiconductor manufacture are greatly exceeded by
field deposition rates. A defect on a semiconductor surface will also be a defect, even if not
readily visible to the unaided eye, on a metal surface exposed to atmospheric environments. If a
fundamental understanding of corrosion processes in field environments is the objective, these
defects ought to be considered. (2) The technology exists to carry out research in environments
that are very nearly free of uncontrolled particles. For corrosive gas studies, particle-related
complications in the interpretation of gas/surface interactions are avoidable. For studies of
particle induced corrosion, unintended particles can be avoided.

Particles Deposition and Reliability

If the service life of an electronic equipment unit is taken t(. be 10 years, the typical particle
loading in the U.S. for mature particles is predicted to be 1011 - l()12/ft2 and that for adolescent
particles is 1()l1_ 1()1 3 /ft2 . When these particles, which are rich in ammonium acid sulfate and
nitrate, combine with adsorbed moisture, the resulting electrolyte solution is expected to be
corrosive to many electronic devices. Clearly, the effects (if particles need to be considered in
testing of electronic devices and equipment.

New Technologies For Particle Contamination And Control

The reluctance of scientists to consider the effects of submicron particles in atmospheric
corrosion and accelerated-life testing of electronics is partly due to the daunting complexity of
degradation processes invwlving particles. The insufficiency of analytical tools to analyze such
particles, to count their surface density, and to characterize their effects during experiments, and
the lack of methods to carry out accelerated-life tests involving corrosive particles, have also
inhibited progress. Decreasing feature size in silicon integrated circuit technology over the last
ten years has been paralleled by essential improvements in particle characterization and control.
Cleanroom technology is readily available in small, affordable laboratory-scale enclosures. The
same tools that have been developed to characterize particles on surfaces and carry out
contrilled particle deposition on silicon wafers and other substrates are also valuable for
atmospheric corrosion research and for reliability studies of electronic devices and equipment
(24).
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Submicron Particle Exposure Chamber

Numerous chambers exist for life testing of electronic components and devices in the presence of
gaseous contaminants. Only a few have been described for testing with dust particles (25-29).
All of these were designed to test with coarse particles. Typically, the air flow is either turbulent
or undefined. No chambers have been built for life testing using fine ionic particles under
conditions of parallel air flow with velocities adequate to accelerate particle deposition (230
m/min). We have now developed an exposure chamber with the following specifications: 0.01-

p.tm particles - Ž1 x 10'Om 3; flow velocity - up to 35 m/min; parallel air flow; uniform dust
concentration.

A schematic drawing of the exposure chamber is shown in Figure 1. Air flows upward through
the test area of the chamber. Particles are introduced at a point in the air stream above an ULPA
filter that removes contaminant particles with 99.9995% efficiency at (). 12 ptm. Injected particles
are removed after they have made one pass through the chamber. The chamber, with a 60x60 cm
cross section and a height of 110 cm, is is sufficiently large to hold a rack that supports up to 48
circuit boards. The ULPA filter, which is situated immediately below the chamber, and a screen
just above the filter ensure that the air flow in the chamber is parallel to the vertical walls of the
chamber. The air velocity can be controlled at speeds up to 35 m/min.

Submicron (0.01 - I g.m) ionic particles, such as ammonium sulfate, are generated (24) from an
aqueous solution of the salt by compressed, filtered air in an atomizer. The aerosol droplets are
dried by a stream of pre-heated air. Residual moisture is removed from the particles by passing
them through a diffusion dryer. Charges on the particles are neutralized with a Kr-85 source,
which brings them to Boltzmann equilibrium (30). The average size of the particles varies as the
cube root of the solution concentration.

The particles are introduced into the exposure chamber through a sixteen nozzle distribution
system that was designed to give a uniform concentration of particles throughout the chamber.
This was achieved by having all air and particles travel the identical distance and encounter the
same type of resistances to flow. The distribution system is made from type 3 16 stainless steel,
the interior of which has been electropolished to minimize particle deposition and shedding.

Steady-state conditions in the dust chamber are achieved by recirculating the air, while
constantly introducing new particles immediately downstream from the ULPA filter.

Tests of the exposure chamber included measurements of air velocities and particle
concentrations throughout the chamber. The air-velocity distribution, measured at 49 points
over the cross section of the chamber at a height corresponding to the middle of the rack that
holds the circuit boards is shown in Figure 2. The small variation from point to point is
attributed to the interference in the parallel airfloor caused by the particle input distribution
system.
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The concentration and size distribution of (NH 4 )2 SO 4 particles generated from a 0.01 M solution
of the salt is shown in Figure 3. The distribution was measured at the same positions as the air
velocity with an electrical aerosol analyzer that provides automatic size analysis in increments
from 0.01 to I pm in diameter. The total concentration is 1.3 x 101() particles/m 3. The mass
concentration calculated from this distribution is 18g.g/m 3. This is slightly more than the typical
indoor concentration in air. Acceleration of the deposition rate to the devices or circuit boards
being tested is accomplished predominantly by the air flow velocity. The particle-concentration
distribution for 0.024 ptm-sized particles is shown in Figure 4. The average concentration and
standard deviation for this size fraction are 4.13 x 109 and 6.71 x 108 particles/mr3, respectively.
Similar plots were obtained for the other size fractions shown in Figure 5. To determine whether
a constant concentration can be maintained for an extended time, the concentration was
measured every two minutes for five hours. The results (Figure 5) show that the average
concentration remains steady. The average concentration is 1.27 x 10'° particles/mr3 with a 95%
confidence limit of ±3.17 x 108 particles/mr3.

Research Opportunities In Particle Effects

Failures in electronic devices and equipment usually occur at localized defects. Investigations
that evaluate average corrosion effects over large areas may fail to uncover the weak links that
lead to failure. Particles cause localized defects and highly non-uniform corrosion. Corrosive
gas and solution experiments usually lead to more uniform corrosion and potentially unrealistic
failures.

Experiments on particle effects are best carried out in environments that are nearly free of
particles. These experiments can be accomplished in small modular cleanrooms that are
available at affordable cost. The development of the submicron particle exposure chamber
described in this paper and a thermophoretically driven particle deposition apparatus described
in a companion paper in this Proceedings (32) provide researchers with the experimental tools
needed to carry out well-controlled particle depositions on metal test coupons, electrical test
structures, and devices.
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TABLE i. TYPICAL AIRBORNE PARTICLE CONCENTRATIONS (PARTICLES/ft 3 )

Adolescent Pollutants Mature Pollutants Minerals, Biologicals
0.0 1-0.1 am 0. 1- 1.04m 1I- 154am

Outdoor 108 - 1010(1 1,12)t 101- 108(4,5,11,12) 10o - 10(4,5,11,12)

Office Building 104- _ 10* 106 - 107(4,5,10,21,22) 10)- 103(4,5,10,21,22)

Class 10
Cleanroom 10-500(12,23) 1-10(12,23) 0.05-1(12,23)

t The numbers in parenthesis are references
* Estimated - insufficient experimental data

TABLE II. DEPOSITION VELOCITIES FOR AIRBORNE PARTICLES (ft/sec)

Adolescent Pollutants Mature Pollutants Minerals, Biologicals
0.01-0.1l1m 0.1- 1.04m 1- 154.m

Outdoor
(500-2000 ft/min) 0.02-0.2* 0.02(18)t 0.02

Office Building
(4-9 ft/min) 0.0003-0.02* 0.0002(3-5) 0.02

Class 10
Cleanroom
(100 ft/min) 0.002-0.03(19,20) 0.0003-0.003(19,20) 0.02

t The numbers in parenthesis are references
* Estimated - insufficient experimental data
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Abstract

The new in situ Contact Electric Resistance (CER) method was applied for investigation of
the very initial stages of electrodeposition in twelve different metal-electrolyte systems. The
experiments were carried out at room temperature using precracked specimens in galvano-
static mode for Cu/Cu2 + deposition and in potentiostatic mode for the other systems. All the
tests were started at positive potentials, where deposition of the investigated cation is
impossible, and the potential was lowered stepwise through the potential range of interest.
First, the contact electric resistance of each substrate metal was measured as a function of
the potential in the supporting electrolyte. Second, the cation was added and the test was
repeated starting again from a potential at which deposition is impossible. The potential at
which the contact electric resistance during this second run started to differ from the
resistance measured in the supporting electrolyte was taken as the potential of electrodeposi-
tion of the corresponding metal. The measured underpotential values for electrodeposition
of Cu/Cd2÷, Cu/Sn2÷, Cu/Zn2÷ and Ag/Pb2÷ (0.27 V, 0.16 V, 0.3 V and 0.17 V respectively)
are in good agreement with published data. The sensitivity of the CER method for Cu/Cu2 ÷

electrochemical deposition in acid electrolytes is about 0.03 monolayers.

Key terms: contact electric resistance, electrodeposition, underpotential deposition

Introduction

The study of the very initial stages of the electrochemical deposition of metals, including
underpotential electrodeposition, is important and interesting both from scientific and
industrial applications point of view. The main methods of in situ investigation to cover this
problem are cyclic voltammetry (VAM)1"2 and recently scanning tunneling microscopy
(STM)3 "4. Both of them have their own advantages and some limitations which make it
difficult to use these methods for any "deposited metal/solution/substrate metal" electro-
chemical system. First of all, it is necessaty to avoid interference from parallel electrochemi-
cal reactions for both VAM and STM and difficulties of STM observations of atomic-level
crystalline lattice for most of metals in contact with electrolyte solutions.

In this paper, we report in situ investigation of submonolayer electrodeposition for twelve
different metal-electrolyte systems using new Contact Electric Resistance (CER) method
which is sensitive to anions and water adsorption and to oxidation of metals. The sensitivity
of the CER method is 10.9 Q and it can be used for all conducting materials in any electro-
lyte at ambient and high temperatures and pressures in a region of potentials including the
potentials of intensive evolution of hydrogen or oxygen. CER-method was firstly developed
for ambient conditions56 and later applied for high temperature-high pressure water (300 'C,
150 bar) investigations7 .
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Experimental Procedure

The CER method consists of accurate measurement of the electric resistance (ER) between
two periodically contacted metallic specimens. In the present work these two specimens
were the walls of a fatigue crack in a single edge notched plate sample cyclically loaded
below the corrosion fatigue crack growth threshold.

The samples of the investigated substrate metals were 200 x 25 x 2 mm (Fig. la) with a 600
cut and with an air fatigue crack of 3 - 3.5 mm length. The sample and contacts for measur-
ing ER of the central part of the sample with a crack (points A) were plated with a chemi-
cally stable varnish (except the 1 cm 2 surface area near the fatigue crack - nondashed part
of the sample in Fig. la), placed into an electrochemical cell and fixed in electrically
insulated grips of a testing machine Instron 1195. During cyclic loading of the sample this
machine provides an accuracy of 0,1 % in reproductibility of maximum and minimum loads
of the cycle, which results in the reproducibility of the relative displacement of the cyclically
contacting crack walls at the level of 10.9 m.

A direct current of 10 A was passed through the sample generating a voltage signal
depending on the ER of the sample. The ER of the sample during cyclic loading was
measured using a double (Thompson) bridge, and was continuously recorded by an X -t-
recorder. Since the methods of sample preparation and the details of CER measurement have
been described elsewhere5'6 , we note only that the precision class of the direct current
stabilizer and the double bridge provided the measurement of ER with an accuracy up to
0.02 % and the sensitivity of 10-9 Q.

The schematic explanation of the variation of the ER of the sample at cyclic loading is given
in Fig. lb, where points A indicate the points of current supply and connections of the
double bridge. If there is no crack in a sample and its ER is equal to R,, then after growing
the fatigue crack at the maximum tension load of the cycle (when the crack is fully open,
i.e., its walls do not touch each other) the sample resistance grows by a factor of R2 due to
decrease of its cross-section area. At the minimum load of the cycle (zero or compression)
the crack walls will touch each other which is equivalent to shunting the resistance R2 by the
contact resistance R equal to the ER sum of the successive chain: metal-film-electrolyte
between the crack walls-film-metal. Thus, at the cyclic loading of a sample with a crack its
ER cyclically varies from Rl + R2 at the maximum load and the full opening of the crack to
Ri + R2RI(R 2 + R) at the minimum load. The variation of ER of a sample during each cycle
(AR) is determined by the equation (1) and the contact ER at the minimum load of the cycle
(R) by equation (2):

AR= - J (1)
(R2 +)

R- R2(R2-AR) (2)
AR

Resistance R 2 is a constant which depends upon the specimen size, fatigue crack length and
specific electric resistance of the investigated substrate metal. For any particular specimen
the AR value depends upon R (eq. 1), i.e. upon the electrolyte composition and the electro-
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chemical potential. AR values corresponding to different potentials aic continuously
measured and recorded, and then used to account R from equation (2).

In this work the potential dependence of R was investigated at room temperature in several
electrolytes (see Table 1), prepared from distilled water and chemically pure reagents.
Deairation of the electrolytes with pure argon gas was used only during experiments with
Cu/Cu2*-electrodeposition. The specimens of Ag, Cu and Ni (substrate metals) were of 99.99
% purity grade. The electrode potentials were measured using Ag/AgCl-reference electrode,
then recounted and reported in this paper vs. SHE.

Experimental Results and Discussion

Some experimental data and conclusions from the previous works5'6 devoted to CER-method
are important for this investigation and have to be shortly listed as following:

1. The contact electric resistance (R) is independent of the ionic electrolyte conductivi-
ty, but is defined by electronic conductivity between the crack walls.

2. R is assumed to be zero at the most complete reduction of the films on the crack
walls during cathodic polarization. Any increase in the R obtained by polarization to
more positive potentials is due to an increase of the electric resistance of the films
on the contacting crack walls.

3. The changes of the cyclic loading frequency (0.04 - 0.4 Hz) and direct current value
through the specimens (0.03 - 30 A) have no noticeable effect on the R-potential
behavior, but the changes of minimum and/or maximum loads or stress ratio of the
cycling loading do have an effect on this behavior. For this reason, all the runs in the
present work were carried out by constant values of direct current (10 A), frequency
(0.2 Hz) and stress ratio (0.25) of cyclic loading.

The usual procedure to obtain the R dependence upon the potential during adsc,'p*ion and/or
oxidation of metals consists of the initial reduction of the crack walls by cathodic polariza-
tion up to high enough negative potentials. After reducing all films on the contact surfaces
the R-potentitl dependence was studied by increasing the potential stepwise by 0.025 - 0. IV
after an exposure of 2 - 5 min at each potential value. Curve 1 (Fig. 2) deinonstrates such
a potential dependence of R of Cu in 1 M H2SO 4 which was used as a supporting electrolyte
for Cu/Cu 2÷-deposition experiments. It is necessary to underline that curve 1 was quasi-
reversible, i.e. any potential shift towards negative or positive direction resulted in fast
(during I - 3 min) response of R-values, which then remained stable for a long time at each
potential value. There is no oxide filni on Cu in this acid solution, but water and sulfate
anion adsorption occurs causing the R increase at positive potentials.

Addition of 0.1 - 0.3 M CuSO4 to the solution strongly changed the polarization behavior of
Cu (curves 2 and 3, Fig. 2), resulting in the realization of the reversible Cu/CuSO 4 electrode
with high exchange current, about 1 mA/cm2. At these conditions, it is more simple and
profitable to study the initial stages of the electrochemical deposition Cu/Cu"2 using the
galvanostatic polarization by cathodic current densities below 100 [A/cm2 and keeping in
the mind that the charge density 350 [IC/cm 2 corresponds to one monolayer of bivalent metal
electrodeposition. Fig. 3 shows the kinetics of changing of the R of Cu as a function of the
cathodic polarization current in the electrolyte I M H2SO4 + 0.3 M CuSO4 deaerated with
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argon gas bubbling. In this electrochemical system at the o(pen circuit potential there are two
cathodic reactions - copper electroposition and the reduction of the remaining dissolved
oxygen, but only one anodic reaction - electrochemical dissolution of copper. This results in
a slow increase in time of R at the open circuit potential owing to anodic dissolution of the
contacting crack walls, i.e. increasing of the distance between them. To equalize such a
dissolution and to stabilize the R values it was necessary to apply a small cathodic current
(as shown at the initial part A of the upper curve in Fig. 3). This cathodic current density is
equal 7 pA/cm2 for the run reported in Fig. 3 and changed in other runs between 3 and 25
pA/cm 2 depending upon the deaeration time.

After stabilization of the R values, the cathodic current was increased stepwise by 1 pA/cm 2.
This resulted in the decreasing of the R by 1 to 3 nK2 during the first 2 to 3 cycles of the
specimen loading, i.e. during 10 to 15 s after increasing of the current. As it is shown in
Fig. 3, this effect is reversible and well enough reproducible. Thus, the charge density 10 -
15 pC/cm 2 corresponding to an average of about 0.03 - 0.05 monolayers may be considered
as the sensitivity of the CER method to the electrodeposition of metals on the contacting
surfaces.

The electrodeposition process takes place not only on the crack walls, but on all the rest
surface of the sample, which is not covered by the protective varnish. Nevertheless, we may
take into account only decreasing of the R and disregard the decreasing of the sample
electric resistance owing to the electrodeposition on the flat sides of the sample until the
thickness of the sample would increase for about I ptm, which corresponds to the charge
density of about 1 C/cm2 (never reached in this work).

It is shown in Fig. 3 that both submonolayer Cu/Cu2" electrodeposition and stripping of the
deposited layer proceed very fast. It is interesting to note that it was not necessary to apply
the anodic current for stripping, but it was enough to slightly diminish the cathodic current.
The kinetics of the R decreasing as a function of the cathodic current density of Cu/Cu 2 +

electrodeposition is shown in Fig. 4. Being recounted into the charge units (or monolayers
of coverage) all the experimental points from Fig. 4 car be represented by one S-shaped
curve (Fig. 5), which actually characterizes the sensitivity of the CER method to the metal
electrodeposition as a function of the thickness of the deposited layer. One can see that this
sensitivity is very high for the first 0.1 - 30 monolayers, but becomes smaller and smaller
with further copper electrodeposition in the region of 50 - 200 monolayers, which corre-
sponds to the thickness of about 20 - 80 nm. This thickness is very small in comparison
with the average crack opening (2 - 3pm) at the minimum load of the cyclic loading of the
sample. The contacting crack walls are the fatigue fracture surfaces, which are not smooth.
The distances between them at different points of the crack surface may vary from zero up
to the average crack opening values according to some kind of the statistic distribution. This
can be, for example, Gaussian type distribution. When in contact, between some parts of the
contacting crack surfaces the remaining free distance is small enough for tunneling to occur.
These areas are responsible to the sensitivity of the R to the adsorptic,: of anions and/or
submonolayer electrodesposition of metals 5

,
6 . Probably only these areas atu "actively operat-

ing", all the others having no noticeable input in the R.

The only reason for the R falling down during Cu/Cu2" electrodeposition is decreasing of the
distance between the contacting surfaces. It is not clear, why the CER-method has so high
sensitivity to the very initial stages of this process, but decreasing of ie sensitivity after
deposition of 50 - 1(-M monolayers is probably connected with the decrease in the fraction
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of the actively operating areas between contacting surfaces (smoothening of the surfaces).
This preposition has the following experimental support. After 1800 s of the copper electro-
deposition by the cathodic current 8 j.A/cm2 the R sensitivity to electrodeposition became
very low (curve 3, Fig. 4). At the time t* indicated by an arrow the minimum load of the
cycling loading of the sample was increased by 10 %. i.e. new actively operating areas were
created. This immediately caused a sharp increase of the R sensitivity to the electrodeposi-
tion followed by its gradual falling down with time (curve 3', Fig. 4).

There are only two reactions, copper deposition and dissolution, which are able to change
the R of the copper specimen in the deaerated H2SO 4 + CuSO4 solution at the polarization
currents below exchange current of the Cu/CuSO 4-electrode. The copper deposition in this
electrochemical system always decreases the R of the specimen. Other systems like Ni/Cu2÷,
Ag/Cu2÷, Ag/Pb 2

' and Ag/Sn2' are more complicated. To study the electrodeposition in such
systems by the CER method it is necessary to use the potentiostatic polarization of the
specimens and to take into account the specific electric resistances of the substrate and
deposited metals. Let us consider the copper electrochemical deposition on silver as an
example of the deposition of some metal on the other one having lower specific electric
resistance. First of all the R-potential dependence was obtained for the substrate metal
(silver) in the supporting electrolyte (0.5 M H2SO 4) starting from high enough positive
potentials (+0.4 V) and shifting the potential towards negative direction stepwise by 0.01 -
0.05 V after an exposure of 2 - 10 min at each potential value to reach quasiequilibrium
values of the R (curve 1, Fig. 6). The most essential and important feature of this curve is
gradual falling down of the R by any shift of the potential towards negative direction owing
to decreasing of water and sulfate anions adsorption on silver5'6 .

Addition of 0.01 M CuSO 4 to the supporting electrolyte at starting potential (+0.4 V) had no
remarkable effect on the R-potential behavior until the potential +0.25 V was reached (curve
2, Fig. 6). At this potential the R did not decrease (like it was before in the supporting
electrolyte), but slightly increased which indicated the initial stage of copper electro-
deposition. Submonolayer adsorption of the less electroconductive metal (copper) covers
partly the contacting surfaces of the more electroconductive metal (silver) and has to
increase its R, which was observed. The R growth became more pronounced by the
following potential shifts to 0.24 and 0.23 V. At the potential 0.22 V the R started to
increase again, but after 2 min it suddenly decreased. This indicated the bulk electrodeposi-
tion of copper on silver, which caused the decreasing of the distance between contacting
surfaces like it was shown previously for Cu/Cu 2

' electrodeposition (Figs. 3 and 4). By
increase of CuSO 4 concentration the same R-potential behavior was observed at more
negative potentials (curves 2 - 4, Fig. 6). Such an R-potential dependence was typical for all
investigated cases of the electrochemical deposition of the less electroconductive metals on
the more electroconductive metals.

The R-potential time depencies like the curves in Fig. 6 were obtained for eight other
systems Mel/Me 2"÷ (listed in the Table 1) and then were recounted into the quasiequilibrium
R-potential dependencies, some of which are shown in Figs. 7 and 8. Possibly this kind of
the experimental data representation is more convenient and informative. For example, for
the electrochemical deposition of cadmium on copper from the solution 0.5 M H2S0 4 +

0.75 M Na 2SO( + 0.02 - 0.2 M CdSO 4 (Fig. 8) one can see, that the R-potential dependence
for supporting electrolyte (curve 1) declines from these dependencies for cadmium contain-
ing electrolytes (curves 2 and 3) at much more positive potentials than equilibrium potentials
(indicated by arrows) for corresponding cadmium-ion concentrations. This means that the
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cadmium underpotential deposition on copper occurs in the investigated conditions. The
cathodic polarization curves for copper in the supporting electrolyte and in cadmium
containing electrolytes are nearly the same (curve 4) because the polarization current
depends mainly upon hydrogen evolution.

If the potentials corresponding to the declination of the R-potential curves in the supporting
(curve 1, Fig. 8) and cadmium containing (curves 2 and 3) electrolytes are the potentials of
the cadmium electrodeposition on copper (ED), the underpotential AE may be accounted as
a difference AE = EBD - E' = 0.27 and 0.26 V for solutions with 0.02 and 0.2 M CdSO4
respectively E_0 is the calculated equilibrium potential of the solution in question). The
values +AE (underpotential) and -AE (overvoltage) of the metals electrodeposition obtained
in this work by the CER-method and some available from literature data are listed in the
Table 1. One can see, in the cases where comparison of the data is possible, that the CER-
method provides underpotential electrodeposition values, which are slightly higher, but close
to the published data. For Ni/Ni2÷ electrodeposition a small overvoltage was measured,
which increased twice owing to chlorine-ion addition into the electrolyte. Secondary parallel
processes like hydrogen evolution and/or nitrate-ion reduction do not disturb the CER-
method regarding the application for investigation of the very initial stages of the electro-
chemical deposition of metals. This method can be used in any electrolytes even at high
temperatures and pressures 5-7. It may be important, for example, for the investigation of the
electrodeposition of metals from molten salts, where it is difficult or impossible to use other
in situ methods.

Conclusions

1. We have demonstrated the possibility of an in situ CER-method application to study the
very initial staocs of the electrochemical deposition of metals. The underpotential
values measured in this work are in good agreement with the published data.

2. The sensitivity of the CER method for Cu/Cu2
' electrodeposition in acid electrolytes is

about 0.03 monolayers.

3. The secondary parallel processes like hydrogen evolution and/or nitrate reduction do not
disturb the CER-method application for the electrodeposition processes.
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Table 1. AE = EED - Eý. Underpotential (+) and/or over-
potential (-) deposition for investigated couples MefMe2.

Substrate Electrolyte composition, pH AE, V Ref.
Metal
Cation this published

work

Cu/Sn2+ 1 M H 2SO 4 + 0.1 M SnSO4  +0.15
pH 0.5

Cu/Zn2+ 2.5 M NaOH + 0.1 M Zn0 +0.30 +0.22 [2]
pH 14.3

Cu/Cr3+ 1 M NaCl + HCI + 0.1 M CrCl3  +0.32
pH 1.5

Cu/Cd2 + 0.5 M H 2S0 4 + 0.75 M Na2SO 4 + 0.2 M CdSO 4  +0.26 +0.23 [1]
pH I

Cu/Ni2÷ 0.8 M Na2 SO 4 + H3B0 3 + 0.6 M NiSO4  -0.13
pH 4.5

Ag/Cu 2+ 0.5 M H2SO 4 + 0.3 M CuSO4  -0.01 0 [1]
pH 1.2

Ag/Pb2÷ 0.1 M HNO 3 + 0.1 M Pb(N0 3)2  +0.17 +0.16 [1]
pH 2

Ni/Ni2÷ 0.5 M Na 2SO 4 + H3BO 3 + 0.6 M NiSO 4  -0.05
pH 4.5
the same +0.1 M NaCI -0.10

Ni/Cu2÷ 1 M Na2SO 4 + H2SO 4 + 0.1 M CuSO 4  -0.05
pH 1.5

3350



0 3A

AA

1 0 R

ST- A
Cyclic loading

a) b)

Figure 1. Scheme for measurement of the Contact Electric Resistance (CER) of the sample with a
fatigue precrack (a). The electrical analog of the sample (b). (1) Sample, (2) electrochemical cell, (3)
potentiostat, (4) direct current source, (5) double bridge, (6) amplifier, (7) recorder.
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Figure 2. The potential dependence of the copper CER (R) in 1 M H2SO 4 (1), polarization curve of
copper in 1 M H2SO4 (2), polarization curve of copper in 1 M H2SO4 + 0.3 M CuSO4.
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Figure 3. Kinetics of the R variations of copper during cathodic galvanostatic polarization in 1 M
H2SO4 + 0.3 M CuSO4. Time sequence: A-B-C-D. The moments of current changes are indicated by
point, near which the cathodic currents (p/cm2) are shown.
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Figure 4. Decreasing of the CER of copper in iM H2So 4 + 0.3 M CuSO4 as a function of time.
Cathodic galvanostatic polarization by currents (plA/cm2): (1) 1.5, (2) 3, (3) 8, (4)18, (5) 35, (6) 80.
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Figure 5. Decreasing of the R of copper in IM -H1S04 + 0.3 CuSO4 as a function of the charge (Q)
passed during the copper electrodeposition and/or quantity (N) of deposited monolayers. Different
symbols correspond to the different cathodic current densities from 1.5 up to 80 piA/cm 2.
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Figure 6. Kinetics of the R variations of silver during potentiostatic polarization in supporting

electrolyte 0.5 M 1-1SO4 with additions of CuSO4 (M): (1) 0, (2) 0.01, (3) 0.1, (4) 0.4. The moments

of the potential changes are indicated on me curves 1 - 4 by points, at which also the potential values
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Figure 7. The potential dependence of the R of silver in 0.5 M H2SO4 with additions of CuSO4 (M):
(1) 0, (2) 0.01, (3) 0.4. The same in 0.1 M HNO 3 with additions of Pb(N0 3)2 (M): (4) 0, (5) 0.01, (6)
0.1.
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Figure 8. The potential dependence of the R of copper in 0,5 M H2SO 4 + 0.75 M Na 2SO 4 with
additions of CdSO4 (M): (1) 0, (2) 0.02, (3) 0.2. Polarization curve for Cu in the solutions (1) and
(3).
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Abstract

Capacitance measurements during dynamic electrolyte absorption were performed on 0.07-3.3
pgm thick PMDA-ODA, BPDA-PPD and HFDA-APBP coatings on Cr-coated silicon wafers in 0.5
M NaCl. Subsequently, th- specimens were monitored using electrochemical impedance
spectroscopy and open-circuit potential measurements to follow the degradation of the coatings
and to determine the time of failure of the polyimide/Cr interface.

The results showed that long-term capacitance increased approximately logarithmically with
exposure time. Shortly before failure, sharp increases occurred in the capacitance and in the
measured open-circuit potential. Those were immediately followed by the appearance of a
second time-constant in the impedance spectra, an indication of an interfacial reaction.

The data showed that short-term capacitance measurements (0<t<5000 s) can be used to predict
the long-term degradation trend and ultimately, the time-to-failure. In addition, capacitance
measurements are sensitive to variations in the polyimide processing conditions and appear
suitable for evaluation of electronic packaging materials.

Finally, capacitance data were processed to yield water and ionic diffusion coefficients. The
following values for the diffusion coefficient of water in the coatings under immersion were
measured at 21-23 'C: PMDA-ODA: (253±0.43) E-9 cm 2/s; BPDA-PPD: (2.75_+0.15) E-10 cm 2/s;
HFDA-APBP: (1.26±0.20) E-10 cm 2/s. The values for PMDA-ODA and BPDA-PPD compare
well with data in the literature. In general, dynamic capacitance measurements were found to
represent a convenient alternative to gravimetric, bending beam, etc. methods for measurement
of water diffusion coefficients in organic coatings. A major advantage is that the coalings are
tested in their actual operating state, with no difference in the state of stress, cure conditions
and other factors affecting the diffusional properties.
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Introduction

Electronic packaging materials(1 ) and technology represent a major component of electronic
product costs1 . Increasing circuit densities, sophisticated circuit technology and tougher
reliability requirements continuously increase the role of packaging materials in the overall
product performance. Development of new packaging materials continues at a fast pace, and
there is a need for test procedures to evaluate various aspects of their performance.
Because of processing advantages and desirable technological and dielectric properties,
polyimides have become materials of choice in the semiconductor industry. However, they
possess the major disadvantage of being permeable to moisture and contaminants which over
time contribute to the degradation of the chip performance and in some cases may limit the
lifetime of the chip. Relative humidity, moisture entrapment during packaging, thermal
cycling, contamination, potential bias, and galvanic coupling are among the major factors
leading to corrosion failure at the polymer/metal interface 2,3 .

The ultimate objective of this research project is to develop a procedure for life-time prediction
of polymer/metal interfaces and quality control of electronic packaging materials in the
semiconductor industry by means of accelerated testing. In the initial feasibility study, we
attempt to correlate qualitatively the results from short term tests with those from long-term
monitoring and with the time-to-failure of the interface. In addition, we used capacitance
measurements to determine moisture and ionic diffusion coefficients in the coatings. The next
stage will involve quantitative correlation of short and long-term results, and the construction
of callibration relationships. Finally, provided that the technique is feasible, a multi-level
interdigitated electrode structure will be considered for on-line testing in the industry.
This paper presents results from the feasibility study.

Experimental

I. Specimen and Test Cell Preparation
We tested three polyimide types that are presently used in the microelectronics industry:
PMDA-ODA (DuPont P12545), BPDA-PPD (DuPont P12611) and HFDA-APBP (Amoco UD4212).
In each case, the polyimide coatings were spin-cast onto a Cr-coated silicon wafer.
Polyimide/Cr interfaces are very common in the industry due to the use of Cr as adhesion
promoter. The 0.3 4m Cr layer was e-beam deposited on the 4" silicon wafer. The polyimide
coating thicknesses ranged between 0.07 and 3.3 gm. Coatings thicker than 1 gm were spin-cast
in two layers with an intermediate softbake step. This was done in part to ensure the absence of
through-holes. Curing schedules were kept according to manufacturers' specifications. A
Plexiglas® cylinder was affixed onto the coated substrate using epoxy. The Cr film represented
the working electrode, and the circuit between the working and counter electrodes was
completed through the coating and the electrolyte. The coating area exposed to electrolyte was
typically 7.5 cm 2. Four test cells were prepared from each wafer.
Testing was performed in an aqueous 0.5 M NaCI solution, at temperatures ranging between 210
and 230 C. Immersion testing was used because of the simplicity of control and also because it
provided the necessary test acceleration. From published data, it can be inferred that results
obtained in controlled RH environments can be linearly extrapolated to immersion
conditions 4,5, indicating that no changes in corrosion and diffusion mechanisms take place as a
result of immersion. Immersion tests avoid some problems associated with controlled RH tests,

(1) The term "electronic packaging materials" as referred to in this paper includes polymer
applications for passivation, interlayer dielectrics, buffers, etc.
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but the inability to produce static conditions between the electrolyte-free and fully saturated
coating is a tradeoff, resulting in a more complicated dynamic absorption data analysis.

II. Test Equipment
The test setup consisted of a Solirtron 1260 Impedance/Gain-Phase Analyser (FRA 1260) and an
EG&G PAR 273 potentiostat. Data acquisition was computer-controlled via the GPIB bus using
house software. Although the FRA 1260 can mea.sure current directly, its limited current
sensitivity and the large resistivity of the coating prevented such measurements. Therefore,
the potentiostat was used to measure the cell current and maintain the cell at the equilibrium
potential during EIS measurements.

III. Experimental Methods
Short-term testing consisted of capacitance measurements at a fixed frequency, typically 1000
Hz, starting upon immersion. A 20 mV rms sinusoidal amplitude(2) was superimposed on the
equilibrium dc potential. Typically, measurements lasted 5000 s, although in most cases 1000 s
were sufficient to extract the necessary parameters. Initially, the coated substrate system can
be represented by an RC-circuit with sufficient accuracy, the coating being equivalent to a
parallel-plate capacitor with a finite resistivity. Due to the difference in relative magnitudes
of the coating's resistance and capacitance, the capacitance can be calculated directly from the
imaginary impedance component at the higher frequencies, with less than 0.1% error. Thus, the
capacitance increase which is representative of the rate of ionic and water uptake can be
monitored as a function of the time since immersion.
Long-term measurements included open-circuit potential (OCP) and electrochemical impedance
spectroscopy (EIS) measurements. EIS spectra were acquired over a frequency range of 0.02 to
100,000 Hz. A 20 mV rms sinusoidal amplitude was used in each case. During EIS, the dc
potential was maintained at the equilibrium open-circuit value.
Both the capacitance and the EIS measurements were verified on electrical components with
capacitance and resistance values similar to those of the coatings, as estimated from the
experimental data by means of Complex Nonlinear Least Squares Analysis (CNLS). The
impedance responses of the equivalent electrical circuits were measured at several frequencies
using an HP 4275A Multi-frequency Meter. These values were found identical to those obtained
from the same circuits by means of a standalone FRA 1260 (3 V rms) and were considered exact.
Thus, exact impedance spectra of the equivalent circuits over the entire frequency range were
generated using the standalone FRA 1260 with a 3 V rms amplitude. Subsequently, the
measurements were repeated using the actual experimental setup (FRA 1260 and potentiostat)
and 20 mV rms amplitude. It was determined that the potentiostat introduced systematic
errors, which even though small, lead to a relatively large (ca. 5-10 %) bias in the CNLS-
regression estimates of the circuit parameters. The relative residuals spectra, calculated as

I I_ tm-Zfe I, 1 _1 m Z ,e

RZf--f ,, f

Z'm and Zf'm

where
I

RZf = relative residual in the real impedance component at frequency f,

(2) The linearity condition RT/F 6 establishes 20 mV as the maximum permissible amplitude
under these particular conditions.

3357



RZf = relative residual in the imaginary component at frequency f,

and f =measured real and imaginary impedance components, respectively,

using the complete EIS setup (potentiostat and FRA) and 20 mV rms,
g'le ,~e

f and f =exact real and imaginary impedance components, respectively,

measured using a standalone FRA and 3 V rms,

were found to remain fairly constant for capacitance and resistance values corresponding to a
range of coating thicknesses. Finally, the residuals spectra were applied to the EIS data
acquired from the actual coatings to correct for systematic errors.

