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Figure 6.8. Summary of stress corrosion crack growth rates in various alloys in the Al-
Cu alloy system [51].

6.1.2.8 Corrosion-Affected Fatigue Behavior. Generally speaking, the term “corrosion
fatigue” refers to the combined simultaneous effects of mechanical and environmental
action on subcritical crack growth. It is generally accepted that in the operation of aircraft
structures, corrosion occurs in between flights and fatigue loading during flights. This
distinction is important in establishing a quantitative framework for characterizing,
understanding and predicting damage accumulation in aircraft structures. The effect of
prior corrosion, primarily pitting damage and the subsequent fatigue behavior
(particularly widespread fatigue) has been the subject of recent research [53-56], and a
generalized approach to this particular problem is beginning to emerge [57]

A comprehensive example of the effect of prior corrosion on fatigue is found in
the work of Sankaran, et al. [58]. In this study, 7075-T6 samples were corroded to
various degrees by exposure to cyclic prohesion exposure per ASTM G85 Annex 5 (591,
then subject to fatigue cracking under tensile loading. The assumed damage accumulation
process is shown schematically in Figure 6.9. The experimental results were compared to
predictions of fatigue crack growth from the AFGROW software package, the U.S. Air
Force fatigue crack growth software [6]. This is a cyclic exposure protocol involving one-
hour exposure to a fog generated from a 0.05% sodium chloride plus 0.35% ammonium
sulfate solution at ambient temperature. This exposure is thought to produce more
realistic pitting damage at more realistic rates that ASTM B117 continuous neutral salt
spray exposure.
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Prohesion exposure resulted in the formation of a population of discrete pits
across polished alloy surfaces, whose depths were characterized by optical microscopy.
Figure 6.10, and 6.11 shows the distribution of pit depths as a function of exposure time.
The average pit depth showed a near-t"* dependence as suggested by the pit growth
modeling work of Wei and co-workers for pits in this size range [29]. Pit depths ranged
up to about 100 wm in depth. Such pits were capable of initiating fatigue cracks under
constant amplitude loading of 414 MPa stress amplitude, R ratio of 0.02 and a frequency
of 15 Hz. Notable losses in fatigue life were induced when the average depth of pitting
was only 15um. Pitting damage reduced fatigue life by a factor of 6 to 8 for an average
pitting depth of 50 um. (Figure 6.12). Post test evaluation suggested that pits close to the
average size in a particular distribution tended to nucleate the crack leading to ultimate
failure rather than the largest pits. This was believed to be due to the fact that there are
many more pits of near the average size of the distribution compared to pits at the largest
sizes.

This study also showed excellent agreement between the observed fatigue lives
and those predicted by AFGROW indicating that this particular model has promise for
predicting corrosion-initiated fatigue in high-strength aluminum alloys.

Load .
Direction + Single Semi-Elptic Surface Crack
Devateps at 8 Pit “Somewhere® on

I «Randomly Distribuled Pits
the Corroded Face

- Kt Effect Megligible (Kt < 1,08)

Propagating
Crack

- Iniftal Crack Dimension =
Average or Maximum Pif Size J
—

=~ \ \
Corroded I—*—*—i
Face- Length

Figure 6.9. Schematic illustration of the corrosion-assisted fatigue damage accumulation
process and uniaxial testing for resistance to fatigue cracking [58].
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Figure 6.11. Average pit depth as a function of prohesion exposure time [58].
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Figure 6.12. Predicted and measured fatigue lives for 7075-T6 exposed to prohesion
exposure for a) 96 hours, b} 384 hours, ¢) 768 hours, and 1536 hours [58].

Wei, Harlow and co-workers have approached the problem of corrosion-initiated
corrosion fatigue in 2024-T3 and 7075-T6 in a comprehensive fashion by considering
quantitatively the onset of localized corrosion damage, the transition from pitting to
fatigue crack growth, the early stages of corrosion fatigue crack growth in the short crack
regime and fatigue crack growth in the long-crack regime [17, 20, 28, 29, 60, 61]. Their
research efforts have focused on 1) the identification of key variables that affect
corrosion and fatigue damage recognizing that each component of this damage process is
stochastic in nature, 2) the use of probability distribution functions to describe key
random variables in mechanistic models, 3) the development of deterministic model
frameworks that account for the effect of key random variables on damage accumulation,
and 4) integration of models and probability distribution functions to support life
prediction and reliability assessments. Strictly speaking, this work considers corrosion
fatigue cracking triggered by pitting as opposed to the situation where pitting corrosion
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precedes and triggers mechanically-driven fatigue crack growth. Nonetheless, this
general approach is amenable to corrosion-triggered fatigue and taken together, the
elements of this work illustrate a comprehensive approach to the corrosion-assisted
fatigue damage accumulation problem.

Elements of the mechanistic corrosion damage accumulation mode] were
presented earlier (section 6.1.2.3). Pits transition to corrosion fatigue cracks when the
stress intensity factor associated with a pit exceeds the threshold stress intensity for
fatigue crack growth:

and the fatigue crack growth rate exceeds the pit growth rate:

()%
dr crack dr pir (eq 64)

Fatigue cracks propagate according to a characteristic power law:

da n

(eq. 6.5)

where da/dN represents the crack growth increment per load cycle, AK is the mechanical
crack tip driving force and C. and n. are random variables that represent the contributions
of environment and microstructure to the crack growth. Figure 6.13 schematically
illustrates the damage accumulation process represented by this model framework.

