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Corrosion-Enhanced Fatigue and Multiple-Site Damage
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Multiple-site (fatigue) damage, (MSD) and its impact on the structural integrity (or safety of � ight) of aging
aircraft have been well recognized. Research to date has focused on fracture-mechanics-based analysis and ex-
perimentation for the consequences of MSD. The impact of corrosion on the early onset of MSD and the need for
quantitative methodologies to predict the evolution and distribution of damage and MSD, on the other hand, are
not fully appreciated. The mechanismfor pitting corrosion in airframe aluminumalloysand the in� uence of pitting
on the onset of fatigue cracking are brie� y reviewed, and the in� uence of localized corrosion on the evolution of
MSD is discussed. A mechanistically based probability model for corrosion and corrosion-enhanced fatigue crack
growth and its application in predicting the probability of occurrence (PoO) of damage are summarized. The use
of the PoO in a methodology to assess the onset and severity of MSD is demonstrated using teardown data from a
Boeing 707 and two AT-38B aircraft.

Nomenclature
a = damage size, either pit depth or crack depth
ao = initial pit radius
atc = depth of damage at the transition from a surface

crack to a through-the-thickness crack
atr = depth of damage at the transition from a pit

to a surface crack
b = simpli� cation for (2 ¡ nc//2
Cc = coef� cient in the power law form for the crack

growth rate equation
F = Faraday’s constant
F.x/ = cumulative distribution function (cdf);

F .x/ D Pr fX · xg
Ftc = geometric relationship for a through-the-thickness

crack emanating from a circular hole
f = frequency
IPo = preexponentialconstant in galvanic pitting current

relationship
K t = stress concentration factor due to a circular hole
M = molecular weight of the material
m = median used in the log-logistics cdf
N = number of cycles
n = valence
nc = exponent in the power law form

of the crack growth rate equation
Pr.: : :/ = probability
R = universal gas constant
ro = hole radius
T = absolute temperature
t = time
ttc = time of transition from a surface crack

to a through-the-thickness crack
ttr = time of transition from a pit to a surface crack
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V = volume
1H = activation enthalpy for pitting
1K = driving force for fatigue crack growth
1K sc = driving force for a surface crack
1K tc = driving force for a through-the-thickness crack
1¾ = far-� eld stress range
¹ = mean of a random variable
½ = density of material

Introduction

M ULTIPLE-SITE (fatigue) damage (MSD) and its impact on
the structural integrity (or safety of � ight) of aging aircraft

havebeenwell recognized.Research to date has focusedon fracture-
mechanics-basedanalysis and experimentationof the consequences
of MSD.1 The impact of corrosion on the early onset of MSD and
the need for quantitativemethodologies to predict the evolutionand
distribution of damage and MSD, on the other hand, are not fully
appreciated.2 In this paper, the mechanism for pitting corrosion in
airframe aluminum alloys and the in� uence of pitting on the onset
of fatigue cracking are brie� y reviewed. The in� uence of localized
corrosion on the evolution of MSD is discussed. A mechanistically
based probability model for corrosion and corrosion-enhancedfa-
tigue crack growth and its application in predicting the probability
of occurrence (PoO) of damage are summarized.The use and merit
of the PoO in a methodology to assess the onset and severity of
MSD are demonstratedthroughexamples using teardown data from
a Boeing 707 and two AT-38B aircraft.3;4

Pitting Corrosion and Fatigue Crack Growth
Gough5 recognized the impact of pitting corrosion on fatigue

cracking in the early 1900s. The mechanism of pitting corrosion
and its impact on fatigue in aircraft aluminum alloys (such as 2024)
are describedin recentstudiesby Chenet al.,6 Gao et al.,7 Wei et al.,8

Liao et al.,9;10 and Liao and Wei.11 These studies were motivatedby
the concerns with aging of commercial and military aircraft. They
showed that pitting corrosion is induced by local dissolution of the
matrix through its galvanic coupling with constituent particles in
the alloys. These pits serve as nuclei for subsequent fatigue crack-
ing and signi� cantly reduce the serviceable life of a component or
structure.11 Plausible processes of aging, or damage accumulation,
in airframe aluminum alloys therefore were considered to be dom-
inated by localized (or pitting) corrosion in the early stage and by
corrosionfatiguecrackgrowth in the later stage as depictedin Fig. 1.

