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Aircraft paint schemes (paint and sealant) are a key element of corrosion preventive measures, and ensuring that
such schemes and other coatings are effective and durable under service conditions is essential if corrosion costs and
maintenance costs are to be minimized. Coatings can degrade under the influence of environmental factors such as
exposure to moisture, high temperature, ultraviolet radiation, and so forth. Coating failure is often particularly
evident at joints, and while failure may be accelerated in some regions by local variations in coating thickness and
geometry at features such as edges, or by erosion, it is likely that the displacements which occur at these locations
under service loads will be a contributing factor. The impact of in-service mechanical loading on coating degradation
has so far received little attention, despite clear evidence that coatings tend to fail first at specific sites such as sheet
ends and around fastener heads. This paper argues that the magnitude of the applied service loads and the nature of
the load history should be considered in predicting and assessing rates of coating degradation, and that development
of a thermomechanical history is a more appropriate approach. The likely impact of joint displacements on the

protection of aging aircraft is also discussed.

Nomenclature
a = crack length/depth, mm
a, = critical interfacial delamination length, mm
D = diameter of fastener shank, mm
E. = elastic modulus of coating, MPa
e = edge margin, mm
G, = critical energy release of coating, J/m?
L = spacing between two perpendicular cracks in the
coating, mm
I* = effective length of coating, mm
K. = critical stress intensity factor, MPa (m)'/?
k = critical buckling stress constant
t = thickness of sheet, mm
t, = thickness of coating, mm

w = width of the sheet

o, = initial postbuckling slope

B = geometry factor

Al* change of effective length, mm

&, = strain at the bottom surface of the plate
g, = hygroscopic strain

&, = mechanically-induced strain

& = strain at the top surface of the plate
&n = thermally-induced strain

oy = compressive residual stress, MPa
o, = critical tensile stress, MPa

v. = Poisson’s ratio of coating
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I. Introduction

A. Corrosion

REVENTION and repair of corrosion is a major cost driver for

both civil and military aircraft. For example, the annual direct
cost of corrosion for all aircraft systems in the United States is
estimated to be approximately $13 billion [1]. The Australian
Defence Force has also identified corrosion as a major cause of
maintenance expenditure, and manages a number of aging fleets,
including F/A-18, C-130, P3-C, at bases which feature significant
corrosivity. In many fleets, the traditional approach to corrosion
management remains “find and fix,” although the increasing use of
Corrosion Prevention and Control Plans (CPCP) provides a frame-
work for targeted inspections and treatment to help with corrosion
management, and this approach is often supported by teardowns of
high-life service aircraft and parts to help identify the corrosion-
prone areas. When corrosion damage is detected, it is usually ground
out to identify the extent of the damage, and if feasible, repaired.
Unfortunately, this approach often involves time-consuming peri-
odic inspections, lengthy maintenance processes and highly conser-
vative “go, no-go” operational decisions, all of which are costly and
may significantly impair fleet readiness. Corrosion is not yet
managed effectively by design for damage tolerance [2], and if not
properly controlled and managed, can impact on structural integrity
by providing relatively rapid development of an initial flaw that could
dramatically limit service life, and perhaps more important, could
cause regions which are not usually regarded as critical to be poten-
tial failure locations. Reference [3] provides detailed descriptions of
in-service corrosion commonly found in aging transport aircraft.

A proposal that corrosion should be brought more into line with
other damage tolerance methodologies [4] initiated moves in the U.S.
Air Force [5] to change from the find and fix approach toward a
“predict and manage” philosophy, with the aim of reducing main-
tenance cost and increasing aircraft availability. Such a new corro-
sion management program requires prediction of the influence of
corrosion damage on the life and residual strength of the corroded
components, so that the most appropriate maintenance option can be
developed.

Numerous research programs are currently underway to develop
prognostic tools for the development of corrosion damage, and to
improve design for reliability and maintainability. This paper
describes one such program where the focus is understanding and
predicting the deterioration and breakdown of protective paint
coating at aircraft joints.
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Fig. 1 Corrosion from a retired small aircraft, Piper Malibu JetProp: a) exfoliation at inboard pylon, and b) excessive pitting at aileron outboard hinge

fitting.

B. Corrosion and Joints

Aircraft joints are usually key areas in terms of structural integrity,
and are prone (Urban [6]) to corrosion such as pitting, exfoliation,
crevice corrosion, intergranular or stress corrosion cracking, which is
usually driven by the presence of moisture in the interfacial spaces
between faying surfaces and between fasteners and sheet. Figure 1
shows examples of corrosion damage at the pylon and aileron on a
retired small aircraft. Significantly, the corrosion damage was
concentrated around the hole attachment regions, and the damage
spread along the wing surface. Corrosion damage at the faying
surfaces of joints can also cause pillowing or bulging of the sheets
between rivets. Bellinger et al. [7] indicated that such pillowing can
significantly increase stress levels in the sheet, potentially exceeding
the material’s yield strength. Perhaps more important, cracks
associated with pillowing are very difficult to detect because current
nondestructive inspection is focused on surface cracking in fatigue-
critical fastener rows in joints.

The potential impact of corrosion at riveted joints attracted a great
deal of attention after the Aloha Airlines accident in 1986 [8]
highlighted a contribution from environmental degradation and
cracking at joint faying surfaces. Visual inspection for such damage
is impossible without a costly process of stripping the paint,
removing rivets and opening the joints. A review by Furuta et al. [9]
noted that joint specimens subjected to a corrosive environment
during cyclic loading exhibited fatigue lives 30-50% shorter than
those tested in an ambient environment. Further to that, studies by
Hoeppner et al. [10] and Campbell and Lahey [11] both identified
corrosion and fretting as significant contributing causes to both civil
and military accidents for the period from the mid 1970s to 1994.

C. Corrosion Protection at Joints

Developing and understanding ways to improve the durability of
corrosion protection around joints is highly desirable in terms of
ongoing management of corrosion in aging aircraft. The intrinsic
corrosion resistance of alloys is insufficient to protect aircraft struc-
tural components from an aggressive environment, and protec-
tion of these metal components relies on high-quality paint coatings,
acting as a barrier to the environment. Clark [12], in discussing the
prediction of the effects of corrosion on structural life, noted that the
prediction of overall service life of a corroded part is critically
sensitive to the life of protective coatings. This is supported by
several examples of in-service corrosion, given in [13], which show
how the failure of protective treatments led to the initiation of corro-
sion. Figure 2 shows schematically the stages leading to component
failure by fatigue initiating at a corrosion pit. These stages
individually might be amenable to predictive modeling, and indeed a
prognostic capability has been developed for fatigue cracking from
pitting corrosion [14]. However, the onset of structural damage
only occurs when the coating becomes ineffective, ensuring that a

well-maintained durable coating is the most effective means of
remaining damage-free. Since the life of coatings is critical, the
development of prognostic tools for the service life of coatings, under
realistic service conditions, represents an important goal which
requires an understanding of the various parameters which will
influence the degradation processes and rate.