This model can be used in at least two important ways [8]. First, by representing
random variables in the various mechanistic expressions by empirically-derived Weibull
distributions, the dependence of fatigue life to each variable can be determined via Monte
Carlo simulation, Figure 6.14 shows the cumulative distribution functions for the fatigue
life of high strength aluminum under fixed loading conditions as a function of the
variability in key random variables in the mechanistic expressions that comprise the
damage accumulation model. This is essentially a sensitivity analysis that allows the
effects of key random variables in the damage accumulation process to be quantified and
ranked. Alternatively, full variability of each random variable can be imparted and the
effect of changes in an external variable such as stress level can be characterized (Figure
6.15).

This model has been benchmarked against field return corrosion data. Figure 6.16
compares the distribution of observed damage size from a transport aircraft that had been
in service for 24 years. These data were compared to model predictions in which the
dispersion in the random variables was determined by short term laboratory testing. The
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comparison shows that the short term testing data used captured the dispersion in the
damage size distribution after 24 years of service with great fidelity.

Research recommendations for corrosion-affected fatigue. Because of the prevalence of
this damage mode in airframes, the area of corrosion-affected fatigue growth is the most
thoroughly studied and presently the best understood damage accumulation process in
high strength Al alloys used in aerospace applications. Comprehensive model
Frameworks with some mechanistic underpinning have been developed to account for this
type of damage accumulation. This understanding should be adapted to the problem of
dynamic systems in propeller-driven aircraft to the grealest extent possible.
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Figure 6.13. Schematic representation of pitting corrosion-assisted fatigue crack growth
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Figure 6.16. Estimated evolution and distribution versus observations from field returns
on a 24 year-old transport aircraft {8].

6.1.3 Surface finishing for corrosion protection

6.1.3.1 Cleaning, degreasing and deoxidation. Standard procedures for surface
finishing wrought Al alloys inciude detergent washing to remove bulk oils, greases and
dirt, alkaline degreasing to remove molecular organic contamination and acid deoxidation
to remove the original mill-formed oxide scale and to make the surface receptive to

subsequently applied conversion coatings.

6.1.3.2 Conversion Coating. On aluminum alloys, conversion coatings are essentially
artificial passive films whose protective properties exceed those of the naturally formed
films. Conversion coatings are typically formed during exposure of a cleaned and
deoxidized surface to a specially formulated aqueous solution. Coatings form
spontaneously in a matter of seconds or minutes during application by spraying, dipping,
immersion or roll-coating. The resulting coatings are usually quite thin, on the order of a
few micrometers. They are primarily intended to serve as a base for subsequently applied
paints and adhesives. For aluminum alloys, some limited corrosion protection is provided
by conversion coatings and they are used for stand-alone corrosion protection when
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exposure conditions are expected to be mild (e.g., indoor or enclosed atmospheric
exposure).

6.1.3.3 Chromate-based processes. Chromate conversion coatings (CCCs) are applied
widely on aluminum alloy components on aircraft. Despite the toxicity issues associated
with hexavalent chromium, and costs and logistics associated with handling chromate-
bearing waste, CCCs continue 10 be used widely in original manufacture of aircraft
components and aircraft refurbishment. In North America, there appears to be little or no
momentum behind a shift to chromate-free conversion coating processes. The reasons
cited are lack of performance and manufacturability of replacements and the critical need
for high levels of corrosion protection for aircraft components and systems. Without a
governmental prohibition against the use of chromates in surface finishing, and in the
absence of suitable alternatives, it appears that chromate-based processes will be
available for some time provided that the metal finishing suppliers continue to support
these technologies. In Europe, there appears to be a greater drive to insert Cr-free
processes into aircraft systems due to new and expected regulations imposed by the
European Union governing use of heavy metals in coatings, but the extent to which this
has occurred is still limited.

Chromate surface finishing is mature and trusted. CCC formulations and have
been used without significant change since the early 1970s. Nonetheless, during the
19905 there were several large rescarch efforts supported by the DoD dedicated to
developing fundamental understanding of chromate corrosion protection including that
provided by CCCs. This work in now largely complete and is available in comprehensive
reviews [62-64]. The rationale for supporting this work was to develop an understanding
the core functions of chromate protection so that it might be more effectively replicated
in emerging Cr-free technology development efforts. This support was motivated by the
observation that Cr-free corrosion protection technology, which had been underway with
significant industrial and government support, had not delivered a solution to the
chromate replacement problem despite 20-plus years of effort. Armed with a better
understanding of how chromates protect, it was rationalized that solutions to the problem
might be more readily developed.

Modern conversion coating formulations are of two basic types: unaccelerated
and accelerated. Unaccelerated baths, such as Alodine 600 and 600H contain a film
forming agent—chromic acid and an activator—usually sodium fluoride. Accelerated
formulations contain an additive to stimulate film building. In commercial formulations
such as Alodine 12008 and Alumigold these additives are ferricyanide or a molybdate
compounds. Conversion coating baths are acidic with solution pH values ranging from
1.6 to 1.8. In both accelerated and unaccelerated formulations, the film builds by
reduction of Cr*" to Cr™* followed by hydrolysis, condensation and polymerization of
Cr** to form an amorphous CrgOH)g network (Figure 6.17). Under the prevailing acidic
bath conditions, unreduced Cr ™ is bound onto this network as dichromate. Under neutral
and mildly alkaline conditions typical of service, dichromate can be released from the
backbone leading to the well known sclf-healing effect demonsirated by CCCs.

38



Accelerants are specifically added as film thickness builders. They are intended to
help attain specified coatings weights in as short a process time as possible. They are
believed to work by mediating the Cr® to Cr’" reduction reaction, which can be slow on
Al and Al alloy surfaces. CCCs produced by accelerated processes are not necessarily
more corrosion resistant than those produced by unaccelerated formulations. In fact, it
has been reported that preferential adsorption of Fe(CN)¢ on Cu-rich intermetallic
particles suppresses the intended film building reactions at those sites perhaps
contributing to reduced protection of Al-Cu-based alloys. Among all the high strength
aluminum alloys those whose major alloying element is Cu prove to be the most difficult
to protect.

