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Abstract
The current research, funded by the USAF Aging Aircraft Systems Squadron, investigates the fatigue
performance of exfoliated transport upper wing skin as well as residual strength degradation due to repair
grindouts. This research explored (1) fatigue tests of hourglass 7178-T6 specimens of multiple
orientations which were artificially corroded, (2) compression tests of z-stiffened 7075-T6 panels with
and without corrosion grindouts, (3) fatigue tests of replicas of actual aircraft wing skin sections using
7075-T6 aluminum, and (4) fatigue tests of actual aircraft wing skin sections of 7175 (7075) exhibiting
exfoliation corrosion. The goals of this research were to (1) identify crack nucleation feature(s) and
failure mode(s) associated with exfoliation corrosion in these high-strength alloys and (2) to improve
understanding of the effects of repair grindouts to compression strength of upper wing skins.

Introduction
Exfoliation corrosion, a type of intergranular attack, has been responsible for significant aircraft
fatigue life reduction. For example, the fatigue life of a large transport primary structure was reduced by
more than an order of magnitude due to exfoliation corrosion advancing under cyclic loading [1].
Exfoliation corrosion occurs along grain boundaries parallel to the surface of the material. The products
of corrosion force the metal apart leading to layering, pillowing, and/or flaking effects (Figure 1). When
discovered, this type of corrosion is removed by grinding away the corroded material until pristine
material is exposed. The area is then treated using standard surface treatments (CPC, prime, paint, etc.).
In severe cases, the grind-out method may not be feasible, as the remaining pristine material may not
support required fatigue life or residual strength. In such cases, a more elaborate repair, or replacement of
the part, may be the only options.

Figure 1. Cross-section of exfoliation corrosion in high-strength aluminum.

Tests of Artificially Corroded 7178-T6 Specimens
Aluminum hourglass specimens were artificially corroded on three material orientations: LT, ST, and
LS and subjected to a compression-dominated transport upper wing skin (UWS) load spectrum. Half of
the 18 specimens were of the orientation shown in Figure 2 and loaded in the L direction; the other half
had the L and T directions swapped and were loaded in the T direction.

Figure 2. Material axes orientation for test specimens.
Twelve specimens had damage consisting of a grindout on the LT surface (see Figure 2), the surface of
which was then artificially corroded using a technique developed by the Corrosion Kinetics Laboratory at
the Ohio State University [2] (other specimen surfaces were masked with lacquer). Six of these 12
specimens were further damaged by corroding a small area on the LS or ST surface (no grindout). Six
other specimens had corrosion only on the small LS or ST area. The specimen population is summarized
in Table 1.
Table 1. Specimen loading direction and corrosion damage planes.

Specimen dimensions are indicated in Figure 3. Holes were drilled in a few of the specimens for the
purpose of in-situ SEM examination. Most specimens did not have these holes, and in all cases the holes
were covered by the wedge grip surfaces during testing.

Figure 3. Specimen dimensions (in mm).
The load spectrum consisted of 468,172 cycles per pass. Twenty passes of the spectrum (over nine
million cycles) constituted two aircraft lifetimes. This is a compression-dominated spectrum, with 58%
of the loads in the spectrum being compressive (min load –193 MPa or –28 ksi, max load +115.8 MPa or
+16.8 ksi, median value –114.5 MPa or –16.6 ksi, mean value –26.9 MPa or –3.90 ksi).
The first set of two-lifetime fatigue tests was completed with no specimen failures. Testing took place in
100% humidity at (nominally) 76°F. Specimens were analyzed using an optical microscope to determine
the area and volume of the corroded region, and a scanning electron microscope was used to determine
the crack nucleation site.
Since there were no failures after 20 spectrum passes, all specimens were tested again using a modified
load spectrum in which the spectrum tensile stresses were increased by 20%. Eight of eighteen specimens
survived the second, more severe, spectrum without failure. Three specimens were damaged in test
anomalies. The results of these tests are summarized in Tables 2 and 3.
Table 2. Results after second (higher load) spectrum testing.

Table 3. Number of cycles to failure for second (higher load) spectrum testing. See notes for nucleation
site description.

a. The crack nucleated away from both corrosion sites at an “L” shape away from free surfaces. It seems as
if the specimen experienced inadvertent shear loading in the test frame.
b. The crack here nucleated between corrosion on the side and on the front of the specimen. This area would
be likely for failure due to the surrounding weakened ligaments.
c. This specimen had no corrosion on either side, yet it nucleated on the side of the specimen, most likely due
to the Kt of the specimen design.
d. Corrosion conditions were on the front and side of the specimen and nucleated where expected—at the
side of the specimen where corrosion existed.
e. Nucleation seemed to be caused at the corner of the specimen between corrosion sites. Again, reason for
this may be explained by the weakened surrounding material.
f. This nucleation occurred away from the most susceptible corner, but it corrosion was not apparently a
factor.
g. This specimen had corrosion only on the side and corrosion seems to be the cause for this failure as beach
marks are present which have formed circumferentially to the corrosion.