D. Aircraft Paint Coatings

A typical military paint coating will have three layers [15], namely
a polyurethane topcoat (~20 pm), an inhibited epoxy primer
(~25 pm ), and a chromium conversion coating (~0.1-0.2 um )
or thicker (~1-5 pum) anodized coating, see Fig. 3. The internal
paint scheme is usually primer-only with extensive use of sealants in
some areas. Each layer in the coating system has one or more roles;
the topcoat layer provides appearance and protection against
environmental erosion and mechanical abrasion, as well as retarding
moisture ingress, while the surface chromate (or similar) treatment
layer provides passivation of the metal surface, optimizes topog-
raphy for primer adhesion, and inhibits corrosion. In addition to that,
a sealant such as polysulfide sealing compound or zinc chromate
primer is often applied at faying surfaces, exposed sheet ends and
around fastener holes; sealants prevent penetration of joints by the
environment or fuels, and maintain flexibility of the coating system.
Current aircraft coating schemes have been subjected to extensive
refinement, and if correctly applied, perform well. Ideally they will
last for 6-8 years in service.

The topcoat is extremely sensitive to ultraviolet degradation,
causing chalking or discoloration, hence refinishing may be required
after as little as 18—24 months. It can also display mechanical damage
such as scratches, and repair or refinishing can introduce nonuniform
external surface features which like scratches can act as crack
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Fig. 2 Schematic of stages in failure of a corroded part by fatigue crack
growth initiating at corrosion [12].
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Fig. 3 Typical aircraft coating system which consists of topcoat, primer, conversion coating, and the underlying metal.

initiation points. The first visible sign of paint failure is usually
cracking of the (typically topcoat) layer [16]; this may cause
functional failure of the coating and indirectly promote component
failure through corrosion and/or cracking. As an example, cracking
of paint around a fastener head (see Fig. 4 which illustrates such paint
cracking in a retired military aircraft wing panel) can allow moisture
to penetrate into the interface underneath the fastener head and
subsequently initiate corrosion.

Other studies [13,17] also revealed the coatings tend to crack or
blister around fasteners under cyclic flight loads and repeated
exposure to a temperature range of —54—163 °C. An example given
in [13] identified two factors, cracking of the polyurethane finish and
the absence of sealant between the fasteners and countersink, that
were believed to play a crucial role in the development of exfoliation
corrosion adjacent to fasteners on the external wing surface of a fast
jet. To improve corrosion resistance around the fastener area, it is
common to install fasteners wet with inhibited polysulfide sealant
which gives an increased tolerance to flexing [17].

The National Materials Advisory Board (NMAB) in its Aging
U.S. Air Force Aircraft final report [18] noted that aircraft coatings
need to meet a demanding set of criteria (Recommendation 18),
including 1) ambient curing, 2) long-term corrosion protection and
adhesion to a wide variety of substrate, 3) resistance to environmental
chemical exposure (e.g., hydraulic fluids, fuels, solvents, cleaning
solutions), 4) long-term exterior durability with minimal change in
optical or physical properties, and 5) mechanical durability to
operating stresses and in a fretting environment.

Fig. 4 Cracking of protective coatings around fastener head (insert) in
a retired military aircraft wing skin [68].

The present work addresses the issue raised in the NMAB (point 5)
and forms part of a larger research program which is developing tools
for predicting the impact of real service environment on coating
longevity for military aircraft in Australia. The benefits of such a
prognostic capability include:

1) An ability to predict the degradation and failure of coatings
under realistic flight conditions.

2) Tools to allow prediction of the regions where coatings degrade
rapidly, allowing preventative maintenance or restoration of the
coatings.

This paper identifies and describes the key features of the
mechanical loading at aircraft joints which might affect coating
longevity. The specific aim was to identify, predict and measure the
joint displacements at locations where coatings might experience
localized strain in service. The results of this work will contribute to
development of a more comprehensive and realistic picture
of the thermomechanical environment which is applied to coatings
throughout service life. Understanding that environment will
ultimately assist with evaluation and development of protective
coatings, prediction of degradation rates to allow improved main-
tenance, and identification of key coating failure locations so that
they can be managed more effectively. All these research efforts are
aimed at incremental improvements in corrosion prevention and in-
service management that may potentially save millions of dollars of
corrosion-associated maintenance expenditure.

II. Background
A. Aircraft Joints and Loading

The performance of mechanically fastened joints under an aircraft
service environment is complicated by many issues which can affect
the durability of the joint; these include preload/clamping forces, the
effect of variations in frictional load transfer at faying surfaces, out-
of-plane bending (secondary bending and applied bending), size of
fastener hole, and hole interface clearance, [19]. Many of these
factors are interrelated, since, for example, fastener torque and over-
all clamping force will affect the amount of frictional load transfer
through the faying surfaces, and the way in which these factors
collectively affect joint degradation means that accurate prediction of
joint service life remains a formidable challenge. Joints usually
represent weak links in the structure, because of high localized
stresses and stress redistribution at the fastener locations, and the
majority of critical locations for structural failure occur at or near
joints and splices. As a result, joint locations absorb substantial time
and effort in terms of design, inspection and maintenance.

Mechanically fastened joints transfer applied load from one
structural member to another via fastener shear and also through
friction through the faying surface. Each fastener row in different
joint configurations carries a different amount of applied load
[20,21]. Starikov [22] reported that the load transferred by friction
forces increased substantially during fatigue loading due to fretting
wear on the faying surfaces; in his joints 80-90% of the applied load
was carried by friction and the rest was transferred by the fastener
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shear, highlighting the significance of the friction forces in the load
transfer at joints.® This view is supported elsewhere [23-26].
However in other studies [22-25], friction was shown to be a minor
factor which may be neglected. Tate [27] suggested that friction may
be significant only when clamping forces are high, implying that loss
of clamping pressure can lead to increased fastener bending and early
fastener failure.