Chromate conversion coatings form an inert barrier over the underlying Al
substrate. A very strong covalent Cr’-0-Al substrate bond forms the foundation of the
coating. This bond is difficult to hydrolyze giving rise to excellent barrier properties and
very strong artificial passivity. Dichromate, which is reversibly bound to the Cr(OH)z
network can be released into an attacking solution, migrate to coating defects where it 1s
reduced to form a protective Cr'"-O-Al substrate bond. This latter phenomenon is often
referred to as “self-healing”.

Chromate conversion coatings are time and temperature sensitive. Exposure of
CCCs to elevated temperatures induces dehydration and further polymerization of the
coatings that can lead to an increase in coating cracking, trapping of leachable dichromate
and an attendant loss in corrosion protection. Practical guidance indicates that CCCs
should not be exposed to temperatures in excess of 60°C. Coating properties will also
change with coating age. These changes are gradual but are also due to dehydration and
continued polymerization. Over the span of about a month, losses in self-healing
corrosion protection can be detected by electrochemical corrosion testing. Over the span
of several years the amount of leachable dichromate is observed to decrease. Over time
scales approaching 20 years, the amount of hexavalent chromium in the coating has been
observed to diminish significantly. The few measurements that have been made of “old”
conversion coatings of this type suggest that coating barrier properties remain largely
intact and that good salt spray corrosion performance can be retained.
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Figure 6.17. Schematic iHustration of the hydrolysis-polymerization-condensation
process that leads to CCC formation [65].

6.1.3.4 Non-chromate processes. A plethora of Cr-free surface finishing technologies
have been developed and reported over the past 20 years. Many of these coatings have
been subject to independent evaluation by trade organizations and by military agencies.
The results of these evaluations are available in public reports, which are summarized
below. These studies show that a broad range of ad hoc approaches to surface finishing
for corrosion protection have begun to organize around a few core sirategies that have
proven to provide attractive levels of corrosion protection. Nonetheless, these studies also
show that no completely Cr-free coating or coating system has yet regularly and
repeatably matched the corrosion protection by chromates.

6.1.3.5 Cr-free conversion coatings and Cr-free, low -VOC coating systems, Over the
past 15 years, there has been considerable effort aimed at developing Cr-free inhibitors
and coating systems. Several reviews of the subject exist [63, 66-69]. These reviews
show that a very broad range of approaches and chemistries has been considered. Several
commercial Cr-free conversion coating technologies [70, 711, and a somewhat greater
number of primer coating technologies [72, 73] are available.

In terms of chemistry, the large number of reports and patents related to Ce
indicate that it is an excellent inhibitor of metal corrosion [63]. Among non-Cr corrosion
inhibitors, the mechanistic understanding of Ce inhibition is clearly the most developed
[74]. Other notable transition metal inhibitors are Mn, Co, V, W, Mo, and Fe. These are
distinguished by the fact that they can strongly inhibit corrosion under the proper
conditions and have been cited in many Cr-free coating patents [63]. This particular



group of inhibitors is also distinguished by the fact that they can exhibit active corrosion
protection like chromate coatings.

Sufficient intercoat adhesion is essential for durable coating systems. In recent
years, silane coupling agents [75, 76] and functionally graded or tailored sol-gel coatings
[77] have been explored for these purposes with some measure of success. These systems
derive high adhesion from covalent bonding with the metal substrate and organic
topcoats.

6.1.3.6 Cr-free coating system studies. Several important surveys of Cr-free coating
technology have been undertaken in the past several years. These studies have primarily
attempted to survey existing commercial and near-commercial processes to determine if
suitable coating systems are possible for demanding military and commercial
applications. They have tended to focus more on coating performance determined by test
methods prescribed in military specifications and less on the protection mechanisms. The
noteworthy result of these studies is that no completely Cr-free coating system has been
able to meet stringent corrosion resistance requirements like those established in MIL-P-
23377. The following synopses do not represent a comprehensive list of such studies, but
are representative of activities conducted in the DOD and industry.

Advanced Corrosion Resistant Aircraft Coatings (ACRAC). The ACRAC program was
conducted by a Boeing-led, AFRIL-managed team between 1996 and 2000 [78]. The
phase-I objective of this program was to adapt existing or emerging coating technologies
for Air Force needs in the 2-3 year time frame. The phase-Il objective was aimed at "mid-
term" needs (5 years), which were defined as improving (decreasing) the environmental
impact of coating systems while increasing durability to reduce or eliminate field
maintenance and repair. In this program, a coating system was defined as (1) metal
cleaning, deoxidizing treatment, (2) conversion coating, (3) primer and (4) topcoat.
Performance was evaluated on a system level. In phase-1 studies, components examined
were limited to commercially available products. Conversion coatings examined include
Alodine 1200 and 600 as controls and Bogel EP 11, which is a dilute aqueous Zr and Si
alkoxide sol-gel system. The silicon component in this system carries an organic group
that can be tailored for compatibility with organic topcoats. Chromated primers
conforming with MIL-P-23377 (solvent borne) and MIL-PRF-85582 (waterborne) were
used as controls. The non-chromated primers tested were Deft 44-W-22, and Dexter
Crown Metro 10PW22-2 and US Paint Batch GD99037-38-1, all of which were being
developed to meet MIL-PRF-85582 performance requirements at the time. A fluorinated
polyurethane supplied by Deft and referred to as the Advanced Performance Coating
(APC), was used as the top coat in these studies.