Results and Discussion

Capacitance measurements during the initial electrolyte absorption provide a measure of the
permeability of the coating to the electrolyte. Prediction of the lifetime of the metal/polymer
interface from such measurements is possible provided that the interfacial reaction rate is
governed by transport of reactants to and from the interface. Both the difference between the
resistance of the polyimide-coated versus the bare Cr interface (1011 g1cm 2 vs. 106 (2cm 2) in 0.5
M NaCl, as well as the evolution of the open-circuit potential indicate that this is indeed the
case.

I. Open-Circuit Potential Evolution
Before testing, the test cells were stored in a dessicator for fixed periods of time. During the
time of exposure of the coated substrates to the electrolyte the OCP generally exhibited a
continuous increase, consistent with an interfacial reaction controlled by the flux of cathodic
reactants. This flux increased over time due to coating degradation. In some cases, particularly
during the testing of PMDA-ODA coatings, the potential rose sharply after several days to
values comparable with the OCP of bare Cr in 0.5 M NaCi. The sharp rise coincided with the
appearance of a second time constant in the EIS data and was interpreted as an indication of a
major coating delamination, resulting in free access of electrolyte to the Cr surface.
The absolute values and evolution trends of the open-circuit potentials of the three different
polyimide/Cr systems are compared in Figure 2. Comparisons between potentials of PMDA-
ODA and BPDA-PPD which have similar chemical compositions suggest that the transport
rate through the coating is higher in the case of the former polyimide. Indeed, the normalized

resistance( 3 ) of the water-saturated PMDA-ODA coatings was smaller than that of the
BPDA-PPD coatings.

II. Capacitance Evolution
Typical data from capacitance measurements on PMDA-ODA coatings are shown in Figure 3.

The logarithmic dependence of the normalized capacitance(4) on the time since immersion
which is evident from Figure 3 b was observed on all polyimide samples for t>200 s.

(3) The normalized resistance was calculated as the product of the coating resistance times
sample area over coating thickness and has dimensions of resistivity.

(4) The normalized capacitance was calculated as the coating capacitance divided by the

sample area and the dielectiic permittivity of vacuum (E=8.854E-14 F/cm2) and multiplied by
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Table 1, compiled assuming Fickian water and ionic diffusion with constant boundary conditions
and constant diffusion coefficients, shows that a 3 mim PMDA-ODA coating becomes water-
saturated within 100 s. Therefore, assuming insignificant swelling, the first slope (0-100 s) can
be attributed to the combined water and ion uptake, while the second slope (t>200 s) is
governed entirely by ionic diffusion. The second slope is very nearly logarithmic fcr all three
polymers, i.e. there is a linear dependence between the capacitance and the log(time) for t>200
s. Subtraction of the logarithmic trend from the capacitance data exposes the water absorption
profile and allows the determination of the water diffusion coefficient (Figure 4). The plateau
value in Figure 4 b corresponds to the dielectric constant of the pure, water-Faturated coating.
The average dielectric constants at 1000 Hz were equal to: PMDA-ODA/Cr: 3.85; BPDA-PPD:
3.29; HFDA-APBP: 3.01.

The diffusion coefficients cannot be extracted directly from the capacitance data unless
,.dditional assumptions are made, most importantly concerning the dependence of the relative
permittivity on the diffusant's concentration. Assuming a linear relationship between the
average dielectric permittivity and the average water concentration in the coating5 :

E(t) = EO+b Cw(x,t) (2)

where
co = dielectric permittivity of the water-free coating,
b = constant,

and a Fickian diffusion process with a constant diffusion coefficient 8 ,9 , the relationship for
the coating capacitance as a function of time for t>4.66d 2 !/D becomes:

C(t) = C_- b4C;, - fwo)exp(-n D,,t) 4d 2 (3)

where
C_ = capacitance of pure, water-saturated coating,

~ = maximum water concentration in the coating,

i-ow = initial average water concentration in the c:ating,
Dw = water diffusion coefficient,
d = coating thickness.

Regression of the capacitance data to (3) yielded following values for the diffusion coefficients:
PMDA-ODA/Cr, PMDA-ODA/Pt (10 samples): (2.53±0.43) E-9 cm 2 /s; BPDA-PPD/Cr (6
samples: (2.75_+0.15) E-10 cm2 /s; HFDA-APBP/Cr (3 samples): (1.26±0.20) E-10 cm2 /s. Figure 5
shows typical plots of estimated (using (3) ) versus measured capacitance. The regression
quality was very good, except for slight deviation near saturation, attributable to water
clustering1 0 . The measured values for water diffusion in PMDA-ODA and BPDA-PPD are
similar to values obtained by means of other, usually more complicated methods in controlled
RH environments 8 ,11 . The order of magnitude difference in diffusion coefficients between
PMDA-ODA and BPDA-PPD which have similar chemical structures, has been attributed to
water-affinity and ordering phenomena 8 ,9,1 1 and will not be discussed further.

the coating thickness. It is a dimensionless quantity and corresponds to the dielectric
permittivity (dielectric constant) of homogeneous bulk materials.
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The relationship:

e(x,t) = Eo+b Cw(x,t) (4)

between the local water concentration and the local pemittivity probably represents a better
model than equation (2). Because of the water concentration profile during dynamic sorption,
the coating can be represented approximately as a series of infinitesimal capacitors with
dielectric permittivities dependent on the- local water concentration. Hence, coating
capacitance versus time becomes:

I - 1 x=d d

C (t) ZOf x=O E(x,t)(5
(5)

where the parameters have their usual significance.
Finally, inserting the solution to the second Fick's equation for diffusion with constant boundary
conditions (no polymer swelling or relaxation) and constant diffusion coefficient intc equations
(4) and (5), the capacitance relationship becomes:

ýx=d

1 _ 1dx
C(t) Co __+ --0 . (ln 2x n.) c )2 t

Co + (CwC) (nd L 72 0 _(n __n=O (n+2), - 2 d2  2 d
x= 20

(6)

Equation (6) can be solved numerically, and the diffusion coefficients determined in this manner
were found to correspond within 1% to those obtained using the previous simpler analysis.
Therefore, the simpler equation (3) can be used to determine the diffusion coefficients with
sufficient accuracy. The instantaneous water concentration in the coating can be determined
from (2) with knowledge of constant b. The value of b can be obtained from combined capacitance
and gravimetric or other measurements. Under the specific experimental cc..ditions, we
established the following relationship for BPDA-PPD to be:

8(t) = 2.94+0.238 Cw(x,t) (7)

The ionic diffusion process, characterized by a logarithmic capacitance-time dependence is
non-Fickian. Therefore, additional measurements are required to extract the ionic diffusion
coefficients. We are currently combining permeability (ion-selective electrodes) and
capacitance measurements to obtain the concentration-perinittivity relationships. This work
will be described in a later article.

Experiments with BPDA-PPD and HFDA-APBA showed that in addition to their lower
dielectric permittivities, these polyimides are more resistant to electrolyte diffusion than
PMDA-ODA. The trends of normalized capacitance evolution for the three investigated
polyimides are compared in Figure 6 where the capacitance curves have been shifted to allow
easier comparison. In addition to the obvious difference in the slopes between PMDA-ODA and
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the other two polyimides, the figure illustrates the above point that the short-term
capacitance measurements correctly predict relative trends in the long-term behavior of the
coating. Figure 7 shows the complete curve for the PMDA-ODA coating of Figure 6. There is an
obvious change of the rate of increase of the normalized capacitance preceding delamination
and failure.
Finally, it was possible to demonstrate that the dynamic capacitance method is sensitive to
the morphology of the coating. Two identical PMDA-ODA/Cr samples were subjected to cure
under different nitrogen flow conditions. Comparison of the Cr-oxide layers before and after
cure by means of Auger spectroscopy showed no thickness changes in the case of the normal
sample, while a significant oxide thickness increase resulted from curing in the reduced nitrogen
flow. After the cure, both coatings appeared visually identical and IR spectroscopy showed no
chemical differences between them. However, as illustrated by Figure 8 they behaved very
differently upon exposure to the electrolyte, indicating that the cure under very low nitrogen
flow had caused internal microporosity that lead to reduced resistance to electrolyte uptake.

II. Impedaie Spectra
During the initial days of exposure to the electrolyte, the impedance spectra can be

approximated by a single R-CPE(5 ) parallel circuit using CNLS regression fitting. The quality
of the regression fits decays progressively with exposure time, until at some point the above
simple equivalent circuit becomes insufficient. In general, such behavior can be attributed to
electrochemical processes developing at the polymer/metal interface. Due to the limited
frequency range observable it was not possible to estimate the values of the new equivalent
circuit parameters with confidence. Also, no visual changes were observed through the coating.
Therefore, for the purposes of this study, the time of coating failure was defined as the time at
i:.hich a single R-CPE circuit could no longer be used to model the impedance data.
As expected, the normalized coating capacitance and the resistance exhibited opposite trends.
Due to the extremely large resistivity of the coating, regression estimates of the resistance were
not as accurate as the estimates of the capacitance. Thus, the normalized capacitance gave a
more reliable estimate of the state of the coating.
Table 2 contains a qualitative summary of the effects of some parameters on the test results of
PMDA-ODA coatings. As seen from the table, the use of platinum instead of chromium films
underneath the polyimide, as well as repeated cure under normal curing conditions resulted in
longer time-to-failure. By contrast, the application of a significantly more positive (greater
than OCP + 500 ntV) dc bias during the initial capacitance measurements caused the lifetime of
the coatings to decrease sharply. Finally, dessicator storage affected the initial values of the
normalized resisance and capacitance but had no effect on their long-term trends and on the
time-to-failure.
Most notably from Table 2, all factors causing an increase in the rate of degradation of the
normdlized capacitance also resulted in shorter time-to-failure. Moreover, high initial
capacitance increase rates as measured between 200 and 5000 seconds after immersion correctly
predicted faster !ong-term coaiing deterioration and ultimately shorter failure times.
Therefore, at least in the case of PMDA-ODA, short-term capacitance measurements cý -I be
used to asses5 effects of processing parameters on the coating's lifetime.

Conclusions

In conclusiorn, the feasibility of qualitative life-time prediction for PMDA-ODA coatings from
capacitance measurements during electrolyte absorption has been confirmed by this study. The
procedure seems to be sensitive enough to detect variation in the processing conditions,

(5) CPE = Constant Phase Elenent 7 .
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although additional experiments are necessary to define its precise scope of applications.
Capacitance measurements can provide a tool for the evaluation of corrosion protective and
diffusion properties of organic coatings, as well as for control of the integrity of packaging
materials in the microelectronics industry.
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Table 1. Estimated characteristic times for diffusion of water, Na+ and Cl- ions in PMDA-ODA

coatings (Diffusion coefficients: water 2.0 E-9 cm 2/s; ions 1.0 E-13 cm 2/s).

Time for water Time for Time for ion! Time for
03sting to reach the water to reach the saturation

Thlcknes interface saturation interface with ions

gm) () (s

3 2 I 80 I1 5h 186 days

25 4 5 -0 h 12 9 days

05 006 22 1151 s 124h

0 1 0002 009 46 s 780 s

'• b C 0O 0 02 1 ::
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Table 2. Qualitative summary of results from PMDA-ODA (d=decrease, i=increase).

VW111111WfAL [ Pt DIESSICATOR NOAIM DC 1111S
PAPAWWOS wd7tAo OF wrmmi NOMAL wow ltww

SPE - _ _ __l c

PAAAU1CS I _____ _____

Initial normalized resistance d
(2x larger) (2x l01ro_______

Normalized resistance d 1 0 d
decrease rate- (tl ql)______

Initial normalized cpctne 8eei
Short-term (2(OO~t<5000 s) d 0 d
capacitance increase rate ______

Long-term dt 0 dI
Capacitance increase rate

CPE esponeril decrease rate dt 0 0
Initial open-circ tptntl 0 dt d 0

OCP increase rate dt I d
________________________(till equal)

Days to tailure i0 1 (on Or) dt
I 0 (an Pet)
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Figure 1. Test cell. Figure 2. Open-circuit potentials as a fumnction of exposure time.
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Figure 3 a. Linear plot of the normalized capacitance Figure 3 b. Logarithmic plot of the normalized
(dimensions of dielectric constant) vs time since capacitance for the coating from
immersion. PMDA-ODA on Cr, 2.8 pm thickness.
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With logarithmic trend present: 330 BPDA-PPO, 1.95 micron

BPDA-PPO, 1.95 micron Dw=2.72 E-10 cmA2/s
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Subtraction of the logarithmic trend reveals
the un-Ierlying Ficklen water diffusion process Figure 5. Regression to the capacitance data

330, (logarithmic trend subtracted), using
BPDA-PPD, 1.95 micron equation (3) (BPDA-PPD/Cr, 1.95 jim).
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lying water-diffusion profile (BPDA- Figure 6. Comparison of normalized capacitance
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HFDA-APBP coatings on Cr (Capacitance

at 1000 Hz).
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Abstract

EMI shielding requirements for electronic systems are becoming increasingly demanding
in military and commercial aerospace systems. This has led to increased use of conductive
gaskets, sealants, and coatings ("conductive materials"). Such materials are used to provide a
low impedance interface between mating joints in electronic enclosures and to enhance the
shielding effectiveness of aircraft structures. The conductive materials often incorporate silver,
silver-plated metals, copper, nickel, monel, or other metals. The electronic enclosures and
structural components are typically made from aluminum alloys. When exposed to a corrosive
environment, the conductive material and aluminum enclosure can form a galvanic couple. This
results in corrosion of the aluminum because it is less noble than the conductive interface
material. Depending on the type of conductive material, it too may deteriorate in the corrosive
environment. Shielding effectiveness can degrade because of this conductivity loss or due to the
buildup of non-conductive corrosion products between the conductive material and the mating
flange.

When shielding is required in highly corrosive environments (e.g.. salt spray), interface
design and materials selection assume a high level of importance. Conductive elastomer shielding
gaskets are usually chosen because of their good environmental sealing ability. Conductive
elastomers are made from an elastomer binder filled with small conductive particles or fibers.
These fillers can be silver, silver-plated cores, nickel, or carbon. Laboratory and field data ;gave
shown that the different filler types have a wide range of galvanic compatibility with aluminum in
corrosive environments. The earlier data has been primarily qualitative. This paper describes the
development of a quantitative test for measuring conductive elastomer galvanic compatibililty
(corrosivity) and electrical stability.

All the common conductive elastomer types were tested. There was almost a 200-fold
difference in corrosivity between the least corrosive (silver-plated aluminum filled fluorosilicone)
and the most corrosive (carbon-filled expanded polytetrafluoroethylene) gaskets. Significant
differences were found among the silver-plated fillers depending on the core material. Differences
in corrosivity and electrical stability were found between silver-plated aluminum filled
fluorosilicones from different suppliers. Nickel-filled elastomers were found to be less corrosive
than pure silver-filled elastomers, but were significantly more corrosive than the best silver-plated
aluminum filled materials. Some of the nickel-filled materials were electrically unstable. The
behavior of these systems is explained in terms of their corrosion chemistry.

Introduction

Electromagnetic Interference

Electromagnetic interference (EMI) is caused by the interaction of electromagnetic energy
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with the circuitry of an electronic device. Electromagnetic fields are present in the everyday envi-
ronment due to, for example, radio, TV, and cellular telephone transmissions, and emissions from
personal computers and microwave ovens. In commercial aviation, high power transmitters and
radars generate high electromagnetic field strengths. Military applications produce electromagnetic
fields from these sources at even higher field strengths.

Due to the increasing use of sensitive digital circuits and higher clock speeds, protection
of electronic equipment against EMI is becoming an increasing concern. In the aerospace market,
the use of fly-by-wire aircraft has led to proposed regulations for protection of aircraft against
HIRF (High Intensity Radiated Fields)'. Recent incidents have highlighted the sensitivity of
electronic flight controls to EMI 2.

One method of protecting electronic equipment consists of surrounding the device with
a highly conducting metal enclosure. This "Faraday Cage" stops the penetration of electromagnet-
ic energy. The enclosure is usually fabricated from a metal (such as aluminum, steel, or
magnesium) or a metal-coated plastic. The enclosure can also be formed from part of a larger
structure such as an aircraft skin. This approach is effective for preventing emissions from a
device as well as protecting susceptible equipment from the ambient electromagnetic environ-
ment.

In real enclosures, openings need to be provided for covers, access panels, passage of
signal cables, vents, etc Leakage of electromagnetic energy through these joints causes a
degradation in the shielding effectiveness(") of the enclosure. Leakage occurs because the
mechanical mismatch at these joints increases the contact impedance and creates air gaps
through which electromagnetic energy can penetrate

Conductive Shielding Gaskets

Conductive gaskets improve the shielding effectiveness of a "leaky" enclosure by
decreasing the contact impedance at a mating joint and by filling the gap with a conductive
material. Because they help decrease contact resistance, gaskets are also used to help dissipate
the effects of a lightning strike, in some aircraft applications.

Conductive gaskets are fabricated from several different types of metals and elastomers.
These (composite) materials are chosen for their mechanical properties and low electrical
resistance. Typical metals include silver, silver-plated cores (e.g., copper, aluminum), nickel,
carbon, monel, tin-plated steel, and Be-Cu. Conductive gaskets are available in several forms.
The simplest gaskets are conformable metals such as monel mesh, tin-plated steel spiral, or Be-
Cu "fingers". The metal can be formed around an elastomer core. Another type of gasket uses
metal wires embedded in an elastomer and oriented perpendicular to the mating flange surfaces.
Conductive elastomers are used when high shielding effectiveness and good environmental
sealing ability are needed. They consist of small (o. 30 to 150 pm) metal particles or fibers in
an elastomer matrix.

(1) Shielding effectiveness (SE)= 20*Iog(E/ET) where E, and ET are the incident and transmitted
electromagnetic fields. A higher SE means a greater attenuation of the electromagnetic radiation.
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Corrosion Of Shielded Systems

Electronic systems and aircraft skin can be exposed to corrosive environments. These
corrosive environments can range from mild (humid) to severe (salt spray plus pollutant gases).
When exposed to corrosive environments, corrosion can occur between the conductive gasket
and metal enclosure. A galvanic couple occurs if three conditions are present: electrolyte,
dissimilar metals, and an electronic path. The corrosive environment provides the electrolyte. In
almost all cases, the gasket metal is different from the enclosure metal it mates against.. The
good electronic path between the conductive gasket and enclosure material is required for low
contact impedance and good electromagnetic shielding.

The formation of a galvanic couple results in corrosion of the enclosure material because
it is less noble than the gasket material. However, depending on the type of conductive gasket,
it too may deteriorate in a corrosive environment. Shielding effectiveness can degrade because
of the conductivity loss or due to the buildup of nonconductive corrosion products between the
conductive gasket and the mating flange.

The foregoing discussion points to three aspects of conductive gasket "corrosion
resistance." The primary aspect is the corrosivity of the gasket towards the enclosure (i.e.,
galvanic compatibility). The second aspect is the ability of the conductive gasket to act as an
environmental seal and prevent electrolyte from penetrating between itself and the mating surface.
The third aspect is the ability of the conductive gasket to maintain the shielding integrity of the
enclosure.

Corrosion of the gasket-enclosure system can be minimized by selection of the most
compatible materials good design practices, or optimally both. In a corrosive environment,
conductive elastomers are usually chosen because of their good environmental sealing ability and
high shielding effectiveness. Within the conductive elastomer family several types of filler
materials are available. Selection of the most galvanically compatible filler is one of the keys to
a successful corrosion resistant design.

Corrosion Testing

Previous work to evaluate the corrosion resistance of conductive elastomers has mainly
relied on a visual determination of the corrosivity and sealing ability of the elastomer3

P. These
visual assessments have sometimes been supplemented by pitting depth measurements'.
Sometimes, information is given about the condition (electrical, physical) of the conductive
elastomer. The configuration of the conductive elastomer-flange joint, the exposure times in salt
fog and the orientation of the specimen in the salt fog chamber have varied among the different
investigations. These factors, combined with the qualitative or semi-quantitative nature of the
results, has led to difficulty in comparing the corrosion resistance of different conductive elasto-
mers. Attempts to correlate conductive elastomer corrosivity with the galvanic series have failed
because of the composite nature of the gasket systems.

The objective of our work is to establish methods for the quantitative measurement of
conductive elastomer-flange compatibility. The goal is to establish a series of tests useful to both
the corrosion engineer and the EMC systems engineer. Two test methods were developed. One
test method yields a quantitative scale of conductive elastomer corrosivity and a quantitative
measure of DC electrical degradation of the conductive elastomer. In this method, aluminum was

3368



selected as the flange material becasue of its widespread use in the electronics and aerospace
industry. Aluminum weight loss was selected as a measure of aluminum corrosion, and volume
resistivity of the conductive elastomer was selected as a measure of conductive elastomer
electrical stability. The results of this test method are discussed in detail in this paper.

The second test measures the degradation of shielding effectiveness of a complete
conductive elastomer-flange system. The shielding effectiveness measurements are madt. at radio
and microwave frequencies. Development and results of that test are reported elsewhere 6.

Experimental Methods

Circular die cut samples of the conductive elastomers were compressed against 6061 -T6
aluminum alloy coupons (with a MIL-C-5541, Class 3 conversion coating) using the fixture shown
in Figure 1. The aluminum alloy coupon was weighed and the conductive elastomer thickness and
electrical resistance were determined before assembly, and the initial volume resistivity was
calculated. Each fixture was bolted to a tray held at a 750 angle to the horizontal; this allowed for
solution drainage. The fixtures were exposed to neutral (ASTM Bi 17) salt fog in a Singleton
Model 22 chamber. All samples were exposed for 168 hours.

After exposure, the fixtures were disassembled. The aluminum alloy coupon was cleaned
for 15 minutes in concentrated nitric acid, rinsed, dried for 1 hour at 100'C, allowed to cool in a
desiccator, and then reweighed. Aluminum weight loss (removal) was calculated from the
difference between the initial and final weights. The electrical resistance and the thickness of the
conductive elastomer were redetermined, and the final volume resistivity was calculated.

Details of the dimensions of the test pieces and the equipment used for measuring
7electrical resistance are available .

Results

Elastomers Filled With Silver and Silver-Plated Cores

Figure 2 shows the average weight loss for 6061 -T6 aluminum after contact with silicone
and fluorosilicone elastomers filled with pure silver (Ag), silver-plated copper (Ag-Cu), silver-plated
nickel (Ag-Ni), silver-plated glass (Ag-glass), and silver-plated aluminum (Ag-Al-1). An unfilled
(non-conductive) silicone elastomer is included for comparison. Conductive elastomers containing,
Ag and Ag-Cu fillers are the most corrosive. The Ag-Ni and Ag-glass filled materials are of inter-
mediate corrosivity. The Ag-Al-1 filled material is the least corrosive, but still shows more
corrosion than the non-conductive silicone. The difference in corrosivity between the Ag-Al-I filled
elastomer and the Ag-Ni and Ag-glass filled elastomers is about a factor of 50; the Ag-Al-1 filled
elastomer is about 100 times less corrosive than the Ag and Ag-Cu filled elastomers.

Figure 3 shows the volume resistivity of the conductive elastomers before and after
exposure to 168 hours of ASTM B1 17 salt fog. With the exception of the Ag-Cu filled silicone, all
the conductive elastomers had volume resistivities aftc. salt fog within the MIL-G-83528B limits8 .

The low corrosivity of the Ag-Al-1 filled fluorosilicone material led us to look at Ag-Al filled
fluorosilicones from several different manufacturers Figure 4 shows the corrosivities of the materi-
als. Ag-Al-1 is the least corrosive material (2.2 mg average weight loss). The Ag-AI-2 (3.3 mg),
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Ag-AI-3 (3.7 mg), and Ag-AI-4 (4.6 mg) materials are of intermediate corrosivity, and the Ag-AI-5
and Ag-AI-6 materials are the most corrosive (7.5 and 10.3 mg). The range of corrosivites is
about a factor of five.

Figure 5 shows the average volume resistivity of the elastomers samples before and after
salt fog exposure. The Ag-AI-1, Ag-AI-4, Ag-AI-5, and Ag-AI-6 elastomers underwent little change
in volume resistivity after salt fog exposure. The Ag-AI-3 elastomer showed an increase, but the
final volume resistivity was still well within the initial MIL-G-83528B, Type D specification.

The Ag-AI-2 material had low initial volume resistivity, but the volume resistivity increased
to over 14 mohm-cm after salt fog exposure. Figures 6a and b show the surface of one of the Ag-
Al-1 samples and one of the Ag-AI-2 samples after salt fog exposure. The surface of the Ag-AI-2
elastomer has many blistered areas; blisters were found on all of the Ag-AI-2 samples after salt
fog exposure. The sample had a distorted circular shape. There was no blistering or distortion of
any of the Ag-AI-1 samples.

Elastomers Filled With Nickel, Nickel-Coated Graphite, and Carbon

Figure 7 shows the corrosivity of the nickel and carbon-filled conductive elastomers. The
corrosivity of the Ag-AI-1 conductive elastomer is included for comparative purposes. The nickel
fiber-filled silicone elastomer (NiF) is about 8 times as corrosive as Ag-AI-i. The pure nickel
powder (NiP) and the 80 wt% nickel coated graphite powder-filled fluorosilicone elastomers
(NiGr8O) are about 3 times as corrosive as Ag-AI-I. The 60 wt% nickel coated graphite-filled
fluorosilicone elastomer (NiGr6O) is about 10 times as corrosive as Ag-AI-1. The carbon-
containing expanded polytetrafluoroethylene (C/EPTFE) gasket is about 200 times as corrosive
as Ag-AI-1

Figure 8 shows the volume resistivity of the conductive elastomers measured before and
after salt fog exposure. The volume resistivity of Ag-AI-1, the NiGr6O, and C/EPTFE elastomers
are essentially unchanged. The volume resistivities of NiF, NiP, and NiGr8O elastomers increase
by a factor of 5 to 10 times after salt fog exposure.

Discussion

The corrosivities of the different filler types can be understood by considering the
corrosion reactions taking place. In the presence of air and an electrolyte (in this case a salt solu-
tion), aluminum corrodes by an electrochemical process:

Al ---- > A13+ + 3e (1

The aluminum species can be an oxide or a chloride. The anodic corrosion process is driven by

e"•ctrochemical reduction of oxygen:

02 + 2H20 + 4e ----> 40H (2)

In the absence of a conductive gasket material, aluminum corrosion will occur because Reaction
(2) occurs on one part of the aluminum while Reaction (1) occurs in an adjacent area. When a
dissimilar conductive material is contacted with the aluminum, the rate of Reaction (2) can be
accelerated; this leads to a greater rate of aluminum corrosion (Reaction (1)). This is what
happens when a metal-filled elastomer contacts the aluminum. Reaction (2) occurs at a greater
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rate on the edge of the gasket compared to the aluminum without the gasket present.

Figure 2 shows there is a significant difference observed in corrosivity among the different
silver-plated cores. It is necessary to consider the corrosion properties of the core materials as
well as the silver-plated surface.

The Ag-Cu powder filled material is the most corrosive under these conditions. Copper
corrodes rapidly in a salt fog environment:

Cu + 2CI- ----> CuCI2 + e" (3)

The silver shell around the copper core is porous and the underlying copper can corrode by
Reaction (3). The corrosion of the copper accelerates the corrosion of the aluminum; the CuCI2
produced in Reaction (3) can migrate onto the aluminum surface and redeposit by the reverse
of Reaction (3):

CuCI2 + e ----> Cu + 2C1- (4)

Copper is also a good catalyst for oxygen reduction. These copper rich areas form "mini"
cathodes where Reaction (2) is accelerated. This leads to increased corrosion of the aluminum.

The Ag-glass and Ag-Ni-filled materials are less corrosive than the pure Ag-filled material.
Glass and nickel are "neutral" cores--they neither accelerate or diminish corrosion. Differences
in corrosion rate compared to the pure silver material are due to the lower conductivity of these
materials compared to pure Ag -filled material and the difference in morphology of the particles.

The Ag-Al containing materials are one to two orders of magnitude less corrosive than the
other silver-containing w~aterials. Aluminum is a "sacrificial" core. Reaction (2) drives corrosion
of the aluminum core material which decreases the corrosion of the aluminum flange material.
A key to successful utilization of a Ag-Al material is to balance the sacrificial nature of the
aluminum core against the electrical stability of the conductive elastomer. Figure 5 shows that
the Ag-Al-1 elastomer sucessfully does this; the Ag-Al-1 elastomer retains a volume resistivity
within the maximum specifications, after salt fog exposure.

The instability of the silver-plated aluminum filler particles causes the electrical instability
of the Ag-AI-2 material. The elastomer surface blisters due to corrosion of the particles. Figures
9a and 9b show the Ag-AI-2 filler particles before and after salt fog exposure. Cracking of the
silver plating and particle expansion occurred. Figure 10a shows a higher magnification SEM
photomicrograph of a Ag-AI-2 filler particle in an advanced stage of degradation. Energy
dispersive X-Ray analysis (Figures 1Ob and 1Oc) shows that the silver plating became disbonded
from the core, and large areas of aluminum were exposed.

The corrosivity and electrical stability results for the nickel and nickel coated graphite fillers are
in agreement with previous work on galvanic corrosion. Mansfeld and Kenkel9 studied the galvanic
corrosion of 6061 aluminum coupled to various metals. Nickel accelerated the corrosion rate of
6061 aluminum by a factor of more than 50 times compared to uncoupled aluminum. The results
reported in this paper confirm these literature results and show that nickel is not galvanically
compatible with aluminum.
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The NiGr6O elastomer was more corrosive towards aluminum than the NiGr80 elastomer.
SEM photomicrographs (Figure 1 la and 1 ib) of the two fillers reveals that there is only partial
coverage of the graphite base by nickel for the 60 wt% nickel coated graphite filler, but the 80
wt% nickel coating completely encapsulates the graphite. Graphite is known to be galvanically
incompatible with aluminum. Bellucci'° found graphite fiber composites to be galvanically
incompatible with Al; the corrosion rate of Al was accelerated by an order of magnitude compared
to the uncoupled case. The 60 wt% nickel coated graphite filler is less compatible with aluminum
than the 80 wt% nickel coated graphite filler because of the larger area of graphite exposed, and
the C/EPTFE gasket was found to be extremely corrosive towards aluminum.

The NiF, NiP, and NiGr8O elastomers are electrically unstable in salt fog. Nickel is not a
noble metal and will undergo some corrosion in a salt fog environment. The NiGr6O and C/EPTFE
elastomers were electrically stable.

Conclusions

A quantitative corrosion test has been developed to measure the corrosivity of conductive
elastomer shielding gaskets toward aluminum alloys. This test also measures the electrical
stability of the conductive elastomer.

The results demonstrate that there is a significant difference in corrosivity among the
different filler types. There was almost a 200-fold difference in corrosivity between the least
corrosive (silver-plated aluminum filled fluorosilicone) and the most corrosive (carbon-filled
expanded polytetrafluoroethylene) gaskets. Significant differences were found among the silver-
plated fillers depending on the core. Differences in corrosivity and electrical stability were found
between silver-plated aluminum filled fluorosilicones from different suppliers. Nickel-filled
elastomers were found to be less corrosive than pure silver-filled elastomers, but were
significantly more corrosive than the best silver-plated aluminum filled materials. Some of the
nickel-filled materials were electrically unstable. These results indicate that both the core and the
plating material must be considered when determing galvanic compatibility. A straightfoward
application of the galvanic series is not applicable because of the composite nature of these
materials and the corrosion results reported here should be used in lieu of the standard galvanic
series.
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Abstract

The reliability of electronic components, devices, and assemblies is strongly
influenced by their use environment and, in particular, by the contaminants that are
present. Ionic particles are ubiquitous in the environment. The absorption of moisture
by the particles creates an electrolyte solution that leads to corrosion and, on electronic
devices in the presence of an applied voltage, it results in leakage currents and
electrolytic corrosion. Few studies have been reported on the effect of ionic dust
particles on the corrosion of electronic metals and devices.

Methods are needed to generate and characterize submicron-sized ionic dust particles,
to deposit them on metal coupons or small test substrates, and to evaluate their
interaction with these surfaces at elevated temperatures and relative humidities. We
describe the techniques (a) for generating high concentrations of submicron-sized
particles, (b) for characterizing the composition of these particles, (c) for characterizing
the concentration and size distribution of the particles, and (d) for depositing the particles
onto the substrate metal or device to be studied.

We then describe a fundamental study of the corrosion of copper by subinicron-sized
(NH 4 )2 SO 4 particles at various relative humidities. The results demonstrate that
submicron ammonium sulfate particles, which are a major constituent of urban
atmospheric dust, are an important factor in the formation of patina on copper.

3378



Introduction

Particles are a ubiquitous component of the environments in which we live and work.
The mass concentration of airborne particles in indoor electronic equipment
environments1-3 is frequently in the same range as the concentration of corrosive
inorganic gases, e.g., SO 2 and NO ,.4 Yet research on atmospheric corrosion and on the
degradation of electronic materials and assemblies has frequently been carried out
without considering the potential effects of corrosive, water-soluble, ionic submicron-
sized particles, which constitute the bulk of particulates transferred indoors from the
outdoor environment.

Experience with failures in recent years has demonstrated the importance of particle
effects. The increasing power density brought on by shrinking feature sizes in electronic
devices requires that enhanced cooling be provided to equipment cabinets. This cooling
is frequently accomplished using forced-air. As air velocity across surfaces increases,
particle deposition velocity also increases.

An important characteristic of ionic particles with respect to reliability of electronics
is their critical relative humidity (CRH). The CRHs at room temperature of some major
constituents of urban environments are: NH 4 HSO 4 - approximately 40%;
(NH 4 ) 2 SO 4 - 80%; NH4 NO3 - 61%.5-8 In contrast, the effective CRH for most
clean metal surfaces, as originally described by Vernon, 9 is 70-80%. Ionic compounds
dissolved in adsorbed water increase the conductivity of the water film. This leads to
corrosion of metals and, on devices with an applied voltage, to leakage currents between
metal conductors across the surface of insulating substrates and electrolytic corrosion.

We present here an overview of oui research involving submicron-sized salt
particles.10'11 The ability to generate and characterize submicron-sized particles
representative of atmospheric pollutants, e.g., (NH 4 )2 S0 4 , and to deposit them on metal
coupons or small test substrates is essential for conducting laboratory studies. Methods
that have been developed for these processes are described. Then, results from an on-
going investigation of the effect of (NH 4 )2 SO 4 particles on the corrosion of copper are
presented. The results clearly demonstrate that ammonium sulfate particles are an
important factor in the formation of patina on copper.

Generation, Characterization, and Deposition of Submicron Salt Particles

Fundamental studies of the role of particles in corrosion processes are rare. We are
conducting such studies under well-defined conditions of particle composition, purity,
and size distribution. Stringent care has been taken to exclude all other contaminants or,
when this is not feasible, to rigorously identify all contaminants and measure their
concentrations. Techniques have been developed to (1) generate submicron-sized salt
particles, (2) characterize their size distribution and concentration in the carrier gas, (3)
determine the concentration and size distribution of any impurity particles that may be
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present in the stream of salt particles, and (4) deposit the salt part'lAes on the surface to
be studied.

Particle Generation

Particles are generated10 '11 at a constant rate from a salt solution by means of an
atomizer that is fed by a mechanically driven syringe pump. The aerosol droplets are
dried by a stream of hot nitrogen. Residual moisture is removed in a diffusion dryer.
Any electrical charge on the particles is neutralized by a Kr-85 aerosol charge neutralizer,
which brings the particles to a Boltzmann equilibrium.

Particle Characterization

Particle size distribution and concentration are characterized 10 by laser light
scattering: All particles >0.014 gIm were counted with a condensation nucleus counter,
while all particles >0.2 gim were sized and counted with laser particle counters that
cover various size ranges; also particles from 0.09 to 3 g.m were sized and counted with
a laser aerosol spectrometer that resolves and counts particles in sixteen size channels.
X-ray diffraction (XRD), Auger electron spectroscopy (AES), scanning electron
microscopy (SEM), energy dispersive X-ray elemental analysis (EDX), and optical
microscopy were used for characterizing the particles and their interactions with surfaces.