The complex mechanism of load transfer combined with the stress
concentration due to holes and deformations from secondary
bending gives rise to a complex three-dimensional stress distribution
around holes, and this is of prime importance because fatigue cracks
often initiate in service at or near the fastener hole [28,29]. Several
factors influence the stress distribution, as reported by Eastaugh et al.
[28], these include clamping force applied by the fastener, surface
shear within the clamping zone of the fastener due to load transfer
through friction, pin-loading at the hole due to load transfer through
fastener shear, and internal pressure in the hole due to expansion of
the fastener. A number of parameters guide design of mechanical
joints. Sharp et al. [30], Niu [31], and Park and Grandt [32] present
thorough descriptions and the following sections summarize some of
the key factors:

1) Common failure modes for mechanically fastened joints,
namely fastener shear failure, sheet tension failure, sheet bearing
failure and sheet tear out failure, are illustrated schematically in
Fig. 5.

2) The fatigue strength of mechanical joints is strongly affected by
fastener arrangement. As fastener pitch increases, the fatigue
strength of a joint deteriorates due to an increase in the stress
concentration at each fastener. The fastener pitch (center to center) is
recommended to be between 4D to 8D.

3) Countersunk fasteners are normally used on the exterior of
aircraft to minimize drag. The depth of countersink should be less
than two thirds of the skin thickness to avoid high stress
concentration due to development of a “knife-edge” geometry.

4) Interference-fit fasteners are used widely to improve the fatigue
performance of fastened joints. The interference should be at least
1% of the fastener diameter for optimal results.

5) Joint configuration also has a significant impact on fatigue
strength. Single lap joints tend to bend during fatigue loading as a
consequence of eccentricities in the joint.

The applied loading has a significant effect on local stresses and
deflection of the joints and is an important consideration in the work
described in this paper. Several points are worth highlighting:

1) Ideally, the joint will be loaded longitudinally, although the
overall structure may feature significant bending deflection and that
may be reflected in localized bending applied to the joint.

2) A more common source of applied bending is fuselage
pressurization, which provides significant out-of-plane bending
where the skin attaches to the stiffer supporting frames.

3) Another form of out-of-plane bending, more commonly known
as secondary bending, is a result of the inherent eccentricity caused
by the offset of the load line from the neutral axis of the joint
members where the load is transferred between members. This
causes bending deflection and results in nonuniform stress distri-
bution through the thickness of the sheets [33]. Finney and Evans
[34], on the basis on their strain gauging survey of 150 aircraft,
showed that 85% of them exhibited secondary bending. High levels
of secondary bending have detrimental effects on fatigue durability
of the joints [34], amplifying the stress concentration of fastener
holes and load transfer by the fasteners. Thus, it is desirable to
minimize the effects of secondary bending in the design of joint
details, to the extent that a specimen with excessive bending would
not be representative of typical aircraft joint [32]. Schijve et al. [33]
have proposed the neutral line model to analytically analyze the
structural significance of secondary bending. Eastaugh et al. [28]
showed that the bending stress is greatest along a line roughly
tangential to the fastener holes, where the bending ratio, given as
(e, — &)/ (& + €;), was measured as 0.45. Note the subscript b and ¢

*The specimens were metallic: different conditions prevail in composite-
to-composite and composite-to-metallic joints.
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Fig. 5 Common failure modes of mechanically fastened joints [30].

denotes the bottom and top surfaces of the skin. Schutz and Lowak
[35] showed that, on an actual fuselage splice, the bending ratio
typically ranges from 0.2 to 1.8.

Unfortunately, the effect of secondary bending has received little
attention in the literature and is often ignored in the fatigue analysis of
mechanically fastened joints [33]. The research discussed in this
paper includes this factor, and its impact on joint sheet end deflection,
and therefore on the coating performance.

B. Coating Failure Environment

The durability of coatings has been studied extensively, and the
rate of coating degradation is found to be influenced by several
environmental factors. Under outdoor weathering exposure, ultra-
violet radiation (UV) exposure and the combined function of heat
and moisture (hydrothermal effects) are the two most critical factors
contributing to degradation [32-37]. In the present study, the coating
degradation due to UV is a prime concern for polyurethane topcoat,
but has little effect to its underlying epoxy primer, because this layer
is never normally exposed to UV. Nevertheless, hydrothermal
degradation has detrimental effects on both topcoat and primer, and
thermal radiation has been found to penetrate the topcoat and degrade
the underlying primer [36].

Degradation of polyurethane topcoats can be observed by changes
in appearance and mechanical properties (i.e., tensile strength,
elongation, impact strength and elastic modulus); common effects
are discoloration, embrittlement, tackiness, loss of surface gloss,
crazing or chalking of the surface [37]. Ranby and Rabek [38]
reported that in the presence of UV and oxygen, polyurethane topcoat
undergoes a photo-oxidation process, which is accelerated by the
presence of water. This is often followed by loss in mechanical and
physical properties. For instance, Skaja et al. [39], Kramb et al. [40]
and Guo et al. [41] observed a significant increase in elastic modulus
on the coating surface which was suggested to be related to the
formation of oxidative products. Skaja et al. [39] found physical
aging of the polymer network occurred concurrently with photo-
oxidation which caused the modulus increase. Other studies by
Bondzic et al. [42] also highlighted the role of high temperature in
contributing to coating degradation as it can increase the rate of
photo-oxidation; Thompson et al. [43] showed that hydrolysis can
cause chain scission in polyurethane topcoat, leading inevitably to
deterioration in coating properties.

Yang et al. [44] monitored the degradation of polyurethane topcoat
in an accelerated weathering test chamber and noted the formation of
blisters on the coating surface during the early stage of degradation
process; the blisters increased in concentration and size with longer
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Fig. 6 Common failure modes for thin coatings: a) cracking (under tensile stress), and b) interfacial buckling delamination followed by spalling (under

compressive stress).

UV exposure time, and subsequent micro-cracking and loss of
coating gloss occurred as a result of local blister breakage [45]. In
other work specifically on aerospace coatings, Tangestanian et al.
[46] studied the effect of aging on the physical properties (e.g.,
hardness and modulus of elasticity); AA2024-T3 panels painted with
polyurethane and artificially aged at 100°C showed increased static
and dynamic hardness of the coatings while aging did not have a
significant effect on the modulus of elasticity. In addition the aging
process made the coating more erosion resistant.

The influence of stress concentrations on the rate of photo-
oxidation reaction in a much wider range of polymers has been
reviewed by White and Turnbull [47], Terselius et al. [48] and Popov
et al. [49]. In many practical applications the coating layers are
stressed by internal residual stresses (due to internal chemical reac-
tions such as oxidation [49], deposition processes or thermal
transients) or by externally applied loads; these stresses can alter the
effective activation energy for a photo-oxidation reaction, and
subsequently affect the rate of degradation [50].