Simpli� ed Mechanistically Based Probability Model
The essence of mechanistically based probability modeling for

damage evolution and life prediction is the development of a time-
dependent damage function that incorporates all critical internal
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Fig. 1 Schematic diagram of the development of corrosion and corro-
sion fatigue damage.

(e.g., materials) and external (e.g., loading) variables and their vari-
ability. The damage function must integrate fracture and solid me-
chanics, electrochemistryand surface chemistry, materials science,
and probability and statistics for damage nucleation and growth.
Precise predictions of performance and risk for reliability analysis
and life-cycle management are dependent on the accuracy of the
damage function. One of the strengths of this approach is that it
is iterative in that re� nements including new information, insights,
and data can be made. Further details and examples can be found in
Harlow and Wei.12 The approach is demonstrated herein.

The key random variable (rv) is the time-dependentdamage size.
Randomness in material properties and their sensitivity to environ-
ment are representedexplicitly.Heredamageis describedbya single
variable; i.e., the pit depth a during pitting and the crack depth or
length a during fatigue cracking as described next.

Corrosion pits are assumed to be hemispherical with a constant
volumetric growth rate, governed by Faraday’s law augmentedby a
temperature-dependent Arrhenius relation. Pit depth a is given by
Eq. (1):

a D
©
[.3M IPo=2¼ F½/ exp.¡1H=RT /]t C a3

o

ª 1
3 ; for a · atr

(1)

where ao is the initial pit size (radius), atr is the transition pit size
(or the size at crack nucleation), IPo is the preexponential term in
the Arrheniusrelationshipfor thepittingcurrent,F D 96; 514C/mol
is Faraday’s constant, R D 8:314 J/mol-K is the universal gas con-
stant, and t is the time needed for a pit to develop to a depth of a.
Values for the other parameters are for aluminum alloys, where
M D 27 is the material molecular weight, n D 3 is the valence,
½ D 2700 kg/m3 is the density, 1H D 40 kJ/mol is the activation
enthalpy, and T D 293 K is taken as an average for the absolute
temperatureswhen the aircraft is on the ground. Herein, ao and IPo

are taken to be rvs. A power law model is used to represent the
corrosion fatigue crack growth rate .da=dN /c , Eq. (2):

³
da

dN

´

c

D Cc1K nc (2)

The crack growth exponent nc re� ects the mechanistically deter-
ministic dependence. The coef� cient Cc is assumed to be a rv to
re� ect the variability in material propertieswith microstructureand
environment.Also, the time-dependentnumber of loadingcycles N
is given by N D f t , where f is frequency.

The surface crack (sc) and through-the-thickness crack (tc) driv-
ing forces are given by Eq. (3):

1Ksc D .2:2=¼/K t 1¾
p

¼a; 1K tc D Ftc.a=ro/1¾
p

¼a (3)

where 1¾ is the far-� eld stress range, 2:2=¼ is for a semicircular
crack in an in� nite plate, K t D 2:8 is the stress concentration factor
for a circular hole, and ro D 3 mm is the radius of the hole. Numer-
ical values for Ftc.a=ro/ for an in� nite plate under uniaxial tension

containinga circular hole with a single through-the-thickness crack
emanating from the hole perpendicular to the loading axis can be
� tted empirically by Eq. (4):

Ftc.a=ro/ D f0:865=[.a=ro/ C 0:324]g C 0:681 (4)

Let ttr and ttc be the time at which a pit transitions into a sur-
face crack and the time at which the surface crack transitions into
a through-the-thickness crack, respectively. When ttr · t < ttc, the
driving force is 1Ksc, and a is found to be given by Eq. (5) for
nc > 2:

a D
£
ab

tr C b f Cc

¡
2:2K t 1¾

¯p
¼

¢nc
.t ¡ ttr/

¤1=b

b D .2 ¡ nc/=2 (5)

When t ¸ ttc, a is obtained implicitly by using 1K tc from the fol-
lowing relationship:

t D ttc C
1

f Cc

¡
1¾

p
¼

¢nc

Z a

atc

da£
Ftc.a=ro/

p
a
¤nc

(6)

where atc is the size of the damage at ttc. Numerical integration is
needed for Eq. (6).