Impurity Characterization

Residual particles in the high-purity N 2, which atomize., '-e solution and dries the
aerosol, were characterized by laser light scattering as describeci :hove. Over a seven
hour period, 221 measurements were recorded of which 196 were zero. 12 The counts that
were recorded averaged 60 particles/m 3 . The resistivity of the water used to make the
salt solutions was >16 Mohm. The concentration of residual particles >0.05 g.m in the
water, as measured with a liquid particle sensor, was negligibly small, especially when
compared to the concentration of particles generated from dissolved matter when the
water was atomized. 12 The concentration of residual dissolved matter and fine
(<0.05 jiLm) particle contamination in the water ranged from 2 x 10-9 to
8 x 10-8 g/cm 3 , as determined with a TOC (total organic carbon) analyzer and from the
concentration and size distribution of particles generated by atomization of the water. It
should be noted that the number of particles formed by the atomization process is
independent of the concentration of contaminants; however, the size of the particles
changes as the one-third power of the concentration.
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Particle Deposition

(NH 4 )2 SO 4 particles, 0.01 to 1 gm in diameter, were generated with a total
concentration of 109 /m 3 of N 2. Particles this small have little inertia and tend to follow
the flow of the gas stream around solids. Consequently, deposition of particles from the
gas stream is extremely slow and inefficient. To accelerate deposition, two methods have
been used. The first method is thermophoretic deposition. The stream emerging from
the particle generation system is heated, e.g., to 80'C, and the laminar flow emanating
from the deposition apparatus is disturbed by the introduction of many protrusions into
the stream's path. Since particles are thermophoretically attracted to a colder surface,
deposition takes place on copper cooled to 0°C. This technique gives a uniform deposit
over a large area but does not separate particles by size. The second method is deposition
by cascade impaction.13-15 The impactor used in this study separates the particles into
four size fractions, the smallest being 0.05-0.15 gm, and the largest being > 1.5 gm.
Impaction gives a nonuniform deposit of particles, with the deposit pattern being a
function of the impactor design.

Effect of Submicron-sized (NH 4 ) 2 SO 4 Particles on the Corrosion of Cu

The effect of (NH 4 ) 2 S04 particles ('< 1 p.m in diameter) on the corrosion of copper
is being investigated in air at 100°C and relative humidities of 65, 75, and 88%.11 The
CRH for (NH 4 ) 2 SO 4 is 75% at 100°C. Particle deposition was by cascade impaction.
Two size fractions were studied: 0.5- 1.5 g.m and 0.05 -0.15 gm. No effect of particle
size was observed. The oxidation time for all experiments was 120 hours.

Corrosion below the critical relative humidity (65% RH)

The presence of (NH 4 ) 2 S04 particles on the copper has little effect on its corrosion.
The original salt pattern is still observed by eye and in the SEM after 5 days at 100°C.
XRD shows no change in the composition of the salt. The only corrosion product is
Cu 2 0. The oxide thickness is the same on copper with the particles as on a control
coupon. The oxide grows by a solid-state process.

Corrosion at the critical relative humidity (75% RH)

With moderate amounts (10-400 gg/cm2 ) of (NH 4 )2 SO4 , the areas initially
covered by particles are still clearly defined after oxidation. But, the particles are not
present. Instead a bluish-green corrosion product, identified by XRD as brochantite,
Cu 4 (SO 4 )(OH) 6 , has formed. Brochantite is a common component of copper patina.
In areas that had not been covered by ammonium sulfate, a film of Cu 2 0, the same
thickness as on the control, is observed. With less than 10 p.g/cm 2 of (NH 4 ) 2 SO 4 ,

little corrosion product is visible; only in the vicinity of the originally deposited salt
particles are the interference colors different from the control. With more than
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ca. 400 g.g/cm 2 of (NH 4 ) 2 SO 4 , the corrosion product is so voluminous that the
original pattern of the salt deposit is not visible. The corrosion product in this case is
antlerite, Cu 3 (SO 4 )(OH) 4 , another common component of copper patina. At 75% RH,
the salt particles absorb sufficient water to form a saturated electrolyte that reacts with
the copper. However, the amount absorbed is not sufficient for the solution to spread
beyond the region of the initial salt deposits. Consequently, the reaction between
electrolyte and copper is localized, as are the corrosion products. The corrosion
mechanism is discussed below.

Corrosion above the critical relative humidity (88% RH)

The same results are observed for all experiments independent of the amount of
(NH 4 )2SO 4 deposited. A dark gray, dense, crystalline layer of corrosion product,
which is several microns in thickness and has been identified by XRD as Cu 2 0, covers
the entire surface, only a fraction of which initially was coated with (NH 4 )2 SO4 . By
contrast, the oxide film on the control exhibits interference colors, indicative of a much
thinner film. A dark green crystalline corrosion product is scattered randomly over the
oxide layer at sites that are not related to the sites of salt deposition. These crystallites
have been identified by XRD as antlerite, Cu 3 (SO 4 )(OH) 4 . In addition to the thick
oxide layer that covers the whole surface, localized pitting is seen in metallographic cross
section. The pits are filled with Cu2 0.

Sufficient water is absorbed at 88% RH to form a solution of (NH 4 )2 SO4 that
covers the entire copper surface. Since the oxide is too thick to have been formed by a
solid-state process at 100'C, sufficient copper must corrode at this RH to cause
precipitation of both the oxide and antlerite from the electrolyte solution.

Corrosion mechanism for RH >75 %

The proposed corrosion mechanism for RH _>75% is as follows:11 At the CRH,
(NH 4 )2 SO 4 absorbs water to form a saturated solution, 3.8 mol (NH4 )2 SO 4 in 1000 g
solution. 16 At 88%, sufficient water is absorbed at equilibrium to dissolve all the salt and
form a solution that contains 2.5 mol (NH 4 ) 2 SO4 in 1000 g solution. 17

Under all conditions, Cu 2 0 forms. Most likely, NH 3 , in equilibrium with NH4',
reacts with Cu to form Cu(NH 3 )2. Under the given experimental conditions, the
cuprous ammonia complex is more stable than any of the cupric ammonia complexes.
The complex then reacts with H 2 0 to precipitate Cu 2 0

2Cu(NH 3 )4 + H 2 0 -- Cu 2 0 + 2H+ + 4NH 3. (1)
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This reaction, as well as the dissociation of NH+ to form NH 3 and H+, leads to a
decrease in pH. At the same time, the excess NH 3 slowly evaporates.

In acidic SOM solution, Cu÷ disproportionates to Cu2+ and Cu'. Also, the cuprous
ammonia complex is oxidized by 02 in the air to a cupric ammonia complex. With
decreasing NI1 3 due to its evaporation, the electrolyte solution contains mainly acidic
CuSO 4 , which has a CRH of 94% at 100*C. Consequently, at 75% and 88% RH H 2 0
will evaporate from a CuSO 4 solution. When the solubility product of brochantite or
antlerite is exceeded, precipitation occurs. Brochantite is stable over the pH range 3.5-
6.5, while antlerite is stable over the pH range 2.8-3.5.18 (1) At 88% RH, sufficient Cu 2 0
is formed by Reaction 1 to lower the pH into the stability range for antlerite. At 75%
RH, a sufficient amount of Cu 2 0 to lower the pH into stability range for antlerite will
form only when more than 400 jgtg/cm 2 of (NH 4 ) 2 SO 4 is on copper. For lesser
quantities, the formation of Cu 2 0 is only sufficient to lower the pH into the stability
range of brochantite.

Summary

After noting the importance of particulate contamination to the corrosion and
reliability of electronic materials and devices, recently developed techniques to aid in the
study of these effects were described. Results were presented from a study of the effect
of submicron sizoJ (NH4)2SO 4 particles un the corrosion of copper at 100'C and
relative humidities of 65%, 75%, and 88%. A mechanism that accounts for the formation
of Cu 2 0, antlerite, and brochantite under the different experimental conditions was
described.

Lastly, it is noted that both antlerite and brochantite are found in the naturally formed
patina on copper. The present work clearly demonstrates that ammonium sulfate
particles, which are a major constituent of urban dust, are an important factor in the
formation of patina on copper.

(1) This stability range is at 20'C. The range at 100°C is not known.
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ACCELERATED GASEOUS CORROSION TESTING
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ABSTRACT

Multiple, low level, pollutant gas corrosion testing is fraught with difficulties, each
of which has a unique solution. Challenges include depleted pollutants, air velocity
control, system spatial uniformity, in situ dynamic corrosion monitoring, and
system reproducibility. ASTM Committee B04.07 has written five standards to
calibrate, monitor, and control flowing mixed gas chambers. These are standards
on using mass gain to calibrate a chamber; using quartz crystal microbalances and
electronic resistance monitors for dynamic, in situ monitoring; coulometric
reduction of exposed metal coupons for corrosion product analysis at the end of
the exposure; and a complete procedure fo; the actual exposure from startup to
shutdown. Funding is being obtained to introduce these techniques to selected
laboratories where there is interest in learning all the details of the technique or
interest in participating in an inter-laboratory study. This paper describes usage of
the standards and solicits additional laboratories to participate in the study.

I. Introduction

Virtually all surfaces corrode over time; the rate of corrosion depending on the
material surface and the nature of the corrodant. For electronic equipment the
corrodant is usually in the form of a gaseous pollutant, e.g., hydrogen sulfide,
nitrogen dioxide, etc., although some of the materials used in manufacture can also
leave behind a corrodant, e.g., soldering flux. All materials and components used
in electronics are subject to corrosion, but the electrical contacts are most
vulnerable for two reasons. They are not sealed from the atmosphere with a
corrosion inhibiting material, and minute amounts of foreign, non conducting
materials on the contact surface are sufficient to increase the junction contact
resistance. Even with electroplated noble metal surfaces, the small pores which
may be present in the surface coating can be the source of base metal corrosion
and the cause of increased contact resistance.

Corrosive gas testing standards have been used for decadesP1) to evaluate the
susceptibility of electronics to corrosion failure mechanisms. This initial standard[1'
used only the single pollutant gas, sulfur dioxide, at a level of 25,000 ±- 5,000
parts per billion (ppb). That corrosion test does not simulate the typical
environment that electronic equipment is usually exposed to and the IEC has
developed additional standards with two gases and lower concentrations.[2]
Although specific pollutants vary by location, time of day, time of year, and their
concentrations vary on a continuous scale; an extensive study by Abbott131 has
suggested that a simplified, limited set of tests of selected pollutant levels could
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approximate many of the conditions. He approximated the corrosive environment
into four classes of common pollutants occurring together at selected
concentrations. The classes, pollutants and concentrations are listed in Table I.
Other pollutants and conditions are also known to affect the type and rate of
corrosion; however, to keep the tests less complex only three pollutant gases were
specified. A review of mixed flowing gas (MFG) testing and an extensive
bibliography has recently been completed by the ASTM[41 .

Due to the difficulty of measuring and controlling low concentrations of pollutant
gases and the many other variables present in such a test, interlaboratory studies
produced corrosion results with a mass gain and/or corrosion film thickness varying
by a factor of 2-3. This paper discusses a new series of ASTM standards that are
designed to avoid exposure and testing pitfalls and to reduce test variations.
Several of these standards provide corrosion monitoring techniques, both in situ15 ,
,[6] and on a time integrated bias.[ 71 ,18] A parent standard19] specifies how known
corrosion testing variables are to be handled and the sequence of events required
to conduct the exposure.

II. Corrosion Variables and Test Chamber

11.1 Selected Variables.

It is well known that a number of variables affect the rate of corrosion. These
variables include corrodant chemical species and concentration, synergistic effects
between species, relative humidity, temperature, transport of the corrodant to the
test surface, and test surface (chemical/elemental) species and surface morphology.
Major known variables, their tolerances, and interferences are listed in Table II for
topics discussed in ASTM B 82719].

Test temperature is easiest to control if the required temperature is above the
laboratory temperature. Since these tests are an acceleration of corrosion rate,
there seldom is a reason to choose a test temperature at or below laboratory
temperature. Typically a five degree difference between test and laboratory is
sufficient unless the apparatus being tested is in the operating mode and is
producing more heat than is necessary to heat the exchanged air.

Corrosion rate and the thickness of the adsorbed water film increases nonlinearly
with increasing relative humidity. Adsorbed water film thickness in angstroms
versus the atmospheric dew point in *C is shown1°]0 in Figure 1 for an atmosphere
temperature of 30 *C. Relative humidity control is best achieved by continuous
introduction of moisture and by employing monitors that have a minimum
susceptibility to corrosion, e.g., platinum mirror dew point meters.

House compressed air is usually unacceptable as the air source unless a method to
remove moisture, oils, particulates, and air pollutants is also used. These
impurities must be reduced to well below the level desired in the test exposure and
then, as desired, some contaminant can be added back into the atmosphere with
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proper control.

Local air velocity and total system air exchange rate are critical factors in the
corrosion process; both variables help determine the rate at which a pollutant
species can be delivered to a test surface. In ASTM B 827M9] the velocity is left to
the discreation of the vendor-tester-purchaser relationship. Exchange rate is
divided into two categories; Method HX, the high exchange rate, typically has
greater than 60 exchanges per hour and Method LX, the low exchange rate,
typically operates with 5 to 15 exchanges per hour. Due to the strong influence of
these variables on the corrosion rate, multiple system test operation experience
may show that these components of the Standard need revision in the future.

11.2 Test Chamber Considerations.

A typical chamber and associated equipment is shown in Figure 2.[11] The example
utilizes three pollutant gases, but any number could be used, depending on the test
requirements. All of the components that are in contact with the test atmosphere,
i.e., gas delivery system, chamber walls, and gas monitoring systems, must be
made of non-reactive and low-adsorbing materials. Clearly, non-reactive system
materials are needed to avoid depletions and minimize transients in the pollutant
gas concentrations. Low-adsorption is required to reduce the history effects of
adsorbed gases when changing pollutant gases or concentrations. Materials known
to be acceptable include glasses, fluorocarbon resin based materials, and acrylic
based plastic resin materials.

Although electronic equipment placed in forced air cooled equipment racks will
show substantially more dirt and corrosion on the materials closest to the fans, all
of the equipment is typically manufactured to the same specifications. Therefore,
to achieve uniform testing, gas flow through the test chamber and around the test
specimens must be uniform to assure similar fluxes of pollutant gases to each test
surface. Point sources/sinks of the chamber atmosphere supply/exhaust make
spatial uniformity difficult. They cause "hot spots" or "dead volumes" in the
chamber, i.e.,nonuniform exposure conditions over a test sample, and may not
reflect the exposure environment found in real applications. This difficulty can be
overcome by using distributed gas input/exhaust systems. An example of a
distributed input/exhaust using a combination of both perforated tubing and a
perforated baffle is illustrated in Figure 3.[111 Utilization of fans within the working
volume of a corrosion chamber can introduce a local "hot spot" where the exit
stream of the fan impinges on test samples. Insertion of baffles around the fan
exhaust can reduce the "hot spot" problem; however, chambers with in-chamber
fans are not likely to meet the uniformity requirements of ASTM B 810[7].

H1.3 Pollutant and Corrosivity Monitors.

11.3.1 Pollutant Monitors. Several manufacturers sell specific gas pollutant
monitors that are capable of measuring pollutant levels at the few ppb level. In
general, those monitors that operate on detecting a specific characteristic of the
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molecule being measured, e.g., chemiluminescence of ozone and NO, are more
stable and have less interferences than those that simply measure a parameter of a
class of molecules and extrapolate the results to a single pollutant species.
Monitors which operate on a class of pollutants, e.g., electron transfer of detected
halogenated species, are subject to positive interference by other similar gases and
negative interference by reducing species. Chlorine concentration is difficult to
measure due to these interferences. At present, commercial instruments for
measuring chlorine (ppb) are only effective, under the best of conditions, at the
beginning or end of at MFG test when all the other pollutant gases have been
removed. Those monitors which have obtained EPA certification are typically
more stable than uncertified instruments.

11.3.2 In Situ Corrosivity Monitors. Four standards 51 ,'[7]'[8]'[6] are available to
monitor the corrosivity of a test. The method based on mass gain of a quartz
crystal microbalance (QCM) and the method based on the resistance change of a
thin metal wire can be used in situ and provide dynamic, real time corrosion
results. Both types of sensors can be made with the metal of interest in the
corrosion study. For example, if copper corrosion were of interest then the
electrodes on the QCM would be made of copper. As the copper oxidizes or
forms other compounds, the mass of the electrode increases and the resonant
frequency of the QCM decreases; the frequency change of the crystal is the
parameter that is measured. A plot of mass gain by QCMs with copper electrodes
versus time in a MFG test chamber is shown in Figure 4.[11 This figure is
discussed further in the following section. The composition of the mass gain, e.g.,
oxides, chlorides, sulfides, nitrides, etc., must be determined by other analytic
techniques.

11.3.3 Integrating Corrosivity Monitors. Two integrating technique
standards[6],'[7 utilize metal coupons for the monitoring. They are based on either
mass gain[7] of the coupon or on coulometric reduction[6i of the corrosion film after
exposure. Mass gain data for three different metal coupons exposed to a ten day
test at 30 *C, 70 % relative humidity, 10 ppb H 2 S, 10 ppb Cl 2 , 200 ppb NO 2 , and
200 ppb SO 2 are shown in Table III. These data show the uniformity of the
chamber, since the coupons of different metals were hung periodically around the
chamber. The data also show the different responses of the three metals to the
same pollutant conditions, as expected.

IV. Test Chamber Operation

IV.1 Start-up/Shut-down

It is desirable to minimize the concentration transients that occur when an exposure
is started or stopped. These occur when changing the pollutant flow, opening and
closing the chamber, or loading the test samples (usually containing reactive
surfaces) into the chamber. To minimize these transients, trial samples should be
used to determine approximately what pollutant flow rates are needed to achieve
the specified pollutant concentration. As mentioned in Section 11.3.1, the chlorine
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concentration must be determined prior to introduction of other interfering gases.
This should also be checked again at the end of the exposure after other interfering
gases have been removed. Once approximate flows have been determined on trial
samples, correct flows can be fine tuned on the actual test specimens without
encountering excessive transients.

IV.2 Chamber Sampling

In addition to avoiding transients, atmospheric composition in the chamber must be
uniform, that is, upstream/downstream differences in pollutant concentration must
be held to < 15 % as per ASTM B 827, Section 7.3.[91 Excessive loading or an
insufficient number of air exchanges per hour can cause this condition to be
violated, as discussed in the next section. To verify an acceptable concentration
gradient across the working volume of the accelerated atmospheric corrosion
chamber (AACC), pollutant gas monitoring should be performed both upstream
and downstream of the working volume.

IV.3 Chamber Loading

Assume that a MFG test exposure requires a chlorine concentration of 10 ppb in
the chamber atmosphere. If the exchange rate and air flow through the chamber
are low, the insertion of one circuit pack with exposed metal surfaces may require
that the input gas stream contain 15 ppb to maintain 10 ppb of chlorine in the
chamber. Placement of a second pack in the chamber may require the input
stream to contain 20 ppb of chlorine to maintain 10 ppb in the chamber. (The
circuit pack above is figurative and could as well be 10 connectors and 20
connectors as an example.) This loading/flow problem causes severe discrepancies
in the results of product exposure. The sample product near the inlet will be
exposed to a concentration of 20 ppb Cl 2 whereas the product near the exhaust will
only be exposed to 10 ppb. A factor of two in exposure servity is clearly outside
of the ASTM B 827, Section 7.319l requirement of ± 15 % across the chamber
working volume.

An example will illustrate how the above problem can occur. Assume a 100 liter
chamber (= 4 ft 3) with 10 air exchanges per hour; this corresponds to 1000 liter of
new air per hour. If the concentration of Cl 2 were 10 ppb in the new air, then
2.5 x 1017 C12 molecules/hr would be introduced into the chamber. The mass of the
corrosion film growing on the copper and zinc coupons listed in Table III
corresponds to 7.5 X 10-6 grams/hour per coupon. If only 10 % of this film is
chlorine it corresponds to 1.3 x 1016 chlorine atoms per hour on each coupon.
Thus the placement of only 10 coupons would reduce the available gaseous Cl 2 by
50 % and cause nonuniform exposure across some sample surfaces. Thus, the air
exchange rate of 10 times per hour in this example is unable to meet the
calibration requirements of ASTM B 827J91 If the exchange rate were increased to
60 exchanges per hour, then only 14 % of the available Cl 2 would be used with the
above assumptions.
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IV.4 Chamber Load Spacing

Figure 4 demonstrates that when one sample is placed directly upstream of a
second sample, the second sample can have substantially reduced corrosion rates.
Relative thickness of copper corrosion is plotted versus sample time in a three
pollutant gas atmosphere. The four samples (curves 1 - 4) were placed uniformly
around the corrosion chamber. After two hours a grid of five OFHC copper
sheets, with at total surface area of 60 cm 2 and a footprint of 6.5 cm 2 was placed
0.5 cm above the copper sample labeled 1. At that time the corrosion rate of the
copper I sample decreased and only increased after the grid was removed after 18
hours. Nonuniform corrosion rates can also be observed on one long sample,
whose long axis is parallel to the air flow, rather than several short samples.)
Samples should be placed side by side rather than upstream and downstream of
each other. Preliminary measurements indicated that a spacing of 5 cm between
test samples and between test samples and the chamber wall is sufficient to avoid
the problem of one sample gettering an adjacent sample's pollutant gases if the air
velocity and exchange rates are at least as great as specified in ASTM B 827J9]

V. Interlaboratory Study

Additional interlaboratory studies are needed to verify that various test facilities
can reproducibly and accurately conduct MFG tests at low concentration levels of
pollutants. ASTM Subcommittee B 04.07, Electrical Contact Test Methods, is
currently writing a proposal that is expected to be funded by the Institute of
Standards Research (ISR) and participating laboratories. The ISR funding will
cover the cost associated with the coupon samples, sample corrosion film analysis,
corrosivity monitoring instruments, corrosivity monitoring devices, and other direct
costs. Participating laboratories will fund chamber operating costs. Coupons and
other types of samples of five metallic elements will be exposed and the resulting
surface films will be analyzed by several different techniques. Participating
laboratories are expected to provide the expertise needed to operate an AACC to a
set of specified conditions. Each participating laboratory will be instructed and
assisted in performing the exposure. For further information on how to participate
in this study, please contact the author at (908)758-3185. A short course on MFG
testing will be given at the Fall Meeting of the Electrochemical Society in New
Orleans on October 24, 1993.

VI. Conclusions

Some of the pitfalls and difficulties that cam produce erroneous results in low
pollutant concentration level corrosive gas testing have been discussed. Solutions
to these potential difficulties are also discussed. In general, if one adheres to the
recently published series of ASTM standards on flowing mixed gas testing,
reproducible results can be obtained. This will facilitate interlaboratory
comparisons of test results.
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Table I. Pollutants and their concentrations used in the Battelle
Classes and the corrosion mechanism expected.

Battelle Pollutant Concentration Corrosion
Class* Gas (ppb) Mechanism
Class I H 2 S - none

C12  - visible
NO - 1

Class 11 H2 S 10 pore
C12  10

NO2 200
Class III H2S 100 pore

C12  20 and
NO2 200 creep I

Class IV H2S 200 creep
C12 50

NO2 200
* Temperature and Relative Humidity are also specified.
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Table II. Test Variables, Tolerances, and Interferences.*

Variable Tolerance Interference

Temperature - 0.5 °C Internal hot spots

Relative Humidity 1% Detector corrosion
Hot spots

Moisture Source ASTM D 1193 Chlorine
Type I or better Hardness

Chamber < 5 ppb Humidity
Atmosphere Total Pollutant gases

Impurities Particulates

Pollutant - 15 % or System Adsorption
Gases - 3 ppb Carrier Gas Impurities

whichever Synergistic Effects
larger Monitor Interferences

System Leaks
System History

Pollutant EPA Other Gases
Monitors Limits

Pollutant ± 15 % System Overload
Gradient Low Exchange Rate

Air Velocity ± 20 % Turbulence
Laminar Flow Shielding

System Low or High System Leaks
Exchange Rate

Corrosivity Multiple Monitors Cleaning

As Specified Surface Morphology
Physical position

Test Duration - 2 % or Work Schedules
±2 hours Holidays

Test Interruptions < 5 % Supply Replenishment
Test Sample Measurement

Startup and Shutdown
Samples Chemical

Cleaning

Structure
* Detector calibration is not an interference although it is a common

problem with all the variables and monitors.

3392



Table III. Weight gain (i'g) of nickel, copper, and zinc coupons with
10 cm 2 of surface area after ten days In a four gas test.

Copper Nickel Zinc

1830 2740 1790
1830 2760 1830
1880 3390 1700
1740 2120
1790 1660

Average 1813 2965 1820
Range ±4.2 % t7.6 % ±9.0 %
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Figure 1. Adsorbed water film thickness versus the dew point of a 30 °C
ambient on quartz crystals with copper electrodes.

3393



"VEN 1CHAMBER INPUT & EXHAUST GASES
ACCELERATED x 12" x 12" ARE DISTRIBUTED OR REMOVED
CORROSION 70% RH, OVER ENTIRE TOP & BOTTOM
CHAMBER 30oC. PLANES Or CHAMBER. RESPECTIVELY

10 ppb HS, C••, BY PERFORATED TUBING.

ELECTRONIC I4 HEAD OUART
FLOW METER CRYSTAL THIN -.

NO, " FILM GROWTH
SCOMONITOR

PERMEATION
'E.F.M. HS "TUBE CONC.

STD.

E.F.M DRYNO,, C 1, 14,5E.F.M. WET - 1 NO, / -NO _

C ZEROOPTRITRAIR I C? oR " •
SOURCE MNO

OVEN H,$
TEMPERATURE 111 MONITOR -- I

SENSOR,
CONTROL., l ' R

POWER MNIO "

SCOMPUTER INTERFACE

m--, ELECTRICAL SIGNALS
GASF LOW

Figure 2. Schematic of a typical accelerated atmospheric corrosion chamber
and associated equipment. The chamber size; corrosion conditions; and the
number and type of pollutant sources can all be adapted to the specific test
criteria.
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Figure 3. An example of a distributed input and exhaust system for a mixed
flowing gas chamber.
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Figure 4. The relative thickness of copper electrodes on quartz crystals
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Abstract

Various possibilities of presenting, formulating and modeling corrosion knowledge to form a basis for
expert systems are described and discussed. The main emphasis is put on semi-empirical models to
completely cover the effects of all reasonable combinations of the variables considered. Also, various
factors to be taken into account in the displays (queries, conclusions or information) presented to the
users of the systems are discussed. The corrosion systems considered include stainless steels in aqueous
solutions, various bimetallic combinations in contact with aqueous soluwions and atmospheric exposure
of metals and coatings.

Key terms: Expert system, corrosion, modeling.

Introduction

It is a common belief that to be useful expert systems on corrosion related problems must have access
to large data bases containing reliably documented corrosion data. This is, however, not correct. For
practical purposes, the information required from experts - or expert systems - is not data points
from corrosion tables, but a somehow quantified indication whether harmful attack can be expected in a
given application.

The corrosion resistance of a metal or alloy is not a simple material property that could be expressed as
a single figure. Corrosion tables or equivalent data bases usually contain a limited number of data
points for strictly defined environmental conditions. Data points corresponding to different values of a
variable can be used to make conclusions applicable to a range of values for that variable.

For practical problems, however, factors not covered or not quantitatively treated by the data source
may play a decisive role. A reliable estimation of the effects of such factors requires expertise in the
field, i.e. a corrosion expert. The expert will make his or her decision on the basis of his experience,
and possibly intuition, in a way that the result is consistent with the data available. This will result,
hopefully, in a quantified estimate whether the solution under consideration is acceptable. A real expert
should be able to give a useful answer for any relevant combination of the affecting variables, not only
those found in databases or other comparable sources.

The expectations put on cxpert systems on corrosion are often unrealistic. e.g. quantitative estimates for
corrosion rates or lifetimes. Truly quantitative dependencies arc available for special cases only - and
arc normally not even needed. This is especially true for the localized modes of corrosion.
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In estimating the possibility of corrosion attack, the information wanted usually is a "probability" of
harmful attack to occur. In material selection problems, the question is whether a material will be
"acceptable" for a given application. Also, a quantitative comparison of various alternatives may be
desired. This may be accomplished by evaluating aspects of the "suitability" of the materials for the
application and providing each material with a final "score", a number that can be used for comparison.

Some of the principles presented in this paper have been applied in expert system modules described in
previous papers"4 .

Corrosion Probabilities

Use of Transition Zones

When presenting corrosion related data, categories or regions with sharp boundaries are often used to
characterize the effects of individual variables. This approach has its merits in presenting data in a
compact form, like tables or figures. On the other hand, there is a disadvantage of having
discontinuities at the border lines. This may lead to a critical difference in the results for combinations
of variables close to each other, but separated by the border line.

If a solution is sought for a fixed combination of the values of the affecting factors, there may be no
need to simultaneously see the solutions for other combinations. A single number or some other
appropriate expression is all that is needed. This allows the use of calculations or approximations that
result in continuous changes in the values of the property under consideration, rather than in categories
with discontinuities at their boundaries.

Calculations resulting in continuous transition zones from "acceptable" to "unacceptable" solutions can
easily be included in expert systems. Most corrosion experts probably apply the concept of such
transition zones when making their recommendations - possibly without realizing it themselves and
presumably without having fixed models for the calculations.

The main obstacle in trying to quantify the combined effect of individual variables and using transition
zones is simply the lack of reliable documented data. A formulation of adequate models for calculation
is a real challenge for a corrosion specialist. It requires a deep insight into the effects of various factors
and a capability of identifying their relative significance. In most cases no absolute laws need to be
determined, satisfactory empirical relations over limited ranges of values are sufficient.

Pitting of Stainless Steels

For chloride induced pitting of stainless steels, the basic variables are the chloride content of the
solution and the temperature. When the temperature is increased, the minimum ("critical") chloride
content required for pitting decreases. There may also exist a minimum temperature below which a
given steel will not pit at any chloride concentration. Both the critical chloride content at a given
temperature and the minimum temperature for pitting depend on the composition of the steel.

For a given steel, the critical chloride content for pitting at a given temperature may further depend on
various factors, such as the presence or absence of oxidizing agents, the presence and amount of anions
other than chloride, the pH of the solution, the flow rate of the solution, the possibility of formation of
deposits on the steel surface, and the pretreatment of the steel surface.
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In the following, an example is given how the effects of the various factors may be treated in a
compact and systematic way. The default state may be chosen to be a neutral stagnant solution, with no
other anions than chloride, dissolved oxygen as the sole oxidizing agent, and no deposits on the surface.

To start with, a simple equation relating the critical chloride content to the temperature could be a
hyperbola

a
T - + d (1)

C

where T is the temperature, C is the chloride content, and a and d are constants. This equation fulfills
the basic requirements: the temperature increases sharply when the chloride content approaches zero,
and the chloride content increases sharply when the temperature decreases towards the value d. The
shape of the curve may be adjusted more freely if a few more parameters are added:

a
T -k '(C - b)n + d (2)(C - b)'

The constant b shifts the curve "horizontally" without changing its shape, the constant k allows a
decrease of temperature below value d at increasing values of C, the constant n adjusts the "sharpness
of bending" of the curve and the constant m determines its shape at high values of C.

Keeping in mind that the equation is used over limited ranges of T and C only, almost any reasonable
empirical or deduced dependence between the critical chloride content and the temperature can be
approximated, Figure 1. The values of the parameters a, b, k, d, n and m are specific for each steel and
can be stored in a data base to be used for calculations by the expert system.

In the expert system, one may prefer to work with critical chloride contents at given temperatures. Even
if the value of C at a given T is not easily solved in a closed form from equations like Equation (2), in
an expert system it may be no problem to add an iterative loop to perform the calculation.

To include the effects of the other factors, the value of the critical chloride content "Cl" calculated
from Equation (2) can be be modified to an "effective" critical chloride content ClE in the case under
consideration. The most straightforward way is to multiply or divide the value by appropriate numbers.
These numbers may be or include parameters specific for each steel and may be a function of the
temperature.

At this stage, a new question anses. The information for the evaluation of the values of these variables
must be received from the user of the system. While the user should be able to provide values or
estimates for the maximum temperature, the chloride content or the pH of the solution, it may not be
reasonable to ask for numeric values for some other variables, like the oxidizing power of the
environment or even the flow rate. Nevertheless, it is advisable to include a mechanism to treat also the
effects of such factors on the basis of a continuous range concept. In the queries to the user, categories
may still be used. For example, the flow rate may be characterized as "low", "intermediate" or "high"
and the system may assign each of these a default value of the flow rate. An option may be provided to
the user to give a definite value if it is known or can be estimated.

A possibility of deposit formation onto the steel surface deserves special attention. Because it involves
a change of the nature of potential attack from "pitting type" to "crevice corrosion type", not only the
value of the critical chloride contcnt but also some of the parameters in Equation (2) may have to be
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modified. A straightforward way to do this is to treat "underdeposit pitting" as a fully separate case
from pitting on an open surface, with a complete set of parameters.

The presence of anions other than chloride in amounts of the same order as or greater than the amount
of chloride ions usually tends to inhibit chloride induced pitting. One way to take this into account is to
increase the calculated critical chloride content by an amount proportional to the amount of the other
anions. Another way is, of course, to use for the environment an effective chloride content lower than
the actual one.

Once the lower limit of the transition zone (the effective critical chloride content CIE) has been
determined, a value can be assigned to the upper limit (C2E), e.g. by multiplying the value of the lower
limit by an appropriate factor. This factor can again be different for different steels and may be made to
depend on other variables, such as the temperature, the flow rate or the oxidizing power of the
environment. Although the width of this type of a transition zone will be more or less arbitrary, it
nevertheless can be very us;eful for the users of the expert system.

Within the transition range, the "probability" of corrosion increases from "negligible" to "certain", e.g.
on a scale from 0 to 100. The change need not be linear. For example the following simple equation
may be used to adjust its shape

CE - CIE q

SC2E CIE

where P is the "probability number" for pitting, CE is the effective chloride content of the environment,
CIE is the lower and C2E is the upper limit of the trai 1sition zone and q is a constant. Some examples
of curve shapes according to Equation (3) are shown in Figure 2.

The final evaluation of the "probability" of pitting will be done comparing the location of the effective
chloride content of the environment to the transition zone.

Bimetallic Corrosion

To predict the "probability" of bimetallic ("galvanic") corrosion attack, a separate evaluation of the
polarization behaviors of the two metals or alloys in the environment under consideration opens the
possibility to include into the system various types of environments, the effects of several factors and a
variety of metal combinations in a compact form. The basic question, of course, is whether the cathode
is able to polarize the anode in a way that will result in enhanced possibility of attack.

First, it has to be deduced which one of the two dissimilar metals or alloys will act as the anode and
which one as the cathode. This can be done by examining separately each environment or category of
environments and assigning each metal or alloy an open circuit potential value in each environment. In
a given environment, the anode will be the metal with the lower potential.

Next, the cathodic polarization behavior of the cathode and the anodic polarization behavior of the
anode have to be characterized. Various possibilities have to be considered, Figure 3. The actual
quantitative polarization curves for all relevant cases may not be available. As a first approximation, the
basic types of polarization behavior may be characterized by simple descriptions like "strong uniform
corrosion on anodic polarization", "passivity, no attack on anodic polarization" or "passive behavior,
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pitting on anodic polarization". In this way, a limited number of categories will be obtained. Such
inforrmation on each alloy and environment combination can be stored in a data base, e.g. as code
numbers.

The difference between the open circuit potentials together with the characterization of the polarization
behaviors serves as a basis for the judgement whether bimetallic corrosion will be expected. Additional
factors to be taken into account are at least the relative areas of the anode and the cathode, but possibly
also factors like the mode of wetting (continuous vs. intermittent), the presence of strong oxidizers and
the flow rate of the solution.

The final result may be expressed as a "probability" of enhanced attack due to the galvanic contact of
the two metals or alloys. A semi-quantitative form can be used, e.g. numbers or expressions on a scale
divided into 10 categories of increasing intensity.

