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ABSTRACT

data characterizing behavior from near-threshold to
stable tearing under both baseline lab air and accelerated atmospheric environments. The effects of
ozone levels at one to three orders of magnitude
higher (0.5 – 50 ppm) than typical ground level
ozone values are being examined to determine at
what combinations of ozone concentration and testing frequency an effect can be seen. Salt loading will
focus primarily on the effects of relative humidity
variations near the deliquescence point.

Corrosion significantly impacts the usable structural
life of an airframe. Such systems are primarily designed to withstand a well-defined load spectrum
that is a function of flight profile and mission type.
However, the airframe is also exposed to a spectrum
of environmental conditions including variations in
temperature, humidity, atmospheric gas composition, salt concentration, pollution, and UV light exposure which tend to degrade structural capabilities
over time.

This effort is part of a multi-phase program to investigate the impacts of various atmospheric environmental parameters on fatigue crack growth rates in
aerospace aluminum alloys for both laboratory specimens and representative aircraft structure.

The detrimental influence of chlorides on fatigue performance for metallic materials has been documented in mechanical tests typically performed in an
aqueous solution. Yet aqueous solutions are poor
predictors of atmospheric corrosion phenomena.
The presence of water vapor has generally been
shown to accelerate fatigue crack growth rates
(FCGR) when comparing baseline results to those
from experiments at low temperature, low pressure,
dry air, or in inert gas. Recent research has shown
promise in improving the correlation between laboratory results and field exposures by incorporating
ozone and salt into atmospheric corrosion studies.
The current test program aims to incorporate those
effects into the study of FCGR in aerospace aluminum.

INTRODUCTION
Fatigue crack growth tests of aircraft alloys are
commonly performed under lab air or full immersion
conditions (1, 2). Yet aircraft operate not only under
a spectrum of mechanical loading, but also a spectrum of environmental conditions (2). Temperature,
humidity, atmospheric gas composition, chloride
concentrations, and light exposure all vary as a
complex function of geographical location, seasonal
weather patterns, diurnal cycle, and flight mission
profiles.

Constant amplitude sine wave decreasing ΔK, increasing ΔK tests are used to generate growth rate

Research in accelerated corrosion testing has resulted in noteworthy advances in understanding the
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kinetics of atmospheric corrosion. Current test methodologies, such as the salt fog described in ASTM
B117, often correlate poorly with field exposure (3).
The addition of ozone, UV light, and control of relative humidity was shown to create corrosion in highly
pure Ag samples similar to outdoor exposures due
to the formation of reactive oxidizing species (3, 4).
AA5083 and carbon steel samples demonstrated
similar discrepancies between lab testing and actual
field exposures that were mitigated with the addition
of ozone and UV light (5). Chlorides in conjunction
with strong oxidizers like ozone react to create species that attack the substrate material. Furthermore,
the aerosols that deposit chlorides on field exposure
samples can vary in size, composition and acidity
(6). These variations have proven in recent experiments to influence corrosion morphologies and rates
(7).

EXPERIMENTAL METHODS
Specimens and Materials
Middle tension (M(T)) specimens with the length oriented in the rolling (loading) direction were manufactured in accordance with ASTM E647 (15). AA7075T651 procured as 6.35 mm thick sheet was used to
make 101.6 mm wide by 406 mm long specimens as
shown in Figure 1. Specimen thicknesses ranged
from 5.1 to 6 mm.

When considering environmental influences on fatigue crack growth, investigations have focused on a
more limited set of parameters. The effects of water
vapor on FCGR have been examined in tests under
vacuum, partial vacuum, dry inert gas, in lab air, and
climatic low temperatures by numerous investigators
(1, 8-12). At low temperatures, air has little capacity
to hold water. Indeed, experiments with AA2024-T3
and AA7075-T6 at -75°C yielded growth rates much
lower than that at room temperature (8). Similar results were obtained with AA2024-T351 and AA7475T7651 at room temperature and at -54°C though the
rate difference was clearly sensitive to stress ratio,
R, and stress-intensity factor range, ΔK (9). Further
evidence for the role of water vapor was demonstrated by research exhibiting decreasing growth
rates with decreasing relative humidity and tests exhibiting the same behavior with decreasing water
vapor pressure, both with AA7075-T651 (10, 11).