This study led to the important finding that no completely Cr-free coating system
tested was capable of meeting the specified 2000-hour neuiral salt spray corrosion
resistance requirement [78]. Specifically, fully chromated coating systems, and coating
systerns with a chromated primer exceeded 2500 hours of exposure. A coating system
with a chromate-free primer and a chromate conversion coating demonstrated about 2000
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hours of salt spray resistance, but a completely chromate-free system exhibited only
about 1200 hours before significant corrosion occurred.

The second phase of the study was aimed at developing hybrid coatings that
would replace both the conversion coating and the primer coating. Several different
approaches were explored based generally on integration of sol-gel, epoxy and inhibitor
components. Inhibitors based on Ce, V, B, and thiol compounds were down-selected for
study within this development effort as a result of a larger survey of inhibitor efficacy
[79]. This study did not develop a successful hybrid replacement and highlighted the need
for serious pigment development research for corrosion resistant primer applications.

The NCMS Chromium Alternatives study. This study was conducted from 1993 to 1995
by a task group representing industry, academia, and federal labs [70]. The project was
organized and carried out under the auspices of the National Center for Manufacturing
Sciences (NCMS). The intent was to survey the state of the art with respect to chromate-
free conversion coatings. A set of 29 commercial and pre-commercial Cr-free conversion
coatings, obtained from 12 different vendors, were applied to 5 different alloy substrate
types, The corrosion resistance, paint adhesion and electrical contact resistance of Cr-free
samples, and chromated conirol samples were evaluated and reported. An envirommnental
impact assessment of the various Cr-free coating processes was also conducted. The
significant finding from this study was that none of the Cr-free alternative coatings was
able to meet the performance requirements for conversion coatings established in MIL-C-
5541F or MIL-C-81706. Accordingly, no Cr-free conversion coating system appeared
suitable for demanding military applications. A new NCMS survey of Cr-free conversion
coating technology was completed in 2001 [80].

Joint Group on Pollution Prevention (JG-PP). JG-PP is charged with addressing issues
related to reduction in use of hazardous materials across the various branches of the
military, NASA and the Defense Contracting Management Agency. Several technology
evaluations relevant to high performance coating systems have been conducted under the
auspices of JG-PP, including surveys of conversion coatings [71], Cr-free primers [72],
and Cr-free coating systems [73]. The common approach in these evaluations is to
identify commercial technologies and evaluate on the basis of service-mandated
performance testing, and environment safety and health concerns. These tests have shown
that there are promising conversion coating and primer coating technologies available,
but no completely Cr-free coating system achieves the MIL-P-23377 corrosion resistance
requirement.

Research recommendations on coatings: Prospects for the introduction of new materials
and process into dynamic systems is possibly greatest in the area of surface treatments
and coatings. Because strict corrosion prevention is essential in dynamic system
components it is essential that new materials and processes be introduced according to
strict performance requirements, and with a quantitative understanding of their effect on
localized corrosion initiation, differentiation and propagation. Because small amounts of
corrosion damage can significantly impact safety, commonly used qualification
approaches for new coatings and coating systems may not be sufficiently stringent.
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Efforts should be made to understand quantitatively how current coating systems prevent
corrosion and how long they provide suppression. Additionally, efforts should be made to
develop standard methods for determining what corrosion suppression means and how it
should be evaluated. Emerging coating systems with high performance should be
evaluated against criteria developed.

6.2 Ultrahigh Strength Steels Déac and AISI 4340

6.2.1 Physical Metallurgy and Mechanical Properties [81]. AISI 4340 and Déac are
forgeable medium-carbon low-alloy ultrahigh strength steels. Composition ranges for
these alloys are given in Table 6.4, and representative mechanical properties are shown
in Table 6.5. AISI 4340 is the benchmark alloy among ultrahigh strength steels because
of its deep hardenability, high ductility and toughness, high strength. It also possesses
excellent fatigue and creep resistance. At strengths greater than about 1400 to 1500 MPa,
4340 is susceptible to stress corrosion cracking and hydrogen embrittlement [82].
Generally, alloy steels possess somewhat greater corrosion resistance than carbon steels,
though potent corrosion protection is still needed for long-term use in natural
environments.

D6ac is an ultrahigh strength steel designed specifically for acrospace and
military applications. Itis alloyed with vanadium to promote grain refinement. It
possesses slightly higher carbon, chromium and molybdenum contents, and a lower
nickel content than 4340. D6ac is also distinguished by its production method. The alloy
is produced in an electric furnace by air melting and then vacuum arc remelted. D6ac can
be strengthened to a greater degree than 4340 and it demonstrates excellent notch
toughness and impact loading resistance. Like 4340, this alloy is susceptible to stress
corrosion cracking and hydrogen embrittlement [83]. Crack paths tend to be intergranular
following prior austenite grain boundaries and the extent of carbide precipitation along
these boundaries may be an important controlling factor. Resistance to fatigue cracking is
strongly environment sensitive. The fatigue life in water saturated air is 35% of that in
very dry air [84].

In aircraft and aerospace applications the primary failure modes for 4340 and

Dé6ac are pitting, fatigue and corrosion fatigue initiated from pits, hydrogen-induced
cracking and siress corrosion cracking.

Table 6.4. Composition limits for 4340 and D6ac

Alloy | C Mn Si Cr Ni Mo \Y%
4340 0.38-0.40 | 0.60-0.80 0.20-0.35 0.70-0.90 1.65-2.00 0.20-0.30
D6ac 0.42-0.48 0.60-0.90 0.15-0.30 0.90-1.20 0.40-0.70 0.96-1.10 0.05-0.10
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Table 6.5. Representative mechanical properties for 4340 and D6ac

Alloy Tensile | Yield Elongation | Charpy | Fatigue | KIC KISCC
Strength | Strength | (%) Impact | Limit (MPa. (MPa)
(MPa) (MPa) Energy | (MPa)
()
43400 | 1980 1860 11.0 20 540 53 8
Dé6ac’ 2060 1450 8.5 14 760

a- oil quenched from 845°C and tempered at 205°C.
b-normalized at 900°C, oil quenched from 845°C, tempered at 150°C.
1 in seawater.