Suitability Numbers

Quantitative Comparison of Materials

In material selection problems, a quantitave measure for the relative performance of the candidate
materials is needed. One possibility to arrive at such a quantity is to evaluate separately the suitabilities
of the materials with respect to several aspects, and to combine these suitabilities to a final score for
each material. In addition to corrosion resistance, factors like the case of fabrication or a possibility to
proper pretreatment procedures may easily be included. Information on cost and availability may also
bc added, but it has to be remembered that such information may become outdated much sooner than
the purely technical aspects.

A practically continuous scale will be applied if the individual suitabilities are assigned a number from
0 to 100, and these are multiplied like probabilities: each number less than full 100 will decrease the
result to a corresponding percentage. A suitability number value of 0 will cause the rejection of the
material, regardless of the other values. A minimum value can be set for the final score for a material
to be considered acceptable.

Material Selection for Atmospheric Exposure

When evaluating the corrosion resistance cf a specific material in a specific atmospheric exposure,
several interacting factors have to be considered, Figure 4. The admissible maximum service
temperature (or a transition zone) may be higher for a dry surface than for a wet one. A water film on
the surface is usually a prerequisite for any significant corrosion attack. The intensity of this attack is
likely to increase with temperature within a temperature range where the temperature by itself would
not put restrictions. Air impurities, e.g. sulphur dioxide or chloride, are normally expected to be
harmful only when the surface is "wet". Also their effect is expected to increase when the temperature
incr'cases, and they may promote wetting of surfaces that would otherwise remain "dry".

The characterization o1 the "effective wetness" of the surface is a crucial element when evaluating the
possibility of the enviror. ,ntal factors to cause harmful corrosion attack. A "time of wetness",
expressed as a percentage of ihc total exposure time, could be a useful criterion if it can be estimated.
In outdoor exposure with definitc wetting periods through precipitation or condensation, this may be the
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case. In indoor exposure, however, where occasional wetting may be possible e.g. through condensation
or splashing, a "probability of wetting" or a "wetness number" may be more easily applied.

An estimate for the "effective" critical relative humidity can serve as a starting point. This value can
then be modified, if necessary, to take into account a possible wetting of the surface due to external
reasons. When evaluating the suitability number with respect to a specific variable, e.g. the sulfur
dioxide content of the atmosphere, critical values of this "wetness number", between which the surface
is considered to turn from "dry" to "wet", can be assigned each material. This approach enables the use
of different criteria for surface wetting for the evaluation of the effects of the various variables. The
transition may be made non-linear, e.g. using formulas like Equation (3). At a given effective wetness
number of the environment, the suitability starts to decrease, again possibly in a non-linear way, as
soon as the value of the environmental variable, e.g. sulfur dioxide content, exceeds a critical value.
The suitability value may be made to remain on a non-zero level after the change is complete, Figure 5.
The critical wetness numbers, the critical variable values, and the final suitability levels can, of course,
be made temperature dependent.

The suitability of a specific material or coating for use under given environmental conditions can be
evaluated separately with respect to the various variables, the effects of which are then combined. The
information needed from the user of the expert system is ie temperature, information necessary to
deduce the effective wetness number for the environment, and estimates on the impurity levels in the
atmosphere or in a solution that may form on the surface. For the suitability number with respect to the
temperature, the transition zone may be dependent on the wetness number. For the effect of wetness (or
humidity), the eventual transition zone may depend on the temperature. For sulfur dioxide, the
transition zone depends on both the wetness number and the temperature. The effects of chloride and
pH are expected to require the exceeding of critical wetness number values that may differ from each
other and from that for e.g. sulfur dioxide. Again, all parameters needed in the calculations can be
made specific to each material or coating and stored in a database.

Displays

The knowledge formulation bears a close relation to the presentation of knowledge on the screen. For
example, the information used in calculations and the resulting criteria are normally readily available
for presentation on the screen.

Care must be taken not to use similar expressions to describe alternative items on the same menu. The
most common choice first on the menu (a "default" choice) may facilitate the use of the system. When
the user is prompted to enter values of numerical variables, it may be helpful to indicate the permitted
range. In some cases it may be advisable to provide default values for the user that can be either
accepted or altered.

Although the layout of the displays to be seen on the screen is not a direct part of the knowledge
formulation, some basic aspects may be emphasized also in this connection. For the user, the
appearance of the displays can be even more important than the actual technical content of the system.

It is recommended to divide the screen in horizontal sections only, using the entire screen area. The
natural direction of reading is from left to right, from up to down. If red and green are used on the
same screen a possible red-green deficiency of the users should be taken into account. Colors always
have an effect on each other, combinations of very strong colors can make the eyes tired.
Complementary colors tend to produce afterimages.

3401



Different types of displays (queries, explanatory information, intermediate conclusions, final
conclusions) should be easy to recognize. The user should always be aware of the context the display
belongs to. On equal displays, same type of information should be placed on the same location, a
display of several pages (screens) may need page numbers. Necessary instructions of how to proceed or
how to exit the session or the system should always be available on the screen. The information
presented to the user should be restricted to the relevant. Additional information or explanations can be
made available on request. The recommended maximum number of options on a menu is seven.
Displays either too complicated or too simple may be equally frustrating for the user.

Conclusions

Through the inclusion of calculations, models and empirical dependencies into the mechanisms of
reasoning when solving corrosion related problems, expert system technology offers a possibility to use
the full competence of human corrosion experts.

By applying simple mathematical expresssions, the corrosion knowledge of a human expert can be
formulated to cover all relevant aspects or combinations of variables to obtain a quantified indication of
e.g. the possibility of harmful corrosion attack or the relative suitabilities of various materials in a given
application.

A feature common to the examples described is that the "knowledge" stored in the expert system is not
"normal" corrosion data to be found in various corrosion tables or data bases, but mathematical
formulas and parameters that allow the full spectrum of the expertise of the developer(s) of the system
to be used.
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Abstract

The increasing availability of computerized information is making the topic of software
accessibility and portability also increasingly important. While it has become possible to consult
either shallow or very deep information systems at the touch of a few buttons, it remains difficult
to move horizontally between these systems without going through series of menus and
introductory screens. In the present paper, the general requirements for mainstream software
portability were used as a model to establish the ideal format specialized software packages should
possess for their seamless integration into a hyper tutorial environment. The architecture of the
global system was designed to match an undergraduate course in corrosion engineering which
would include an introduction to information processing of specialized data.

Most of the open ended programming environments which were evaluated for this task were found
to be adequate for building friendly and universal user interfaces. The final choice of an ideal
environment is still an unanswered question since the software linking standards are still being
debated. Additionally the requirements for corrosion related information systems were evaluated
for both their portability and their pertinence to such project.

Key terms: information processing, training, corrosion prevention, computer applications

Introduction
Societal aspect of corrosion damages

While the costs attributed to corrosion damages of all kinds (Table 1) have been estimated to be of
the order of 4.2 % of North American gross national product (GNP), the responsibilities associated
with these corrosion problems are sometimes quite diffuse. Major corporations, industries and
government agencies have established groups and committees to look after corrosion related issues
but in many cases the responsibilities are spread between the manufacturers or producers of
systems and their users. Such a situation can easily bread negligence or ignorance which can be
quite costly in terms of dollars and human lives.

A recent example of corrosion damages with shared responsibilities is the sewer explosion that
killed over 200 people in Guadalajara 1 , Mexico, in April 1992. Besides the fatalities, the series of
blasts damaged 1,600 buildings and injured 1.500 people. Damage costs were estimated at $75
millions. The sewer explosions have been traced to the installation of a water pipe by a contractor
several years ago. The pipe was installed directly over a pipe line that corroded and leaked
gasoline into the sewers. The Mexican attorney sought negligent homicide charges against four
officials of Pemex. the government-owned oil company. Also cited were three representatives of
the regional sewer system and the city's mayor.
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Training and information processing as a solution to corrosion problems

Many universities offer an optional undergraduate course in corrosion engineering. Such a course
is often offered by Metallurgical Engineering departments. Some universities also offer a graduate
program in corrosion science and/or engineering. An excellent example of such a program is
offered at the University of Manchester Institute of Science and Technology (UMIST) in the U.K.,
where more than 50 graduate students from many countries are enlisted and trained in all aspects of
corrosion research and practices. But around the world, organizations and industries will always
require a personnel trained in specific technical procedures for either inspecting for corrosion or
for applying specific treatments to prevent corrosion.

The present worldwide wealth of information concerning corrosion problems and associated
remedies is often invisible and difficult to access. Two types of intelligent information
management technologies have recently gained the general confidence of both developers and users
of these technologies and reached the main stream of computer goods. But these two technologies,
database management systems (DBMSs) and expert systems (ESs), have had little interaction with
each other. It is clear, however, that future decision-support systems will require both the
problem-solving capabilities of ESs and the data-handling capabilities of DBMSs. A third
technology, based on linking applications through icons and mouse actions, shows great promise as
an information management tool since it can be used for consulting large amounts of varied
information without having to digest series of menus and pages of reading material. The flexibility
of hypertext and WindowsTm environments allows materials engineers not only to consult built-in
materials information, but also to access in an intuitive manner external databases, numerical
programs or even ESs.

Graphical User Interface (GUI) Environments
Non linear writing and reading

During the early days of the telephone only a few people could afford the technology and only
highly trained operators were qualified to operate the telephone. As telephone became an accepted
part of life its proliferation forced the telephone industry to seek simpler and less operator intensive
schemes. Eventually direct dialing became easy to use and openly available. Nowadays everyone
has become an operator.

Similarly the portable computer has become an essential commodity among many other information
processing goods and the computer industry has evolved from a very elitist market to a broad based
general public market, As the proliferation of computers continues, the technologies that make
computers more intuitive and easier to operate are being developed and new standards of graphical
and manual interactions between computers and humans are set. GUIs such as Microsoft Windows
rm are making the computer acceptable to a broader public and just as direct dialing allowed the
general public to become its own operators, GUIs are now allowing the general public to become
computer operators 2 .

While the term hypertext was coined by Ted Nelson during the 1960s 3 , the concept itself can be
traced back to Vannevar Bush's 1945 description of 'the memex' 4 . The first serious attempt to
build a memex did not take place until 20 years after Bush's description. In 1968, Doug
Engelbart, then at the Augmented Human Intellect Research Center (Stanford Research Institute),
conducted a dramatic live demonstration of his Augment system during the Fall Joint Computer
Conference where he worked collaboratively on a hypertext document with a colleague 500 miles
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away5 . Engelbart's system was centered on consoles which were sophisticated by the standards of
these days. The consoles included television images and a variety of input devices such as
Engelbart's best knwn invention, the mouse.

In the following years both interest and activity in hypertext have grown steadily. Some of the
more important milestones have been described in the introductory paper of a special issue of
Communications of the ACM6 which was devoted to hypertext as a form of electronic
documentation or information management. An excellent survey of existing hypertext systems
with a critical review of their strengths and weaknesses was published in 19877. In this article the
operational advantages of hypertext were described to be the following:

"• ease of tracing references
"* ease of creating new references
"• hierarchical or non-hierarchical information structuring
"* global and local views can be mixed effectively
"• multiple functions customized documents
"* modularity and consistency of information
"• task staking

There are many ways in which associative linking or non-linear writing and reading can be used.
Today hypertext links can be found in on-line help systems in a great variety of systems such as
Microsoft WindowsTM, personal information managers, text retrieval systems, ESs and application
generators.

Tools examined

Hypermedia development tools. Hypertext documents are highly interactive and can
automatically take the user to the exact information requested regardless of the format or
application. Two of eight hypertext development packages reviewed in a popular personal
computer magazine8 were tested for their pertinence to the present project. The first system,
HyperWriterTM from Ntergaid, was this magazine Editor's choice. It was said to have nearly every
type of link available, from various kinds of text links to graphics, video and digitized sounds.
This system was also described to be extremely attractive for its support of runtime versions, both
for their price (free) and their navigational tools i.e. the ability to call a graphics map of links in
the document, see a reading history, tag files and leave bookmarks.

The second hypertext development system tested, GuideTM by OWL International, was said to come
close to the first in its functional richness. This Windows application was believed to have
superior formatting capabilities and a very good control over graphics. It also had the advantage of
being nested in Windows, which meant easy navigation between this software and other available
Windows application packages.

Event and object oriented programming. Over the years software developers and researchers
have used many different languages to come up with a better way of modeling real-world
problems. Because these problems can be quite complex it helps to have methods for reducing the
complexity of representing both data and the operations that can be used to process the data. This
is what can be achieved best with object-oriented programming (OOP). OOP has been getting
much attention lately. In fact, many programming language experts feel that in the 1990s OOP is
going to have an impact similar to structured programming in the 1970s9 .
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The first environment evaluated for the construction of the tutorial system was the new edition of
Borland's C+ +. With Borland C+ + 3. 1 it is possible to develop Windows 3. 1 applications and
benefit from the massive development effort behind such a mainstream tool. One of the best new
features of Windows 3. 1 is object linking and embedding (OLE) which allows the data from one
application to be accessed directly by other applications. The second programming environment
examined does not technically belong to the category of OOP software. Visual BasicTM 2.0 by
Microsoft has been defined more correctly as an event oriented programming environment. Object
orientation fundamentally implies that program methods can be created in full integration with the
method by which the data will be addressed and utilized. But while Visual Basic cannot be
classified as OOP, it really provides an environment which allows programming directly with
objects and GUIs.

Processing Corrosion Information
Multidisciplinary nature of corrosion science and engineering

While the chemical reactions which occur on metals exposed to engineering environments have
provided fascinating problems in physics, physical chemistry and even applied mathematics, the
training for corrosion prevention is really focused on engineering systems and the environments in
which they must function. The training of corrosion engineers and technicians should in principle
be guided by the general requirements of increasing functionality of systems. But in practice each
training program is inevitably colored by the familiarity of the instructor with a specific aspect of
corrosion problems. In this perspective, the multidisciplinary nature of corrosion science and
engineering is a serious challenge that is ideally met by employing a team of instructors. In many
cases this is simply not possible. The following list of disciplines and their specific fields of
applications in corrosion science and engineering summarizes the complexity of such a topic:

"* Chemistry: organic coatings, water chemistry, inhibitors
"* Electrochemistry: measurement techniques, fundamental processes
"* Management: cost analysis, maintenance, liability & risk analysis, inspection scheduling
"* Mechanical engineering: structural integrity, failure mechanisms
"* Metallurgy: materials performance, selection and fabrication of materials
"* Solid state physics: hot corrosion, inorganic coatings
"* Surface science: surface modifications: laser, ion bombardment, microscopic techniques

In real life situations the multi domain expertise required to perform a simple task of cost and risk
evaluation for specific corrosion prevention schemes is a good illustration of the need to cover all
basic disciplines to a functional level in any good training program.

Multi linkage properties of hypermedia environments

Through the mouse and menu-based interface provided by the hypermedia systems. users can
request diverse types of information coming from various sources, have a look at the information
presented on the screen and quickly reach decisions concerning the progress of their queries. A
hypermedia system can be built into an ultimate toolbox for software tools since it is potentially a
unifying paradigm for areas of software application diversity. Some of the most famous expert
systems (ESs) have not gone beyond the development stage because they could not be timely
integrated in the workplace, they could not communicate smoothly with users. One of the main
challenges faced by designers of such systems is the development of high grade user interfaces.
Wide acceptance and use of any computer program presuppose a good interface and the task is not
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necessarily easy. It is common knowledge amidst workers in the field10 that designing a good
interface can consume up to one half of a project's development time. A few general observations
have been made on which to base design requirements for user interfaces1 1:

"• No single interface can satisfy all categories of users, nor can it meet all the needs of a single
user over time

"• Any interface should be amenable to custom-tailoring by the end user
"* Interfaces should be easy to understand and designed to avoid information overload
"• An interface should be transparent and never leave the user in the dark

The hypertext technology is ideally suited to accomplish these demanding goals and facilitate the
design of intuitive user interfaces for decision-support systems 11. While ESs are designed to solve
specific problems, hypertext systems are built to convey information. These two objectives are flip
sides of the same coin. Some of the inefficiencies of ESs can be overcome by integrating the
features of hypertext and some of the weaknesses in hypertext systems can be overcome by using
ESs.

Multi linkage properties of event and object programming environments

The high-level nature of objects provides numerous benefits. By combining procedures and data
into objects the level of abstraction of programming tools can be greatly improved. Hidden inside
each object are the methods and data structures needed to manipulate and process the object. The
outside world talks to these objects by sending them what are commonly called messages. But the
real power of objects is in the way they can be used to define other objects, a process called
inheritance. Programmed objects have the following features9 , they:

"• are grouped into types called classes
"* have internal data that define their current state
"* support data hiding
"* can inherit properties from other objects
"* can communicate with other objects by passing messages

The object-oriented approach to programming is also based on the concepts of encapsulation and
extensibility. OOP encapsulates in objects some data and programs to operate on the data. The
notion of encapsulation has proven to be a natural and easy paradigm for various application
environments such as GUIs. The cxtcnsibility concept refers to the ability to extend an existing
system without introducing changes to it. OOP offers extensibility in two waysl 3 : behavior
extension and inheritance. The behavior of an object may be extended by simply including
additional programs into it. The inheritance extension, on the other hand, allows the behavior and
even the attributes of an object to be reused in the definition of more specialized objects.

Hyper Tutorial Systems

Three different development projects will serve to illustrate the hyper tutorial approach to training
and information processing for corrosion control and prevention.

Failure Predictor

The development of an empirical model 15 to evaluate the susceptibility of high strength aluminum
alloys to SCC started as a master in engineering thesis project' 6 . Tile first prototype was
developed with an open ended approach (Fig. I) to programming which included the usage of the
HyperWriter TM system. In problems encountered in day to day failure analysis, incomplete
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knowledge is common. This is not a major problem in itself since humans can function with this
type of uncertainty. Human experts tend to make generalizations drawn from past experience and
make predictions that cannot be absolutely confirmed by available evidences. Normal
computational programs can not deal easily with this kind of uncertainty. They deal in straight
forward calculations from known data to known conclusions using algorithms. In order to deal
with uncertainty, probabilistic reasoning methods have been developed to allow ESs, for example,
to incorporate incomplete data.

The measure of intensity of SCC was evaluated with an inverse probability theorem popularized by
the 18th Century British Clergyman and mathematician, Thomas Bayes. This theorem is based on
exact knowledge of the probabilities involved. But often the information can be more easily
expressed as empirically derived rules or personal experiences that subjectively link effects to
causes for given conditions. This type of probability is termed 'degree of belief' 16 as it represents
an estimate of the truth but is not itself verifiable.

The hypertext environments investigated 1 7 all suffered from poor connectivity with the traditional
algorithms that were required to perform various calculations. While such an environment
simplified the construction of the user interface or the front end of the system, its maintenance was
also complicated greatly by the need to switch between different environments. The structure and
organization of the C + + OOP environment has thus since then been adopted to translate the
scientific and practical knowledge of SCC intensity of metals. The concepts of encapsulation.
abstraction, inheritance and polymorphism that describe the OOP environment will be used to
describe the factors (Fig. 2) of SCC intensity. An example of transforming such knowledge of
SCC intensity will be made with the information available, on high strength aluminum alloys, and
which was organized during the development of the first prototype.

Coating Selector

Putting a barrier between a corrosive environment and the material to be protected is a fundamental
method of corrosion control. It is, in fact, the most widely used method of protecting steel and
other metals. The concept of adding coatings to surfaces is so ancient that its beginnings are lost in
the mists of history. A common reason why protective coatings do not perform well is often
because they have not been considered as systems. Most successful coating engineers approach a
coatings project in much the same way that they approach any other engineering problem,
beginning with the design of surfaces to be protected and ending with schedules for monitoring the
completed work.

A global representation of the features which could be included in this hyper tutorial system is
presented in Fig. 3. The generic information on coatings which are used for this prototype have
been extracted from a well established document1 8 . The system makes full use of the
programming easiness provided for this kind of projects by Guide and the Windows environment.
Tables have been constructed using the ExcelTM database system which communicate to the
hypertext environment through transparent Dynamic Data Exchange (DDE) links. The coatings
tutorial is also linked to a fully operative commercial ES specialized in the selection of coatings
(Coating CounselTM by Counselware Inc. 19). Coating Counsel is designed to select optimal
coating systems for industrial maintenance applications. It can write complete Construction
Specification Institute format specifications in a matter of minutes.

The hyper tutorial was constructed as a demonstration prototype with limited time and effort. The
progress with commercial software since the prototype was developed (eighteen months ago), has
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made its front end look archaic. This experience permitted to highlight the importance of defining
the knowledge sources at the onset of a project and preserving the information gathered at that
level in an easily maintained system such as a commercial database. While the front end looks
archaic it still can be replaced quite easily if it is not to seriously glued to the information itself.

Aircraft Structural Information Services (ASIS)

The initial deliverable for this project is envisioned to be a working prototype that will have full
capabilities with respect to data collection and production of reports. The ASIS project will deliver
a system to store aircraft structural information in a database and have this database integrated and
linked to the information system presently in usage. This structure will allow the capture of
information through standard paper based corrosion reporting graphical forms and other electronic
forms already used for structural information.

Additionally, the system will allow analysis of structural information in standard tabular or
graphical formats plus digitized representations of damage mapping through grid cards for
example. It is believed that ASIS will have a major impact on the Canadian Forces community.
The ASIS working prototype is being constructed in Windows with Microsoft Visual Basic and its
Professional Toolkit. The full development of ASIS should follow the successful demonstration of
the capabilities of the prototype.

Conclusion

The ability to use words effectively in order to convey ideas and requests is one of the most
important assets of modern society. The transition of the developed countries to the 'Information
Society' has fueled a tremendous increase in the accumulated body of information. H-lypermedia is
a relatively new paradigm that forms the foundation of an effective training system and can
enhance the rapidity of knowledge transfer processes.

While it is possible to construct systems with available hypertext development software systems,
the connectivity to other computational tools commonly used in engineering creates a problem that
could easily degenerate into maintainability problems. The rapid progress of Windows oriented
software such as the new version of Borland C + + and Microsoft Visual Basic has rendered the
use of prebuilt ES shells and hypertext environments somewhat obsolete. The excellent
connectivity between Windows applications and high reliability of the environment itself have
made multi linkage projects quite appealing even when resources are limited.
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Table 1 Costs attributed to corrosion damages for North America in 1993a.

Cost Avoidable Avoidableb

Category (B $) (B $) (% cost)

Energy industries 184 3.8 2.1
Electric utilities 18.2 0.6 3.3
Manufacturing industries 38 1.1 2.9
Infrastructures & governments 49 12 24
Private automobiles 44 29 65
Total 333 46.5 14

a adapted from2 0 .
b avoidable by applying known prevention and control methods.
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Abstract

Data obtained during the inspection of equipment is a vital source of information which is used
by plant personnel to ensure safe, reliable and efficient operation. Processing of the data to yield
information for routine decision making is a tedious, repetitive and time-consuming task. In spite
of its nature, this task requires attention of an experienced expert to ensure efficient and effective
application of existing knowledge.

Utilization of artificial intelligence technology can free the experts from this type of repetitive
work and allow them to concentrate on the mitigation of non-routine equipment problems and
the development of advanced knowledge.

In this work, an integrated system was developed to automate the process of routine decision
making for mainten..nce of equipment. The system was successfully used to process data
gathered during an inspection of electric power transmission superstructures to assess the extent
of corrosion attack and make recommendations how to restore these to ensure their long-term,
structural integrity. The details of the system and its implementation process will be discussed
in detail.

Key terms: data acquisition, expert system, intelligent processing, integrated diagnostic system
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1. Introduction

In recent years, the emphasis of the plant operators is on predictive/preventative maintenance to
ensure reliable and safe operation. Breakdown maintenance is quickly becoming a thing of the
past.

Ontario Hydro has approximately 45,000 galvanized steel (and coated steel pole) transmission
line structures in the power system. The continued integrity of these structures is of critical
importance to the reliability and safety of low cost electricity supply in Ontario. It will be an
enormous task to maintain the performance of these structures over the next decade and beyond
the year 2000. To minimize the impact of this effort on the resources of the Corporation, it is
necessary to adopt a method of approach which balances both, short and long term costs of
reliability and safety. A crucial element of this approach is a consistent application of the best
available technological know-how on a corporation-wide basis. The purpose of the work
described in this report is to increase the efficiency and effectiveness of this process resulting in
significantly lower cost and overwhelmingly improved quality.

Due to the complexity of the task of maintaining transmission lines in a reliable and safe
operating condition, the only way to achieve consistent application of up-to-date technological
know-how is through the use of modem computer-based artificial intelligence techniques.

The first step toward this goal was the development of an integrated diagnostic system for
transmission line structures in this program. The system is designed to electronically collect and
process field inspection data using criteria developed by the Ontario Hydro to assess the
condition of structures and recommend a plan of action to ensure reliability and safety.

The integrated diagnostic system consists of two main components: field inspection data
collection system incorporating a hand-held device and an electronic data recording form, and
automated expert system for processing of the data. Figure 1 illustrates schematically the
intelligent data processing system used in this program.

Upon completion of the development, all elements of the diagnostic system were field tested and
evaluated.

2. Field Inspection Data Collection System

It is advantageous, during field inspection, to record the data in a electronic form useable by the
computer-based diagnostic system, instead of the traditional "pencil and paper" method. This
electronic method improves the efficiency and reliability of data recording and the whole
inspection process. At the same time, the electronic method has the flexibility and other
advantages of the traditional method. Depending on sophistication of the technology, the field
inspections can be made virtually "real time". At present, this is not needed, but the capability
is there.
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In this program, a hand held-device was used containing a specially developed field inspection
form capable of recording the data into a file which can be electronically transferred to a
microcomputer for intelligent processing using an expert system. Figure 1 illustrates
schematically the hardware and data flow.

2.1. Electronic Data Collection Device

Review of various hand-held electronic devices indicated that Hewlett Packard H-P95LX Palm
Top PC with build-in Lotus 1-2-3 and MS-DOS satisfied all requirements of this developmental
program. The requirements were:

* Easily programable to develop electronic form for field inspection data collection,

& Lotus 1-2-3 files can be used without modification by the data assessment expert system,

a Capability to exchange files between IBM compatible table-top PC,

a Sufficiently rugged for summer-time field inspections, and

a Inexpensive.

To date, field experience with this device indicates excellent performance and reliability. No
hardware problems of any kind were encountered.

The connectivity pack, purchased with the device works very well, and files can be easily
transferred from it to a table top PC and back. Continued use of this device is recommended for
the future.

2.2. Field Inspection Data Recording Form

The form developed for use in the electronic data collection device is based on the "Steel
Structure Inspection Form" developed by the Ontario Hydro (see Figure 2) for traditional "pencil
and paper" method of data collection. This original form was expanded and modified to suit the
requirements of the programming environment (Lotus 1-2-3) used in the electronic data collection
device. The new form (see Figure 3) was carefully designed to prompt the user to record all
necessary information about the structure to positively identify it, make condition assessment, and
recommend appropriate remedial action if required.

The Lotus 1-2-3 software was used to create the data recording form during field inspections of
the transmission line structures. Several versions of the form were developed with various
degrees of detail. The form shown in Figure 3 is the simplest version which was used during
the 1992 transmission line inspections.

A set of commands and instructions, called a macro, was developed to run the form on the
electronic data collection device and perform the following functions:
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* To access a blank form when needed,

To allow the user to enter field inspection data and type comments as required,

To save this information under any structure identification name or number, and

To make any changes of the entered data and comments if necessary.

Field evaluation of the form showed that it is easy to use and is well suited for recording the
field inspection data. The ability to make notes in the comments section was found to be a very
useful feature.

3. Development of Expert System for Data Processing

The data collected during the field inspection must be processed to determine the condition of
the line structures and recommend what action is required to ensure continued safe and reliable
operation. Traditionally, this task is performed by an engineer, who applies his/her knowledge
and available information. The effectiveness and efficiency of this process is determined by the
level of the engineer's expertise and experience. Consequently, the results of field inspection
data assessment may vary significantly, resulting in different conclusions and recommendations.

Through the development of computer-based expert system programs in this work, it was possible
to eliminate the subjective component in the field inspection data processing. The developed
programs can perform the task of data processing and:

* Provide consistent assessment of the line structures and recommendations for appropriate
remedial action,

* Use always the same decision criteria and logic (standard decision-making),

0 Request additional information if the data available are incomplete or insufficient
(intelligent checklist),

* Give detailed justification why a certain recommendation was made and how it was
reached (public thinking tool),

a Educate the user (transfer and preservation of knowledge), and

0 Accept changes after checking for consistency with current knowledge (sharpening the
expert).

Use of these expert systems in the future will enable the engineers to apply routinely the most
up-to-date know-how and evaluate information more effectively and efficiently. This will result
in significant quality improvements and lower costs.
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3.1. Approach for Development of the Expert Systems

The expert system was built for automated processing of data recorded electronically using the
hand-held data collection device.

Both expert systems are based on the heuristic and factual knowledge residing with the Ontario
Hydro.

The expert system knowledge base was constructed around the decision criteria which were
developed by the Ontario Hydro to recommend the appropriate action required to ensure safety
and reliability of transmission line structures. This knowledge was used to create a decision tree
structure incorporating the facts from technical literature, manufactures information, applicable
standards, industry accepted codes of practice and heuristic components contributed by the
experts at Ontario Hydro. Then, all the knowledge components were expressed in a form of IF-
THEN rules using an expert system development package, EXSYS'.

3.2. Expert System Development Package

EXSYS is a generalized expert system development package. An expert system is a type of
artificial intelligence program that emulates the interaction a user might have with a human
expert on a subject area. Expert systems developed with this package will ask user questions or
request input data relevant to a subject. The user answers by selecting one or more answers from
a list by entering a numeric value. The computer will continue to request for information until
it has reached a conclusion. The conclusion may be the selection of a single recommendation
or a list of possible recommendations arranged in order of likelihood. The computer can explain,
in English, how it arrived at its conclusion and why.

Expert systems can be developed with this package for any problem that involves a selection
from among a definable group of choices where the decision is based on logical rules. The rules
can involve relative probabilities of a choice being correct. Any area where there is a person or
group of persons that have special expertise needed by others is a potential area for EXSYS.
Anything from identification of biological specimens, to automating complex regulations, to
aiding customers in selecting from among a group of products, to automated user assistance is
possible.

Expert systems deal with knowledge rather than data and the files they use are often referred to
as knowledge bases. The rules that the program uses are IF-THEN type rules. A rule is made
up of a list of IF conditions (normal English sentences or algebraic expressions) and a list of
THEN conditions (more sentences) or statements about the probability of a particular choice
being the appropriate solution to the problem. If the program determines that all of the IF
conditions in a rule are true, it adds the rule's THEN conditions to what it knows to be true. The
program determines what additional information it needs and how best to get this information.
If possible, the program will derive information from other rules rather than asking the user.
This ability to derive information allows the program to combine many small pieces of
knowledge to arrive at logical conclusions about complex problems. The rule editor allows the
rules to be easily modified, added or deleted.
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The final goal of an expert system is to select the most appropriate recommendation based on
the data input by the user. If more than one solution is possible, the program will provide a list
of the possible recommendations arranged in order of probability.

3.3. Expert System Concept

Determining correctly the type and extent of line tower component damage is essential for
making proper assessment of the structure condition and recommending plan of action to ensure
safe and reliable operation. The component damage is defined as degradation leading to loss of
load bearing capacity due to reduction of cross-section or physical deformation which would, if
not remedied, lead to line tower failure.

In the conceptual design of the expert system, six broad classes of significant damage were

considered:

* Protective (galvanizing or paint) coating degradation,

* Corrosion of tower material (sub-, and super-structure),

* Physical shape deformation,

• Missing components,

* Cracking of tower components, and

• Footing damage.

These represent all known routinely occurring damage processes and can be further categorized
into 24 basic modes of damage which can independently or jointly bring a line tower to failure.

The expert system package was designed to make the assessment and recommendation based on
the type and extent of damage. If the damage was minor, information on the aggressivity of the
atmosphere at the tower location is also required to recommend the length and frequency of
inspections.

The type and extent of line tower damage is determined during field inspection from:

* Detailed visual inspection information,

* Measuring cross-section loss of components,

0 Measuring protective (galvanizing and paint) coating loss,

* Measuring structure-to-soil potential, and

* Measuring contamination on structure surfaces.
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The expert system guide the automated enquiry to the most likely conclusion utilizing the build
in knowledge organized into a decision tree structure. The source of information utilized by the
expert system is a completed field inspection data recording form, shown in Figure 3, in an
electronic form.

3.4. Example of Diagnostic Sessions with the Expert System

For the purpose of demonstrating diagnostic a session with the developed expert systems, a
typical tower was chosen with some corrosion damage to the super-structure. The information
entered into the electronic data collection device and stored under a structure number, e.g.,
DEMOSTR.WK1 was:

"• Type of structure: lattice

"* Type of environment at structure location: urban

"• Atmospheric corrosivity at structure location: 5 (corrosion index)
"• Surface coating: galvanized only
"• Footing type: pad, pier or levelling concrete
"* Corrosion of galvanized structure surface:

- Surface colour: grey, yellow and red brown

- Area of red brown colour: - 3%
"* Total loss if cross-section due to corrosion: 0%

"* Missing bolts: 0%

"* Bent structural members: 0%

"* Condition of concrete footings: damage free

Based on this information, the expert system perform the diagnosis.

The use of the developed automated expert system is exceedingly simple. The only thing to do,
to perform a line tower diagnosis, is to type in the structure number at a prompt on the first
screen:

SCREEN #1:

Input the structure number (e.g., ST8-109.WK1)

Enter: DEMOSTR.WK1
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At this point, the expert system automatically accesses the Lotus 1-2-3 file number
DEMOSTR.WK1, extracts the required information and then comes up with the diagnosis on the
next screen:

SCREEN #2:

**RESULTS**

The footings are in good condition, but the structure
must be painted. The protection of galvanizing has
been lost and a number of structural members are
corroding rapidly to such an extent that they must be
painted with a protective coating to prevent further
deterioration. Schedule painting of the whole
structure within two years.

If necessary, .he user can review and inspect all information the expert system utilized to make
this assessment and recommendation.

4. Summary

An integrated diagnostic system for transmission line structures was developed. It was designed
to electronically collect and process field inspection data to assess the condition of the structure
and recommend a plan of action to ensure reliability and safety of the structures. The developed
system consists of:

Field inspection data collection system incorporating a hand-held device and an electronic
data recording form, and

Automated expert system for intelligent data processing.

Results of the field evaluation of the integrated diagnostic system are very encouraging. The
system functions as designed and demonstrated incredible ease with which it can be used to make
consistent diagnosis based on provided data. Electronic handling of data increases efficiency of
the processing and reduces it to a fraction of time it would take to do it in a traditional way.

5. References

1. EXSYS is an Expert System Development Package, EXSYS Inc., P.O. Box 75158,
Contr. Sta. 14, Albuquerque, NM 87194, U.S.A.
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STEEL STRUCTURE INSPECTION FORM

DATE: LOCATION o0 TOWER 0 Industrial

REGION: 0 Urban

CIRCUIT: 0 Rural
STRUCTURE NO: FOOTING TYPE OGrillage Steel

STRUCTUR TYPE: _C Augered Concrete

LINE SECTION: _OPad 4 Pier

OLevelling Concrete

1. General Appearance of Structure- Colour

o Gray. No Discolouration Anywhere

Yellow Brown 03% 05% Dist 025%

Red Brovn 013% 05% 0lst 025%

[] El1 E] U]
2. If there red brown areas check types of corrosion.

O General Attack Where Thickness-

o Localized Attack Where Thickness.__

O Crevice Corrosion Where_______________________

0 Pitting Corrosion Where -

0 Exfoliation Where

0 Cracking Where__ I "

3.0'Severe corrosion of nuts a&d bolts
(nuts, bolts and threads shoving metal loss,
sharp corners rounded, difficult to remove)

4.0 Nuts and bolts missing Where

5.0 Structural Members missing or bent Where

4.0 Concrete foundation cracked or crumbled

7. Painted OYes 0 No

0 Paint peeling or cracked
0 .. %. j 0 3%L 0332% q

S. If red brown rust area not more than 5% measure galvanizing

FIGURE 2

TRANSMISSION LINE STRUCTURE FIELD INSPECTION

DATA COLLECTION FORM
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Data Acquisition Update

Ronald A. Eberlein
Lonqview Inspection, Inc.
2411 S. Eastman Rd.
Longview, Texas 75602

Abstract

Paper No. 270, A DATA ACQUISITION SOLUTION, was presented at
CORROSION 92. The paper described a complete Data Acquisition
System. The system, software and hardware, was designed by users
for users with the intent to make you interactive with your
inspection program via a desktop PC and to eliminate the need for
paper in the field.