In contrast to research on chemical and physical aging/degradation
of polyurethane coatings, the role of mechanical stress, and espe-
cially the loading/strain history, as a contributory part of the overall
environmental coating degradation model has received little atten-
tion. The loading history is likely to interact with the other aging
processes, and may also play a role in the ability of the paint to
tolerate mechanical damage; a slight scratch may be all that is re-
quired to diminish coating durability, and the applied loading is
likely to influence the progress of such damage.

The mechanical environment applied to an aircraft coating is
strongly influenced by geometric constraints, service stresses and
thermal gradients. Under these in-service conditions, the coating
layer may contract, elongate or bend, leading to coating failure.
Figure 6 illustrates two of the most common failure modes of
coatings, i.e., 1) cracks which progress through the thickness and/or
2) cracking along (or parallel) the interface between coating and
metal substrate [51]. Most of this cracking is assumed to initiate from
preexisting defects, voids or surface scratches (which are presumably
more common on the surface) and with sufficient initiators, isotropic
stressing (e.g., thermal stressing) will result in “mud-flat” crack
networks, see Fig. 7.

Assuming linear elastic behavior of the coating/substrate system,
surface cracks, subjected under tensile stress, will fracture perpen-
dicular to the interface when the in-plane stress exceeds a critical
stress value o, [31]:

_ Kc _ ECGL' _ Ececr
_.ana_ ﬂzﬂa_(l_vc)

M

UCF

where K is the critical stress intensity factor of the coating, f is
geometry factor, E. is the Young’s modulus of the coating system, G .
is the critical energy release rate, &, is critical strain at failure (or
elongation-at-break), v, is Poisson’s ratio of coating, and a is the
crack size. A critical strain (such as elongation-at-yield or elonga-
tion-at-break) is more commonly used to describe the fracture

criterion for tensile cracking in the coating, rather than critical stress.
Comprehensive reviews by Strawbridge and Evans [51] noted that it
has been observed that the through-thickness cracking in the coating
could also cause crack propagation into the metal substrate, or
interface decohesion.

One of the aspects worth noting is the spacing of the cracks, L (see
Fig. 6a), which tends to be uniform due to the development of the
maximum shear stress at the midpoint between the coating segment
between two existing surface cracks [52]; as a result, there is a
propensity for formation of new cracks at or near these midlocations
once the stress level exceeds the value of o.. One experimental
approach in research into multiple cracking is to count the number of
coating cracks as a function of applied load [53].

Under compressive loads, coatings can fail by cracking at the
coating interface followed by buckling and eventually spalling [54],
and this is exacerbated by weak interfacial bonding. Thouless [55]
and Hutchinson et al. [56] explicitly commented that buckling
delamination is often observed to occur above an intrinsic defect
under compressive residual stress, as well as at locations where there
is an initial flaw in the interface between film and substrate. Buckling
can occur when the compressive stress exceeds the critical value

oy [371:
kE. t.\?
~mi=a (o) @

where k is approximately 14.7 (constant), ¢, is the coating thickness
and a is the length of the preexisting interfacial crack (void).
According to Hutchinson et al. [56], after coating buckling has
initiated, the delamination will propagate only when it exceeds the
critical interfacial delamination length a., i.e., approximately
20 times the thickness of the coating or more for typical moduli and
film/coating compression levels. This critical interfacial delamina-
tion length can be expressed as [54]:

oy

L
>
a)
Spalled area

-

Fig. 7 “Mud-flat” cracking around fastener heads.

b)
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where K, is the critical interfacial fracture toughness, oy is the

compressive residual stress and ¢, is the initial postbuckling slope,
given as:

1

=11 1207(1 + v,

“

Another failure mode can occur under compressive stress, as noted
by Evans and Lobb [58]. When interfacial bonding between the
coating and substrate is strong, compressive shear cracking of the
coating can occur first, probably initiating from a preexisting defect.
This would produce spallation of the segment bounded by the shear
cracks by means of wedging.

Under repeated cyclic loading (seen by the coating as a combi-
nation of tensile and compressive applied loading), mechanically
fastened joints can exhibit substantial displacements, and these
displacements, if large enough, can influence and promote cracking
in the overlying coatings, allowing moisture penetration. In the
following sections we discuss the strains likely to be experienced by a
coating as a result of applied mechanical strain using two aircraft
joint geometries.

III. Joint Features and Selection of Locations

Although aircraft joints are often complex, they can generally be
modeled as simple configurations, with one or more rows of
fasteners. The simple lap joint has two sheets that are lapped over
each other and fastened together by one or more rows of fasteners,
while in a butt joint, the edges of two sheets are butted together, with
the sheets connected by a joining member (a cover plate, or
underlying structure).

Displacement due to
shear movement
between fastener/skin  Overlying coating

.

Joints experience displacement as a result of applied loading and
thermomechanical cycling, with the joint effectively concentrating
the remotely applied strain into discrete locations. This is shown in
Fig. 8 which highlights potential locations where the local strain
effects might be expected to influence coatings, and more specifi-
cally, to influence coating longevity [59,60]. The regions illustrated
are those where there is an observed propensity for coating cracking
around sheet or butt ends, and fastener heads. These locations, in
practice, often require regular inspections and if damage is detected,
this may be followed by repair or reapplication of the protective
coating.

Essentially there are two joint movements of concern. These are:

1) Shear displacement of the joint members which affects faying
surface interfaces, and leads to displacements at sheet ends. It also
leads to movement of hole surfaces such as countersinks and bores,
and therefore may lead to fastener rotation and issues such as bearing
failure and fretting. Although the shear movements are relatively
small (usually submillimeter) the small regions in which they are
concentrated could lead to substantial strains in an overlying coating.

2) Rotational displacements of the joint due to applied bending
loads, or arising from load line eccentricity (commonly known as
secondary bending).

Avariety of fastener types are used in aircraft and the present study
will focus on two common variants: countersunk and domehead
fasteners, applied here in a two-row simple lap joint. Each of these
two joint designs possesses its own unique fatigue strength, which is
a function of materials used (both sheets and fasteners), and fastener
arrangement [30].

IV. Displacement Analysis
A. Lap Joint (Countersunk)
Countersunk fasteners are commonly used on the exterior of
aircraft to maintain aerodynamic performance (minimizing drag). If
the countersink depth is similar to the sheet thickness, it can produce

Out of plane
displacement due to
secondary bending

Displacement due to

tensile loading (shear

movement between
skin/skin

Sections of joint where
cracking of coating is an issue

Fig. 8 Schematic of typical shear interface in mechanically fastened joints [59].
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a “knife-edge” condition which could cause fatigue cracking in
aircraft structures. As a result, it is common to recommend that the
thickness of the top (countersunk) sheet be at least 1.5 times the depth
of the countersink.