Figure 1
101 mm wide M(T) specimen (drawing dimensioned in
inches)

AA2024-T351 in 6.35 mm thick sheet product form
was used to make 76 mm wide x 304 mm long specimens as shown in Figure 2.

Typical transport category aircraft flight profiles include a significant portion of time spent at altitudes
where temperatures are well below freezing; on the
order of -57°C as defined by the International
Standard Atmosphere (13, 14). Accounting for the
reduction in FCGR at such low temperatures could
afford significant benefits in increasing inspection
intervals and reducing maintenance burdens. Yet
temperature effects are only one piece of a much
larger puzzle. More work is needed to understand
how the inclusion of chlorides and oxidizers that are
present in atmospheric corrosion scenarios influence
the accumulation of fatigue damage so that conservatism can be safely removed in life prediction
models. The present work aims to start answering
some of these critical questions to determine how
realistic atmospheric environmental exposure affects
FCGR.

Figure 2
76 mm wide M(T) specimen (drawing dimensioned in
inches)

The starter notches were initially cut by electrical
discharge machining (EDM) while later notches were
cut by jeweler’s saw. The change was a precautionary measure to avoid preferential corrosion in environment due to EDM (16). In short, the EDM electrode material is deposited onto and diffused into the
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recast layer and heat affected zone of the workpiece
which is then more susceptible to corrosion. While
the precracking procedure specified in ASTM E647
is sufficient to grow the crack well past the EDM heat
affected zone, it is not known if the presence of the
contaminates from the EDM electrode in a thin film
corrosion environment will lead to transport of chemical species to the crack tip that would not otherwise
be available. Further tests are planned to determine
what effect, if any, the preferential corrosion and
reactive species may have on FCG in the atmospheric environment.
Apparatus
Loading and Crack Length Measurement

Figure 3
Small scale environmental chamber

All FCGR tests were performed on a 250 kN (55 kip)
MTS servohydraulic mechanical test frame using
load control through Fracture Technology Associates (FTA) software and hardware. The FTA system
provided automated crack length measurement using the reversing direct current potential drop (dcPD)
technique. Active voltage sampling leads were
spaced at 5.1 mm across the crack with reference
leads spaced across the crack at one-half the specimen length. Reference leads were used in either
th
Johnson’s solution or a 5 order polynomial fit based
on exact specimen and dcPD geometry to calculate
crack length from the electrical potential measurements (17, 18). In many tests, specimen surface
crack length measurements were made with a 10X
power traveling optical microscope with a practical
resolution of better than ± 0.25 mm to validate the
dcPD measurements at several points along the
crack growth curve (length, a vs. cycles, N). This
was particularly the case when a new environmental
variable was added to confirm that dcPD measurements were not adversely affected. Two-location
fracture surface crack length measurements
(precrack and final fracture front) were made using a
stereomicroscope to correct for crack curvature and
dcPD measurement errors.

Figure 4 shows a large scale environmental chamber that can accommodate larger specimens or representative structural coupons with areas up to ap2
2
proximately 0.1 m (1 ft ).

Environmental Chamber
Environmental control was provided by a suite of
modular systems that can be adapted to various
chamber styles and sizes. Several chambers are
currently in use each having unique capabilities that
are matched with the type of testing needing to be
performed. Figure 3 shows a small chamber suitable
for controlling a gaseous environment that is compatible with hydraulic grips and traveling microscopes.