The system is currently in use in several locations throughout the
United States, in several different industries. This paper will
briefly review the system and describe some applications and
adaptations that have been made.

Introduction

The amount of data required for inspection programs has been and
will continue to be on the increase. The only reasonable way to
manage the data is in a computer program. This program has been
written as a solution to finding a program that can be easily
modified to handle individual wants and needs. This also allows
modification to meet new code or government requirements as they
arise.

The program can be modified and expanded to handle many different
types of data. You are not limited to corrosion survey data. The
program is designed for data acquisition only and therefore, it can
be readily adapted to many different types of data acquisition
problems.

The following are some case histories of corrosion programs
currently underway which show the versatility and adaptive
qualities of the program as well as how diversified industry is in
its requirements for inspection programs. Some of the future
applications that have been requested are also discussed.

Case #1

One of the first clients to utilize the software in-house did so to
bring together information for pressure vessel and storage tank
programs. The files containing U-i Forms, Drawings, Inspection
Reports and Inspection Procedures had become frayed and
disorganized over the years with some of the information having
found its way into filing cabinets in production and purchasing
offices. Problems were also occurring as a result of having extra
copies of old inspection reports circulating within the plant.
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Rather than spending a great deal of time and money to get
everything entered into the program right away, the inspection
department simply began using the program to record inspections as
they were completed on their normal schedule. A computer technician
was assigned to h-ndle AutoCad drawings and data input as
necessary.
The sequence of events was as follows:

1. As a vessel is scheduled the file folder is pulled and a file
opened in the software for that vessel.

2. Design data is entered in the Vessel Specification Screen and
historical inspection data is entered into the Inspection
Notebook.

3. A Standard Minimum Inspection Procedure is entered into the
Procedure File

4. The procedure will be modified, where necessary, depending on
the historical data and the vessel classification.

5. Minimum Allowable Thickness values and Flag values are entered
into the data table.

6. The file is reviewed by the technician prior to performing the
inspection.

7. As a part of the inspection the technician sketches tl.- vessel
and verifies nameplate and operating data.

8. Data is entered into the Data Table and Visual Inspection
Notes are entered into the Inspection Notebook.

9. The Inspection Procedure is evaluated and modifications are
documented as required by the inspection results.

This completes the Data Acquisition stage of the process. The data
is then interfaced to other existing programs for analysis and
archiving. Initially, information in the vessel file was also
interfaced to another program that compared and updated information
in the plant Mainframe System.

Discussion

The problem of locating the records necessary to begin a database
is not uncommon. The records in this case were scattered between
the Purchasing, Inspection, and Production Departments and
gathering all the information took the cooperation of all three of
these departments.

This company contracted the whole process to a 3rd party as they
did not have the in-house resources to devote to the project.
Other companies have had limited resources to contribute to the
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process and have done so.

The addition of the Vessel Procedure Section was done quickly and
has since been a standard offering in the software. It allows the
user to plan logistics well in advance of the next inspection.

This case demonstrated the necessity that the file formats used in
any program need to be common files, recognized by other computer
programs. Much of the information included in these files is of
use in areas other than inspection and should be made available to
personnel who need it.

The idea of entering files at a normal pace rather than blitzing a
project has saved the company time and money. It allows
modifications to the program for changing technology and codes, and
gives them a completion date for initial data entry.

This project is scheduled to be completed in 1996 and will consist
of approximately 10,500 pressure vessels and storage tanks.

Case #2

The same basic path for vessels was followed due to the same types
of problems as Case #1, however, there were some additional
requirements.

1. Each vessel file had a photograph taken of it which was
included in the vessel file as an Overview Image rather than
drawing. Drawings were included in the section list beneath
the Overview Image for each vessel.

2. A selection titled "Vessel Notebook" was added to each vessel
file for input from production personnel as information
pertinent to them for each vessel.

3. The software was placed on a network as "View Only" for
distribution of information. The Vessel Notebook, however,
could be accessed by production from the network.

Discussion

Many of the same problems that were solved in Case #1 were common
in this case. They are problems common to many people. This is a
case where the subject company wanted the Image capability used to
a much greater extent. They believe in the "A picture is worth a
thousand words" concept.

The networking of the information was not new but the solution to
protecting the integrity of the data can have varied solutions.
The solution used here was simply to offer "View Only" menus on the
network with the exception of the "Vessel Notebook". Network
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personnel are allowed to enter information into that section. The
other common solution is to offer different levels of access when
the system is logged into but that can become difficult when the
sottware is networked so this seemed to be an easier more
convenient method.

Case #3

This plants vessel program was assimilated into the software and he
just continued with what he had been doing. While they had a good
vessel program they were lacking in the area of piping.

1. Piping Systems were defined by process and applicable code.

2. Interplant pipelines were given their own overall directory as
well as being included in each operating areas file. The
entire route of the line was tracked using the Site and Sub-
Site Maps.

3. The systems in each operating area were broken down in the
Section List and data points added.

4. Additionally specific areas and fittings were designated in
the Section List for more frequent inspection or for more
specific inspection procedures.

Discussion

There are vast amounts of piping in any process plant and common
pipelines between different processes pose special problems in the
area of "Whom is responsible". Some of the current software
programs in use require individual lines to have their own file and
when multiple lines are used in a system, a multi-station loading
facility, the number of files become difficult to track.

The interplant lines were traced through the entire plant on the
Site Map. Individual sections were recorded on the Sub-Site Map and
inspections were recorded in the Section List of that lines file.
This allowed each area to be inspected where practical and the
individual inspections updated the entire file for that line. This
information was available to the entire plant via the network and
individuals were able to change their inspection priorities as a
result of someone else inspecting a few blocks away.

Being able to look at defined piping system consisting of more than
one line in one file makes evaluation of the system much easier.
The entire system may require inspection every 2 to 5 years but
certain fittings or sections of the system may be subject to more
frequent inspection or more extensive inspection using special
techniques. These things were easily handled by using the Section
List under the System Overview drawing. Again, each time an
inspection is performed the whole file is updated.
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The software uses "Grid Patterns" when the inspection point is an
elbow or tee and asks how many readings 1 ou want to take around at
an inspection point. This function is currently being modified to
handle some proposed code requirements.

Additional Discussion

Common to all the files is the ability to use drawings and pictures
at any point. One of the immediate benefits of this is the
accuracy location of data points when the point is marked on an
image of the immediate area. This capability also gives the user
the option to use imagery to record damage or field changes to the
equipment and accurately communicate that to personnel in other
locations.

The piping drawings in one location were overlaid with a valve
program and different materials of construction were color coded
for the inspection program then used to reference a material
evaluation R&D program from another department.

All the programs also have columns in the data tables for "Minimum"
and "Flag" thickness. These are color coded for highlight purposes
and are input when the initial file is created. They can be edited
as conditions change.

We have been asked to create a program within the system to handle
a vibration analysis program. The user is in a Plant Maintenance
function and would like to have all his responsibilities documented
in one software package.

The soon to be published API 570 has caused considerable concern
among many people. We have been asked by many people to give the
piping section expanded capabilities to address some of the items
that are likely to be a part of the new standard and we are
currently accepting input from any truly interested parties.

Conclusion

Computers and computer programs have become a way of life for all
of us. There is simply no other efficient way of managing the vast
amounts of data required in business today. At the same time this
data must be easily accessible to many different people. Not
everyone is a computer programmer nor do they have the time to
become one so the programs must remain simple and easy to use.

Versatility has become essential in any program that is subject to
change as often as a corrosion/erosion program. The technology
available is changing as quickly as are the code requirements.
Some states, even non-code states, are adopting as law certain
codes to cover Pressure Vessels, Storage Tanks, and Piping Systems.
These factors necessitate flexibility in a program to meet these
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changing requirements. Additionally, the owner is still ultimately
responsible for his equipment. Many owners exceed the requirements
as dictated. There seems to be no hard and fast answer for any of
us.

Communication of information is essential to the selection of any
software program purchased today. Considerable time, effort, and
money will go into establishing a data base for corrosion/erosion
programs and every company should make maximum use of that
information. Any software decision should include the ability of
that software to communicate with other software programs and
remain user compatible. The ideas are simple but are not always
easy to accomplish.

3429



CORROSION PREDICTION FROM LABORATORY TESTS USING ARTIFICIAL NEURAL NETWORKS

David C. Silverman
Monsanto Company
800 N. Lindbergh Blvd.
St. Louis, NO 63167

ABSTRACT

Artificial neural networks are computational systems which learn patterns
between input and output information in the absence of a specific model. They
then use the learned relationships to make predictions in new situations. Often,
predictions are made from laboratory results by recognizing the pattern in the
relationship among them in the absence of models. Artificial neural networks
were trained to recognize the pattern in two such situations, the use of
polarization scans to predict the possibility of localized and general corrosion
and the use of a type of sequential immersion test for plastics and elastomers
to predict if they would perform acceptably in service. Both neural networks
were incorporated with an expert system to provide ease in data input, provide
simple consistency checks, and make the final prediction once the pattern was
recognized by the network. Examples are provided of each neural network/expert
system.

Key terms: artificial neural network, corrosion, polarization tests, non-metallic
materials, linings, plastics, elastomers, laboratory testing, sequential
immersion test, expert system, crevice corrosion, localized corrosion, pitting,
general corrosion, corrosion prediction

INTRODUCTION

One of the major functions of industrial laboratory corrosion testing is
to provide information so that practical predictions can be made. Laboratory
tests by their nature are usually accelerated tests. They tend to be simulations
not actual duplications of the actual material-environment interaction. Very
often the chemistry in industrial environments is at best only partially
characterized. Limitations on the number of tests that can be run and the amount
of time available to obtain the information that is needed mean that the
prediction must often be made in the absence of complete characterization of the
corrosion process. The corrosion expert often make the prediction by coupling
the results of the laboratory tests with other experience with respect to
behavior of the material in environments with similar components. A specific
model of the corrosion process is usually absent. The thought process used to
make the predictions may be similar to use of inductive reasoning. Predictions
are made by recognizing the pattern of expected corrosion behavior that emerges
by combining prior experience with the experimental results.

These observations suggest that the expertise and thought process used to
make a prediction from a laboratory test might be captured in a computer-based
system that is capable of recognizing patterns. Expert Systems are often used
to capture expertise. However, such knowledge-based systems can be constructed
only when the decisions are made using a well-defined structure of rules and
deductive reasoning. The problem is that at least part of the interpretation of
the experimental results and final decision is made in the absence of either
rules or a specific model. This observation suggests that the computer
simulation must be able to recognize patterns in the absence of a model. Such
a system is the artificial neural network',.

Artificial neural networks are computational systems that learn the pattern
between a group of input observations (data) and a group of output observations
(results). They can use that learned association to predict the appropriate
outputs for input data not used in the training. No specific model is required
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for relating the input to the output information. Pattern recognition is done
in an manner analogous to inductive reasoning in which the relationship between
inputs and outputs is generalized from a set of examples. These characteristics
are consistent with those needed to relate experimental results to field
predictions in the absence of complete information.

These observations led to a project to determine if artificial neural
networks could be developed to capture the patterns (expertise) used by the
corrosion practitioner to make practical predictions from laboratory tests.
Networks were developed for two test procedures, use of cyclic polarization scans
to determine the propensity of alloys to undergo localized corrosion and use of
a type of "sequential immersion test" to determine if a non-metallic material
plastic or elastomer can withstand an environment, usually as used as a lining.
Each of the neural networks was incorporated within an expert system. The
emphasis of this paper is not on the development of the networks but on how the
artificial neural networks so developed can be used to aid in relating test
results to field predictions. The results strongly suggest that this technology,
shows promise of being able to recognize the pattern that ties the laboratory
results to the field predictions. Then, incorporation within an expert system
provides an easy way to incorporate the "rules" that are used, at least loosely,
to translate the pattern into a prediction.

INPUTS AND OUTPUTS FOR ARTIFICIAL NEURAL NETWORK

Artificial neural networks were developed and trained for capturing the
patterns between test results and field predictions for electrochemical
polarization scans and the sequential immersion test. The two tests were chosen
because they have been used extensively enough so that a reasonably substantial
data base is available that can provide examples of both the laboratory results
and the related field observations. Such a data base is necessary so that the
neural network can "learn" the pattern during the supervised learning so that it
can generalize to new situations1 2 .

The type of data extracted from the experimental results and actual
observations used as input and output pairs for training the two networks are
shown in Tables 1 and 2. They are explained and justified in detail elsewhere34

and summarized below. This information was derived by paying very close
attention to what characteristic experimental data are used for each test to make
a prediction. Wherever possible, the actual behavior of the material in the
environment was used as the output.

Polarization scans are usually used to screen alloys for their propensity
to undergo localized corrosion. Figures la - ld are four idealized polarization
scans showing how the characteristics used by the network might appear on
different types of scans. The relationship among the "repassivation" or
"protection" potential, the pitting potential, and the corrosion potential are
often used to make assumptions about the possibility of localized corrosion.
The presence or absence of a hysteresis between the forward and reverse portions
of the scan is mentally recorded because if the experiment is run properly•, a
large hysteresis tends to be accompanied by a higher propensity for localized
corrosion. The "anodic nose" is the name often given to the characteristic in
which the current suddenly decreases. It changes from increasing with increasing
potential to remaining constant at a low value. It usually indicates that a
potential exists above which the oxidation state of the surface changes and the
alloy goes from an "active" or higher corrosion rate state to a "passive" or
lower corrosion rate state. The term "passive current" is meant to be a measure
of the current that would occur at the corrosion potential. The modifier
"passive" has been used because most of the interest is in alloys which exhibit
little corrosion. The ability to estimate the appropriate current density comes
directly from the experience of the practitioner. The potential at which the
current changes from anodic to cathodic voltages during the reverse portion of
the scan is assumed to be the potential of the anodic-to-cathodic transition.
It tends to show if a passive film is established at the corrosion potential.
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From these input variables are derived the qualitative conclusions of the ability
of the alloy to withstand crevice corrosion and pitting and if general corrosion
might be important.

In the "sequential immersion test", a sample of the non-metallic material
is immersed in the fluid with periodic removal for weighing. The term
"sequential" comes from this periodic removal for weighing followed by
reinsertion of the sample. There are restrictions on the size and shape 1.7

After a certain time period, the sample is dried in air at the same temperature
as the immersion, again with periodic weighing. Weight (mass) fraction change
is plotted versus time. If the samples have one dimension much smaller than the
other two and the area of the larger surface is unchanged among samples,
diffusion is unidirectional and the plot provides a measure of the relative rate
of diffusion into and out of the sample during exposure7. Figures 2a and 2b
show "typical" plots.

The weight (mass) fraction uptake after the soaking provides a measure of
the difference between the amount of the material migrating into the sample and
the amount of material migrating out of the sample during exposure. The (mass)
fraction change upon drying provides a similar measure of the amount of material
(e.g. oils or plasticizer) lost during soaking. The larger these numbers, the
worse the performance. The final curvature of each portion of the curve accounts
for the fact that the exposure times may not be long enough for equilibrium to
be reached and migration would still continue. The change in hardness is a
mechanical property, large changes in which can signify attack. The final two
variables are the signs of the changes in weight fractions. The output was kept
simple, "acceptable" or "unacceptable" because of the qualitative nature of the
test. No experience as yet exists to predict actual lifetimes from this
experiment.

ARTIFICIAL NEURAL NETNOEK/EXPERT SYSTEM

Complete descriptions of the set-up and training of the artificial neural
networks and their incorporation in the expert system are given in detail
elsewhere 3

4. The neural network architecture is the feed-forward, back-
propagation network 1,2. The software package NeuralWare Professional IIPlusThi was
used to train the network9 . The sigmoid was used as the transfer function for
training the polarization scan network and the hyperbolic tangent was used as the
transfer function for training the sequential immersion test network. Two types
of neural networks were combined for the polarization scans. One had all three
outputs and two hidden nodes in one network. the other was a set of three neural
networks, each with one output for each type of corrosion and one hidden node 3.
The neural network for the sequential immersion test had four hidden nodes and
one output 4. The neural networks were incorporated within their own expert
system for each experimental procedure. The program V-P Expertl° was used as the
shell. Figure 3 shows a schematic diagram of the information flow. The expert
system enables simple consistency checks to be made and provides an efficient way
to input data to the network from the user and to incorporate the results from
the network into rules by which the numerical results are transformed into
predictions.

Interpretation of the numerical output from the neural network are as
follows. For the polarization scans, output>0.8 means that the type of corrosion
causing that output is likely, 0.2<output<0.8 means that a risk exists and a
closer examination is needed, output<0.2 means that the type of corrosion causing
the output is unlikely to occur. The outputs from the single output and triple
output neural networks are combined so by the expert system so that the most
conservative prediction is used3 if a disagreement exists Such disagreement
might occur in the borderline region. For the sequential immersion test,
output>0.8 means acceptable behavior is expected, 0.2<output<0.8 means that the
expectation is for marginal behavior and closer examination is needed, and
output<0.2 means that behavior would be unacceptable. No attempt was made to
assign probabilities to these numbers, e.g. an output of 0.7 has a 70% chance of
being successful".
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APPLICATION TO PREDICTIONS FOR TRX TWO NETWORKS

Use of the neural network/expert systems described above provide several
advantages to the corrosion practitioner with respect to making predictions from
laboratory data. They can serve as a check on interpretation by the expert.
They help to insure that the predictions made from the experimental results are
consistent with previous predictions for similar applications. They can aid in
interpretation of results that might be influenced by noise or be in the border-
line region between different types of behavior. When used by a less experienced
person, they enable that individual to have access to expertise for interpreting
experimental data in the absence of the expert. Neural networks are described
to be robust in that they can capture the features so as to generalize even in
the presence of noisy data2 . Following are examples for each network to show how
the neural network/expert system can be utilized in practical corrosion studies.

Application to Polarization Scans

A vessel with soft natural rubber had a ý'istory of problems associated
with the lining. After attempts to use other lini.ngs failed, the decision was
made to use an alloy replacement. The question was which alloy to use. The
process environment is an aqueous, acidic mixture with a pH of 4.5 and a chloride
concentration lying between 2000 and 3000 ppm by weight. An excursion to pH of
3.5 may occur. The process temperature is 40*C (313K). Both polarization scans
run in the laboratory and coupon immersion tests run in the process vessel were
used to screen alloys'2 . Though this example is "after-the-fact", it does
provide one way that the artificial neural network might be applied.

The appropriate way to use this system is after the polarization scans are
run and prior to the immersion tests. The goal would be to help to insure that
the immersion tests, being of much longer duration, contain appropriate
candidates. Ultimately, one would want to use the expert system to aid in
choosing the material of construction directly from the polarization scan without
the immersion test. However, from a practical standpoint, in view of the newness
of the technology, such usage is premature. Therefore, the procedure would be
to use this technology for preliminary guidance both for the longer immersion
test and, as importantly, for any initial economic evaluation of alternative
alloys that are promising candidates.

Figures 4 through 6 show the polarization scans for type 316ss (531600),
alloy 20 (N08020), and alloy 825 (N08825) at a pH of 4.5. Alloy 276 (N10276) was
also evaluated but is not included in this discussion. A complete description
of the experimental procedure is given elsewhere'2 . The neural network/expert
system is used once these polarization scans are generated. Table 3 lists the
input values to and output values from the neural network for the three
polarization scans. The headings of "single" and "triple" correspond to the two
types of neural networks that are combined in the expert system3 . Upon comparing
between the outputs from the two networks, the expert system uses the most
conservative value for each prediction. Table 4 shows the interpretation of the
neural network and the observation from the coupon exposures to the liquid phase.
There is excellent agreement. Also, no attack was predicted or observed for
Alloy 825 exposed at a pH of 3.5. The conclusion would be that use of Alloy 825
should result in no attack of the vessel. There would be some risk of attack
when using Alloy 20.

The prediction of borderline crevice corrosion for Alloy 20 was made
because one of the outputs for crevice corrosion was between 0.2 and 0.8. When
the input protection potential waa changed from 0.15 V to 0.17 V, the outputs for
crevice corrosion changed from 0.279 and 0.151 to 0.170 and 0.064 for each of the
networks. The prediction changed from "border-line crevice corrosion" to "no
attack". There are several conclusions. The propensity for crevice corrosion
for Alloy 20 must be very close to the boundary between attack and no attack.
At the boundary, differentiation between two cases becomes more difficult'2 for
a neural network and the predictions must be used cautiously. The 89 cases used
for training might not have been adequate to guarantee generalization. Some
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memorization of the input data might have occurred. Predicting the required
number of exemplars to prevent memorization is difficult'-. Lastly, the expert
system is not expected to be 100% correct as no expert is 100% correct.
Experience has indicated that this system is correct about 85% to 90% of the
time3 . Therefore, though the expert system can provide guidance and help to
insure that interpretations are consistent with prior knowledge, coupon immersion
tests or another independent experiment should be used for confirmation. Note
that the final decision was to build the tank from Alloy 825 with Alloy C276 weld
overlay on critical flange face gasket surfaces. The vessel has been in service
for about 5 years. Vessel inspections and coupon monitoring have revealed no
problems with the vessel.

Application to Non-metallic Material Evaluation

Prediction of degradation non-metallic materials in waste streams from
laboratory tests is difficult because of the poor characterization of such
streams coupled with the tested solutions usually being a "snapshot" of a
changing situation. The problem was to predict the performance of lining and
gasket materials in one such environment. Periodic replacement was required for
gaskets made from EPDM (ethylene propylene dimonomer). One goal was to find an
alternative to this gasket material. In addition, lining materials were to be
evaluated for placement under some proposed containment vessels. Such linings
had to be able to prevent leaching of any material. Three potential linings,
high density polyethylene from two suppliers and a chlorinated, sulfonated
polyethylene (CSMP) from a third were examined. Sequential immersion tests were
run for the materials in as-caught samples at 490C (the highest expected ambient
temperature). Figures 7 and 8 show the mass change (as weight fraction) versus
time for the two cases. Tables 5 and 6 show the values of the inputs to and
outputs from the artificial neural network.

The output of the neural network shown in Table 5 agrees with the
observation that EPDM would degrade in the environment. The expert system
predicted that performance would be unacceptable. A perfluorinated elastomer was
found to be an acceptable alternative. The agreement between field observation
and network prediction for the first sample gives confidence to the prediction
for the second sample. As far as the prediction for the linings, high density
polyethylene is predicted to be acceptable in this service. The other lining is
not. Normally, a decision of which lining to use would have been derived from
the results shown in Figure 8. The neural network helps the corrosion
practitioner to insure that the conclusion is consistent with other predictions
made from this qualitative test for other systems. In this case, an alternative
was found for the tanks and the system was not built.

During testing, this network was found to be about 80 to 85% correct 4 in
its qualitative predictions. No attempt was made to incorporate an expected
lifetime prediction or a probability of failure for either material. The belief
is that the sequential immersion test as now practiced is too qualitative to make
a more quantitative decision from the results. Ultimately, data such as that
shown in Tables V and VI might be used to estimate an average diffusion and
sorption coefficient". However, such calculations are premature because the
methodology for decoupling the diffusion into and out of the lining into separate
relationships is unclear.

Note that the output values in Table 6 sent to the expert system lie above
1 and below 0 even though the target is 0 or 1. The reason has to do with how
the NeuralWare software does training. During training, scaling was done so that
the actual output values (0 or 1) were scaled linearly to lie between -0.8 and
+0.8 as outputs from the hyperbolic tangent transfer function. The network then
adjusted the weights so that calculated and actual values of the output from the
output node matched each other as closely as possible (-0.8 or +0.8 being the
targets). During testing or use in which the inputs were not part of the
training set, the output from the transfer function in the output node can be
greater than 0.8 or less than -0.8 (+1 or -1 being the upper or lower bounds of
the hyperbolic tangent). Scaling linearly between the output from the transfer
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function and the real world would then result in the recorded output as sent to
the expert system being greater than 1 or less than 0W. This behavior was not
found for the sigmoid used in the first neural network (see Table 3) because the
output from the output node and the actual output were set at identical values
so no scaling was needed3 .

CONCLUSIONS

1. Artificial Neural networks can be powerful aids to the corrosion
practitioner who is attempting to project laboratory results into
field predictions. The results for the two laboratory techniques
described in this paper demonstrate the feasibility of this
technology to serve as such an aid. One caution is that enough data
must be available for training so that the completed network can
generalize to new situations.

2. Such networks provide a check that the prediction is consistent with
those made previously. This check allows predictions to made more
confidently in the absence of a specific model for the corrosion
process.

3. Incorporation of the neural network within an expert system is one
way of making data entry and interpretation of the results
"friendly" to the user and utilize rules often known once the
pattern has been recognized.
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TABLEI

Data Inputs for Neural Network for Polarization Scans

Input Parameter Value of Feature

Repassivation Potential EM -Er'

Pitting Potential EZ -RE"

+1 = Positive
Hysteresis 0 = None

-1 - Negative

Anodic Nose +1 - Yes
0 - No

Passive Current Density pamp/cm2

Potential At Anodic-to-Cathodic E - E
Transition E- Ef

Output Parameter Value of Feature

Crevice Corrosion Predicted +1 = Yes
0 = No

Pitting Predicted +1 = Yes
0 - No

Should General Corrosion Be +1 = Yes
Considered 0 = No
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Variables for Artificial Neural Network for Sequential Iorsio• Toet

Input Paramte Value of Feature

Soak Fractional Change -1 to 1

Dry Fractional Change -1 to I

Final Curvature Increasing = 1
of Soak Cycle Leveling = 0

Final Curvature Decreasing -1
of Dry Cycle Leveling - 0

Hardness Change Actual Value

Sign of Final Soak Weight Positive = 1
Minus Initial Weight Negative = 0

Sign of Final Dry Weight Positive = 1
Minus Initial Weight Negative = 0

Output Parameter Value of Feature

Good = 1Rating Bad = 0

TABLE 3

Inputs to and Outputs from Neural Network for pH=4.5, 400C

Input Parameter 316as Alloy 20 Alloy 825

Ep- E_, (Volt) 0.0 0.15 0.4

Ep,,- E_ (Volt) 0.28 10* 10*

Hysteresis Negative Negative Positive

Anodic Nose No No No

Passive Current Density
(Aamp/cm

2 ) 0.1 0.1 0.1

Anodic-to-Cathodic
Transition E,_-E_, (Volt)

Output 316ss Alloy 20 Alloy 825

Single Triple Single Triple Single Triple

Crevice 0.999 0.999 0.279 0.150 0.021 0.004
Corrosion

Pitting 0.053 0.053 0.042 0.00 0.042 0.00

General 0.039 0.00 0.039 0.00 0.044 0.00
Corrosion

*If there is no pitting potential, then the value of 10 is used.
This large value is a numerical approximation to a non- measureable

pitting potential.
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TABLE 4

Prediction vs. Results for In-plant Immersion Test

Alloy/ Neural Network/ Observed Corrosion
Environmont Ex2ort System Exposed Counons

316ss crevice corrosion likely to crevice corrosion under TFE
pH=4.5 occur washer, no general corrosion

Alloy 20 border-line risk of crevice less corrosion under TFE
pH=4.5 corrosion washer than above, no

general corrosion

Alloy 825 no attack predicted no attack observed
pH=4.5

TABLE 5

Variables for Artificial Neural Network for Gasket Bvaluation

Input Parameter EPDN PF Elastomer

Soak Fractional Change 0.014 0.015

Dry Fractional Change -0.020 0.0014

Final Curvature Increasing Increasing
of Soak Cycle

Final Curvature Decreasing Leveling

of Dry Cycle

Hardness Change -10 -1

Sign of Final Soak Weight Positive Positive
Minus Initial Weight

Sign of Final Dry Weight Negative Positive
Minus Initial Weight

Output Parameter 0.051 0.984
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Prediction vs.* Results for the S•uential Zimersion west,

Invat Parameter EDP3-A NDPZ

Soak Fractional Change 0.0120 0.013 0.22

Dry Fractional Change 0.0053 0.0068 0.021

Final Curvature Leveling Leveling Increasing
of Soak Cycle

Final Curvature Leveling Leveling Leveling
of Dry Cycle

Hardness Change 3 1 3
(Barcol 936)

Sign of Final Soak Weight Positive Positive Positive
Minus Initial Weight

Sign of Final Dry Weight Positive Positive Positive
Minus Initial Weight

Outout Parameter 1.05 1.03 -0.12

3439



Pitting Potential

--------------------------------------------
Repassivation Potential

r- Corrosion Potential()
0

io4WQ7Qathoic Transition

Scan Direction
Forward

I 1 11 1 I I I I lil I I I ItI ll I IlI II I

Log (current density)

Repassivation Potential

Scan Direction(b
Forward

0 Reverse

Corrosion Potential

AribdictoI-Cathodic Transition

-------------------------------------------------

I fr I I IF I I I I 1 1111 1 1 1 11 lilt

Log (current density)

FIGURE 1. "Typical" polarization scans for (a) an alloy that might suffer
localized corrosion with no general corrosion, (b) a completely passive alloy
showing no corrosion.
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Hysteresis Is Experimental Artifact
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PxIGpUR 1. "Typical" polarization scans for (c) an alloy that might suffer rapidgeneral corrosion, and (d) an alloy that has an "active-to-passive" transition
with increasing potential.
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FIGURE 2. Examples of Sequential Immersion Test results for non-metallic
materials showing (a) slow approach to saturation which could be large with
leaching from the material during immersion and (b) rapid approach to saturation
which could be high with some leaching from the material during immersion.
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INITIAL CONSISTENCY CHECK
AMONG EXPERIMENTAL DATA INTERPRETATION OF ARTIFICIAL
APPEARANCE, SAMPLE NEURAL NETWORK OUTPUT
APPEARANCE, AND OTHER BY EXPERT SYSTEM
PERTINENT INFORMATION f

f PREDICTION OF BEHAVIOR OF

INPUT OF PARAMETERS TO MATERIAL BY EXPERT SYSTEM

ARTIFICIAL NEURAL NETWORK f
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AMONG EXPERIMENTAL DATA

CALCULATION OF ARTIFICIAL APPEARANCE, SAMPLE
NEURAL NETWORK OUTPUTS APPEARANCE, AND PREDICTION

FROM ARTIFICIAL NEURAL
NETWORK

FIGURE 3. Structure of the information flow in the expert system with embedded
artificial neural network.
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Abstract

Localized corrosion phenomena, including pitting corrosion, stress corrosion cracking, and
corrosion fatigue, are the principal causes of corrosion-induced damage in electric power
generating facilities and typically result in more than 50% of the unscheduled outages.
Prediction of damage, so that repairs and inspections can be made during scheduled outages,
could have an enormous impact on the economics of electric power generation. To date,
prediction of corrosion damage has been made on the basis of empirical/statistical methods that
have proven to be insufficiently robust and accurate to form the basis for the desired
inspection/repair protocol. In this paper, we describe a deterministic method for predicting
localized corrosion damage. We have used the method to illustrate how pitting corrosion
initiates stress corrosion cracking (SCC) for low pressure steam turbine disks downstream of the
Wilson line, where a thin condensed liquid layer exists on the steel disk surfaces. Our
calculations show that the SCC initiation and propagation are sensitive to the oxygen content of
the steam, the environment in the thin liquid condensed layer, and the stresses that the disk
experiences in service.

Introduction

The progressive development of damage caused by the nucleation and growth of pits and stress
corrosion cracks in various components in the heat transport circuits of light water (nuclear)
reactors (LWRs) is recognized as a major contributor to unscheduled down time and hence to
operating losses. The key issue is that damage forces unscheduled shutdowns, resulting in lost
production and the need for the utility to purchase replacement power for its customers. If the
development of damage can be predicted, then repairs could be made during scheduled
shitdowns with a much lower impact on the economics of operation. Similarly, the economics
of extending the operating lives of power reactors depends heavily on the prediction of corrosion
damage that might occur in the future.

The extent of damage caused by localized corrosion, such as pitting and stress corrosion
cracking, is best described in terms of the damage function1 , which is the histogram of the crack
frequency (number of pits or cracks/unit area) versus pit or crack length, as shown schematically
in Figure 1. In this scheme, we show three damage functions corresponding to different times of
observation (t0, t2, t3). Clearly, the lifetime of the component corresponds to the time required
for the damage function to extend to a critical dimension, which is defined in purely engineering
terms. In the case of stress corrosion cracking, the critical dimension might correspond to some
physical length, such as the thickness of a pipe wall, or it may correspond to the length at which
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the stress intensity (or some other fracture mechanics parameter) exceeds the value for fast
(unstable) fracture (KIC).

In this paper, we outline a deterministic approach for estimating the time for initiation and the
kinetics of growth of cracks in reactor heat transport circuits. These techniques are then used to
estimate times to failure (characterized by fast fracture) of reactor heat transport system
components due to localized corrosion processes.

Why Deterministic Methods ?

Because of differences in design, materials of construction, and operating histories, each power
plant (nuclear and fossil) is unique. As with living organisms, which are rendered prone to
certain diseases because of inherent (genetic) defects and/or lifestyle factors, different types of
power plants are more or less susceptible to different forms of corrosion-induced damage, which
may range from being an operational nuisance to being fatal. However, the rate of development
of damage is almost always a strong function of the history of operation, just as lifestyle greatly
affects the onset of disease. It is the uniqueness of the relationship between the plant
characteristics (design, materials, and operating history) and the rate at which damage develops
that imposes a limit on the usefulness of statistically-based empirical methods, such as
probabilistic analysis and extreme value statistics. The reason for this is simply that these
empirical methods require an enormous amount of data and effort to characterize the damage and
its dependence on system parameters, in order that reliable predictions can be made. This is
particularly true for those regions of the heat transport circuit that are difficult to probe directly,
such as the in-vessel regions of LWRs. In many cases, one essentially needs to know the answer
(development of damage) in advance before predictions can be made. Clearly, in these cases,
empirical methods are of marginal value.

The alternative approach is to devise mechanism-based, physico-chemical models for the
development of damage, in much the same way that mechanics has been developed to describe
statics and kinematics. In the limit, models of this type become entirely deterministic, in that
future events (development of damage) can be determined from the present. In reality, because of
the complex relationships that exist between the development of damage and the system
parameters, we are unlikely to achieve pure determinism within the foreseeable future. Instead,
an achievable goal appears to be models that are physically sound and realistic, but which
contain unknown parameters that must be obtained by fitting the models to damage functions
that have been measured under known conditions. However, it is important to note that this
calibration procedure does not detract from the value of the model; but merely represents an
indirect method of accessing various parameters. The critical requirement of any model is that it
be realistically complex and that it obeys the natural laws of science. Otherwise, the model is
non-deterministic, and any calibration of the model against experiment is empirical. These
concepts are well developed in other branches of science and engineering (e.g. in mechanics and
electrical engineering); however, they are only now being introduced into corrosion science and
engineering.

As a case in point, consider the development of models for localized corrosion, such as pitting
and stress corrosion cracking. Many models for these processes assume that the electrostatic
potential at the crevice mouth is 0 = -Ec,,, where Ecorr is the corrosion potential of the steel in
the environment. If this were the case, no current could flow from the crack to the external
surfaces because of the lack of a potential gradient. Thus, if the cathodic process occurs on the
external surfaces (which is generally the case in order to maintain occluded cell conditions), the
models actually predict that localized corrosion cannot occur. These models are also
fundamentally flawed because the fate of the current external to the crevice is not addressed.
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This problem is probably best illustrated by considering an electrical equivalent circuit for a
crack (Figure 2). Elementary circuit theory stipulates that the current (crevice growth rate) can
only be determined if all of the voltages and resistances are specified. In essence, then, the
problem of modeling an active crevice involves solving the potential dividing circuit for 0"
(Figure 2). To our knowledge, the only model that attempts to treat this problem in a quantitative
manner, is the coupled environment fracture model (CEFM) that was developed several years
ago to describe stress corrosion cracking of sensitized Type 304 stainless steel recirculation
piping in boiling water reactors (BWRs) 2 . Recognizing that the problem of specifying the
electrostatic potential at the crack mouth is basically electrical in nature, the governing equation
that must be satisfied is the conservation of charge, and any model that does not invoke this
condition cannot be deterministic.