Starikov [22] described three sets of fatigue experiments con-
ducted on mechanically fastened joints subjected to the FALSTAFF
(fighter aircraft loading standard for fatigue evaluation) spectrum,
and discussed numerous parameters that influenced the fatigue
performance of joints. These included secondary bending, load
transfer between bolts, and frictional wear. The present study is based
on a finite element model constructed using COSMOSWorks, and
the initial step used the joint configuration and strain distributions
obtained from Starikov [22] to validate the analysis. The geometry is
a lap joint test specimen (see Fig. 9) with two 50 x 200 mm
aluminum alloy AA7475-T761 sheets 3 mm thick, fastened together
using four countersunk fasteners. The area of faying surface is
50 x 50 mm?. The fasteners are made from Ti-6Al-4V with a shank
diameter of 6 mm and are installed with an interference fit of
50 micrometers using Hi-Lok nuts.

The critical failure stress of this joint is calculated to be
191 MPa (corresponding to sheet tension failure) based upon the
joint design allowable stresses of four possible failure modes,
given in Fig. 5. It is worth nothing that the applied loading used in
this analysis is high. In normal operating conditions, a joint should
not normally experience more than about 2/3 of this extreme
value [60].

B. Generic Lap Joint (Dome-Head)

Another joint configuration considered in this study consists of
two 57.15 mm (or 2.25 in.) x 134.62 mm (or 5.3 in.) aluminum
alloy AA2024-T3 bare sheets with a thickness of 1.016 mm (or
0.04 in.), see Fig. 10. The sheets are lapped by 38.1 mm and fastened
together with two parallel rows of three fasteners (MS20470AD4-6
domehead, made from 2117-T4 (AD) material with a shank diameter
of 3.175 mm). The edge distance perpendicular to the loading
direction is 9.53 mm while the fastener pitch is 19.05 mm (or
0.125 in.). In terms of skin thickness, fastener type and fastener
spacing, this joint is a simple representation of many found in light
(General Aviation) aircraft. To contain the number of variables in the
analysis, the joint is initially assumed to be unsupported, i.e., no
underlying structural attachment is considered in this initial analysis.
The presence of such substructure would add an additional variable
in the form of joint eccentricity.

The joint has a critical failure stress of 169 MPa (corresponding to
fastener shear failure). This value was used in the finite element
analysis, acknowledging that it is higher than service stressing.

NS

Isometric view

V. Modeling Techniques and Validation
A. Finite Element Modeling

The validity of the finite element model was evaluated by
comparing the predicted strain distributions to those measured
experimentally. Use was made of experimental data of Starikov [22],
and the specimen configuration in Fig. 9 was chosen for this purpose.
Taking advantage of symmetry, the analysis was performed on a half-
lap joint model only. The finite element model, of 101,684 nodes and
63,750 elements, was generated using COSMOSWorks with
10-noded tetrahedral elements. A tension applied load giving
150 MPa was applied on two end surfaces of the model while the
minimum applied stress is given as —39 MPa.

The top and bottom surfaces of the sheets were modeled con-
strained from out-of-plane deformation, to simulate the use of an
antibuckling fixture as adopted in the test [22]. These two sheets are
joined with two countersunk fasteners via a connect mechanism
function known as bolt connector, available in the FE software which
allows users to define the interaction between the sheets and fasteners
in a single operation rather than having to create a series of
constraints. The preload axial force was approximated as 7.91 Nm
(assuming a torque coefficient of 0.2). This is an average value
between the figures of 6.78-9.04 Nm recommended by Hi-Shear
Corporation [61].

Surface interactions were defined using a contact mechanism in
the software known as no penetration; these contact relationships are
applied on the faying surfaces between the fasteners and sheets, and
between the upper and lower sheets. A coefficient of friction of 0.2,
for generic joints [22,62], was specified for all faying surfaces.

B. Strain Gauges

Starikov employed strain gauges in numerous specimen locations
[22]; Fig. 11 shows the location of some of these gauges, i.e.,
between two fastener rows, 27.5 mm from the edge of sheet ends. The
distance between two strain gauges was approximately 6.25 mm.

C. Validation Results

Figure 12 shows the equivalent strain distributions at the strain
gauge location (along the width of specimen) predicted using the
finite element method. These values are compared in Fig. 13 with the
experimentally measured values, and are shown as a function of
the strain gauge positions relative to the joint width, w, where w = 0
corresponds to the side edge of the joint sheet. The tension and
compressive applied load peaks are shown by filled diamond and
triangle symbols, respectively. From the finite element results, the
strain maxima are observed at the sheet edge (w = 0 mm) and in the

25 mm

r

||
@ 6 mm THRU ALL
Cross sectional view of countersunk bolt

.

3 mm

Fig. 9 Geometry of lap joint specimen (countersunk).
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Fig. 10 Geometry of generic lap joint specimen (domehead).
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Fig. 12 Equivalent strain distribution of a loaded simple lap joint (countersunk).
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Fig. 13  Strain distributions between two fastener rows.

middle of the joint sheet (w = 25 mm), while the strain minimum is
predicted at a location between two fasteners, i.e., w = 12.5 mm.
Overall, the initial predicted strain distribution curves across the
width of the specimen correlated moderately well with the test results
for both tensile and compressive applied loads.

Of particular interest is the strain behavior at w = 12.5 mm where
the strain minimum at this location is dominated by the influence of
two fasteners. Mesh sensitivity studies were undertaken to examine
the effects of mesh size on the accuracy of the strain prediction at
w = 12.5. Tables 1 and 2 show the summary of predicted strain
values with respect to different element sizes (mesh density). The
model was run a number of times with four different element sizes,
ie.,2,1.5,1.25,and 1 mm. While the initial run used an element size
of 2 mm, yielding 20.4% (tension) and 25.9% (compressive)
differences between the predicted and measured strain values at
w = 12.5 mm, both Table 1 (for tensile load cases) and Table 2 (for
compressive load cases) show an improvement in strain correlation
as the element size deceased. An element size of 1.25 mm was
adopted since it produced the optimum strain correlation in the
element size sensitivity study, with an acceptable computational run
time. Having made this refinement, a second validation was carried
out to study the influence of applied stresses on strain behavior at the
location between two fasteners (w = 12.5 mm), as well as at the
middle of the joint sheet (w = 25 mm).