Steels of this type derive their properties from hardening heat treatments and
tempering. Normalization or annealing beat treatments are used to homogenize the alloy
microstructure. Austenitizing heat treatments develop a predominantly or fully austentic
structure in the material. Careful quenching from the austenitizing temperature allows the
formation of lower bainite and martensite, which contribute significantly to the desirable
mix of properties developed in the alloys. Tempering and spheroidizing are used to
relieve residual stresses, impart improved plasticity and toughness. These gains are
accompanied by a loss in strength. Heat treatment results in a mixed martensitic-bainitic
structure. Additions of Cr, V and Mo lead to a dispersion of carbides that contribute to
strength and toughness. A representative TEM micrograph of the tempered martensite
structure of D6ac is shown in Figure 6.18.

Figure 6.18. TEM micrographs of D6ac austenitized at 872°C for 40 minutes, cooled to
room temperature under flowing nitrogen tempered at 300°C for 2 hours showing nearly
continuous carbide precipitation along prior austenite grain boundaries [83].




6.2.2 Corrosion Behavior

6.2.2.1 Pitting. The pitting behavior of high strength alloy steels is very well
characterized [85]. Pitting in these materials generally initiates at inclusions in the alloy,
such as Mn$ particles. Pits tend to be hemispherical initially, but then grow in breadth
more than they do in depth. Mature pits take on an irregular morphology and may link up
forming large pit clusters. Tensile stress in the plane of the pitting surface may lead to the
formation of sharp pits, or sharp protrusions from the base of pits.

Alloy steels are prone to pitting in a range of environments, pit growth is affected
by the chemical aggressiveness of the environment, temperature and pH [86].

In early stages, pit growth (depth) is reported to depend approximately on the cube root
of time [87] :

d=Af'" (eq. 6.6).

The constant A has been shown to depend on environmental conditions and stress [88].
The growth rate has been expressed in terms of the pit dissolution rate using Faraday” law

89]:
M
a5
2mzFp (eq. 6.7)

where M is equivalent atomic weight, I is the pit current, t is time, z is the oxidation state
of the dissolved metal, F is Faraday’s constant (96500 C/eq), and p is density. From a
range of experiments, the value of the exponent that characterizes the time dependence is
not strongly dependent on environment and applied mechanical stress, but in some cases
is found to be somewhat less than 1/3 [88], and somewhat greater than 1/3 in others [90]
perhaps reflecting the fact that pits deviate from hemispherical shape as they grow. Pit
growth laws, such as the one shown in eq. 6.7 have been used successfully to predict the
evolution of a distributions of pits growing in alloy steels.

Empirical modeling approaches based on measurement and fitting of pit depth
data have also been carried out successfully. Pit depths distributions are well
characterized by a threc-parameter Weibull function. The time-dependence in the shape,
scale and location parameters has been determined from fitting of pit depth distributions
as a function of exposure time to make empirically-based models for predicting pit
growth. Models such as these have been incorporated into models for predicting stress
corrosion and fatigue crack growth from pits and are discussed below.

One area in which there is not good understanding is in the area of pit initiation.
Some methodologies for characterizing pit initiation tendencies as a function of
metallurgical, environmental and surface condition variables have been developed using
stainless steels [91]. These results are not directly applicable to pitting corrosion in alloy
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steels, but the methodologies and analyses are readily adaptable and could be extended to
understand the effects of coatings on pit initiation.

With the exception of the problem of initiation, pitting corrosion in high strength
alloy steels has been well characterized. Empirical and semi-mechanistic models have
been developed and used to predict the evolution of pitting damage. This understanding
and modeling is readily adaptable for application to aircraft propeller corrosion problems.
Pit initiation has been characterized using a statistical perspective. Pit growth models are
well established for predicting the evolution of pit depth and shape.

Research recommendation pitting of steels. Good characterizations of the pitting of
alloy steels in aqueous environments have been reported in the literature. From these
data and from selected experiments, efforts should be made to develop and validate
predictive model. Efforts should also be made to integrate such a model or models to
larger frameworks for predicting the accumulation of other forms of corrosion such as
fatigue and siress corrosion cracking.

6.2.2.2 Stress corrosion cracking. Ultrahigh strength steels are susceptible to stress
corrosion cracking. Figure 6.19 shows that in distilled water both 4340 and Déac exhibit
well articulated applied stress intensity thresholds below which stress corrosion cracking
is not observed. In chloride environmenis, stress corrosion cracks are observed to initiate
from pitting damage. Cracks can follow intergranular or transgranular paths, though the
incidence of intergranular fracture tends to be greater. Intergranular SCC follow prior
austenite grain boundaries. Unfortunately the fractographic characteristics of SCC,
hydrogen embrittlement and temper embrittlement are rather similar [92]. Hence
fractography is not always a good means for unequivocally distinguishing the origins of
environmentally assisted cracking.

Stress corrosion cracking can occur in chemically mild environments at stresses
well below the macroscopic yield strength. In particularly mild environments, SCC may
initiate from intergranular corrosion without obvious pitting or corrosion product
formation.