Corrosion fatigue crack nucleation re� ects competition between
pitting and crack growth. Criteria for transition have been proposed
and validated in Chen et al.13:

1K ¸ 1K th;

³
da

dt

´

crack

¸
³

da

dt

´

pit

(7)

where1K th is the thresholddrivingforce,assumedto be a rv, and the
derivatives are the appropriate time-based corrosion fatigue crack
and pit growth rates.

Statistical variability is modeled through IPo , ao , Cc , and 1K th,
which are chosen to bemechanisticallyand statisticallyindependent
of time.Scatter in materialproperties,environmentalsensitivity,and
resistance to fatigue crack growth is re� ected in Cc . Material and
manufacturing quality is depicted by ao and 1K th . Finally, IPo re-
� ects the scatter associatedwith the electrochemicalreaction for pit
growth. The three-parameterWeibull cumulative distribution func-
tion has been found to characterize the rvs; see Harlow and Wei.14

Evidence for In-Service Development of MSD
Teardown data from the wing skins of a 24-year-old commer-

cial Boeing 707 aircraft serve to illustrate the processes of damage
evolution and to provide evidence of corrosion-enhanced evolu-
tion of MSD. The data also serve to demonstrate the ef� cacy of the
mechanisticallybasedprobabilitymodelingapproach.The observa-
tions were made as a part of the U.S. Air Force Joint Surveillance,
Target and Attack Radar System (J-STARS) program6 to convert
retired Boeing 707 aircraft for this service. The Boeing 707-321B
(s/n 19266,line531;designatedasCZ-184), in servicefromdelivery
on 30 November1966 to terminationon 2 October1990,had 57,382
� ight hours and 22,533 � ight cycles. This aircraft had the highest
time for the 300 series aircraft in the inventory. For the inspected
sections, a total of 494 multiple hole-wall cracks (MHWCs) were
reported in Hug3 for the lower wing skins. Approximately 5800
holes were inspected of which 578 (or about 10%) had some type
of observable damage. Of the 5800, steel fasteners were used in
3300 holes along stiffeners S-4, S-5, S-7, S-8, and S-14, where 478
(or about 14%) were found to have damage. In comparison, the per-
centage of damaged holes without steel fasteners in them was less
than 4%. Speci� cally, of the 578 damaged holes, 392 had MHWCs,
ofwhich290were reportedto haveMHWCs in one of the two highly
stressed regions of the hole, and the remaining 102 had MHWCs in
both (for a total of 494 MHWCs). Figure 2 shows the typical local-
ized corrosion and corrosion-inducedmultiple fatigue cracking in a
fastener hole. The distributionof damage for the largest MHWC in
each fastener hole is shown in Fig. 3. The teardown report3 should
be consulted for details and additional observations.
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Fig. 2 Scanning electron micrograph showing localized corrosion and
corrsion-related fatigue damage on the fastener hole wall of the CZ-184
aircraft. (Vertical direction of micrograph corresponds to the loading
direction.)

Fig. 3 Distribution of the largest reported MHWC in each fastener
hole from the CZ-184 aircraft.2;3

Fig. 4 Density of measured MHWC in 110 fastener holes in the lower
wing panels of the CZ-184 aircraft.2;3

To perform a statistical analysis for a signi� cant number of fas-
tener holes, 110 contiguousholes along S-4 were investigated.2 The
fractionof holeswith damage in this set alongS-4 is quite high,with
51 of the 110 holes showing damage. A possible contributingfactor
to this high incidence is that steel fasteners were used along S-4.
Galvaniccouplingbetween the fastenersand the 2024-T3aluminum
alloy skin, in the presence of a deleterious environment, would en-
hance the nucleation and growth of localized corrosion. Figure 4
shows the density of the MHWCs for these 110 holes. The holes
are numbered arbitrarily left to right, and each of the four rows is
numbered separately. There are three holes with at least 60 cracks,
and another three with at least 40. Furthermore,all six of these holes
are close to each other.