It is noteworthy that none of the specimens failed during the first fatigue test (20 passes, two lifetimes).
This indicates that under severe environmental conditions, as simulated by the 100% relative humidity
with the corrosive compound in the intergranular fissures, laboratory induced intergranular and
exfoliation corrosion damage in UWS is fatigue insensitive for the configuration tested. Since the stresses
are lower outboard of WS 320, this conclusion likely holds for wing stations outboard of WS 320.

Compression Buckling Tests of Z-Stiffened Panels with Simulated Grindouts
The objective of this investigation was to determine the effect of corrosion grindouts on the
compressive strength of B-707 upper wing skin panels. Three representative geometries were considered.
One configuration represented the minimum strength wing panel (40 ksi, Configuration #1, or C1), and
one represented the maximum strength wing panel (64 ksi, Configuration #3, or C3). A third
configuration was also tested. These panels, denoted Configuration #2 (C2), were mistakenly
manufactured with thicker stiffeners, but were tested nonetheless to provide additional data for this study.
Two pristine panels in each configuration were tested, and damage was introduced into each of the other
panels in the form of uniform spanwise grindouts. These grindouts ranged from 35% to 63% of the panel
skin thickness, and were meant to simulate severe in-service corrosion grindouts.
Twenty-seven panels were manufactured in the three aforementioned configurations. All panels
consisted of a skin sheet with five evenly spaced Z-stiffeners. Panel configurations are shown in
Figure 4.

Figure 4. Test panel cross-section.
The skin was of 7075-T6 aluminum sheet material. The stiffeners were formed (bent) from 7075-0-BARE
coil stock, then solution heat treated and aged per the SAE AMS2770G specification to the T62 temper
before attaching them to the skin. The bend radii for the stiffeners was 4.3 mm (0.17 in). The material
properties for the aluminum used to fabricate the panels are listed in Table 4.
Table 4. Test panel material properties.

Grindouts were made to the panels along the full length of the panel on the skin opposite the middle
stiffener. The grindout geometry is shown in Figure 5. Grindouts varied in depth from 34.8% to 62.6%
of the skin thickness, denoted as tc in Figure 5.

Figure 5. Panel grindout geometry.
All panels were tested under displacement-controlled conditions to panel failure. Loading was applied
along the stringer axis. The results are shown in Table 5 and Figure 6. Where three tests were conducted
on similar configurations, the outlying result was discarded. However, results were so consistent, this
only occurred twice. Results were very repeatable.
Table 5. Results of panel testing.

Figure 6. Buckling panel test results for 3 panel configurations.
By modifying the panel buckling calculation methods of Johnson, Euler, and Gerard, the behavior of
panels with grindouts was modeled. A modified Johnson-Euler method (see, e.g., Reference [3]) worked
best for modeling damaged C1 and C2 (long) panels, and a modified Gerard method [4] worked best for
modeling the C3 (short) panels. This follows from the large amount of plastic deformation in the
stringers of C3 panels vs. C1 and C2 panels (see Table 5). The modification to these methods consisted
of decreasing the skin thickness of the entire affected (center) bay by the maximum grindout depth. Plots
of these methods vs. the experimental results are shown if Figures 7, 8, and 9.

Figure 7. Configuration C1 panel experimental results vs. modified Johnson-Euler method.

Figure 8. Configuration C2 panel experimental results vs. modified Johnson-Euler method.

Figure 9. Configuration C3 panel experimental results vs. modified method of Gerard. Modified
Johnson-Euler method is shown for reference.
The test results indicate that uniform grindouts along the stiffener length, provided the middle stiffener
(only) is affected, and the fastener is reattached snugly with new rivets, caused only minor degradation in
panel buckling strength. Moreover, by modifying the analysis methods of Johnson, Euler, and Gerard,
curves can be generated that depict strength degradation as a function of grindout depth for these panels.
The shorter (C3) panels experienced significantly more plasticity prior to collapse than did the longer (C1
and C2 panels). It is for this reason that the Gerard method was more appropriate, and better at modeling,
the C3 panels. These curves give the structural engineer a new tool for assessing the degradation in
strength to B-707 upper wing skin panels due to grindouts.