The most significant metallurgical characteristic that influences SCC
susceptibility is alloy strength level [93]. Increasing alloy strength generally increases
SCC susceptibility resulting in classic engineering property trade-off decisions.
Increasing alloy strength will decrease Kisce as shown in Figure 6.20. Figure 6.21 shows
that for equal applied stress intensities, crack growth rates increase substantially as alloy
strength is increased. These factors combine to produce an overall decrease the time to
failure during exposure to aqueous solutions (Figure 6.22). These general trends apply to
4340 as well as Dbac.

Alloy microstructure also plays a strong role in SCC behavior [93]. Figure 6.23
shows crack velocity versus applied stress intensity curves for 4340 steels in 3.5
9% NaCl solution and distilled water processed to form tempered martensite or tempered
lower bainite microstructures. The figure shows that SCC crack growth rates are sirongly

46



reduced and Kyscc increased for bainitic microstructures in both environments tested.
This difference has been attributed to more effective trapping of hydrogen at interfaces in
the martensite which facilitates SCC. In Déac, ausforming thermal-mechanical
processing to refine the alloy microstructure confers increased cracking resistance as
shown in Figure 6.24. Such treatments refine the martensite platelet size and homogenize
the carbide particle dispersion leading to increases in time o failure during exposure 1o
aqueous environments.

An interesting and potentially important affect on SCC susceptibility is due to the
effect of prior creep strain [82]. SCC of ultrahigh strength steels is interpreted in the
context of the film-rupture mechanism [94]. According to this mechanism the
accumulation of strain from creep of the underlying metal serves o periodically rupture
the oxide film at the tip of a stress corrosion crack. Once ruptured, the crack advances by
elecirochemical dissolution until it repassivates. Experimental result show that when a
high strength steel is subject to a period of prior creep in an inert environment, SCC
initiation can be delayed or prevented and SC crack growth rates can be retarded.
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Figure 6.19. The effect of stress intensity on time to failure for 4340 in distilled water
[93].
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6.2.2.3 Hydrogen Embrittlement. Generally speaking, hydrogen embrittlement refers to
an immediate loss in ductility and fracture or delayed fracture due to subcritical crack
growth under sustained stress [95]). D6ac and 4340 are both susceptible to hydrogen
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embrittlement. Hydrogen need not be present at or above the saturation concentration for
cracking to become a problem. At low concentrations, evidence for HE is difficuli to
detect and establishing the details of the degrading hydrogen interaction with the
microstructure and difficuli to pin down. Generally, susceptibility increases as alloy
strength increases. As strength increases local accumulation of hydrogen can be
damaging and the total hydrogen content in the alloy may not be a good predictor of
susceptibility. Cracking often proceeds along prior austentite grain boundaries. It bas
been noted that hydrogen embrittlement susceptibility decreases as the coverage of
carbides increases. Fractional coverage of carbides can be increased by increasing the
tempering temperature. The use of increased tempering temperature also decreases alloy
strength. The relative contributions of these parallel effects; grain boundary
microstructure and decreased strength on HE susceptibility, have not yet been weli
separated.

In a vast majority of cases examined, the source of hydrogen in hydrogen-induced
failures of Déac and 4340 has been traced to residual hydrogen from plating operations.
The forensic evidence suggests that the opportunity to introduce hydrogen into alloys
during service is much smaller than that associated with plating operations. The need for
careful degassing heat treatments after plating is thoroughly appreciated and the use of
rigorous procedures for carrying out such treatments are standard [92]. Because of the
drive for the implementation of higher strength steels in design, alloys can become
susceptible to cracking at lower hydrogen contents. This places greater burden on
degassing, particularly where thicker section components are to be used.

Research recommendation for SCC and HE of ultrahigh strength steels.
Environmentally assisted crack (EAC) growth rates are very high for high strength steels
and it is unlikely that subcritical cracking would be detected between the time of
initiation and the attainment of a critical flaw size. However, because the metallurgical
and environmental factors contributing to EAC are well established for these materials,
consideration should be given to using risk or reliability-based approach for
characterizing the possibility of EAC based on manufacturing, properties, corrosion
protection schemes used and component age.

6.2.2.4 Corrosion Affected Fatigue Behavior. The influence of prior pitting on fatigue
crack initiation and growth is handled for ultrahigh strength steels in much the same
manner as that described earlier for aluminum alloys [96]. The general mechanistic and
modeling frameworks apply equally well to both steels and aluminum alloys. In actual
fact, essential elements of the model for fatigue crack initiation from pits described for
aluminum alloys were adapted from models originally developed to address the problem
in steels.

The reader is referred to sections 6.1.2.8, Corrosion-affected Fatigue Behavior for

Al Alloys, and 6.2.2.1, Pitting of Ultrahigh Strength Steels, and the research
recommendations following those sections.
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6.2.3 Surface finishing for corrosion protection

6.2.3.1 Cleaning, deoxidation and passivation. Steels develop oxides scales during hot-
working, annealing, or welding that lower corrosion resistance or paint adhesion, and
negatively affect fatigue life. Scales are removed using chemical means, mechanical
means, or combinations of both. Within the trade, chemical decaling is often referred to
as "pickling". In the case of stainless and semi-stainless alloys, additional chemical
treatments, commonly referred to as "passivation” processes, are used to ensure
maximum resistance to pitting and crevice corrosion by enriching the adherent oxide film
with Cr [97], and preferentially dissolving inclusions that serve as pit initiators [98].