Figure 4
Large scale environmental chamber

A cart, shown in Figure 5, with a computer running
National Instruments LabVIEW holds the systems
for generating and controlling the environmental parameters used in testing.
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Some of this variation is due in part to active sampling by the ozone analyzer as well as its relatively
slow sample rate (0.1 Hz) whose combined effects
are seen in dark thin line in Figure 6. However, when
RH is also controlled, wet air is being pumped into
the chamber which displaces existing chamber air
altering the concentration of ozone. When the ozone
analyzer senses this, more (dry) ozone is pumped
into the chamber which displaces existing chamber
air and reduces the RH. This cycle continues
throughout the test as illustrated by the dashed line
of Figure 6. Lastly, there is also a chamber size effect as shown by the difference between the dashed
line and thick solid line whereas the larger chamber
is more resilient to the fluctuations seen when multiple gases are being controlled in closed-loop mode.
Work is currently underway to allow for open loop
control of ozone and RH as an alternative.

Figure 5
Environmental systems control cart

Ozone levels of one to three orders of magnitude
greater than a typical ground level ozone value of 50
ppb are being used to accelerate corrosion reactions
for the current effort (19).

Relative humidity (RH) is controlled between 2% and
100% by metering the flow of dry or wet air into the
chamber as needed to reach the target level as
measured by a precision RH and temperature probe
located inside the chamber. Such control has proved
stable within ± 1% for over a week of continuous
operation.

The chamber does have the ability to control salt
spray (NaCl, CaCO3, or NaHCO3) of 20 µm mean
droplet size, other gases (CO2 and N2) through mass
flow control between 0-50 sccm, and UV light. Of
those, only UV light are planned for use in the present research program.

A Jelight UV ozone generator creates ozone that is
pumped into the chamber under closed-loop control
with the feedback provided by a 2B Technologies
ozone analyzer sampling from a location within 25
mm of the surface of the specimen at the center of
the crack. It should be noted that with the present
closed-loop control mode, there is more variability in
ozone levels when ozone is used in conjunction with
RH. This is illustrated in Figure 6.

Thermal Control
For tests at temperatures other than ambient, specimen cooling was achieved by direct conduction
from heat exchanging blocks that are clamped to the
specimen as shown in Figure 7.

Figure 6
Variation in ozone levels as a function of chamber size
and simultaneous use with RH control

Figure 7
Heat exchanging blocks clamped to M(T) specimen
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The blocks are plumbed to a Huber thermal circulator flowing silicone oil through the closed-loop system. Three J-type thermocouples were taped to the
specimen: one near the centerline as well as one
near each heat exchanger block. Plastic tenting was
used around the specimen to limit convection heat
exchange with the ambient air as well as to provide
enclosure for dry air that was constantly pumped
through the makeshift cell to limit ice accumulation
on the specimen and exposed plumbing near the
heat exchanging blocks.
Salt Deposition

Figure 8
10X image of crack tip growing through field of rehydrated NaCl solution droplets

Where salt deposition was required, an area of 89
mm by 25 mm was masked off on both sides of the
specimen, centered vertically and horizontally about
the machined notch.

Figure 9 shows a magnified SEM image of the dehydrated NaCl on the surface of the specimen,
showing an even dispersion of particles typical of
evaporation deposition.

Reagent grade sodium chloride was mixed into solution with distilled water or methanol at room temperature. The solution was then deposited via pipette
onto the masked area of the specimen and evaporated. Initial trials at lab air conditions of approximately 24°C and 30% relative humidity resulted in
the salt concentrating toward the perimeter of the
droplet in a ring-shaped deposition pattern, the socalled coffee ring effect (20). To improve the dispersion of the salt over the deposition area, the specimen was agitated during evaporation. Some work
has also been done to heat the specimen to near the
boiling point of the solvent to speed the deposition
process. This exacerbates the flow of NaCl particles
to the edges of the droplet where evaporation is enhanced due to heating of the solid-droplet interface
(20). However, near-instant evaporation allows for
multiple droplets to be overlaid upon one another to
enhance overall deposition uniformity. Work continues to further optimize this process and determine if
variability in deposition uniformity influences FCGR.

Figure 9
SEM image of dehydrated NaCl on specimen surface
after deposition

The deposited salt was rehydrated into a thin film
layer during FCGR testing by controlling RH inside
the chamber. Figure 8 shows a 10X image of a
crack tip growing from a starter notch through a field
of rehydrated NaCl solution droplets. In this particular case, salt was loaded onto the specimen at 400
2
µg/cm and RH was held constant at 80%.