In-Service Upper Wing Skin Fatigue Tests
The focus of this project is the effect of exfoliation corrosion on fatigue life, where the cyclic loading
is represented by a spectrum for a transport upper wing skin station. This is the same compressiondominated spectrum used in the 7178-T6 study above.
The in-service specimens were not removed from the aircraft with testing in mind (poor specimen
geometry), so prototype specimens of the same configuration as the in-service specimens were fabricated,
instrumented and tested to verify the loading scheme (Figure 10.). Related work in this area was done by
Bellinger, Komorowski, Liao, Carmody, and Peeler, subjecting in-service specimens to constantamplitude, compression-dominated loading [5].

Figure 10. Prototype (L) and in-service Specimen #1 of transport upper wing skin.
Spectrum testing of the prototype article was successfully completed to two aircraft lifetimes (20
passes of the spectrum). The in-service part was then tested. Spectrum testing of the aircraft part was
done in the same manner as the prototype testing: Tabs were adhesively bonded to the specimen, and
containers (bags) were placed on the surface of the specimen to ensure that the fastener holes were
subjected to the salt-water environment. A deficient adhesive bondline on one tab led to premature
failure of the specimen after approximate 3.5 spectrum passes (about 50 hours of testing), but the
specimen was repaired and testing continued. After 13 spectrum passes (182 hours of testing) the
specimen was inspected and two cracks were observed growing from a fastener hole (see Figure 11). The
specimen was sectioned for examination.

Figure 11. Two cracks, each about 15 mm, growing from fastener hole, Specimen #1.

Fractographic analysis indicated a likely nucleation site (an inclusion with high silicon content) on one
side of the fastener hole near the countersink knuckle (Figure 12). On the other side of the hole, again at
the countersink knuckle, the crack appeared to start at a corrosion pit.

Figure 12. Crack nucleation site (inclusion) on one side of hole, Specimen #1.
At neither side of the hole in Specimen #1 did any feature associated with intergranular attack or
exfoliation appear to have a role in crack nucleation. It is not known if these cracks nucleated during
laboratory testing or in service.
A second in-service part was tested, again in a corrosive environment, and it too failed at 1.3
additional lifetimes (13 spectrum passes). The specimen failed in the grips and was not repairable. The
test section was sectioned as indicated in Figure 13, and the sections were subjected to 3-point bending in
an attempt to open any existing cracks at the hole edges.

Figure 13. Sectioning of in-service Specimen #2.
No cracks were observed at holes 1 or 2, but hole 3 exhibited a crack on its left edge (see Figure 13 for
L/R orientation). This crack nucleated at a corrosion pit at the bottom of the fastener hole (Figure 14).

Figure 14. Corner crack at bottom of fastener hole #3, Specimen #2.
On the other side of the hole, some interesting features had formed that appear to be the early stages of
crack nucleation, and may have been caused by irregularities in the surface due to exfoliation (Figure 15).
These features are the only ones to date that indicate exfoliation possibly having a role in crack nucleation
in this compression-dominated spectrum test.

Figure 15. Early nucleation features near surface adjacent to countersink, Specimen #2.
In summary, all cracks found initiated from something other than exfoliation corrosion, although there
were indications of some crack nucleating features adjacent to one side of one hole at 1.3 additional
lifetimes.
Summary and Conclusions
In this paper, three aspects of compression dominated transport upper wing skin were examined:
(1) fatigue sensitivity to exfoliation corrosion, (2) static strength loss of an upper wing-like stiffened panel
due to the presence of a simulated corrosion grindout, and (3) affects of exfoliation on in-service,
stiffened wing skin.
The specimens artificially corroded using the method of the OSU Fontana Corrosion Center indicate
that laboratory-induced intergranular and exfoliation corrosion damage in transport upper wing skin is
fatigue insensitive for the configurations tested. All specimens completed two lifetimes of testing and

only failed when the test spectrum tensile loads were increased by 20% (even then, half of the specimens
did not fail after two additional lifetimes).
Static buckling tests of Z-stiffened panels with grindouts (of specific geometry) caused degradation to
stiffened-panel buckling strength that could be modeled with modified standard analysis procedures. The
degradation to panel strength was a maximum of 13% even with a grindout having a depth of 60% of the
skin thickness.
Testing of in-service upper wing skin specimens with a compression-dominated fatigue spectrum
showed no cracks nucleating from exfoliation corrosion features. Cracks originated at corrosion pits not
associated with the exfoliated areas although, in one case, it appeared that crack nucleating features had
begun to form at on an exfoliated surface at 1.3 additional aircraft lifetimes.
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