Figure 14 shows that the finite element predictions agreed
reasonably well with the stress-strain measurements from Starikov
[22]. This was particularly true for stress-strain prediction at the
middle of the sheet (w =25 mm) where a linear behavior was
observed. As for the stress-strain relationship between the two

fasteners (at w = 12.5 mm), the measured strain increases linearly as
the applied stress increases up to 40 MPa. However from this point
some nonlinear behavior was observed. This is believed to relate to
contact forces between the fasteners and sheets causing compressive
deformation in the region between two fasteners [21,63], and thus
affecting the strain gauge measurements and measured strain
distributions. Further to that, it is speculated that, at lower applied
stress range, the transferred loads are not equally distributed between
two fasteners, with one experiencing higher transferred load than the
other. As such, lower strains are transmitted across the region
between two fasteners. As aresult, as can be seen in Fig. 14, the finite
element analysis over-predicts the strain behavior at a location
between two fasteners for applied stress below ~100 MPa. It is also
noted that a reasonably good stress-strain correlation is observed for
applied stress greater than ~100 MPa, implying that a more equal
load distribution between two fasteners is achieved in the higher
applied stress range. The percentage errors for both stress-strain
correlations at the two different locations were initially between 8-
30% margin (conservative), and when the midfastener issue
described above is removed, the results lay in a range considered
acceptable.

VL

Having validated the modeling technique by sheet strain
evaluation, the model was used to predict joint displacements at the
exposed sheet ends in the selected specimens. The displacements in
simple lap joints, presented in Fig. 9 (countersunk fastened) and
Fig. 10 (domehead-fastened) and subjected to their critical failure

Displacement Analysis

Table 1 Comparison of strain measurement with maximum applied stress of 150 MPa at
w = 12.5 mm with respect to different element sizes

Element size, mm Number of elements

Measurement, jstr

Prediction, ustr  Difference, %

2.00 15394
1.50 21996
1.25 31716
1.00 45182

685 545.3 20.4
685 553.4 19.2
685 575.8 15.9
685 574.1 16.2

Table 2 Comparison of strain measurement with minimum applied stress of —39 MPa at
w = 12.5 mm with respect to different element sizes

Element size, mm Number of elements

Measurement, pstr

Prediction, ustr  Difference, %

2.00 15394
1.50 21996
1.25 31716
1.00 45182

—182 —229.2 259
—182 —-227.9 25.2
—182 —228.6 25.6
—182 —226.8 24.6
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Fig. 14 Model validation: influence of applied stress on strain distribution.

stresses, 191 MPa and 169 MPa, respectively, were analyzed. In
addition, a simple fatigue test on a domehead-fastened joint was
performed to validate the finite element predictions of joint end
deflection.

A. Lap Joint (Countersunk)

Load transfer from one sheet to another occurs through both
fastener shear and friction between faying surfaces. As aresult, stress
concentrations arise at the hole edge. Combining the effects of these
stress raisers with secondary bending effects due to eccentricities in
the joint, gives rise to complex three-dimensional stress distributions
along the cross-sectional area near the hole edge, assisting devel-
opment of fatigue cracks at these locations. This phenomenon has a
detrimental effect on the fatigue life of a joint [33].

The opening-up of the exposed sheet ends, induced by the joint
eccentricities as predicted by finite element analysis (see Fig. 15),
will cause the coating system around this locus to deform, thus
introducing additional strain in paint coatings. Under this complex
strain cycling (both tension and compressive loads), a number of
possible coating failures could occur, including coating surface
microcracking that leads to through-thickness cracking or interfacial
buckling delamination as discussed earlier. A full understanding of
the displacement distribution at the sheet ends and the extent of
structural damage caused by this displacement is therefore necessary
for prediction and optimization of coating life.

Figure 16 shows the resultant displacement distribution (i.e.,
resultant of shear and out-of-plane displacements) along the width of
specimen, i.e., from points A to B given in Fig. 15. The displacement

calculated is between the point at the top corner of the upper sheet,
and the point on the lower sheet where the upper sheet was originally
in contact with the lower sheet, i.e., between points D and C in
Fig. 15. The maximum displacement is found to occur between two
fasteners since there is less fastener clamping and thus less shear
friction at this location. The result also indicates that the effect of
fastener clamping is a significant one, and will need to be factored
into future analyses. Another important observation is that the out-of-
plane displacement can contribute significantly in coating elongation
due to the effect of joint eccentricity (it may be three to 5 times greater
than the shear displacement). This effect causes rotation of the
unloaded sheet end, and hence adds strain to the coated sealant at the
sheet end. Future work will assess the effects of any additional
substructure since this is expected to change the eccentricity, and lead
to additional variation in displacement, depending on configuration.

B. Generic Lap Joint (Dome-Head)
1. Numerical Results

Similar conclusions were reached from the finite element analysis
of a simple lap joint fastened with domehead fasteners. The effect of
secondary bending is significant, as can be seen in Fig. 17, and the
bending stress is greatest at the top surface of the lower sheet, near the
exposed sheet ends. Figure 18 presents the resultant displacement
distribution between points D and C along the width of the specimen
at exposed sheet ends, i.e., from point A to B in Fig. 17. Again, itis
noted that sections between two adjacent fasteners experienced the
greatest end deflection.

von Mises (N/mm? (MPa))

6.000e+002
I 5.500e+002
5.501e+002

- 4.501e+002
4.0020+002
3.5026+002
3.0026+002

2.503e+002

L 200364002
1.504e+002
1.004e+002
5.044e+001

4.839-001

Fig. 15 The von Mises stress distribution around overlap fastened section (countersunk fastener).



TIONG AND CLARK 1325

0.44

0.42

0.4

0.38

0.36

Resultant displacement (mm)

0.34

0.32 +

A
0

Position along the width of specimen (mm)
Fig. 16 Resultant displacement distributions (between points C and D in Fig. 15) across the width of the countersunk-fastened specimen (along AB of

Fig. 15).

von Mises (N/mm? (MPa))

5.160e+002
I 4.730e+002
4.300e+002

- 387164002
344164002
3.011e+002
2.581e+002
- 215204002
" 172264002
1.2926+002
8.6236+001
4.3250+001
2.725€+001

Fig. 17 The von Mises stress distribution around overlap fastened section (domehead fastener).

A simple fatigue test on this domehead-fastened joint was
designed to measure the displacements, both shear and out-of-plane
components for comparison with the prediction. The following
section describes the experimental setup and procedures.