Prediction of Damage Evolution, Distribution, and MSD
Damage distributionsdetermined from teardown inspections for

two Boeing 707 (designated as CZ-180 and CZ-184)3 and two AT-
38B4 (designated as SP-0260 and SP-0283) aircraft are shown in
Fig. 5. The difference in the severity of damage between the aircraft
types re� ects, likely, differences in operational pro� le, utilization
(approximately1200vs300� ightsperyear), and time on theground.
The evolution and distribution of corrosion and corrosion fatigue
damage are predicted, through Monte Carlo simulation, using the
simpli� edmodeldescribed.Laboratorypittingcorrosionand fatigue
crack growth data on the appropriate alloys and nominal ground–

air–ground bending loads (adjusted for nominal gust or maneuver
loading) were used.

The effectiveness of this approach is demonstrated by the good
agreement between the predicted distribution and that of the ob-
served damage in the lower wing panels (2024-T3 aluminum al-
loy) of the CZ-184 aircraft (Fig. 3). More detailed measurements
of damage,2;15 based on the 110 contiguous fastener holes, showed
that much of the smaller damage was not resolved during the initial
teardowninspection.3 The distributionof damageafter 22,533 � ight
cycles is replotted in Fig. 6, along with the predicted distribution
(solid curve) from the simpli� ed model, after a small adjustment in
the pitting current. (Note that the observed and predicted damage
distributionswere nearly identical for the largest damage in the fas-
tenershole and the damagewithin a given fastenerhole.15 )Using the
same data, the evolution of damage was estimated for � ight cycles
from 15,000 to 35,000 and is also shown in Fig. 6.

Unlike the CZ-184 aircraft, there is no detailed experimen-
tal determination of corrosion damage on the AT-38B aircraft,

Fig. 5 Comparison between damage distributions in Boeing 707 and
AT-38B aircraft.2¡4 (For AT-38B, b and c designate bore and corner
cracks, respectively.)

Fig. 6 Evolution and distribution of corrosion and fatigue damage in
the CZ-184 aircraft.2;3
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although evidence for corrosion was noted in the teardown inspec-
tion report.4 Nevertheless, the mechanistically based probability
model described herein is used to estimate the distribution of dam-
age in the lower wing panels, made of 7075-T6 aluminum alloy.
To conform to the Boeing 707 analysis, only the hole-wall cracks
are considered, and the estimated distributions are shown in Fig. 7.
The agreement is quite good, even though the in� uence of variable
amplitude loading was not considered in this simpli� ed estimation;
departure at the larger damage sizes most likely re� ects the simpli-
� cation in the assumed loading.The signi� cant impact of corrosion
is inferred from a comparison between the estimated distributions,
with and without corrosion, with the estimated damage sizes dra-
matically lower in the absence of corrosion.

On the basis of the estimated evolution and distributionsof dam-
age, the evolution of the spatial distribution of damage may be es-
timated through Monte Carlo simulation. Here the simulation is
illustrated through the use of the data from the CZ-184 aircraft, and
the progressiveincreasein the size of damage from20,000 to 35,000
� ight cycles is shown in Fig. 8. (Note that the aircraft had been re-
tired after 22,533 � ight cycles.) The simulation was carried out for
1000 fastener holes, and the abscissa in Fig. 8 refers to sequential
numbering of sides of the holes. By using the same starting seed
numbers, each of the successivesimulations represents the same set
of 1000 fastener holes and the locations of damage are retained.
The rapid increase in the size of damage and development of areas

Fig. 7 Damage distribution in AT-38B aircraft.2;4 Solid and dashed
lines represent predicted distributions with and without corrosion,
respectively.

Fig. 8 Successive simulation showing the evolution and distribution of corrosion and corrosion fatigue damage and the formation of signi� cant areas
of MSD over 1000 fastener holes for the CZ-184 aircraft.

of signi� cant MSD following 25,000 � ight cycles may be seen in
Fig. 8. It should be noted that, for these simulations, the loadingand
external environmental conditions were taken to be constant over
the 1000 fastener holes. The spatial variations in damage sizes re-
� ect only variability in the rvs in the mechanisticallybased models.
Spatial and time variations in external conditions may be imposed
to better re� ect actual operating conditions.