The Deterministic Prediction of Damage

The algorithm that has been developed in this program estimates the SCC initiation and failure
times in a detcitainistiL, manner. Because stress corrosion cracking in steam components
frequently initiates from pits, the module that estimates the SCC initiation time is a pit growth
module. By specifying a critical dimension for SCC initiation, the pit growth module predicts the
time at which the pit length reach that dimension. The module that estimates the crack growth
rate and hence the failure time is in essence, the CEFM. By defining a critical dimension at
which fast fracture (failure) occurs, the module predicts the time at which the crack reaches the
critical size. The total time from pit initiation to fast fracture is defined as the service life of the
component (low pressure steam turbine disk). The algorithm begins with the specification of the
environment, including temperature, system composition, and various hydrodynamic parameters,
if necessary. This information is then used in a series of modules to estimate various corrosion
and electrochemical parameters, culminating in the calculation of the crack length and stress
intensity as a function of time, from which the service life is estimated.

The Chemistry Module (CM). The chemistry module is designed to estimate the pH of the
fluid in contact with the metal, as well as other parameters (e.g. oxygen concentration in the
liquid at a liquid/gas interface). The module employs an equilibrium model, along with mass
balance and charge balance constraints, and computes ion activity coefficients using the extended
Debye-Huckel theory. The current module was designed to describe the chemistry of thin liquid
films on metal surfaces, such as those that exist on the surfaces of low pressure steam turbines
downstream of the Wilson line or on steam surface condensers. In each case, we assume that the
liquid film is in equilibrium with the ambient environment, so that equilibrium calculations are
applicable.

The Mixed Potential Module (MPM). The mixed potential module (MPM), which is based
on the Wagner-Traud hypothesis 3 for free corrosion processes, was developed to calculate the
corrosion potentials of alloys in corrosive environments. The theory outlined here is essentially
identical to that developed by Macdonald et al for calculating corrosion potentials for stainless
steel components in the heat transport circuits of Boiling Water Reactors (BWRs) 4-5. The theory
i', based on the physical condition that charge must be conserved in the system.

Because eleca'ochemical reactions transfer charge across a metal/solution interface at a rate
measured by the parti,1i currents. charge conservation demands that

,• i•.; (E) 4 i,,,,,r(E) = k 1
I--1

where IR/Oj i; thi: partial carrent density due to the j-th redox couple in the system, and ico~r is
the corrosion current density of the substrate. The currents are written as functions of the
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potential E to emphasize the fact that the partial currents depend on the potential drop across the
metal/solution interface. Indeed the solution to Eq. 1 provides the quantity that we seek (the
corrosion potential). Note that in deriving Eq. 1, we assume that the surface of the alloy is
equally accessible to all reactions in the system.

Calculated corrosion potentials for low pressure steam turbine disks are given in Figure 3 as a
function of oxygen concentration and environmental variables in the condensed liquid phase.
Oxygen reduction is the only cathodic reaction incorporated in the present considerations
because it is believed to be the principal corrodent in steam turbine environments. It is predicted
that oxygen in the steam has a significant influence on the corrosion potential, particularly at
higher oxygen concentrations. Dependence of the corrosion potential on the composition of the
condensed liquid phase is also demonstrated. However, at the extremely low oxygen
concentrations normally present in turbine steam, the influence of the impurities in condensed
liquid layer on the corrosion potential is predicted to be minimal (Figure 3).

The Coupled Environment Pit Growth and SCC Module. The Coupled Environment Pit
Growth and SCC Module combines coupled environment models for calculating pit and crack
growth rates. The pit growth module calculates the time at which an individual pit grows to a
critical dimension, such that KI>KISCC, and hence the pit transitions into a crack. The fracture
module then calculates the crack propagation rate by incorporating appropriate mechanical
parameters into the equations that describe events at the crack tip. This module was developed
because a review of the available theoretical models for crack propagation indicated that only
one of them could provide a deterministic prediction of the crack propagation rate. The problem
is that most models for pitting and stress corrosion cracking fail to address the fate of the current
that exits the crevice mouth, and which must be consumed by some cathodic reaction(s) on the
external surfaces. In a previous study, Macdonald et al 2 recognized this problem in developing
their coupled environment fracture model (CEFM) for stress corrosion cracking in sensitized
stainless steels in nuclear-reactor heat transport circuits. In that case, for high-resistivity water of
the type employed in boiling water reactor heat transport circuits, it is theoretically predicted that
the rate of crack growth is controlled by processes that occur in the external environment (e.g.,
oxygen reduction and ionic conduction), rather than by those that take place in the confine of the
crack. Subsequently, although separately, workers at the Argonne National Laboratory 6 found
experimentally that the kinetics of the crack growth in sensitized Type 304 stainless steel in high-
temperature water are controlled by the rate of cathodic reactions that occur on the external
surfaces and consume electrons released at the crack tip.

In light of the above, we selected a modified form of the CEFM as the most viable theory for
estimating pit growth and crack propagation rates. This modified model incorporates a single
algorithm to estimate the pit growth rate for KI<KISCC and the crack growth rate for
KISCC<Ki<KIC, where KISCC and KIC are the critical stress intensities for slow crack growth
and unstable (fast) fracture, respectively. This module also differs from the CEFM in that the thin
electrolyte film that exists on the steel surface is modeled as an electrical transmission line of
cylindrical goemetry, rather than by solving Laplace's equation to obtain the net cathodic current
consummed on the external surface.

A typical crevice on the metal surface in contact with a thin electrolyte film is shown in Figure 4.
The crevice grows by the dissolution of metal occurring at the crevice tip. The principle of the
transmission line approach is shown in Figure 5, which yields the following equation for the
distribution of the electrostatic potential %) in the external environment.

d2o.+ I do. p 0,--0 (2)
dr2  R dr hZ,
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where p is the resistivity (0-cm) of the solution, R- P , is the resistance per unit length21rhr

(Q/cm) of the external solution, Zs is the specific impedence (L-cm2) of the external surface, h is
the electrolyte film thickness, and r is the radial distance from the center of the cylindrical
crevice. Note that Zs is a function of distance, (Zs(r)=-(Os-0mg, where iNc is the net cathodic
current density). The value of Zs(r) was determined iteratively when solving Eq. 2. We use the
finite difference method to solve Eq. 2 for os(r).

The distribution of the electrostatic potential within the crevice confine is obtained by solving the
Laplace's equation, assuming that the the environment within the crevice confine is electrically
neutral,

V2o = 0 (3)

The solution to Laplace's equation (Eq.3) yields the following expression assuming that the
potential variation in the radial direction is negligible compared to that in the longitudenal
direction:

L s (z)= s stL+s (4)

where 40 s is the electrochemical potential at the crevice tip, and L is the pit depth. We also
apply the Butler-Volmer equation to the electrodissolution reaction occurring at the crevice
bottom to yield the electrochemical potential at the crevice tip as

S_+ bo In(~A')(5
10

where 40 0 is the (negative of the) standard electrochemical potential for the dissolution of the
metal outside the crevice, iS is the standard exchange current density, ba is the anodic Tafel
constant for metal dissolution, and At is the effective active surface at the crevice tip, defined as
follows,

2a0
At= -A +A(6)A *i - ( ') 1 / 2 + p it 

6

to
where Apit is the active area for pitting corrosion, 2/(ts)mp2 is the equivalent area for crack

/ to
propagation, k0 is a constant, and tf- is the period of fracture of the passive film. A justification of
Eq. 6 will be published at a later date.

The fracture frequency of the passive film is sinpiy equal to the inverse of fracture period, or,

f, =/il (7)
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where, as before 2.7

f, = 4.1Ix10-1 K 4(s-) (8)

The stress intensity is calculated as

K, =ar4 (9)

where a is the applied stresses, and L is the length of the crack. For K, K•scc, the crevice
develops by pitting corrosion, but when K, = Kiscc, a stress corrosion cracking initiates. The
crack then propagates over Kscc < K, - Kc by environmental-assisted fracture, but
whenK, > Kic the crack leads to fast fracture (failure). Figure 6 illustrates the stages of
development of a pit into a crack that results in fast fracture as the stress intensity reaches the
critical value of KIC.

Discussion

General Features

The model for coupled pitting corrosion and intergranular stress corrosion cracking developed in
this work differs from previous models in a number of important aspects. The principal
innovation is coupling of the internal and external environments explicitly through the
conservation of charge, which must be satisfied by any electro-physico-chemical system. The
model recognizes that pit or crack growth is determined by processes occurring both in the
internal (crevice) environment and in the external environment. The processes taking place in the
external environment include the reduction of oxygen, which consumes the positive current
exiting the crevice mouth, and the ionic conduction through the external solution. In recognition
of the fact that SCC is initiated by pitting corrosion, a single model is employed to describe
propagation of the crevice for KI<KIScC (pitting) and KISCC<KI<KIc (SCC). Accordingly, the
model reveals the effects of mechanical properties (through stress intensity) on the crack growth
rate, because increasing stress intensity raises the strain rate at the crack tip and hence increases
the frequency of rupture of the passive film.

The Effect of Oxygen Concentration

The predicted effect of oxygen on the corrosion potential for the steel is presented in Figure 3.
The data show a sharp increase in the corrosion potential as the oxygen in the electrolyte fim
increses from 1 ppb to 1 ppm, especially in the case that the electrolyte film is highly acidic. The
principal role of oxygen in the external environment is to consume the positive current exiting
crevice tip. Higher oxygen concentration in the external environment shortens the SCC initiation
time and ultimately the failure time (Figure 14). However, the calculation indicates that the
increase in oxygen concentration from I ppb to 1 ppm reduces the SCC initiation and the failure
time (fast fracture) by a factor of only 2 to 3, suggesting that the control of oxygen is not the
prime factor in extending the life of a turbine disk.

The Distribution of Potential Within the Crevice

The predicte.d variations in the electrostatic potential in the solution along the crevice is shown in
Figure 7. The electrostatic potential distribution within the crevice varies with time as the crevice
develops from a pit into a crack. During pitting stage, at a time=4.59x10 5 s, the potential
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increases by only 20 mV from the crevice mouth to the crevice tip for a crevice length of 6.0x10-
3 cm. On the other hand, for a time of 5.25x106 s, after the pit has developed into a crack, we
calculate that the potential increases more than 300 mV from the crevice mouth to the crevice tip.
The crack length in this instance is equal to 0.536 cm. The potential and concentration gradients
in the crack are the driving forces for the ionic current resulting from the dissolution of the metal
at the crevice tip. Higher potential and concentration gradients are associated with a higher
crevice growth rate.

The Distribution of pH Within the Crevice

The pH distribution in the crevice is illustrated in Figure 8. Acidification within the crevice is
predicted during both the SCC initiation and propagation stages. The extent of acidification of a
stress corrosion crack is a matter of great controversy, largely because of the difficulty of
measuring pH in the confined space. Our calculation indicates that the extent of acidification, as
reflected by ApH=pH (crevice tip)-pH (crevice mouth) increases sharply as the crevice develops
from a pit into a crack.

The Distribution of Species Concentration Within the Crevice

Distributions of various species down the crevice are shown for the cases of pit growth and the
crack propagation, in Figures 9 and 10, respectively. The environment within the pit confine is
predicted to be enriched in chloride ion to compensate the positive charge injected into the
crevice by dissolution of the metal at the crack tip. The concentration profiles for the major
species in the crevice are predicted to be flat near the crevice tip but are found to decrease
substantially near the crevice mouth and eventually approach the concentrations in the external
environment.

The Distribution of Potential in the External Environment

The distribution of the electrostatic potential in the external enviroment is presented in Figure 11.
The calculation indicates that the electrostaic potential increases rapidly near the crevice mouth.
At a time=4.59x1O5 s, during pitting stage, the increase in potential at the crevice mouth ot
420 mV is predicted for a crevice of length equal to 6.Ox 10-3 cm. However, at a time of
5.25x10 6 s, after the pit develops into a crack, the increase in potential is calculated to be
610 mV for a crack length of 0.536 cm is predicted. In both cases, the potential drop occurs
principally within a distance about 50 times the crevice radius. The rise in the potential in the
external environment is the driving force for throwing the ionic current from the crevice mouth
to the external surface.

The Distribution of Anodic and Cathodic Currents in the External Environment

The calculated distributions of the anodic and cathodic currents across the external surface are
given in Figures 12 and 13. It is found that a small area exists around the crevice that is
cathodically protected, where the anodic current is equal to zero. The radius of the cathodically
protected area is about 25 times the radius of the crevice in the SCC initiation stage and about
50 times the radius of the crevice in the SCC propagation stage. The increase in the eletrostatic
potential in the solution gives rise to a net cathodic current, which, when integrated radially from
the crevice, is equal to the positive current exiting the crevice mouth. At a sufficiently large
distance from the crevice, the electrostatic potential equals the negative of the free corrosion
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potential. At this point, the cathodic current equals the anodic current, resulting in the total
current being equal to zero.
Failure in Low Pressure Steam Turbines

The calculated effect of oxygen concentration in the external environment on the SCC initiation
and failure times (resulting from fast fracture) is illustrated in Figure 14. As stated earlier, the
role of oxygen in the external environment is to consume the current exiting the crevice mouth,
and we predict that higher oxygen concentrations shorten the time for both SCC initiation and
failure, hence resulting in a short service life. Our calculation indicates that an increase in the
oxygen concentration from 1 ppb to I ppm results in a decrease of the failure time by a factor of
only 2 to 3.

The predicted effects of conductivity and of pH in the external environment (by varying the
concentration of NaCl and HCI) on the SCC initiation time and failure are given in Figures 15
and 16. It is shown that the conductivity of the external environment has a strong effect on the
SCC initiation and failure time. Increasing the concentrations of NaCl and HCI by a factor of 105
decreases the failure time at 450 K from -100 years to a little more than one year.

The calculated effect of stresses (applied and residual) on the SCC initiation and failure times is
presented in Figure 17. Because the stress determines the critical crack length and because higher
stresses result in higher crack growth rates, it is not surprising that our calculations indicate that
stress has a great impact on the the SCC initiation and failure times. It is predicted that reducing
the stresses by a factor of 3, from 300 MPa to 100 MPa, leads to an increase in the time for SCC
initiation and failure by as much as an order of magnitude.

Summary and Conclusions

The crack growth rates calculated in this work (-1.5x10-7 cm/s, Figure 6) compare well with
those reported in the literature (typically l-2x10-7 cm/s 8), even though no particular attempt was
made to reproduce the experimental data. Importantly, our calculations indicate that provided
concentrated electrolyte solutions are prevented from forming at the disk surface, failure is
unlikely to occur within a 40 year design life, even if the oxygen level is allowed to rise to the
0. -1 ppm level in the condensate. This may explain the successful operation of many fossil
plants worldwide on high oxygen water treatment without significant incidents of LP turbine
failure. However, we predict that if concentrated electrolytes are allowed to form on the disks
due to the transitioning of the Wilson line, rapid failure could result. Finally, our calculations
predict that stress is a significant factor in determining the total failure time, and that a reduction
in stress by a factor of three will increase the failure time by a factor of almost ten. This is
principally the result of an increase in the critical crack length for the onset of fast fracture,
because the crack growth rate is predicted to be only weakly-dependent on the stress intensity
factor once a pit has transformed into a crack.
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Abstract

Pitting corrosion is a form of extremely localized attack resulting in rapid penetration into a
metal substrate, and is one of the most destructive and insidious forms of corrosion that occurs in
industrial systems. Traditionally, the damage function, i.e., the number of pits versus the pit
depth, is measured experimentally, and the development of damage is described using empirical
models. In general, the empirical models are successful because the distribution functions
employed display great mathematical flexibility, but they require a significant database to
achieve reliability. In fact, they are only really successful when the answer is known in advance.
In this study, we developed a deterministic method for predicting localized corrosion damage
functions for condensing heat exchangers. The method incorporates calculations for the
composition of the condensed environment and the electrochemical corrosion potential of the
alloy, and includes mechanistic treatments of the nucleation and the growth of pits. The role of
the important environmental parameters are identified, such as the chloride concentration and the
partial pressure of oxygen. Good agreement is observed between the predicted damage functions
and the experimental data.

Introduction

The National Appliance Energy Conservation Act of 1987 requires that by 1992 all gas furnaces
with heat output greater than 45,000 BTU/hour must be more than 78% efficient. These
efficiencies can be achieved only by using condensing or near-condensing heat exchangers. Heat
exchangers in which a liquid phase comes in contact with the metal surface are very susceptible
to corrosion because of the presence of chloride in the condensate from the exhaust which results
in various forms of localized attack (including pitting corrosion, stress corrosion cracking, and
intergranular attack), depending on the alloy used for fabricating the tubes. Extensive corrosion
testing carried out by Battelle Columbus LaboratoriesI on more than thirty potential tube
materials has shown that only Alloys C-276 and AL29-4C, and plastic-coated galvanized steel,
are immune to corrosion damage in condensing heat exchanger environments. However, the
sensitivity of the cost of a furnace to the chosen tube material is such that it is desirable to reduce
the cost of the condenser substantially (by about 50%), which can only be achieved by
employing cheaper (but less corrosion-resistant) tube alloys. Thus, selection of the most cost-
effective alloy for a specified design life under a given set of operating conditions (duty cycle,
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combustion parameters, and condensate chemistry - chloride concentration, pH, etc.) requires
methods for predicting the extent of corrosion damage to the heat exchanger.

In this paper, we outline a deterministic method for predicting the damage function for pitting
corrosion in condensing heat exchangers. This method is considered to be potentially superior to
empirical (including stochastic and probabilistic) techniques, because it is mechanistically-based
and hence provides analytical relationships between the damage function (number of pits versus
pit depth presented in the form of histogram 2 ) and the damaging variables (chloride
concentration, combustion parameters, etc.). Accordingly, deterministic methods are expected to
be more efficient at using databases, because a lesser need exists to establish the damage
function/damaging variable relationships empirically.

From our point of view, any deterministic model must account for the fact that localized
corrosion involves nucleation and growth phenomena which occur sequentially for a single site,
but that tend to occur in parallel for an ensemble of pits. Furthermore, the model must account
for the experimental observation that the parameters that characterize the breakdown event are
distributed, due to the fact that the population of sites on any real surface is not homogeneous.
Outlined below is one model that satisfies these (and many other) conditions related to the
nucleation and growth of damage resulting from localized corrosion. While the model may not
be complete (or even correct), it is deterministic, in that the distribution function and the
relationships between the model parameters and the damage function are analytic. In illustrating
this technology, we have chosen to discuss the prediction of the damage function for pitting
corrosion, because this form of attack is almost ubiquitous in condensing heat exchangers.
Furthermore, pitting corrosion displays most of the features of all forms of localized attack,
including an induction time and the autocatalytic development of the damage.

The algorithm developed in this study to estimate the damage functions for condensing hcat
exchanger contains five modules as outlined in Figure 1. Also indicated are the parameters that
are propagated from one module to the next. The output of the algorithm can be specified in three
forms:

(1) For a specified probability of failure, the algorithm estimates the damage function
as a function of exposure time and computes the number of pits with lengths
exceeding the condenser wall thickness to predict the service life.

(2) For a specified probability of failure and design life, the algorithm calculates the
wall thickness to ensure acceptable performance.

(3) For a specified wall thickness and design life, the algorithm calculates the failure
probability.

Below we describe the various modules in this algorithm; however, due to the limited space
available, we outline only the principles of these modules.

The Condensed Chemistry Module (CCM)

The composition of the flue gas will differ from burner to burner. With this in mind, we
developed a generalized condensate model for the condensate environment. This model assumes
the flue gas to be a mixture of CO, C0 2 , H2S, NO, N02, SO 2 , SO 3, and H20. The relative
proportions of these components may vary widely from furnace to furnace, depending on the
nature of the ambient air, the air/gas ratio, and on the impurities of the gas. The goal of the
Condensate Chemistry Module is to calculate the pH and the composition of the condensate on
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the condenser surface. The pH is a key parameter in controlling the rates of pit nucleation and
pit growth. The concentrations of species in the liquid layer determine the ionic conductivity of
the solution, which has great impact on the pit growth rate. The module employs an equilibrium
model along with mass balance and charge balance constraints, and computes ion activity
coefficients using the extended Debye-Huckel theory. We assume that the condensed liquid film
is in equilibrium with the ambient environment, so that equilibrium calculations are applicable.
Details of this module are described in the literature. 3

A typical gas-fired heat exchanger is schematically shown in Figure 2a.4 The temperature ranges
from approximately 308 K in the cold end to 353 K in the hot end, depending on the design of
the heat exchanger. Typical values of the pH and chloride concentration in these different zones
are given in Figure 2b.4 It is shown that the condensed liquid phase is enriched in chloride in the
hot end to the extent of approximately 150 ppm. Acidification of the condensed thin liquid layer
is also found, in that pH values as low as 2.7 and 3.3 are found at the hot end and the cold end,
respectively. In Figure 2c we present the computed pH for a typical composition of the flue gas
and the chloride content of the condensate. Our calculation shows a variation in pH from 2.93 to
3.32 from the hot end down to the cold end. Recognizing the wide range of operating conditions
and designs of condensing heat exchangers, it is concluded that good agreement is observed
between the experimental data and theoretical prediction.

The Mixed Potential Module (MPM)

The mixed potential module (MPM), which is based on the Wagner-Traud hypothesis 5 for free
corrosion processes, was developed to calculate the corrosion potentials of alloys in corrosive
environments. The theory outlined here is essentially identical to that developed by Macdonald et
al for calculating corrosion potentials for stainless steel components in the heat transport circuits
of Boiling Water Reactors (BWRs). 6-7 The theory is based on the physical condition that charge
must be conserved in the system.

Because electrochemical reactions transfer charge across a metal/solution interface at a rate
measured by the partial currents, charge conservation demands that

SiRj(F + ior(E) =0 (1)
j=1

where iR/Qj is the partial current density due to the j-th redox couple in the system, and icorr is
the corrosion current density of the substrate. The currents are written as functions of the
potential E to emphasize the fact that the partial currents depend on the potential drop across the
metal/solution interface. Indeed, the solution to Eq. (1) provides the quantity that we seek (the
corrosion potential). Note that in deriving Eq. (1), we assume that the surface of the alloy is
equally accessible to all reactions in the system.

Experimental polarization curves and kinetic data for the reduction of oxygen on Alloy AL29-4C
were used as input to the Mixed Potential Module. The module then calculates the corrosion
potential of the alloy under the service condition, as shown in Figure 3. The calculation indicates
that if the solution is saturated with oxygen, the corrosion potential is only weakly dependent
upon the temperature. However, as the partial pressure of oxygen is reduced to 10-4 atm, as in the
case of an operating condensing heat exchanger, the corrosion potential varies from -290 mV to
-460 mV as the temperature increases from 300 to 370 K.
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The Pit Nucleation Module (PNM)

As a result of an intensive effort over the past decade to develop an understanding of the
breakdown of passive films, we have derived theoretical distribution functions for passivity
breakdown that are in good agreement with experiments. 8-11 We derived these distribution
functions from our point defect model for the growth and breakdown of passive films, by
assuming that breakdown occurs when a critical concentration of cation vacancies accumulates
locally at the metal/passive-film interface, such that decohesion occurs between the barrier layer
and the metal substrate. Subsequently, localized dissolution and/or mechanical instability leads to
rupture of the film. 8 We further assumed that the breakdown sites are normally distributed with
respect to the diffusivity of cation vacancies within the film.9 -1 1 The full derivation of these
distribution functions can be found in the literature.8-11

From the point defect model, 8 the breakdown voltage and the induction time for a single pit
nucleation site on the surface are given by

V=4.606RT l[o J ] 2.303 RT log(aj) (2)V, Fa•F [7; 4-1I2 aF'

and

,r (ZcFA V
= ) ( 2RT 1 + t (3)

respectively, where X is the film stoichiometry (MOx/2), a is the dependence of the potential
drop across the film/solution interface on applied voltage, a. is the activity of halide ion in the
solution, c is a relaxation time (c - 0), AV = V - Vc, V is the applied voltage (or the corrosion
potential under open circuit conditions).

jP = D (4)
and

a = ZKL-] 2 exp [-AG, /RT] (5)

The parameters u and Jm are defined in the original derivation. 8

Assuming that the breakdown sites are normally distributed in terms of the cation vacancy
diffusivity,

dIV I exp(D-15%22 (6)
dD= [2o'---D ID

where D iq the mean diffusivity and aD is the standard deviation, the point defect model yields
the following expressions for the distributions in the breakdown voltage and induction time9-1 1:

dN= i O .D e(D-I)'/2oL 
(7)

v, -24346
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and

dNW[•uz/ 2  e_(D_)I/2 e-(8) % (8)

where

Y = ZFa/2RT (9)

Eqs. (7) and (8) contain four important system parameters; D and aD which describe the
transport properties of cation vacancies in the passive film, and a and 15 which appear in the
expression for the dependence of the potential drop across the film/solution interface on applied
voltage and pH

Of,, = aV + 13,+ Of' (10)

All four parameters can be determined by independent experiment: D from electrochemical
impedance spectroscopy, OD from passivity breakdown induction time measurements, 8 and a
and A3 from film growth data, much of which exists in the literature. Accordingly, Eqs. (7) and
(8) represent analytical distribution functions for the nucleation of pitting attack, provide that the
assumptions in the model hold. Our previous work9-11 has demonstrated the quantitative nature
of these expressions for representing experimental distribution in V. and tind, for those cases
where sufficient experimental data are available for analysis.

The Pit Growth Module (PGM)

The pit growth module computes the pit growth rate of an individual pit. Figure 4 shows
schematically a typical pit that develops on the surface of a metal in contact with a thin liquid
layer. The module developed in this study calculates the pit growth rate for a pit of cylindrical
geometry. Details of the theoretical approach can be found in the literature 12,13, except that we
develop a transmission line analog of the external environment from which the distributions in
the electrostatic potential and the current in the external environment, as a function of distance
away from the pit, can be estimated.

The principle of the transmission line approach is shown in Figure 5, which yields the following
equations for the distributions in the electrostatic potential (%s) and the current in the external
environment

d2o, +! do, p -o (11)

dr2  r dr hZ,

d 21 1 dl p 1. 0  (12)

dr2  r dr hZ,

where p is the resistivity (l-.cm) of the solution, Zs is the specific impedance (f2.cm 2) of the
external surface, h is the electrolyte film thickness, and r is the radial distance from the center of
the cylindrical pit. Note that Zs is a function of distance, (Zs(r)=-(%s-¢m)/ic, where ic is the net
cathodic current density). The value of Zs(r) was determined iteratively when solving Eq. (11) by
substituting for the net current density the following expression
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e-(-O -£ )/bo _e(O - .:)Ib p (13)is= 1+l.1e--(Os _ 0)/b,, -_1e(O, -'")/b, +i(,)13

io 4.1 i,

where the first term on the right hand side is the generalized Butler-Volmer equation for the
oxygen electrode reduction

2H20 4-= 02+ 4H" + 4e- (14)

and the second is the polarization current of the substrate, both of which are function of the
potential difference across the interface. The parameters0' , io, iif, iir, ba and bc in Eq. (13) are
the (negative) of the equilibrium potential for Reaction (14), io is the exchange current density,
ii,f and i1,r are the limiting current densities for Reaction (14) in the forward and reverse
directions, respectively, and ba and bc are the corresponding Tafel constants. Note that the signs
of the exponents in the first term in Eq. (13) are opposite to those normally defined, because we
have written the current in terms of the electrostatic potential in the solution with respect to the
metal. We uses the finite difference method to solve Eqs. (11) and (12) for ýs(r) and it(r),
respectively.

The distribution of the electrostatic potential within the pit is obtained by solving Laplace's
equation, assuming that the environment within the pit confine is electrically neutral,

V20 = 0 (15)

The solution to Laplace's equation (Eq. (15)) yields the following expression, assuming that the
potential variation in the radial direction is negligible compared to that in the longitudinal
direction,

5() L~~ (16)

where Cs L is the electrochemical potential at the pit tip, L is the pit depth, and z is a negative
quantity. We also apply the Butler-Volmer equation to the electrodissolution reaction occurring
at the pit bottom to yield the electrochemical potential at the pit tip as6, 14

0i" = Aý + b'. ln( ) (17)
10

where ý , is the (negative of the) standard electrochemical potential for the dissolution of the
metal, i4 is the standard exchange current density, b. is the anodic Tafel constant for metal
dissolution, and At is the effective active surface at the pit tip. The model outlined above is a
variant of the Coupled Environment Fracture Model (CEFM) that we developed some time ago1 5

for describing crack growth in stainless steel piping in nuclear power reactor heat transport
circuits. Thus, following out previous work, 15 Eqs. (11), (12), (16) and (17) are solved for the
unknowns Os(r), ic(r), and I0, such that charge conservation, expressed as

!o + jigdS=O (18)
S
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is obeyed, where Io is the (positive) current exiting the pit mouth and dS is an increment of the
external surface (dS=2m'dr). Because the cathodic current due to oxygen reduction predominates
on the external surface, the second term on the left side of Eq. (18) is negative. Once Io is known,
then pit growth rate is calculated using Faraday's law:

dL = MI0  19)
dt 2p.,ZFA

where Pm is the density of metal (g/cm 3), M is the composition-averaged atomic weight of the
alloy, and Z is the composition-weighted oxidation state of the metal dissolving at the pit tip.
Finally, the pit length is calculated as a function of time using the recursive formula:

L(t) = L(t - 1) + dLAt (20)
dt

where L(t-1) is the depth of the pit calculated from the previous time (t-l), and At is the
increment in time.

The Damage Function Module (DFM)

By combining Eqs. (8) and (20), for a fixed density of potential breakdown sites (No,
number/cm 2 ), it is possible to estimate the pitting damage function. Thus, if one observes the
system at time tobs, then the number of pits that nucleate over the time increment At at tind is AN,
as determined from Eq. (8). However, these pits will have grown to a depth L(t), as given by
Eq. (20), at the time the system is examined. By moving the increment At from t---t to t=tobs, we
then generate the damage function in the form of the number of pits versus the depth of the pits.
If this procedure is repeated for different observation times, a family of damage functions is
generated that extends to greater depth with increasing tobs.

By specifying the surface area of interest, it is possible to define the service life as the time taken
for one or more pit to grow to the critical length, which in this case corresponds to the wall
thickness of the condensing heat exchanger. The number of pits whose the length exceeds the
critical dimension is simply calculated as

N IL?,,•U = S I N(L). AL (21)
Lcli

where N(L) is the density of pits per unit surface area and per unit increment in pit length
(number/cm 3) in the damage function, S is the surface area of interest (cm 2), L is the pit length,
AL is the increment of the pit length in the damage function, and L.rit is the critical dimension.
The service life is simply the time at which N IL", =1.

Discussion

The procedure outlined above for estimating damage functions for localized corrosion is
currently being developed to explore the impact of corrosion on condensing heat exchangers in
domestic and industrial gas-fired furnaces. The practical problem lies in selecting the most cost-
effective alloys for the condensing stages of heat exchangers, because of the highly competitive
nature of the furnace manufacturing business. Consequently, little room exists for "over-
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designing" furnaces by employing highly-alloyed and costly materials for fabricating the
condensing sections. Therefore, selection of materials with adequate pitting resistance, and of
acceptable cost, is of prime concern to furnace manufacturers and users, alike. It is evident, then,
that the design and materials specifications for condensing heat exchangers would greatly benefit
from the development of a deterministic method for predicting localized corrosion damage
functions. This, in turn, could reduce the cost of the alloy by decreasing the required database,
through the availability of deterministic relationships between the damage function and
important environmental variables (including pH, Cl-I, gas composition).

In this study, we present predictions of the model in comparison with experimental damage
functions measured on Type 304L SS by G. Stickford, B. Hindin and A. K. Agrawal of The
Battelle Columbus Laboratories. For the experimental data, the damage functions are measured
on condensing heat exchanger tubes after a given number of cycles, at the hot end (temperature
ranging from 326 to 353 K) and at the cold end (temperature ranging from 308 to 326 K). Each
cycle consists of 240 s with burner on and 480 s with burner off, which represent the "dry" and
"wet" conditions, respectively. It was shown in a previous study,4 that no significant difference
exists in the damage functions between the hot ead and the cold end; the damage functions are
therefore plotted without distinguishing between the hot ends and cold ends. Based on this
experimental finding, the model is con.;trained to the case where the surface is covered at all
times by a condensing liquid phase (wet condition). However, we choose the appropriate
temperature at the hot end to calculate the damage functions in order to avoid "under-estimating"
the damage.

The experimental data reported by Battelle were measured at 3 levels of chloride concentration
(3, 26, and 225 ppm) on a number of different candidate alloys. We present in this study only Oe
damage functions for Type 304L SS, as shown in Figures 6, 7, and 8, as a function of chloride
concentration. Not surprisingly, fewer pits are observed at the lower chloride concentration
(3 ppm, Figure 6). At higher chloride levels (26, 225 ppm), the number of pits increases
substantially (Figures 7, 8) and leads to perforation of the wall in shorter times, hence reducing
the service life. However, the experimental data show some inconsistencies, which are due to the
fact that different tubes are used to determine the damage functions in each case. The chemical
composition, the metallurgical history, and the surface state may vary from tube to tube.

Because, the kinetics of the cathodic oxygen reaction on Alloy AL29-4C are considered to be
essentially identical to those on Type 304L SS, the parameters for AL29-4C are chosen for
calculating the corrosion potential that is used in estimating the damage functions (Table 1).
Calculated damage functions are presented in Figures 9 through 12 for chloride levels of 3, 10,
26 and 225 ppm. The calculations clearly indicate the progressive nature of the nucleation and
growth of pits on the alloy surface. It is predicted that at lower chloride concentration (3 ppm),
fewer pits exist on the surface of the steel, while at higher chloride concentrations (26 to
225 ppm), the number of pits increases substantially, leading to the majority of the pits
perforating the wall thickness in a short period of time.

The predicted service life is presented as a function of chloride concentration in Figure 13, in
comparison with the experimental data. The calculations indicate that the service life of a
condensing heat exchanger is highly sensitive to the chloride level in the condensate, especially
at the lower chloride concentration (3 ppm). The principal effect of increasing chloride is to
accelerate pit nucleation, so that, in the limit of very high chloride concentration, (->100 ppm) in
the condensate, the failure time is dominated by pit growth. Because the pit growth rate is
dominated by the conductivity of the external environment (the condensate film), for any given
pH and oxygen concentration, and because the conductivity is dominated by non-chloride
species, the failure time thus becomes constant at sufficiently high chloride levels. This
corresponds to the situation where the entire service life is determined by the time required for
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the pits that nucleate on initial exposure of the alloy to condensate, to grow through the
condenser wall. Noting that the service life for the case shown in Figure 13 is calculated to
decrease from 1.55x10 8 s (4.92 years) for a chloride concentration of 3 ppm to 2.34x10 7 s (0.74
year) for a chloride concentration of 225 ppm, it is evident that the time required of an active pit
to perforate the wall is about 3/4 of a year, corresponding to an average pit growth rate of
0.7 mm/year. Clearly, then, the increase in the service life on lowering the chloride concentration
is due almost entirely to an increase in the initiation time, and it would seem that substantial
service lives for this alloy can only be obtained if nucleation becomes the dominant phase in the
development of damage. Finally, we note that due to the fact that different tubes are used in
determining the damage functions, the experimental data are rather scattered. In recognition of
this observation, relatively good agreement is claimed between the experimental data and the
theoretical prediction.

The influence of the oxygen partial pressure on the development of damage functions has been
calculated, and is shown in Figure 14. The calculations indicate that oxygen has a great impact
on the service life of heat exchangers. This is because oxygen, in the condensed liquid phase on
the external surface, consumes the positive current associated with the pit tip dissolution process,
thereby driving the growth of the pit. It is found that, by decreasing the partial pressure of
oxygen from 10-4 atm to 10-8 atm, the service life of a heat exchanger having the characteristics
assumed in this work could be extended from 3.02x10 7 s (1 year) to 1.05x10 9 s (approximately
30 years).