2. Experimental Setup and Results

The fatigue test was carried out using a 250 kN MTS servo-
controlled hydraulic testing machine under constant amplitude
loading and ambient laboratory conditions, see Fig. 19. The test

specimen was loaded in tension to give a remote stress of 169 MPa.
Maximum and minimum loads used were 9.8 and 0.98 kN,
respectively, giving a stress ratio of 0.1 at a frequency of 1 Hz. Ruler
scales with an interval of 1/6 in. (~0.397 mm) were attached along
the exposed edge of the sheet, so that any displacements around the
sheet ends could be measured.

A digital camera was mounted facing the exposed sheet front of the
specimen to record shear movements. The scale was attached at a
point between two adjacent fasteners, where the maximum shear
displacement was predicted. Experimental limitations meant that the

0.43 T

042+ /\
0.41 4

0.4+
0.39
0.38

0.37

Resultant displacement (mm)

0.36 1

0.35 1

Position along the width of specimen (mm)
Fig. 18 Resultant displacement distributions (between points C and D in Fig. 17) across the width of domehead-fastened specimen (along AB of Fig. 17).
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Fig. 19 Experimental apparatus setup.

shear displacement that could be measured visibly was the relative
displacement between exposed surfaces of top and bottom sheets. A
video recording was made throughout the cycling process for 20
cycles. A second fatigue test with similar procedures was carried out
to record the out-of-plane movements at the sheet edge. In this
instance, the camera was mounted facing the specimen edge. Here
the measured out-of-plane displacement was the relative displace-
ment between faying and exposed surfaces of top and bottom sheets,
respectively, (i.e., change of displacement between point C and D in
Fig. 20).

The test confirmed the occurrence of shear movements and
opening up of sheet ends, as predicted, at an applied load of 9.8 kN
(see Fig. 20). Image processing and measurement was performed
using ImageJ to measure the values of both shear and out-of-plane
displacement. The displacements were calibrated and measured
using picture density standards. The tests were run for 20 cycles, so
20 values for each displacement (i.e., shear and out-of-plane) were
collected. The mean values of these samples are given in Table 3, and
were 0.199 and 0.236 mm for shear and out-of-plane displacements,
respectively.

3. Comparison of Experimental and Predicted Results

The correlations were reasonably good, with an error margin
between 29-34% for shear displacement, and 20-29% error margin

a)

for out-of-plane displacements. In both cases, the predicted values
are higher than experimentally measured values, i.e., the prediction
was conservative.

The differences between prediction and experiment observed are
likely to be caused by the finite element parameters adopted (specific
assumed values likely to need attention in future work include
clamping force, frictional coefficients at contacting surfaces, and
fastener constraints) as well as any experimental measurement errors
[59]. Future work involves refining the model, and validating the
finite element parameters which involve fastener assumptions, and
will use additional experimental techniques, such as laser speckle
interferometry and noncontacting video extensometer, to provide
more detailed measurement of joint movements.

VII. Discussion: Impact on Coating Degradation

The analysis shows that sheet ends of lap joints tend to open up
during cyclic loading, and that secondary bending plays a significant
role in this effect due to the joint geometric eccentricities. Local
deformation/bending will therefore occur in any coating system
around this location. The detrimental effect on coatings is therefore
likely to vary depending on several joint design parameters, namely
applied tensile loads and the dimensions of the joint (such as sheet
thickness, fastener pitch, fastener spacing, etc.) [33].

The joint considered is a domehead-fastened lap joint as presented
earlier in Fig. 10. In real structural joints, a fillet of sealant coat or
adhesive, which is squeezed out under pressure while the joint is
being manufactured, is often applied, as shown in Fig. 21. Assuming
a45° bead of sealant and coating covering the exposed sheet ends, the
effective length of the surface of the coating, i.e., the length of the
applied topcoat, is denoted here as [* (i.e., along line D to E in
Fig. 21). The finite element results provide the change of this
effective length /*, i.e., the displacement between points D and E, at a
location between fasteners, under tensile loading. The resultant
displacement along /* is calculated to be A/* = 0.315 mm. Note that
this calculated value is smaller than the previous predicted values for
displacements of points C to D given earlier in Fig. 18, due to the
effect of joint eccentricity which causes rotation at the unloaded sheet
ends, such as at point D. To ensure the representativeness of the
analysis, the strain of sealant/coating bead was estimated from the
change of the effective length [* (i.e., displacement along points D to
E); while the displacement of points C and D, as discussed in Sec. VI,
was used for the initial joint displacement validation because of the
convenience in measuring the displacement along points C and D
during the test.

b)

Fig. 20 Experimental observations (out-of-plane displacement) during fatigue test: a) before testing, and b) at approximately 9.8 kN (critical) applied

load.
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Table 3 Experimental measurements (sample mean)

Location Relative displacement, mm
Sheet front (between adjacent fasteners) 0.199
Sheet edge (edge of exposed sheet) 0.236

Based on the estimated A/* value, the strain in the surface of the
coatings was calculated to be 21.9%. Note that this value corresponds
to applied loading greater than the maximum service load. A value
about 2/3 of this [60], i.e., 14% is therefore a better representation of
maximum strain in service, assuming linear behavior. The value of
this concentrated strain is substantially higher than normally
experienced on, say, a flat sheet in the middle of the wing (where the
strain experienced is expected to be closer to 1%).

The airframe often experiences significant temperature variation
during its service lifetime, particularly for high-performance military
aircraft. During climb, the skin temperature drops initially due to the
exposure to decreasing ambient air temperature. However, as the
speed of aircraft increases the skin temperature can increase
dramatically due to the effect of aerodynamic heating; in a military
aircraft, skin temperatures over 100°C may be achieved. During
descent, the reverse process occurs. The thermal expansion mismatch
between coating system and substrate contributes additional stress in
the aircraft paint coatings, and this thermal strain &, may also con-
tribute to coating degradation by adding to the mechanical loading,
so the total strain in the sealant/paint bead could be much higher than
the calculated service strain of 14% ¢,,. Thermal strain will be
considered in future investigations, as will an additional parameter:
the hygroscopic strain &, arising in the paint coating due to
absorption and desorption of water as a result of variation in the
relative humidity.