In practice, successive simulations will be made using a new set
of randomly generated seed numbers to select the rvs in the models
for each simulation. The results of each simulation (a realization)
would representwhat couldhappenat successive1000fastenerholes
in the same aircraft or at the same 1000 fastener hole location of
different aircraft in a � eet, assuming that the external conditions
remain the same. Figures 9 and 10 represent two such realizations
showing theprojecteddistributionin corrosionandcorrosionfatigue
damage over 1000 fastener holes following 30,000 � ight cycles.
They show the differences in damage severity and in the 25-hole
areas of signi� cant MSD. (The selection of the number of fastener
holes to be used in the simulations is somewhat arbitrary. A total of
1000 holes is used here to ensure � delity and to attempt to capture
some of the more extreme occurrences.)

Following the same procedure, a spatial distributionof corrosion
and corrosion fatigue damage over 1000 fastener holes in an AT-
38B aircraft following 5500 � ight cycles was simulated, using the
estimateddistributionshown in Fig. 7. The sizes of distributeddam-
age are shown in Fig. 11 along with three areas of signi� cant MSD.
Comparisons of the results for the AT-38B aircraft (Fig. 11) with
those for the CZ-184 aircraft (Figs. 8–10) show the impact of the
more severe � ight loads on the AT-38B aircraft and, implicitly, a
greater in� uence of corrosion associated with the longer time that
these aircraft had spent on the ground.

Discussion
These results further demonstrate the ef� cacy and utility of a

mechanistically based probability approach for predicting the on-
set and evolution of distributed damage that can lead to areas of
signi� cant MSD. The early onset of fatiguedamage and MSD is en-
hancedby localizedcorrosionand corrosion-enhancedfatiguecrack
growth. Distribution in damage is directly related to the random-
ness of key chemical and microstructural variables and is captured
through appropriate mechanistically based probability models. It
can be affected by local variations in loading and environmental
conditions and inappropriate choices of materials in design. The
very large damage, shown in Figs. 8–11, is in excess of the inter-
hole spacing of about 25 mm and is beyond the range of validity of
the simpli� ed crack growth model. The degree of agreement with
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Fig. 9 One simulation showing the projected distribution of corrosion and corrosion fatigue damageover 1000 fastener holes and three 25-holeareas
of MSD for the CZ-184 aircraft after 30,000 � ight cycles.

Fig. 10 Second simulation, showing the projected distribution of corrosion and corrosion fatigue damage over 1000 fastener holes and three 25-hole
areas of MSD for the CZ-184 aircraft after 30,000 � ight cycles.

Fig. 11 Simulation showing the distribution of corrosion and corrosion fatigue damage over 1000 fastener holes and three 25-hole areas of MSD for
the AT-38B aircraft after an estimated 5500 � ight cycles.
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teardown data, though, is encouraging and argues for the develop-
ment and validation of re� ned models for use in design and � eet
management and sustainment. Because early damage on the order
of tens and hundreds of micrometers (e.g., in the form of corrosion
pits) can signi� cantly reduce fatigue lives2 and cannot be readily
detected by current nondestructive inspection techniques, there is
an urgent need for the development of validated methodologies,
such as the one described herein, for use in aircraft design and � eet
management and sustainment.

Summary
A simpli� ed, mechanisticallybased probability model for corro-

sion and corrosion-enhancedfatigue crack growth and its applica-
tion in predicting the probability of occurrence (PoO) and spatial
distribution of damage are summarized. The use and merit of the
PoO in a methodology to assess the onset and severity of MSD is
demonstratedthroughexamples using teardown data from a Boeing
707 and two AT-38B aircraft.The onset of fatigueand MSD is a nat-
ural consequenceof the randomnessin the chemicaland microstruc-
tural characteristics of the material and may be impacted by local
variations in loading and environmentalconditionsand material se-
lection. The signi� cant impact of corrosion is shown. The value
of the approach and the need for developing improved models for
aircraftdesign and � eet management and sustainmentare indicated.
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