Summary and Conclusions

A deterministic model has been developed to predict the damage functions for condensing heat
exchangers in gas-fired furnaces. The model incorporates calculations for the condensed
chemistry environment, the electrochemical corrosion potential of the alloy, and mechanistic
treatments of the nucleation and the growth of pits.

The model predicts that the chloride concentration in the condensed liquid layer has great impact
on the service life of the condensing heat exchanger, particularly at low chloride concentrations.
At high chloride concentrations, the service life of the condensing heat exchanger is predicted to
be relatively independent of the chloride concentration, corresponding to the dominance of pit
growth in determining the failure time. The service life for the condensing heat exchanger with
Type 304L SS tubes is predicted to decrease from 1.55x10 8 s (4.92 years) for a chloride
concentration of 3 ppm to 2.34x 107 s (0.742 year) for a chloride concentration of 225 ppm.

The model predicts that the service life of the condensing heat exchanger also depends strongly
on the oxygen content in the flue gas; by decreasing the partial pressure of oxygen from 10-4 atm
to 10-8 atm, the service life of the condensed heat exchanger can be extended from 3.02x10 7 s (I
year) to 1.05x 109 s (approximately 30 years).

Recognizing the scattered nature of the experimental data, we conclude that the algorithm
developed in this work provides estimates of the service life that are in good agreement with the
available experimental data, even though, no a priori fit of the experimental data to the model
was made.
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FIGURE 13. The measured and calculated service life for for Type 31)4 SS heat exchanger tubes
as a function or Lhe chloride concentration (parameters are identical to that for
FIGUREs 6-8 for experimental data and FIGUREs 9-12 for calcalation,
respectively).
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An estimation of maintenance costs related to corrosion
in brasilian electric power system

A. Marinho Jr
Light Ser.iqos de Eletricidade S.A.
Divisbo de Ensaios
Rua Bergamo 320 Triagem
20911-000 Rio de Janeiro RJ Brasil

Abstract

Maintenance costs ro.lated to corrosion in brasili.an electric
power system were estimated. The study was carried out by the
materials testing laboratory of Light Serviqos de Eletricidade
S.A., an electric power company operating in Rio ide Janeiro.
The results obtained were based on previous studies: First, a
detailed internal survey was undertaken by the lab, and the
mean annual cost of corrosion in the company was -a lc:u lated.
The part of the resu Its -on-er n inng maintenance was
extrapolated to the entire brasilian electric system. Second,
it was considered an evaluation of maintenan.e costs carried
out by a working group o f the electr.ic-: energy nationa l.
coordination ,rommittee. About 10% of the total maintenance
costs in the electric power utilities was atributed to
corrosion. Finally, an assessment. based on a provisional
cal,-ulation of national corrosion costs was utilized for the
purpose of this study. Basically, it was considered the
parti,-ipation of the electric power industry in the INF'. 'he.
analysis of data from studies above mentioned led to some
,-onclusions. For example, the major corrosion costs appears to
be associated with maintenance o f transmission towers,
substations and power plants components. The mean annual costs
were estimated ranging from US$ 75 to 100 million. It was
found that only by using the t echnology at hand in the
electric power utilities, it is possible to save about Q.0% of
expenditures related to corrosion.

Introduction

Maintenance represents a major cost in the electric power
industry. A significant part of maintenancee cost is related to
corrosion prevention and control. In modern industry decisions
are based almost exclusively on economic considerations and
corrosion is, basically, an economic problem .

Brasilian electric power system has an installed capac:ity of
about 51,000 MW, mainly from hydroelectric plants. There :is a
transmission system of about 150,000 Km in alternate current
up to 750 kV and 1,600 Km in direct current at 600 kV.
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More than 33 million consumers are served, from rural to
industrial areas, using aerial, undergroung or mixed
distribution networks. The entire electric power system,
considered as an integrated grouping of power plants,
substations and transmission lines is, on the average, 25
years old. There are exceptions, some utilities having still
older equipments in operation. Fortunately, aging of
equipments and fa,-ilities is a world-wide preoccupation. In
addition, manufacturers and research centres efforts in R&D
provides evidence that a reduction in maintenance costs can be
a,:hieved through the proper execution of an efficient
preditive maintenan,-e program2 .

Brasilian electric power system experiences all types of
corrosion problems. In generation, transmission and
distribution areas there are atmospheric corrosion of abov.e
ground metallic structures and soil-ground water corrosion of
buried structures.

In generation, about 95% of power plants in operation are
hydroelectric. The principal problems are related to metallic
structures, immersed or not, general piping, pumps and
turbines. In hydroelectric plants, major maintenan,:e costs
related to corrosion are associated with painting, metallic
coatings and -cathodic protection. There are a lso a few thermal
power plants, coal and oil-fired, and only one FWR 6.6 MW
nuclear. They present the classical corrosion problems in the
water steam and fire sides of boiler tubes. Maintenance
corrosion costs are associated with water treatment and use of
inhibitors.

In transmission, towers, lines and hardware are exposed to
atmospheric atta,-k in some regions. Towers are ,-onstructed of
gal•vanizei steel and those installed in aggressive atmospheres
are maintened tiy anticorrosion painting, which extends
considerably the tower's life. Major maintenanc-e costs related
to corrosion in electric power utilities are associated with
anticorrosion painting of transmission towers and other
structures of galvanized steel.

In distribution, corrosion problems are similar to those of
transmission area, involving galvanized steel hardware and
underground cables, but maintenance practices are quite
different. All components presenting c:orrosive attack are
replacedt by new ones. Zinc consumption to galvanize new
hardware in the company's workshops is an important item of
corrosion costs in distribution.

This paper presents estimations of maintenance costs related
to corrosion in brasilian electri,: power system, based on
different approaches. First, an extrapolation of the values
obtained for corrosion costs in an internal survey carrie, out
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years ago by the materials testing laboratory of Light
Ser.iros de E.letr icidade. Second, it was -on sider ed an
evaluation of maintenance costs ,-arried out by a working group
of the brasilian electric energy c:oordination comnitte (CiCOI).
Finally, an assessment based on a provisional calculation of
national corrosion costs was utilized for the purpose of this
study, considering the participation of the electric power
industry in the Gross National Product. All the costs cited in
this text are expressed in US dollar as of December 1992.

Light's survey on corrosion costs

In general, electric power utilities, like many other
industrial. sectors, do not have overall figures on corrosion
costs. They are limited to localized calculatiorns, usually in
anticorrosion protection designing.

Light Servicos de Eletricidade S.A. is an electric power
utility operating in Rio de Janeiro. Its c-oncession area of
11,000 sq.Km ,-orresponds to 025% of Rio de Janeiro state's
surface. It attends to about Q,700,000 consumers in 29 cities
and has 158,000 Km of distribution lines, comprisin.: 145,000
of aerial and 13,00( Km of underground cables. :I1t s i.nst alled
,capacity is 4,476 MVA, being C,516 MVA of aerial and 1,960 MVA
of underground networkls.

Until 1980, the company's area of concession comprised Rio de
Janeiro and Sao faulo states. This area included 337% of the
total number of brasilian consumers. In 1977 the -:ompany
distributed 44% of the elesctri c energy available in the
,-ountry .

From 1976 to 1978 Light's materials testing laboratory scarried
out a survey on corrosion costs in the -omp any , i.ri.vo].%.ui ng
generation, transmission ansd distribution. The resuilts
obtained were presented in a previously published paper-3. More
recently, the studiy was reviewed taking into account current
prices and the values are summarized in Table 1.

From data showed in Table 1, it was possible to obtain some
interesting informations: When the survey was undertaken,
Light's generation s:apacity was 0,100 MW, 1,630 being proviided
by hydroelectric plants and 470 provided by one oil-fired
unit. This gives $ 412 / MW for maintenance costs related to
corrosion in generation.

In transmission lines, there were about 15,000 towers in the
company, 5,100 being in aggressive reginj.os. Around 5i00 towers
were painted yearly, not only by our own personnel but also by
s-ontractors, giving an annual paintin,..4 cost of $ 5,880 per
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tower. This cost refers to totally painted towers, ':omprising
surface preparat .on, one app lic-•t ion ot; a primer, one of
intermediate paint and two applications of" finish paints. This
giv.,es a mean annual cost of $ 1,180 /app li,-at ion/tower.
Considering a typic-al 130 kV tower hav.,ing a 300 sq.rrm surfac-e,
one founds around $ 4 / sq.fl / appli,-ation.

In distribution, Light's substations capacity was 16,505 MVA.
Painting ofi metalli,- structures, traveling cranes, insulating
oil tanks, transformers, ,:ircuit breakers and other components
led to expenditures showed in Table I, giv.,ing a mean annual
cost of $ 49 / MVA. Costs c'ited in Table 1 for underground
,cable represents the replacement of only 1 Ka, of underground
lead-cot.,ered cab les, giving $ 158,000 / Kai.

Only with the expenditures showe.1 in Table 1, it was found a
corrosion cost of at least $ 5.4 mil.lion eac:h year in Light
E;er,'.1.,C)s de l1etr icidade, arOLund $ 4.8 ai. .lion bein-3
c.x,-tlusik.e el maintenance -costs. Considering the limitations of
the surt.'ey, it was possible to conclude that the costs were
undervest ifmated. In fact, the study did not ,:onsider', for
example, indirec-t costs. Further calculations led to values up
to $ 8 million for, the total annual corrosion costs in the
company, so maintenance -osts related to corrosion are around
60% of the overall costs.

A s a c-onsequenc-e of the study, the compuany imp r oked
specia lized training programs on corrosion, installed a
,-orrosion control laboratory and incresed the standardization
of anti-corrosive products, This improv.,ed the performance of
the maintenance teams and the results showed, in the last 10
years, that only by using the technology at hand, it was
possible to sav."e around 20% of the expenditures of maintenance
related to corrosion.

Estimation via Light's survey

The ratio of the installed capacity of brasi lian electric

power system to that of Light Ser'vicos de Eletricidade was
16:1 at the time of survey. Extrapolating the Light's figures
to the entire brasilian electri,- system, one foundIs around $
77 million / year for the maintenance cost s related to
,-orrosion in the brasilian ele,-tri,- power system.

Estimation via overall maintenan,-e costs

In the USP for ex amp le, 50% of ma intenance costs in
generation - ele'ctricity and :1.0% of maintenanF e costs in
transmission, distribution and mi sce l. laneous are due to
.orrosion In F-rasi. I, the majority of power plants are
yJdroe lectr i', and therefore th., -or r os ion o factor in
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maintenance costs in generation was estimated in 10%. Overall
maintenance costs in brasilian electric power system are atout
$ 750 million / year 5 , so it was found $ T5 million / year for
maintenance costs related to corrosion.

Estimation via GNP's constant

A number of assessments of national corrosion costs have been
carried out in several industrial nations4 In the United
States, it was estimated as 4.0% of the Gross National Produc:t
(GNP). In the United Kingdom, 3.5% and in German federal
Republic and Australia, 3%. Corrosion costs in industrial
nations appears to be an approximately constant percentage of
GNFP, around 3%.

'rasilian GNP in 1992 was about $ 332. billion. One estimates
that the entire electric system contributes to th-e. (IN' in .'21%.
Considering brasilian corrosiun costs as 2.5% of GN. it was
found about $ 8.3 billion/year for brasilian corrosion costs
and about U:$166 million/year for ,corrosion costs in the
brasilian electric system6 . As c:ited': before in the c-ase of
Light's surv)ey, at least 60% of the overall, corrosion costs
are maintenance expenditures. Assuming that this perc-entage
remains valid for all other utilities, one estim, ates $ 100
million / year for maintenanc:e costs related to ,corrosion in
the entire brasilian electric power system.

Con,- Ils.cons

ULsing different app r oaches it. was possible to estimate
nm ai it enance costs re)ated to corrosion in the brasi lian
electr i,:: power system, which ranges from $ 75 to $ 100 million
/ year, as summarized in Table 2.

The major item of maintenance costs.; related to corrosion in
ele-tri c power utilities is anti-c-orrosion painting of
galvanized steel transmission towers.

Accor din g to resu its obtained by Light Ser v.i;os de
Eletricidade, a saving of about 20% of maintenance cost s
related to corrosion can be achieved only by using thote
technology at hand.
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TABLE 1 - Summary of corrosion costs in Light Servioios de
E letricidade (see ref.2) - ( US$ / year)

GENERATION
Anti-corrosion painting 750,000
Inhibitors 115,000

TRANSMISSION
Anti-corrosion painting 2 940,000
Hardware replacement 60,000

DISTRIBUTION
Anti-corrosion painting 810,000
Hardware replacement 300,000
Underground cables replacement 1v8,000

MISCELLANEOUS
Materials storage:
Losses tby rusting 16,000
Zinc for, galvanizing 248,000

Workshops and transport
Repairs tby painting 33,000

TOTAL 5,430,000

TABLE 2 - Maintenance costs related to corrosion in
brasilian electric power system - ( US$ million / year )

Via Light's survey 77

Via ov.;erall maintenan,-e costs 75

Via GNP's constant 100
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in Matin Environment

Jean-Frangois Regnier
Alcatel Fibres
35 rue J Jaurts
BP 115
95874 Bezons Cedex
FRANCE

Dominique Festy
IFREMER
Centre de Brest
BP 70
29280 Plouzane
FRANCE

Abstract

Stress corrosion and hydrogen embrittlement have been studied for structures cathodically protected in maria
environment.
A numeric model, based on finite elements method, has been developped for crack growth prediction.

Key terms : stress corrosion, hydrogen embrittlement, modeUization, life prediction
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1) Introduction

Differents elements as stress corrosion in marine environment, crack propagation or hydrogen embrittlement
can lead metallic structures to serious problems when they're exposed to these phenomens.
Life prediction with experimental characterization would need too many experiments, due to the complexity of
the responsable factors of these phenomens and the interdependence of these factors. On an other hand,
approach with model considering stresses and hydrogen diffusion could be a good solution for crack
propagation determination.

I1) Modellization Hypothesis

Model principle is based on the following hypothesis:
- hydrogen penetration depends on the environmental parameters ( temperature, ph, pressure, potential,...),
- hydrogen diffusion coefficient and solubility depend on stresses in material,
- due to Kic dependence on hydrogen concentration,.for material with initial crack length and stresses, there
is a hydrogen concentration threshold leading to crack length increasing

III) Model principle

Model is based on finite elements method using, with ADINA software, allowing mechanical and thermical
solutions determination.
The figure I describs the principle with all calculating steps:

- geometric definition ( initial crack length, sizes, ... )
- mechanical calculation step, leading to stresses determination
- diffusion coefficients definition in accordance with mechanical results
- thermical step with hydrogen diffusion determination, and so on until finding the time necessary for crack
length increasing.

IV) Results

Figures 2 shaws results obtained with 42CD4 steels study, with following experimental conditions:
- material : steel 42CD4
- E=2.1 GPa
- ce= 1510 MPa
- Static load : 2000 daN
- Hydrogen concentration on external surface : 0.2 cm3 2b / cm 3 Fe
- Hydrogen diffusion coefficient (a = 0 ) : 4. IOE-6 cm25-1

- Hydrogen diffusion coefficient (a) = 4. 1OE-6 * (1 + a/20)

Results presented in figurcs 2 and 3 give us examples for initial definition, mechanical stresses definition, and

hydrogen concentration at several times.

V) Conclusion

The results presented in figures 2 and 3 illustrate the method principle. With only a few experiments giving us
the characteristic parameters, as diffusion coefficient versus stresses, and with the knowledges about Kic
variations versus hydrogen concentration, it's possible with this model to determine the crack length variation
and so the life prediction for the structure.
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Abstract

Fuzzy logic is a concept derived from the branch of mathematical theory of fuzzy sets.
It permits the mathematical representation of imprecise or uncertain information. Unlike
traditional computer logic that recognizes statements as only 'true' or 'false', fuzzy logic
is capable of expressing linguistic terms such as 'tall', 'warm', 'active', 'nearby', 'unlikely'
and so on. Fuzzy logic provides a powerful means of representing real-world events that
are inherently imprecise in nature. In general, fuzzy logic when applied to computers,
allows them to emulate the approximation of the human reasoning process, quantify
imprecise information, make decisions based on vague and incomplete data, yet arrive
at definite conclusions.

The present paper shows how the concepts of fuzzy logic can be effectively applied in
the decision making process when trying to prioritize rehabilitation of bridge structures.
The method utilizes objective (quantitative data) and subjective (judgement and
experience) information to complete the decision making process.

Key terms: Fuzzy logic, bridge structures

Introduction

Fuzzy logic is a powerful, yet straightforward problem-solving technique with widespread
applicability, especially in the areas of control and decision making. The termed 'fuzzy
logic' was first coined by Lotfi Zadeh, a Russian-born mathematician at the University of
California at Berkley who published his concepts in 19651 . Since then a large number of
books and research papers have been published and continue to be published 2-11

Fuzzy logic is derived from the branch of mathematical theory called fuzzy sets. In
general, it is most useful in handling problems not easily definable by practical
mathematical models. Much of its power relies on its ability to draw conclusions and
generate responses based on vague, ambiguous, qualitative, incomplete, or imprecise
information. In this respect, fuzzy-based systems have a reasoning ability similar to that
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ot humans which allows them to quantify imprecise information, make decisions based
on vague and incomplete data, yet arrive at definite conclusions. In conventional logic
a decision tree is used to determine the outcome and the data value to be used at each
decision point enroute to the final result is set prior to applying the logic to a specific
case. However, conventional logic is bi-valent. That means that each decision point is
answered with a yes or no or in the case of computers a 0 or 1. Fuzzy logic allows
degrees or gradations of a decision value between yes and no or 0 and 1. The
gradations are still preset conditions, however they allow judgment and experience to
enter into the decision process.

Fuzzy logic is being utilized for diverse applications such as consumer appliances
(dishwashers, camcorders, vacuum cleaners, television, washing machines etc), subway
trains, elevators, anti-lock brakes systems and even managing stock market portfolios.
The present paper shows how the concepts of fuzzy logic can be effectively used in the
decision making process when trying to prioritize replacement or rehabilitation of bridge
structures.

Application of Fuzzy Logic Concepts to Bridge Structures

There are close to 600,000 bridges on the roads and highways in the USA. Severe
deterioration of a large number of these structures for a variety of reasons is a major
source of concern for the different states. The rehabilitation of the structures require
prioritization for which the states rely on their team of bridge inspectors. During a bridge
inspection, information collected and perceived by the inspector can be divided into
objective and subjective parts. The objective portion involves measurable information on
characteristics such as crack width, scaling depth, percent delamination etc. at specific
locations, whereas the subjective portion involves the wisdom and the experience of the
inspector, who must evaluate the severity of the deficiencies and their combined impact
on the overall structural integrity. Although the importance of the subjective information
is recognized, the present inspection procedure does not have the capability to
incorporate systematically the subjective information into the rating process.

Fuzzy logic allows verbal descriptions to be assigned to numerical characteristics. A
membership value is assigned to the appropriate verbal description for each
characteristic. When the numerical characteristic is not clearly in a specific verbal range,
the membership value is weighted between two adjacent verbal descriptions. In a way
probability is combined with conventional logic in fuzzy logic. The relative importance of
each characteristic is predetermined as well as its range of values. These graded and
weighted values are then combined to give an overall verbal and numerical description
in a specific case. The resultant numerical value can also be used to rank several specific
cases. For example, the relative deterioration condition of a number of concrete bridges
structures can be ranked for the prioritization of rehabilitation or replacement strategies.
For this purpose, a number of characteristics of the structure have to be taken into
consideration which can be assigned quantitative values as well as verbal descriptions.
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These characteristics may include : cracking, delamination, spalling, scaling, chloride
content, corrosion of the rebar etc. One of the primary advantages of fuzzy logic is that
a decision or ranking can be made without data on each and every characteristic in all
cases.

It should be noted that when computing the overall condition of the structure, not all the
characteristics may have the same degree of influence on its integrity. Hence a relative
importance (RI) rating, a number between 0.0 and 1.0, has to be assigned to each
characteristic to reflect its influence on the overall structural integrity. For example, a
small RI value would be assigned to the characteristic that is relatively unimportant while
for 'important' characteristics, the RI values would be nearly equal to 1. The RI values for
the different characteristics is normally arrived at through a consensus of expert opinion.
The value may differ from one group of experts to another. The example below will
illustrate further the application of fuzzy logic to bridge structures.

Illustrative Example

Table 1 shows the different characteristics, the range of values and the RI rating for each
characteristic to be used in the illustrative example. Specific values from Table 1 can then
be input into a spread sheet like Excel or Lotus 123 to compute a membership table and
a resultant condition rating for a specific structure. The first step, however, is to generate
raw membership values for each of the characteristics being considered which is best
done graphically and is shown later.

The raw membership values are entered into the spreadsheet which then computes the
'raw' membership table. The corrected membership table is obtained by multiplying
each raw membership entry with the corresponding RI coefficient (cf. Table 1). At the
same time the spreadsheet also computes the "Sum" and "Union" of flaws which result
in a rating for that bridge based on the combined effect of all flaws. The combined
numerical rating ranges used in this example are 1 =very poor, 2=poor, 3=fair, 4=good
and 5=very good. In addition to ranking several bridges for prioritization of action the
rating range can be used to categorize an individual bridge condition according to the
verbal descriptions above.

As an example assume a bridge with the following condition data characteristics of

Crack (CR) width 0.027 inches
Scaling (SC) depth 0.1 inch
Spalling (SP) width 4.5 inches
Delamination (DE) 60 %
Chlorides (CL) 1.9 lbs/cu.yd
Cover (CV) 1.5 inches
Half Cell Potential (HC) -330 mV
Rate of Corrosion (RC) 9 mA/sq.ft
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As mentioned above the raw membership functions for the various characteristics are first
calculated graphically as shown in Figures 1 - 8. Next, the raw membership table (Table
2) is generated on the spread sheet by entering the raw membership values from
Figures 1 - 8. The final step is to compute the corrected membership table (Table 3) by
multiplying with the RI coefficients which also yields the "Sum" and "Union" of flaws
together with an overall rating for the structure based on the combined e,'ect of all flaws.

The "Union" and "Sum of Flaws" provide an indication of the boundaries of the
membership values in a specific condition category (for example 0.855=union and
0.965=sum for the Fair category). The union indicates the maximum degree that any
given flaw effects that condition category. The sum is an indication of the combined
effect of all the flaws on that verbally defined condition category. If an individual

membership value is defined as g then the union (maximum) is easily calculated. For
example, the union of the Fair category above would be:

A•u,= Max [A,(CR),Af,(SC),/A,(SP),/A,(DE), g,(CL),Af,(CV),/A,(HC),A•,(RC)]

In this case;

A,(CR)=0, A,(SC)=0, M,(SP)=0.45, /f(DE)=O, Af(CL)=0, gf(CV)=0.56,

At(HC)=0.86, A,(RC)=O

Therefore, the membership value for the Fair condition Union (A,,f) would be:

Auf=Max[0, 0, 0.45, 0, 0, 0.56, 0.86, 0]= 0.86

The combined effect membership value (g,) of all flaws on the Fair condition category
is defined as :

, = 1-[1 -M.,(CR)Ix[1 -A,,5(SC)]x[1 -/t,,(SP)]x[1-/s,,(DE)]x[1-jf(CL))x[1 -s,,(CV)]
x[1-/A,,(HC)]x[1-/A,,(ac)]

In this case :

= 1-[1-0]x[1-0]x[1-0.45]x[1-0]x[i-O]x[1-0.56]x[1-0.86]x[1-0]

= 1-lxlxO.55xlxlxO.44x0.14xl

= 0.965

The upper and lower bounds of the union and sum of flaw membership values can be
used to determine the overall condition category considering the effects of all flaws. This
is done by drawing or visualizing a condition classification histogram. In this histogram
each classification or category is modeled as a four sided polygon of equal width, with
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one side representing the union and the other the sum of flaws membership value. The
area and moment of each category is calculated and combined to determine the overall
condition category which most represents the combined effects of all flaws. For the
example shown above this histogram would be as shown in Figure 9.

The weighted mean of the above membership is the total area divided by the total
moment. For this example the calculations would be:

Total Area = [/.uvg+ 0.5x(/gvgo-uvg)]+[/ug+ 0.5x(/A,-.g-ug)]

+ [Iu.t+ O.Sx(Af-puf~)] +[A + 0.5x(itsP-AusP)I+ [+~
+ [Xiuv,+ 0.5x(g.vp-Auvp)]

For this example:

A1 uvg= 0.8 AMvg 0.8

Aug = 0.45 Ag 0.6

Au= 0.855 Af = 0.965

,= 0.563 A= 0.763

Au,=p 0.9 ASVp= 0.974

Therefore, the total area calculation would be:

Total Area = [0.8+0.5x(0.8-0.8)] + [0.45+0.5x(0.6-.45)] +
[0.855+0.5x(0.9650.855)]+ [0.563+0.5x(0.763-.563)] +
[0.9+ 0.5x(0.974-0.9)]

= (0.8) + [0.45+0.5x(0.15)] + [0.855+0.5x(0.11)] + [0.563+0.5x(0.2)]
+ [0.9+0.5x(0.074)]

= 0.8+0.45+0.075+0.855+0.055+0.563+0.1+0,9+0.037

= 3.84

Total Moment = lxug,+ 1.17x[O.5x(/A,,g-Auvg)] + 2 x/ug+ 2.17x[O.5x(Ag•.ug)] +

3 xMul+ 3.17x[O.5x(A.srMuf)] + 4x/iup+ 4.17x[O.5x(g,p-/,,P)] +

5/vp + 5.17x[0.5xpp-•.,3,)]
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= 0.8+1.17x0.5x(0.8-0.8) +2x0.45+2.17x0.5x(0.6-
0.45) + 3+0.855+3.17x0.5x(0.965-0.855) + 4x0.563 +
4.17x0.5x(0.763-0.563) + 5x0.9 + 5.17x0.5x(0.974-0.9)

= 0.8+2x0.45+2.17x0.5x(O.15) +3x0.855+3.17x0.5x(0.1 1)

+ 4x0.563+ 4.17x0.5x(0.2) + 5x0.9 + 5.17x0.5x(0.074)

= 0.8+0.95+0.1628+2.56+0.1744+2.252+0.417+4.5+0.1913

= 11.97

Mean = Total Moment/Total Area

= 11.97/3.84

= 3.12

This provides a combined flaw condition rating of Fair on the scale of:

1 = very poor; 2 = poor; 3 = fair; 4 = good; and 5 = very good.

A similar exercise may be carried out for a large number of bridge structures and a rating
obtained in each case. It may be mentioned here that the spreadsheet shown in Table
3 needs to be set up only once. For calculating the rating numbers, only the
characteristic values need to be entered into the table and the rest is taken care off by
the spreadsheet. Additionally, it is not required to enter values for each and every
characteristic. Based on the rating number, a prioritization scheme may be adopted for
rehabilitation of the structures.

Conclusions

The procedure for rating bridge structures for purposes of rehabilitation requires a careful
evaluation of several complex factors. Such evaluation is often based on the personal
judgement, intiution as well as the experience of each bridge inspector. As a result
different inspectors may asses a given bridge differently. Fuzzy logic offers a logical
assessment procedure capable of incorporating both objective knowledge and subjective
judgement.

A number of factors such as cracking, scaling, spalling, delaminations etc., are known to
effect the overall condition of bridge structures. Because of imprecise knowledge
concerning the severity of the factors, linguistic instead of numerical rating variables are
used to describe their condition.
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Successful application of the fuzzy logic concepts to bridge structures depends on the
development of adequate membership functions. The membership functions presented
in the this paper are based on information from the literature and structural analysis.
Membership functions can also be developed on the basis of expert opinion.
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Table 1. List of Characteristics for Bridge Structures with Value Ranges and Relative
Importance Coefficients

Characteristic Value Ranges Relative Importance
Coefficient*

Crack Width 0.001 - 0.040 inches 0.75

Depth of Scaling 0.10 2.0 inches 0.80

Width of Spalling 0.10 - 12.0 inches 0.90

Percent Delamination 0 - 100 % 0.90

Chloride Content 0 - 10 lbs/ cu.yd 0.60

Concrete Cover 0 - 5 inches 0.85

Half Cell Potential 0 - -650 mV vs CSE 0.95

Rate of Corrosion 0 - 12 mAlsq.ft 0.60

*1.0 = Important; 0.1 = Relatively Unimportant

Table 2. Raw Membership Table Based on Values Obtained from Figures 1 - 8

Very Good Good Fair Poor Very Poor

Cracks 0 0 0 0.75 0.25

Scaling 1 0 0 0 0

Spalling 0 0.5 0.5 0 0

Delams 0 0 0 0 1

Chloride 0 0 0 0 1

Cover 0 0.34 0.66 0 0

Half Cell 0 0 0.9 0.1 0

Corr.Rate 0 0 0 0.67 0.33

3496



Table 3. Corrected Membership Table After Multiplying with RI Coefficient

Very Good Good Fair Poor Very Poor

Cracks 0 0 0 0.56 0.19

Scaling 0.80 0 0 0 0

Spalling 0 0.45 0.45 0 0

Delams 0 0 0 0 0.9

Chloride 0 0 0 0 0.6

Cover 0 0.29 0.56 0 0

Half Cell 0 0 0.86 0.1 0

Corr. Rate 0 0 0 0.4 0.2

Union (Max) 0.8 0.45 0.855 0.5625 0.9

Sum of 0.8 0.6 0.965 0.763 0.974
Flaws

Combined Effect of All Flaws 3.12 = Rating Number
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Example Membership Values
For Crack Width 0,027 In
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Example membership value
For depth of scaling 0.1 Inch
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Example Membership Values
For spaliing width of 4.5 inch
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Example Membership Value
For Chloride content of 1.9 lbs/cuyd
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Figure 5. Determination of Raw Membership Value
for Chloride Content

Example Membership Values
For concrete cover of 2.17 Inches
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Example Membership Values
For half cell potential -330 mV
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Half Cell Potential

Example Membership Values

For rate of corrosion of 9 mA/sqft
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Abstract

Based on the synthetic analysis of a large number of corrive factors and consideration
for different customers' demands, the representative corrosion factor. are optimized to
farm the elements of the database; relational data structure has been built up; normalized
result is tested by set operation, which avoid the redundancy while the structure is
reasonable; a hierarchical system architecture is applied to develop the functione for
look-up, tabulation, drafting, analysis and forecast.

Key terms: corrosion, refining equipment, database, system analysis, structure design

As the information era has come, more and more information occur in various fields of
science. Information need to be procesed, which include data collecting, recording,
clasifying, sequencing, storing, computing, transmitting, tabulation, drafting etc. This
will makes significant information reources be used effectively. The database management
system, as a speedy developing software, is a novel technique which make the data
proceming be managed scientifically. Today, database technique has become the necessary
way in data processing. The Corrosion Database for Refining Equipment (CDRE for short)
is initiated under such situation.

Deffintion Of The Objectve Functios

CDRE orients to whole petrochemical engineering industry in China, it not only provides
the decidon-maker, with macro-information and micro-information for surveying and
judging but also provides the engineers and designers in corrosion circle for studying
and analyzing, so that suitable measurer will be taken. Although corrosion of refining
equipment can be influenced by many factors .-2, taking too detailed corrosion factors
into account is not available. Based on the synthetic analysis of a large number of
factors and consideration for decision-makers, engineer. or designer•' different demands,
the representative corrosion factors should be optimized to form the elements of the
database which can reflect:

A. The corrive conditions when various crude oil are refined.

B. The corrosion and protection on certain location of refining euipment in different
coroion surroundings.

C. The corrosion and protection in different corrosion surrounding,.
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The realizations of above three functions can not only be independent but also become
relative or infiltrated.

Struture Dagn

The structure design of a database contains data structure design and system structure
design. The sucesful design of a database structure should have the following
advantages: minimal redundant information, l error rate, enough flexibility, friendly
user' interface, convenient programing and running. This is one of the most difficult
tasks in database de4sig .

A. Data structure
Relational data structure is built up in CDRE. As an optimized result of corroion
factors, the fourteen data items that have no overlapping attributes form the following
set:

Z-{Equipment, Location, Materials, Corrosion rate, Refining plant, Year, Crude oil,
Salt(mg/1), Sulphur(%/.), Acid value(mg kOH/g), Nitrogen(%), Corrosion surroundings,
Corrosion media, Temperature(K)) ...... (1)

In the normalization procem, four aspects are considered as follows:

1. Objective-facing. According to different objective-facing, the set Z is
disintergrated into crude oil relationship set Zi, equipment relationship set Z2 and
corrosion relationship set Z3:

ZI-ICrude oil flag, Crude oil, Salt(mg/l), Sulphur(c/0 ). Acid value(rg kOH/g), Nitrogen("/f)l
...... (2)

Z2-{Equipment flag, Equipment, Location, Materials. Corrosion rate, Refining plant, Year)
...... (3)

Z3-{Corrosion surroundings flag, Corrosion surroundings, Corrosion media, Temperature(K)}
....... (4)

2 Repetitive field treatment. To avoid parallel information repetition, the data
that have such pmdibility are separated to father-and-son files connected by conjunction
words. For example, a refining plant contain. several sets of equipment, therefore, several
repetive plant fields would occur in a number of records of the equipment. To avoid the
above redundancy, the refining plant and equipment are placed in two files which can be
connected with each other if necessary.

3. Prevention of the disintergrate keyword dependence. Slave fields should rely
on an intergrated keyword expression. Otherwise, if you put equipment and corrosion
surroundings in one file, the index expresion consists of both equipment flag and
surroundings flag. However, the equipment information field rely on the equipment flag
in the keyword instead of corrosion surroundings flag in keyword, thus, each piece of
corrosion information must be input to equipment information. This will increase the
number of data and the searching time. The problem can be solved by putting equipment
information and corrosion surroundings information in two files which can be connected
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with each other by conjunction words if necessry.

4. Transmission dependence treatment. In each file, all slave fields only rely
on keywords rather then other fields.

After normalization, the data structure consists of six files:

R1-(Crude oil flag, Crude oil, Salt(mg/i), 8urlphur(%), Acid value(mg kOH/g), Nitrogen(%))

... (5)

R2-{Crude oil flag. Refining plant) ...... (6)

R13-{quipment flag, equipment, Year, Crude oil flag) ...... (7)

R4-{Equipment flag, Location flag, Location, Materials, Corrosion rate) ...... (8)

RP.-{Corromion surroundings flag, Corrsion media, Temperature(K), Location flag)
.......................... .....(9)

R6-{Corrcmion surroundingo flag, Corrosion surroundings) ...... (10)

Obviously,

Z-{(RIUR2UR3UR4UR5UR6)-(RIl R2)-(R2flRa)-(R3n R4)-(R4')R5)-(R51•R6)) ...... (11)

The equation (11) proves that these files are loles joint, which is very important to
the design of database structure. it guarantees any concrete relationship in original set
be restored by its projection of disintegrated files through natural joint calculus (4J.

The design diagram of the data structure is shown in Fig. 1.

B. System structure
The system architecture design should realize the following objebetives:

1. The easier way will be provided to users who would be able to get the necemeary
information without having the knowledge of file structure'03 .

2. Besides keyword., refining plant, years, corrosion media, materials or location
can be indexed.

S. Corrosion principle can be described in chart.

It is corrollary that an the corrosion records of refining equipment change
annualy, data can be easily updated, added, modified and deleted without affecting
existing program.

A hierachical architecture is applied to the CDRE' system. Function modules are adopted to
realize all the functions. Multi-funtions in one module and several function modules are
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arranged in tree structure, which are sJhuled through master control module. Main menus
to select aix major functions are provided by master control module. The system
architecture i. shown in Fig. 2.