Hegedus et al. [64] noted that although epoxy primers have
relatively high tensile strength (>17 MPa), they have poor
elongation (<10%) at break. A service strain value of 14% could
therefore easily exceed the critical strain-to-failure for such a
material. Our primary focus is the fracture critical polyurethane
topcoat which is exposed to a wider range of environmental condi-
tions, and, if it cracks, allows moisture ingress. The potential failure
mode along /* is essentially tensile cracking in the polyurethane
topcoat, with microcracks initiating from surface irregularities,
microvoids or even maintenance-induced or impact-induced
scratches. Newly applied polyurethane topcoat has much higher
strain tolerance than its underlying epoxy primer, i.e., exhibits
elongation at break greater than 100% and higher tensile strength
[39]. Its fracture toughness K, has been determined to be approxi-
mately 1 MPam'/? [65]. When the in-plane stress is applied to
preexisting defects, and this value of fracture toughness is reached,
the preexisting defects will propagate, leading to coating failure.

Although fresh polyurethane topcoat is flexible and will tolerate
the calculated strain at sheet ends, aging of the coating under the
influence of ultraviolet radiation and thermal cycling will degrade its
mechanical properties. To scope this effect, we have used Eq. (1) to
estimate the degradation rate of polyurethane topcoat considering
two important factors, namely 1) the weathering exposure time and

Table 4 Mechanical properties of polyurethane, taken from [39,67]

Exposure period, week Modulus by Average size of
nanoindentation, GPa surface defect, nm
0 1.60 £ 0.27 90
1 2.00 £ 0.15
2 2.30 £0.35 195
4 2.40 £+ 0.30
5 498
6 2.94 £ 0.50
8 3.47 +0.90
9 1327
13 1605

2) the change of its surface topography (i.e., size of the surface
defect). Indeed, past research [66,67] has shown that the mechanical
integrity and the lifetime of the topcoat depend crucially on these two
factors. Here Eq. (1) can be rewritten by relating critical strain to the
Young’s modulus of coating and surface crack size:

_ KL(] - UL')
Eor = ﬂE\/ﬁ (5)

Using the modulus data given in Table 4, in Eq. (3), Fig. 22 shows the
“moving average” of the polyurethane strain degradation curve given
in a function of accelerated weathering exposure period in the test
chamber. Here, K, is taken to be I MPam'/? and  is equal to one
[65]. From this, admittedly unsophisticated, model, we can see that
the polyurethane material’s elongation-at-break decays significantly
with increasing exposure time, indicating weakening of the poly-
urethane material strength due to weathering/aging.

For a fresh paint (i.e., when the exposure time is equal to zero), the
fracture strain is estimated as 65%. Since the local service strain at the
45° sealant/coating bead is calculated to be of the order of 14%, there
should be no adverse effect on the mechanical integrity of fresh paint.
However, from Fig. 22, the fracture strain drops below 14% level
after six weeks of accelerated weathering exposure, suggesting that
premature paint failure could occur at this location should a service
strain of 14% be applied. For the coating to remain effective, it is
critical to ensure that the strength of the coating remains above the in-
service strain levels, and part of an ongoing testing program are to
validate the paint coating durability at this applied strain level,
subjected to different accelerated weathering exposure time.

The lap joint with countersunk fasteners as shown in Fig. 9
displays an end-bead service strain of 10% as a reasonable estimate
for a maximum service condition. Using the same approach, this
concentrated strain would appear capable of causing failure in aged
paint after several weeks of accelerated weathering exposure. The
differences in the estimated concentrated strain values for the joints
results simply from the different sheet materials used, strength and
type of fastener used, joint types, etc.

These results suggest that the “mechanical” part of a thermo-
mechanical environmental history is significant for coating dura-
bility. Furthermore, secondary bending at mechanical joints seems to
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Fig. 21 Effective length of coatings covering joint sheet ends.
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be a particularly important factor; this factor will impart significant
variability since different joint cases will exhibit a range of secondary
bending behaviors.

Several research issues arise when considering how to translate the
results into a usable representation of service history, viz:

1) The degradation probably cannot be determined simply by
adding a strain to a coating exposure, since the sequence of loading
throughout service life is likely to be important.

2) Application of high service load to a fresh coating may produce
little physical damage, compared with application of the same load
later in the coating life.

3) It may be that a very high load early in life might enhance some
forms of microstructural degradation, particularly if that loading
leads to early cracking and moisture ingress.

4) The residual strength of the coating will reduce progressively
through the service life, but the actual failure point will be determined
by a combination of the decaying residual strength and the level of
loading applied, and this will lead to variability in the service life of
the coating.

5) Clearly there is need to evaluate a range of thermomechanical
environmental profiles, for use in both experimental evaluation of
coatings, and as a base for prediction of coating durability.

VIII. Conclusions

This research has highlighted the extent to which displacements in
aircraft joints might be a factor influencing the longevity of aircraft
protective coatings such as paints and sealants. Finite element
modeling on two lap joints fastened with countersunk and domehead
fasteners was used to predict the joint end deflection at exposed sheet
ends, and the predictions were validated using fatigue tests. The
results indicate:

1) The displacement predicted and observed represents coating
strains of the order of 10 and 14%, and these strains are a factor which
should be incorporated in development of a thermomechanical
environmental history for coating tests and for prediction of coating
durability. Both coating degradation and coating failure conditions
are likely to be affected by these complex and repeated in-service
strain cycles.

2) Numerical modeling and fatigue tests were performed for two
simple lap joints. These numerical and experimental results showed
that, for a two-row mechanically fastened lap joint, the maximum
joint end deflection is greater than 300 micrometers, of which a sub-
stantial fraction derives from secondary bending. Overall, secondary
bending was observed to be a very significant factor driving joint
displacement. Load path eccentricities cause the exposed sheet ends
to deflect and contribute substantially to the service strain on
coatings.

3) Maximum joint end deflection was predicted and observed to
occur at sheet ends between two adjacent fasteners since these
regions are more remote from the structural influence of fastener
shear.

TIONG AND CLARK

4) This initial work has focused on sheet ends, but other potential
coating failure locations such as fastener head/countersink regions,
are expected to be important.

5) Incorporating mechanical effects into the overall environmental
history raises a number of issues which will need to be addressed to
develop useful representations of thermomechanical service histo-
ries. A major issue will be the variability in strain application, and
how that interacts with the progressive degradation of the coating. A
particular issue is the way in which high loads might 1) enhance early
degradation of coatings, and 2) dominate the timing of failure of a
degraded coating later in life.

This paper has illustrated the importance of joint displacements on
an overlying coating intended to provide corrosion protection. Future
work will consider additional locations and other aspects of the
thermomechanical history effect, such as load sequence effect,
cumulative damage estimation, interfacial adhesion strength, and
residual stress, all of which may play significant roles in influencing
the longevity of aircraft protective coatings.
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