Pickling of alloy steels is usually carried out in sulfuric acid solutions ranging in
concentration from 3 to 40%, depending on the alloy type and product form [99, 100].
Baths are operated at 60° to 100°C and processing times ranging from tens of seconds to
30 minutes or more. Contact times greater than 30 minutes are not common as the risk for
surface etching increases. Steel rod and wire are often pickled using a 1 to 20s immersion
in hot hydrochloric acid solutions with concentrations of 6 to 15% by weight at
temperatures of 75° to 95°C, or chloride additions to sulfuric acid baths are sometimes
used to accelerate the descaling action [101]. Other acid cleaning treatments arc used to
remove not only oxide scale, but dirt, oils and other contaminants from the steel surface.
The use of mineral acids such as phosphoric acid are common in this regard [102]. For
structures too large for treatment by immersion, pickling pastes have been developed
[103].

6.2.3.2 Cadmium Plating and Cadmium Replacements. Cadmium plating was widely
used on aircraft components; mainly fasteners and electrical components, to enhance
corrosion resistance and promote lubricity on components that are removed and
reinserted on a regular basis. The human toxicity of cadmium is well known and has
forced elimination of its used in many applications. Aluminum and zinc-based coatings
offer attractive mixes of propertics and are alternatives to cadmium plating for certain
applications [104]. Electrodeposited zinc coatings are formed with the co-deposition of
hydrogen and careful post-coating degassing procedures must be followed with for high
strength steel substrates. Ion vapor deposition of aluminum coatings is now an industrial
process by which pure Al and Al-Mn coatings are formed on a range of substrates.

Alternative coating deposition methods include those based on physical vapor
deposition (PVD), chemical vapor deposition (CVD), sputter deposition, or thermal
spraying [105]. Al-based coatings can be quite reactive and are sometimes conversion
coated to enhance their environmental resistance.

For new coatings applied to ultrahigh strength steel substrates, performance issues
beyond corrosion protection include impact on fatigue behavior and hydrogen uptake
during or after processing.

6.2.3.3 Chromium plating and chromium replacements [106]. Chromium plating has
been a very widely used surface treatment in the aerospace industry for imparting high
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levels of hardness, wear and corrosion resistance. Hexavalent chromium is a potent
carcinogen and there has been significant regulatory pressure that has reduced the usage
of chrome plating over the past several years.

While chrome plating imparts many desirable characteristics to metal surfaces, it
forms with residual tensile stresses. These stresses are partially relieved by the formation
of cracks in the plated layer, but still, electroplated Cr layers can reduce the fatigue
resistance of high strength steel substrates. Shot peening can relieve surface tensile
stresses to some extent.

Alternatives to chromate plating include thermal spray coatings such as tungsien
carbide [107], tungsten carbide-cobalt [108), nitride coatings such as titanium nitride
[109], and complex carbide-particle transition metal compositions [110]. Corrosion
resistance, wear resistance, and fatigue crack growth behavior are all important properties
that are typically reported. The performance of thermally sprayed coatings is quite
variable and depends on coating chemisiry, deposition parameters and coating thickness.
At their best, these coatings can offer attractive mixes of properties, however there
appears to be a great deal of variability in the characteristics of these coatings at the
present time.

6.2.4 Mechanical surface treatment. Introduction of compressive surface residual
stresses on load bearing components has been shown to reduce susceptibility to stress
corrosion cracking and corrosion fatigue. Shot peeing is carried out through the
controlled bombardment of a metal surface with small hard particles such as steel shot.
This surface compressive stress counteract tensile stresses that contribute to various
forms of cracking. Shot peened layers are typically 100 to 500 pm in thickness. The
beneficial effects of shot peening are lost by elevated temperature treatment or by
localized or uniform corrosion to depths that exceed the thickness of the layer.

Newer approaches for producing surface layers in compression are based the use
of special tools for carrying out a burnishing-like process [11 1]. Compressive stresses
approaching those developed by shot peening can be induced in layers whose thicknesses
match shot peened layer thicknesses. These new technique are still in the development
and evaluation stage for aerospace components.

Research recommendation. See research recommendation for coatings for Al alloys.

7.0 Non-Destructive Evaluation (NDE)
7.1 Overview of NDE,

In 1990, the Inspection Systems Initiative was established by the FAA to develop
and validate airplane inspection technology [112]. The objectives of this initiative were to

validate existing and emerging inspection systems with respect to their ability to reliably
detect cracks, disbands corrosion and other types of damage

53



Within the area of dynamic systems in propeller-driven aircraft there is the need
for quality assurance in manufactured components and systems and in-service inspection
of dynamic and static components.

The standard by which the adequacy of inspection strategies are judged is their
probability of detection (PoD) of flaws of specific sizes. PoDs vary depending on flaw
size and type, material, component configuration and accessibility, and surface finish.
Currently, under best-case conditions for the most sensitive techniques the PoD for
cracks is 50% at 1.27 mm. The discussion of corrosion of Al-Cu-Mn and ultrahigh
strength steels shows that important parts of the localized corrosion damage accumulation
process occur from 0.01 to 0.25 mm size range.

7.2 Established methods and detection limits

7.2.1 Visual inspection. Visual inspection is the primary means of corrosion detection
for general aviation aircraft. Visual inspection or corrosion is rapid and simple, though
care is required to inspect for corrosion in difficult-to-access locations. The primary
drawback of visual inspection is that it is possible to miss many forms of localized
corrosion, particularly in their earliest stages because they occur without the development
of appreciable corrosion product.

7.2.2 Eddy current. Eddy current methods are based on the use of probe containing an
AC electrical coil that produces a magnetic field, which penetrates the surface to be
inspected. If the specimen is a conductor, currents will be induced in the sample and an
opposing magnetic field will be generated that in turn decreases the magnetic flux
through the coil causing a change in the coil impedance. This impedance change can be
detected and used as the basis of the eddy current measurement. Physically small eddy
current probes can detect surface breaking cracks as smali as 1 mm under ideal
circumstances.