The characteristics of the module structure lie in independence of each module, which is
beneficial to seperately programming and function modifying of individual module and also
convenient to later function modification and extension. Beside, on-line help module
provides users with detailed function introductions, operating description and error
signsa~

Based on the synthetic analysis of a large number of cor lon factors for refining
equipment, the key factors have been optimized to build up an effective database
structure, which has minimal redundancy in data structure, les error rate, more
flexibility and friendly users' interface. That lays the excellent foundation for
programming and running.
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Abstract

In this paper, we outline the use of Electrochemical Impedance Spectroscopy (EIS) in
characterizing damage to painted automotive panels, in which the damage has been nucleated by
particle impact. We illustrate the use of the Kramers-Kronig transforms in validating the
impedance data, and we identify common sources of error. Using EIS data obtained from a test
program, we show how the impedance data are identified and analyzed. For the latter, we use
electrical transmission line models that simulate the extension of corrosion damage beneath the
paint film as disbonding occurs between the phosphate layer and the galvanized coating. The
transmission line model possesses cylindrical geometry, and the model parameters are estimated
by using multivariate fitting (optimization) algorithms operating on an impedance data set that
covers a wide range of frequency. By using these procedures, we establish correlations between
the type and extent of damage, environmental parameters, and properties of the paint and
substrate.

Key terms: electrochemical impedance, automotive paint films

Introduction

The durability of coatings is a key issue in maintaining corrosion protection in automobiles,
particularly in those exposed to corrosive environments. The coatings must not only be capable
of withstanding chemical attack by deleterious species in the environment (e.g. road salt, acid
rain), but they must also resist impact damage of the type that may result in perforation of the
paint and hence in the nucleation of localized corrosion. Over the past few years, extensive test
programs have been carried out (e.g. by BASF/Armco/Volvo) with the goal of identifying those
structural , morphological, and chemical factors that render coatings (paints) resistant to damage.
Electrochemical impedance spectroscopy (EIS) is now being employed as an analytical tool for
characterizing the type and extent of damage, so that it ultimately may not only be used as a
quality control probe, but it may also yield fundamental information on the nucleation and
development of the damage.

EIS measures the electrochemical transfer function by superimposing a small amplitude
alternating voltage or current across the metal/coating/test solution interphase and by then
measuring the steady-state alternating response (current or voltage, respectively). Because the
perturbation and response are vector quantities, the ratio (known as the admittance or impedance
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for controlled voltage or current, respectively) contains both phase and amplitude information.
Provided that the system conforms to the constraints of linear systems theory (LST), which can
be demonstrated by using the Kramers-Kronig transforms, the impedance (or admittance) data
can be interpreted in terms of passive electrical analogs composed of resistors, capacitors, and
inductors.

In this paper, we will outline the use of EIS to characterize damage to painted automotive panels
in which the damage has been nucleated by particle impact. We will illustrate the use of the
Kramers-Kronig transforms in validating the impedance data, and we will identify common
sources of error. Using EIS data obtained on panels from the test program, we will show how the
impedance data are obtained and interpreted. For the latter, we use an electrical transmission line
model that simulates the extension of corrosion damage beneath the paint film as disbonding
occurs between the phosphate layer and the galvanized coating.

Description of the Experimental Data Sets

The samples used for this study were commercial quality sheets of galvanized steel covered with
a layer of polycrystalline phosphate. A coating of a commercial paint was applied on top of the
phosphate layer, following standard industrial procedures for the manufacture of auto bodies. As
is now widely used in this kind of study, artificial defects were generated on the samples, by
drilling very small holes through the coatings (zinc and paint-see, for example, Ref. 1). It is
assumed that the defect compromises the paint and zinc layers, but does not penetrate the steel,
which remains intact. The samples were exposed in a climate test chamber 2 , as part of an
extensive study on the effect of structural, morphological and environmental factors on the
corrosion in auto bodies 3,4 . The complete test involves a 12 week period, in which the samples
were exposed to periodic changes in the environment. Every week the samples were extracted
from the chamber temporarily for the EIS measurements. These measurements were made with
a standard experimental setup, in which the sample is both the working electrode and the bottom
wall of the cell. A SCE was used as reference, placed 1 cm above the sample, and a H2 S0 4
solution was used as the electrolyte. The frequencies used span the range from 0.01Hz to
l(•MkHz. In this way, 12 data sets, one corresponding to each week of the test, were obtained for
each sample. A sample of the experimental data sets is shown in Figure 1.

Validation of Experimental Data

Proof that the system conforms to the constraints of Linear Systems Theory (LST) is essential
before any attempt can be made to interpret the impedance data in terms of passive electrical
analogs composed of resistors, capacitors, inductors, and diffusion-related elements. These kinds
of electrical circuit models are commonly used in the literature to analyze EIS data for painted
metals 5, although seldom, if ever, are the data demonstrated to conform to LST. Validation of
the experimental data can be carried out by means of the Kramers-Kronig (KK)
transformations, 6,7 provided that 'he real and imaginary components of the impedance span a
wide enough frequency range. ."hese well-known integral relations state that the real and
imaginary components of the impedance are not independent quantities. Instead, if the
experimental data span a wide enough frequency range, one component of te complex
impedance can be determined from the other by integrating over frequency on either side of the
frequency of transform. The use of these relations requires knowledge of the impedance as a
function of frequency for at least two orders in magnitude of frequency above and below the
frequency of transform.

We have carried out the KK transformations o the present experimental data sets, and our
results show, in general, good agreement between the experimental values and the values
calculated from the transformation relations over most of the frequency range. The deviation of
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the calculated values with respect to the experimental data increases at lower frequencies, as can
be seen in Figure 2, which is a typical result. The deviation at low frequencies is most probably
due to instability resulting in a slow drift with time of the electrochemical properties of the
system, such that the properties of the system may change significantly over the data acquisition
time (inverse of the frequency).

Transmission Line Model

A problem that frequently arises when measuring electrochemical properties of systems of the
type considered here is due to the asymmetrical geometry. This produces a "transmission line"
effect, that has been considered by several authors in relation to other experimental situations 8 .
This effect appears when the electrochemically active surface of the metal is not uniformly
accessible to the monitoring signal. More specifically, the penetration length of the signal
applied at the monitoring point (which, in our case, is the external border of the defect) depends
on the frequency of the perturbation.

"m"o account for this feature, we have developed a transmission line model for the system that
employs radial symmetry. This is based on the well-known fact that the corrosion process in this
system, which principally affects the zinc layer, propagates radially from the defect site. Also,
we consider that it is extremely important in the present work to recognize that the geometrical
parameters may change with time of exposure to the corrosive environment. A transmission line
model can help to interpretate the results, not only in terms of the intrinsic impedance of the
metal/solution interface, but also in terms of the particular electrode geometry, both of which
may depend on the time of exposure.

For the development of the model, we considered a metallic electrode, composed of a sheet of
steel, coated with a layer of zinc. On top of the zinc layer there is a coating of paint, which is
considered to be an insulator. The sample has an artificial defect, which is cylindrical, with a
given radius, ro. and the defect reaches the steel surface but does not penetrate into the substrate.
We also suppose that the system has suffered some degree of corrosion, which produced
dissolution of the zinc layer and resulted in delamination of the paint to form a characteristic
blister. The cavity under the blister is assumed to be disk-shaped, of radius rb and of a constant
thickness 8 (r-indcpendent). A diagram of the geometry of the model is shown in Figure 3 and
details of the cross section are shown in Figure 4.

We assume that the potential of the metal phase is constant, while the potential in the solution
phase is r-dependent, V(r). By applying Ohm's and Kirchoft's laws to any circular ring in the
disk-shaped cavity, of internal radius r and external radius r+dr, we obtain the following
equations for the potential V(r) and the current i(r)

dV(r) Rs
__ =_ - - i(r) (1)

dr 21rr8

di(r) 2ttr= - =- V(r) (2)
dr Zi

where Rs is the solution resistivity and Zi is the impedance of the metal/solution interphase. By
differentiation and rearrangement of both equations, we obtain

d2V(r) I dV(r)

dr - r dr + oxV(r) (3)
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d2 i(r) _ 1 di(r)
- + ai(r) (4)

dr 2  r dr

where a = Rs/ZiS. By making the transformation x = ra 1/2, these equations take the form

f"(x)= - f'(x) + f (x) (5)x

where f is either V or i. This equation corresponds to the modified Bessel equation, and its
solutions are given by

f(x) =A 10(x)+ B Ko(x) (6)

where 10(x) and Ko(x) are the modified Bessel functions of zero-order. The integration constants
A and B are given by the boundary conditions that apply to the potential and current:

I(xo) = Iapplied I(xb ) = 0 (7)

dV(x) = -I(xo) P dV(x) = 0 (8)
dx Ix=xo 2i"xo0  d x=xb

where xo and xb are the values of x corresponding to ro and rb, respectively. The total impedance
of the metal surface under the blister, is then given by

ZT = I(x) IX = Xo (9)

By applying the boundary conditions to the solutions and replacing in the last equation, we
obtain

ZT _ Rs I°(x°) Kl(xb)+I1(xb) K°(x°) (10)2=t08 II(Xo) Kl(Xb)- Ii(Xb) Kl(Xo)

where I1 and K1 are the modified Bessel functions of first order. To obtain the measured
impedance, we must add to this expression:

1. The resistance of the solution between the sample and the reference electrode; this term is
given by the resistivity of the solution times the distance between the working and
reference electrode;

2. The capacitance generated by the intact paint, which is proportional to the relative
dielectric constant and the exposed surface area of intact coating, and is inversely
proportional to the thickness; the proportionality constant being the permitivity of the
space. Because the impedance of the coating is inversely proportional to frequency, its
effect on the impedance of the interphase is expected to be more visible at higher
frequencies.
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General Results

We have carried out numerous calculations using the model outlined above to obtain the
parameter values that best reproduce the experimental data sets, by using different electrical
circuit analogs for the interfacial impedance (Zi in Figure 4). We have also evaluated various
analogs that describe the cathodic and anodic processes contained within the interfacial
impedance function.

The average of the determined values for the cavity thickness was 2.2x 10-5 cm, and was found to
be almost constant with time, with a very low dispersion between the different data sets. This
value is lower than expected, being about 5 times smaller than the zinc layer thickness. This
difference might be due to the fact that the quotient between the solution resistivity Rs and the
cavity thickness 8S behaves as only one parameter in the model. We have kept constant the value
of the solution resistivity (estimated from the composition of the electrolyte solution used for the
measurements); accordingly, the low value for the cavity thickness possible reflects the fact that
the solution resistivity in the cavity is much larger than the value for the electrolyte solution used
in the impedance measurements. Also, previous surface studies on similar samples 3 have shown
that the cavity appears to fill with corrosion products, thereby, decreasing the effective free space
occupied by the solution.

The values determined for the cavity radius are shown as a function of time in Figure 5. The
radius of the cavity grows rapidly during the initial stages of exposure to the corrosive
environment, but after about 6 weeks, the cavity shows little further growth. This is expected,
because the periphery scales directly with the radius so that if the current exiting the defect
changed only slowly with time, the current density for zinc corrosion should vary inversely with
r. Furthermore, increasing radius results in a substantial increase in the resistance in the crevice,
which will have the effect of progressively depressing the current exiting the defect with time.

The capacitance of the paint coating is found to be very low, with an average value of 5.0x10" 9

Fcm-2 and is found to not change with time. This low value may be an indication that the paint
does not absorb water in significant quantities over the time of the exposure experiments.

The values of the parameters that determine the interfacial impedance could not be determined as
accurately as those discussed above. From the several models used for this part of the analysis,
we have chosen one that accounts for separate contributions from the anodic and cathodic
processes. We attempted to use serial combinations of polarization resistances (R) and
diffusional impedances (W) for these two processes, with the analog for each partial process
being connected in parallel with the double layer capacitance (CdO). A diagram of this
arrangement is shown in Figure 6. The diffusional (Warburg) components of the interfacial
impedance were expressed in the form

Wi = RW2" th(j(O'Ti)1 2 / (j(0)1/2 (I1)

where "th" signifies the hyperbolic tangent function, j = r-TI, and Ti is a relaxation time.
Equation (11) corresponds to diffusion over a finite length 9 . Provided that wti is sufficiently
small, Equation (11) converts to the semi-infinite Warburg expression.

Wi = •i (0 11 2 _ j Ci/0O1/ 2  (12)

where cri = -. • RW 2 . Both Equations (11) and (12) were used in these simulations and, for
exposure periods up to ten weeks, no significant difference resulted from using either form.
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However, for the last two exposure periods, the finite-length expression for Wi (Equation (11))
provided a significantly better fit than did the expression (Equation (12)) for semi-infinite
diffusion. Because the radius of the crevice increases with exposure time, the transition from
semi-infinite to finite-length diffusion conditions cannot be associated with the change in the
crevice dimension. A more likely explanation is that the transition arises from the accumulation
of corrosion products within the crevice.

The results of several calculations and optimizations with this model have shown that it is
difficult to determine significant values for one of the diffusional impedances, particularly the
one directly connected to the lower polarization resistance. The average values found were RI =
91 kW , R2 = 430 kWŽ, W2 = 204 kW2, 'rW2 = 3.6 s, Cdl = 1.4 fiF.cm 2 . The most important result
stemming from these parameters is that their values do not show any systematic dependence on
time after the second week of exposure, although in some cases the standard deviations are very
large.

Discussion

In general, we can see that the model is able to reproduce the general characteristics of the
experimental impedance data by changing only the parameters that define the electrode
geometry, while keeping the interfacial impedance related parameters almost time-independent
(Figure 7). This is an important finding, because it demonstrates that the changes observed in the
measured impedance are due almost entirely to dimensional (geometrical) changes, and not to
variations in the specific electrochemical properties inside the crevice. In turn, this finding
suggests that the crevice reaches a steady state with respect to the specific interfacial parameters
soon after rupture of the paint film.

The model can be extended to account for more fine details of the system. One feature that
should be addressed is that the cavity under the blister is not completely full of electrolyte
solution but, instead, it may contain large quantities of corrosion products, in the form of a
porous phase of precipitated zinc compounds. Also, the corrosion products can be
electrochemically inactive (as Zn(OH)2/Zn(OH) 2 .ZnCI2) or active (as ZnO, which may be an
active cathode). Another improvement in the model may involve relaxing the assumption that
the cavity is disk-shaped and is of constant thickness. Furthermore, the model may be extended
by assuming an explicit spatial separation between the cathodic and anodic arcis. Some of these
features are being investigated in order to explore how readily they might bc incorporated into
the model.

Still, the problem remains of how to best consider the impedance of the metal/solution
interphase. In this study, we explored simulations that assume a simple equivalent electrical
circuits for the impedance functions for complex electrochemical reaction mechanisms. A more
satisfactory approach would be to use a hybrid model, in which the geometrical properties of the
system are accounted for in terms of a transmission line of cylindrical geometry (as employed in
this paper) and the interfacial impedances are described in terms of reaction models. The
reaction models would include charge transfer processes at the electrode surface coupled with
chemical reactions in the electrolyte and in precipitated reaction product phases, and with the
mass transport of reactants and products to and from the metal surface. Perhaps the most
efficient way of incorporating these models is to use the formalism of the "schemes of
squares" 10. We believe that this procedure will yield a flexible way to develop more physically-
realistic models of the complex electrochemical processes that lead to the development of
damage. We are presently incorporating these methods into the blister impedance simulation
software.
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Abstract

Engineers increasingly solve corrosion control design problems and analyze corrosion processes using
mathematical models, particularly finite element-type models. Often this approach becomes complicated
and its basis obscure. A pragmatic corrosion engineer may wonder if such approaches constitute window
dressing and image projection rather than a straightforward and understandable engineering approach.

The present paper compares finite element modeling predictions to the results of a controlled laboratory
full scale test. The finite element model supposedly predicted the expected life for the anodic alloy tubing
where tubing of two different alloys connected with internal flowing seawater. The full scale test results
show that the mathematical model didn't consider either the effects of time and environmental variables
or pitting corrosion.

The laboratory test results show that neither the measurement of galvanic current nor the mathematical
model calculation forms a basis for estimating of the magnitude of the most important type of corrosion
of 70/30 CuNi tubing. The laboratory tests identified pitting corrosion as most important. The deepest
pit was not immediately adjacent to the Inconel 625 tubing as most mathematical models predict. For
the particular tubing configuration tested, turbulence-inducea corrosion caused more damage than that
relating to the Inconel 625-70/30 CuNi couple. Thus, in-service mismatches between Inconel 625 and
70/30 CuNi tubing may be of more concern about corrosion of the CuNi tubing than galvanic effects.

The laboratory testing results comprised physical examination of specimens exposed to flowing seawater
for six months with the continuous monitoring of the more significant environmental variables. The
comparison of modeling predictions and actual tubing corrosion places suspicion upon the mathematical
model. It appears that the model provides reasonable "order of magnitude" estimation of galvanic
current flow. The model neither accurately predicted long term current distribution nor the magnitude
of pitting corrosion. This raises a very pertinent question -- "If a mathematical model can't reliably
handle simple galvanic corrosion, how reliable are such models when applied to more complex
situations?"

Introduction

OCRC obtained a computer program which had been used to calculate the expected galvanic corrosion
rate of 70/30 CuNi alloy piping when coupled to Inconel 625 piping. D.J. Astley developed the technical
approach that formed the basis for the program. His paper is entitled, "A Method for Calculating the
Extent of Galvanic Corrosion and Cathodic Protection in Metal Tubes Assuming Unidirectional Current

3519



Flow," (Corrosion Science Vol. 23, No. 8, pp 801-832, 1983). The technique described by the paper
applies Ohm's and Kirchoff's laws to the piping geometry. It assumes: 1) unidirectional current flow
down the length of the pipe; 2) the electrode (metal surface) corrosion potential against a standard
electrode varies linearly down the pipe in direct proportion to the local current flow; and 3) the decrease
in current flow down the pipe is the result of current flow to the tube wall resulting in local polarization.
Tube wall polarization behavior is approximated by a linear polarization resistance term. The present
report presents the results of limited testing conducted with the objective of validating the model through
the comparison of the results of laboratory test results with those of the model.

Experimental Approach

Figure 1 shows the general arrangement of the testing facility. The unfiltered seawater supply fed into
the test run through a Monel-body pressure regulator. This comprised the only metallic element in the
seawater supply system. Approximately 30 feet of plastic piping intervened between the regulator and
the upstream end of the test pipe run. Adjustment of the pressure regulator set point assured a continuous
flow through the test pipe at a velocity of approximately 11 fps. A thermowell upstream of the test
piping provided for the measurement of flowing seawater temperature.

Figure 2 shows the layout of the test run itself. The run consists of about 16.2 feet of 70/30 CuNi tubing
and about 20 feet of Inconel 625 tubing, both with nominal internal diameters of 0.75 inch. The actual
measured inside diameter of the 70/30 pipe approximated 0.90 inch; the Inconel 625 approximated 0.85
inch. Figure 2 shows the segment lengths and their arrangement for both alloys.

Figure 3 shows the method followed for joining the tubing segments, the electrical connections and the
provision of capillaries for measurement of segment potentials to a reference electrode. The segments
were placed on a tight fitting teflon rod, spaced approximately 0.1 inch apart. A thin glass capillary tube
was placed between the two segments, perpendicular to the tubing axis surrounded by a 1/4-inch PVC
pipe nipple. Two AWG #12 copper wires were soldered at each end of all segments, providing for
electrical contact with the segments. A form was placed around the entire assembly which was then filled
with Scotchcast resin. This encapsulation prevented seawater leakage and assured electrical isolation
between segments.

Shrink sleeves were installed on four inches of each end of the longer segments. Those segments were
then joined using plastic tubing couplings. A 1/4-inch PVC coupling was tapped into the sleeve and a
valve placed on the end of the nipple. An adapter allowed connection of a small diameter plastic capillary
tube to the downstream end of the valve. Cracking of the valve, allowing slow leakage, and inversion
of the downstream end of the capillary in a glass beaker allowed for measurement of the potential of the
segments to a reference electrode.

Seawater was introduced into the tubing upon completion of its assembly. Adjustment of the pressure
regulator provided for a reasonably constant flow rate through the tubing at a flow velocity of about 11
feet per second. All segments were then short circuited to adjacent segments, except for the joint between
the 12-inch Inconel 625 segment and the 0.5-inch 70/30 segment. This condition continued for about two
weeks, allowing for reasonable stabilization of potentials.

Precision shunt resistors then installed between all adjacent segments allowed for the measurement of
current interchange between segments and the calculation of the values of current interchange between
the segment and the flowing seawater. Precision digital voltmeters, Fluke Model 805A, provided
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instantaneous measurements of these parameters. Continuous monitoring of current interchange between
70/30 CuNi segments and between the 70/30 CuNi 0.5-inch segment and the 12-inch Inconel 625 segment
was performed with recording strip charts in the earlier part of the test run. Later, a personal computer
(IBM PC) and an analog to digital board monitored the more important environmental variables, including
flowing seawater temperature, resistivity, and turbidity. The following sensors/transmitters were used:

Seawater Temperature Cole Parmer Digisense, Model 2186

Seawater Resistivity Foxboro 870EC Transmitter
Foxboro 871EC Sensor

Turbidity Turner Model 40 Nephelometer

An Omnidata "Easy Logger" monitored the potentials across the shunt resistors of the 70/30 CuNi

segments for the majority of the test run.

Results and Discussion

Physical Inspection

Figure 4 shows the results of the post test physical inspection of the 70/30 CuNi tubing. The plotted data
indicates the deepest pit found in each segment of this tubing. The figure does not show the deepest pit
on the entire tubing length. One pit, located about 0. 125 inch downstream of the seawater inlet to the
tubing, nearly penetrated the .0825-inch tubing wall, indicating a pitting rate of about 161 mils per year.
Visual inspection suggested that high turbulence intensity caused this pit. The upstream end of the 70/30
tubing did not mate closely with the adjoining pipe section, there being a transition from CuNi pipe to
PVC pipe.

The deepest pit in the region nearest the Inconel 625 tubing was located approximately 8.7 inches
upstream of the Inconel. This is near the downstream end of the 5-inch segment. No evidence of typical
turbulence-related corrosion was evident.

Figure 5 shows a 20X cross section of the internal surface of the segment immediately adjacent to the
Inconel 625 tubing. The slight taper on the right end of the section resulted from reaming of the tubing
after cutting prior to the test. No gradual reduction of cross section exists as the finite element pre-
dictions suggest.

Current and Potential Monitoring

Galvanic current monitoring showed wide variations of current magnitudes and locations of current
interchange between the tubing and seawater. Seawater temperature seemed the major factor affecting
the galvanic current. Very frequently, however, variations in galvanic current did not relate to any
single monitored environmental variable. The maximum corrosive effects of the galvanic current
generally occurred within 12 tubing diameters of the point of connection between the two types of tubing.
The maximum corrosive current density values did not exceed 10 microamps/cm2 (- 10 mils/year
corrosion). The magnitude of anodic current density, however, varied over a wide range. The location
of the maximum anodic current density also varied. During the early part of the testing, maximum
anodic current density generally occurred adjacent to the Inconel 625 tubing. Later, however, anodic
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current density frequently occurred 4 inches or further from the Inconel 625 interface. As a practical
matter, determination of the cumulative effects of anodic current at any location presents formidable data
analysis problems.

Figure 6 shows the values of galvanic current between the two alloy pipes immediately after closing the
circuit between the two tubing sections. A computer, with a one-second recording interval, recorded the
plotted values.

Measurement of the internal resistance between the two tubing types shortly before circuit closure gave
a value of 104.4 ohms. Figure 7 shows a potential profile obtained just before circuit closure. With the
measured internal resistance and the open circuit potential between the two tubing types of 0.25 volt, the
initial galvanic current value, prior to any polarization of either alloy, would be expected to be:

1, = E,/Rint = 0.25/104.4 = 0.0024 amperes

Figure 6 shows an initial current value of about 390 x I06 amperes, a considerably smaller value than
that calculated from the internal resistance and open circuit potential. This indicates that polarization
reduced the driving potential substantially during the first second after circuit closure. The figure also
shows that the galvanic current did not reach a reasonably stable value until an elapsed time of about one
hour after circuit closure.

Figure 8 shows the galvanic current together with the more important environmental variables over the
first 24 hours after circuit closure. After the first five hours, the galvanic current varied within a
relatively narrow limit, as did the environmental variables, except turbidity, which remained at a relative-
ly high level.

Figure 9 shows potential profiles, one measured during the early part of the test period, the other near
the end of the test period. The latter values fall in significantly more active ranges.

Figure 10 shows current profiles on the 70/30 CuNi pipe showing characteristics at four different times
during the testing period. The average of the three recorded environmental variables follow:

Test Period Temperature Resistivity Turbidity
hours degrees C ohm-cm iku

149 to 179 3.0 45.0 7.5
339 to 349 5.8 37.8 10.5

3984 to 4007 25.4 23.4 13.7
4152 to 4174 25.4 23.9 13.7

Note that the values of resistivity shown are those at flowing seawater temperature. Figure 11 shows
typical resistivity-temperature relationships for three levels of chlorinity.

Figure 12 shows the density of current interchange between the tubing and the seawater flowing through
it. The figure shows averages for the individual segments. The difference between the magnitudes of
current densities between the two curves reflects changes that could not be predicted through passive
circuit simulations (e.g., simple mathematical models). The higher current densities in the areas from
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3.5 and 12.5 inches upstream of the Inconel 625 seem particularly interesting, seemingly correlating with
the location of the deepest pits.

Figure 13 shows total galvanic current and seawater temperature over a 20-hour period midway in the
test. Visually, a correlation between the two variables seems evident. Regression analysis showed a
relationship as:

is = 163.2 + 9.41 * T

The correlation coefficient R2 was 0.96, indicating a reasonably good correlation.

Figure 14 shows the total galvanic current together with the three recorded environmental variables over
about a 24-hour period in the later part of the test. Visual inspection shows no identifiable correlation
between the values of any single variable and the value of galvanic current flow. Also note that the
above relationship between galvanic current and temperature would predict a current of about 400AA for
this period -- significantly lower than the actual current.

Equivalent Circuit Simulations

General. Figure 6 and its previous discussion showed that conventional passive dc circuit analysis
can only predict that current that will flow in a galvanic cell at the instant of half cell connection. The
significant difference between galvanic current calculated from the open circuit potential and the internal
resistance between the two half cells suggest that the initial predicted current flow causes activation
polarization of one, or both, of the half cells. The longer term reduction of galvanic current, through
the first three hours indicates that concentration polarization significantly affects the galvanic current
magnitude. This complicates the true galvanic corrosion cell simulation through any type of fixed
electrical analog that does not include time-dependent elements.

Evaluation of the applicability of mathematical models to the prediction of galvanic current values and
the distribution of the alloy/electrolyte interchange of the current must first consider the nature of the
alloy of concern. The 70/30 copper-nickel alloy typically corrodes in a pitting mode when exposed to
relatively slow moving seawater. Many studies conducted by OCRC show that the deepest pits of 70/30
CuNi tubing exhibit an extreme value probability distribution. This means that the greater the length of
tubing the deeper the deepest pit will be. A recent OCRC study, conducted under the same conditions
as the galvanic corrosion study reported here, showed that a pit whose depth is 15 mils would be expected
to be found if 1500 feet of 70/30 CuNi tubing of the same diameter was exposed. Since the length of
tubing involved in the present test was only about 16 feet, the probability of finding a pit representing
a pittin., rate of 15 mils per year would be very unlikely. The location of such a pit near the point of
connection to the Inconel 625 would be even more unlikely. It seems reasonable, therefore, to conclude
that the galvanic current stimulated the deepest pit near the galvanic couple.

Present mathematical models predict corrosion (anodic) current densities. No studies to date validate any
rigorous relationship between pitting corrosion depth and average anodic current density, particularly
regarding an alloy with corrosion characteristics similar to those of 70/30 CuNi in flowing seawater. In
addition, such models can not predict total corrosion over any period other than that immediately after
the assumed polarization characteristics whose values the model uses. The models do not consider the
time-dependent characteristics of polarization. The previous discussion illustrated rapid changes in
polarization characteristics and extreme variability of environmental conditions that influence the
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magnitude of galvanic current. In addition, the discussion showed that, at times, changes in the any
individual environmental condition did not correlate with changes in galvanic current values. The
mathematical models can predict the general magnitude of expected galvanic current, The model can
suggest the degree of probability that the galvanic current will be of sufficient magnitude to affect the
corrosion of the anodic half cell; prediction of pitting rates, however, falls beyond the scope of such
models. Furthermore, less complex mathematical methods can yield the same general results.

The presently reported testing could not include the determination of any electrochemical characteristics
whose determination required impressing significant current between the seawater and the pipe surface.
Such action would have disturbed the naturally occurring corrosion phenomenon and invalidated the key
element of the program, the physical measurement of the extent of corrosion after completion of the test.
Fortunately, data is available from a similar test program previously conducted by OCRC using 70/30
CuNi tubing and flowing seawater. This program included periodic determination of polarization
characteristics of the tubing.

Figure 15 shows the results of a determination of the anodic polarization characteristics of the 70/30 CuNi
tubing after about 8 months exposure to seawater flowing at about 7 feet per second. The data, plotted
in the conventional manner, has a log X-axis.

Figure 16 shows the same data plotted with a linear X-axis. Refer now to figure 9 which shows the tube
potentials after two intervals of exposure to flowing seawater. The 288-hour curve shows that the 70/30
nearest the Inconel polarized to an active potential of about -0.08 volt. Now refer to figure 16 which
shows that the 70/30, in reaching this potential, passes through different potential/current density
relationships. Simplifying this situation, we can strike two straight lines through the curves. The first
line, from the zero current density point to about 10 microamps/cm2 , exhibits a slope of about 1250
ohm-cm2. The second slope, using the portion of the data above about 20 microamps/cm2, gives a slope
of about 13,000 ohm-cm'. This would be the expected polarization resistance for those 70/30 CuNi areas
closer than about 10 inches to the Inconel.

Now consider the polarization of that portion of the 70/30 tube more than about 10 inches upstream of
the Inconel. This area polarized only to about -0.16 volt. This polarization would be in the 1250
ohm-cm2 range only, as would that portion of the tube further from the Inconel. Any mathematical
simulation that does not consider these differences could not yield accurate data.

Figure 17 shows the changes in polarization resistance throughout the course of the test run from which
figures 15 and 16 were derived. A model that does not consider such changes could not yield accurate
long-term results.

Another factor that must be considered is the validity of the substitution of passive resistors for the active
voltages that exist in the real-life galvanic cell. Most mathematical simulations consider only the initial
open circuit potential between the two half cells. They may use the initial half cell potentials to a
reference electrode; the galvanic potential between the half cells being the difference between these two
potentials. This presents another problem, since the forrmation of long-duration oxidation or reduction
films inherently change the initially assumed open circuit potentials. This is evident in figure 9.
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Mathematical Models

Computer Model Analysis. The computer program described in the Introduction was run using
data gathered in the current effort. The open circuit potential difference was obtained from figure 6 --
about 0.25 volt. The tube dimensions are those actually tested. The polarization resistance value for
the Inconel 625 was a commonly accepted value of 520,000 ohm-cm2. The polarization resistance values
for the 70/30 CuNi were obtained from the previous OCRC testing. Referring again to figure 16, the
"average" polarization resistance for the 70/30 CuNi when the couple is under complete anodic control
-- worst case for total current -- is about 4,200 ohm-cm2. The least attenuation would occur in the
situation where the 70/30 CuNi exhibits its highest polarization resistance; for this situation a value of
15,000 ohm-cm2 was used for the analysis.

The results of the program runs for each condition were similar -- the results are controlled primarily by
the high polarization resistance of the Inconel. In both cases the total predicted current was about 300
,uA which corresponds well with the initial measured currents in the range of 390 juA. However, as
discussed, this current rapidly decreased to about 75 uA -- about 25% of that predicted. Using an
arbitrary "effect" of less than 0.5 mpy as the extent of an effect of the galvanic couple, the models
suggest that most of the current will attenuate within 8 to 10 inches. This is relatively good agreement
with the observations in the actual test. The predicted galvanic corrosion rates do not agree with those
measured. The prediction suggests that the corrosion will attenuate from the couple -- a phenomenon not
observed. The maximum corrosion, in the form of pitting, occurred 8.7 inches downstream of the
couple.

Tee-Section Analysis. An alternative method, mathematically more simple, for estimating the
galvanic corrosion would be a Tee-section attenuation analysis, as shown in figure 18. Assume the length
of each section as 10 centimeters. The resistance of the seawater path down tube would be, with a
seawater resistivity of 25 ohm-cm, 60 ohms for each section. This would be the value of R, in figure
18. R. would be the interfacial ohmic resistance. Empirical considerations indicate an assumption of
about 70 ohm-cm 2 would be reasonable for this value. R3 would be the polarization resistance -- and
values of 4,200 to 15,000 ohm-cm 2 can be used as before. Given the surface area of each segment, 4.1
cm2, the complete interfacial resistance would be about 1040 to 3675 ohms. Since our test loop was
about 170 inches long, we can assume 43 repetitive test sections of 10 cm each.

Figure 19 shows the attenuation of galvanic current based upon the two polarization resistance values
discussed above. Obviously, the higher the assumed polarization resistance, the lesser the attenuation of
galvanic current If the likelihood exists that the galvanic current will accelerate the corrosion pitting
rate, then the two curves suggest that, at the worst, one might be concerned about the region in which
perhaps the first 50% of the galvanic current interchanges from alloy to seawater. With the larger
polarization resistance, this would be the first 20 inches (20 pipe diameters) from the couple. For the
lower polarization resistance this would be the first 18 inches -- no major difference between the two
values, from a pragmatic standpoint. This agrees well with the measured values.

The next important factor focuses on a simple method for determination of a threshold value of total
galvanic current that might be a concern as a corrosion accelerating factor on the anodic half cell (70/30
CuNi). The derivation of the actual critical galvanic current value falls beyond the scope of the present
study. The polarization resistances of the two alloys of concern differ substantially. 520,000 ohm-cm 2

represents an accepted value for the Inconel alloy. Figure 20 shows the calculated input resistance value
for I-inch OD Inconel pipe, as a function of pipe length, based upon this polarization resistance value.
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The curve derived from resistances calculated for four different lengths of Inconel 625 tubing, using
classical mesh network calculations. Obviously, a very short length of Inconel tubing would polarize
rapidly if connected to a rather long length of 70/30 tubing. The Inconel's polarization would keep the
galvanic current flow to a low value with insignificant corrosion effects.

Using a similar technique to calculate the input resistance of the 70/30 CuNi section (i.e., 16.2 feet in
length) used in the current test determines that the input resistance would range from 388 to 472 ohms
for polarization resistance values from 4,200 to 15,000 ohm-cm2 . The Inconel test length was 20 feet.
From figure 20 this results in an input resistance of 3,000 ohms. For an open circuit potential difference
of 0.25 volt (as initially observed), the predicted current would be in the range of 72 to 74 ftA. This is
very close to the measured current about 1 hour after the initiation of testing. Higher corrosion rates
would have been expected with longer lengths of either Inconel or 70/30 CuNi.

Conclusions

1. Pitting corrosion, the predominant form of corrosion for the alloy tested, does not necessarily
follow the predicted attenuation as distance from the galvanic couple is increased. While the
effects of the galvanic couple will attenuate with increasing distance, it is not unreasonable to
expect that the maximum pitting rate will occur some distance from the actual couple. This
precludes any meaningful life prediction from the mathematical model discussed in the
Introduction.

2. Mathematical models can provide an estimate of the magnitude of galvanic current that would be
expected to flow between segments of mixed metal seawater piping systems. These models can
also suggest the extent or length of piping over which this current would attenuate.

3. The accuracy of these models is only as good as the data input to the models -- if the data input
is not representative of the current electrochemical conditions, the model output is faulty. The
present simple laboratory tests have shown that the electrochemical parameters can vary
significantly during the lifetime of a structure. This also precludes meaningful life prediction
from mathematical models.

4. The models are limited by their inability to accurately model the effects of current density on
polarization resistance and the effect of time on polarization resistance. Also very important is
the variation in EMF along the anodic or cathodic half-cell over time and distance from the
couple. The current testing has shown that the EMF can vary over time and that it can vary
along the length of each half-cell.

5. Given the variation in actual electrochemical parameters, the output of any model should be
reviewed carefully. Extreme sophistication in computational effort does not necessarily insure
results any more meaningful than those that might be provided by much simpler models. Truly
accurate models must consider time effects that can be chaotic, and thus very difficult, if not
impossible, to quantify. Often simple estimates are as accurate and meaningful as complex
analysis.
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INCONEL 625-70/30 CuNI COUPLE RESISTIVITY VS. TEMPERATURE
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