7.2.3 Ultrasonic inspection. Ultrasonic methods employ a piezoelectric material to inject
ultrasonic energy into a material of interest. The waves propagate through the solid and
are reflected and scattered by internal surfaces and defects, which can be detected by a
properly placed receiving piezo detector. A schematic of a the commonly used pulse-
ocho detection scheme is shown in Figure 7.1. In this arrangement, the detector injects a
pulse of ultrasonic energy at some prescribed frequency and the listens for the returns
from reflections of internal surfaces and the back surface. By analyzing the time and
intensity of the returns, the defect location and size can be estimated. The sensitivity of
ultrasonic measurements to defects in dependent on a wide range of variables including
skill of the analyst, but detection of crack and corrosion-like defects less than 0.5 mm in
size in complex component structures is extremely challenging.
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Figure 7.1. Pulse-echo detection in ultrasonic testing [113].

7.2.4 X-ray Radiography. X-ray radiography (radiography) is based on the fact that x-
and gamma-radiation can penetrate solids with partial absorption during transmission.
The extent of transmission in determined by the transmission path length and the
absorption characteristics of the material. Radiography is well suited for revealing
volumetric defects such as inclusions voids, porosity and surface thinning. Large cracks
can also be detected depending on the geomeiry with which they are viewed. Small
cracks that present little volume are difficult or impossible to detect. Radiography can be
used to check the presence of voids and inclusions in forging stock used in manufacturing
propeller components. It is not well suited for detecting small cracks under 0.5mm in
length.

An exception to this general limitation is found in an adaptation of the
radiographic technique called microfocal radiopgraphy. Microfocal radiography uses a
bright, geometrically small monochromatic x-ray source and projection magnification {0
resolve corrosion defects at micrometer length scales [114]. Phase contrast techniques
have been employed to further enhance resolution and information content of
radiographic images.

7.2.5 Liquid penetrant dye inspection. Liquid penetrant techniques are among the
oldest non destructive techniques available, and are well suited for detection of surface-
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breaking cracks on boldly exposed surfaces. The method invalves applying a penetrating
liquid to a cleaned surface, removing the excess fluid, then applying a “developer” to aid
in revealing any fluid that emerges from small surface breaking cracks or pits. A wide
range of penetrants and developers arc commercially available and sensitivity of the
technique can be enhanced by the use of penetrant dyes that fluoresce under UV light.
These approaches may be sensitive to micrometer-sized pits and cracks, but extracting
unequivocal defect indications on surfaces with micrometer-level surface roughness is
extremely difficult.

7.3 Emerging methods.

7.3.1 Superconducting quantum interference device (SQUID) magnetometry.
SQUID magnetrometry uses a cryogenically cooled magnetometer to detect changes in
magnetic flux with great sensitivity in electri cal conducting and ferromagnetic materials
[115]. SQUID magnetometers are sensitive to magnetic anomalies associated with
electric current,. A class of NDE approaches based on the induction of eddy currents and
detection of magnetic anomalies due to defects in sample have been derived from this
method [116]. SQUID magnetometers have also been adapted to sense changes in
magnetic fields due to corrosion currents from actively corroding components [117].
Because SQUID detectors operated at some standoff distance, they are able to detect
hidden corrosion such as that occurring in lap splice joints [118]. Commercial systems
capable of imaging corrosion damage have been developed and demonstrated [119]. Such
systems possess millimeter-range resolution of localized corrosion cell processes.

SQUID magnetometers must be cooled to 77K in a liquid nitrogen dewar, which
imposes a limit on how close the magnetometer can approach the sample. This imposes a
significant constraint on system design because the ability to detect small flaws is
dependent on the magnetometer coil size and the standoff. SQUID systems are good at
scanning large surface areas quickly for evidence of corrosion, however, whether early
stage corrosion defects can be detected with a high probability of observation remains to
be established.

7.3.2 Ultrasonic Methods., Research in the area ultrasonic inspection is vigorous and has
resulted in notable advances in recent years. Two example relevant to corrosion detection
in dynamic system components include uitrasonic sensor array approaches have been
developed to speed the rate of ultrasonic testing (UT) surveys [120, 121], and the
emergence of guided wave UT techniques have been reported to detect corrosion
thickness losses of 0.02 to 0.4mm [122], which is in the size range of interest for
detection of early-stage corrosion.

7.3.3 Pulsed Eddy Current Methods. A problem with eddy current methods is the
inability to distinguish crack-like flaws from artifacts, although the use of small “spot”
probes and dual frequency [123] are examples of approaches that appear to provide
greater sensitivity [124]. Advanced signal processing methods have been employed in
conjunction with artificial neural network modeling to improve recognition of defect in
eddy current signals [125].
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7.3.4 Integration and Fusion of NDE data. Current thrusts in non-destructive
evaluation include the integration of data collected from a range of techniques into a
seemless assessment of a damaged structures [126], direct application of multi-source
NDE data directly to an evaluation of component or structure reliability [127], or
manufaciuring process management [120] and signal processing and pattern recognition
approaches for enhancing small signal detection to enhance the reliability of NDE
measurements themselves and to increase probability of flaw detection [128, 129].

Development of suitable standard “flaws™ for calibrating emerging NDE
techniques continues to be an arca of active research [130]. This is driven by the fact that
there are essential elements of small defects produced by environmental effects that are
not well simulated by artificially created defects. Additionally, there is difficulty in
controlling laboratory-based damage mechanisms to replicate the size and morphology of
in-service defects on an on-demand basis.

Research recommendation. To enhance safety and to enable the possibility of the of
damage tolerance life-cycle management in dynamic systems, the probability of
observation of discrete corrosion-induced defects of 0.5 mm and smaller must improve
significantly. It is recommended that efforts be supported in this regard.
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