Fatigue Crack Growth
Cyclic sine wave mechanical load tests were performed in accordance with ASTM E647.
Stabilization of the dcPD system for the ozone and
RH tests was done for 4 hours in the test environment with a 1 kN constant load cycling at 1 Hz.
Those tests were also precracked in environment.
Stabilization and precracking for the temperature
test was in lab air, but crack length was monitored
absent any cyclic load during the 24 hours that the
specimen was allowed to cool. During that period

Approved for public release; distribution is unlimited.

5

the dcPD-measured crack length dropped by 0.02
mm due to the cooling which is a small percentage
of the overall crack length error observed during the
test.
For baseline and atmospheric environment tests
with the 101 mm wide AA7075-T651 specimens,
precracking was done at R = 0.1 with either a Kincreasing or constant-K protocol. Tests were run at
R = 0.65 under constant load and stopped prior to
net section yield. Precracking and test phases were
cycled at either 10 or 15 Hz.
Both the baseline lab air and temperature test on the
76 mm wide AA2024-T351 specimens were
precracked and tested at R = 0.1. Precracking was
done with a K-shedding protocol with the normalized
-1
K-gradient, C, equal to -0.08 mm . The crack growth
-1
test was run under K-control with C = 0.2 mm and
both portions were run at 10 Hz.
Microstructural Analysis
Post-test microstructural analysis was carried out on
one of the 101 mm wide baseline lab air specimens
and one tested with a thin film NaCl solution. Fracture surface topography was analyzed with a Tescan
scanning electron microscope (SEM). The fracture
surface from the environmental test was also
mapped using energy dispersive spectroscopy
(EDS) to determine the elemental composition and
spatial extent of the salt ingress into the crack.

Figure 10
FCGR at various frequencies during a 6 MPa√m constant K test at R = 0.65 on AA7075-T651

As a result of this study, FCGR testing was limited to
cycle at no more than 15 Hz for this particular test
frame and specimen combination. Reduced mass
grips are also being manufactured and a full dynamic force verification is planned.

RESULTS AND DISCUSSION

FCGR in Thin Film Atmospheric Environment

Test Frequency

Crack Growth Testing

Prior testing suggested that inertial effects may influence the test frame load cell reading at high test
frequencies in both constant load and constant K
tests. Figure 10 shows the crack growth rate plot
from a constant 6 MPa√m R = 0.65 FCGR test cycled at various frequencies with a 101 mm wide M(T)
specimen. The crack was grown for 2 mm at each
frequency with invalid transient growth rate data
omitted at the beginning of each segment. The
FCGR was the same at 1 and 10 Hz, but increased
at 20 Hz though it should have been constant. Reducing the frequency to 15 Hz eliminated the issue
and suggests an inertial effect present at 20 Hz. This
is a known phenomenon that is highly dependent on
the specific test setup, particularly specimen stiffness and grip mass, thus requiring consideration for
each unique setup (21-23).

Figure 11 shows preliminary results of a comparison
of FCGR in baseline lab air conditions with those at
elevated ozone only and elevated ozone with 400
2
µg/cm NaCl hydrated at 80% RH. The ozone-only
test at a concentration of three orders of magnitude
acceleration seems to show insignificant levels of
acceleration in FCGR. With the addition of salt and
RH, FCGR is seemingly equal to or slower than the
baseline below 8.5 MPa√m, yet the rate doubles
above. The source of inhibition at the mid-range ΔK
is of interest and will be investigated with further
tests.
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Figure 12
Low magnification SEM image of corrosion bands on
fracture surface

EDS investigations along the fracture surface confirmed the presence of oxygen, sodium and chlorine.
Table 1 shows a representative elemental composition.

Figure 11
FCGR comparison for baseline and two environmental
conditions

Table 1
Fracture surface composition comparison between
lab air baseline and environmental test

While the lack of significant acceleration due the
addition of significant levels of ozone may be unexpected, it is important to remember that these tests
were run at 10 Hz. Future tests will more fully explore the time component using slower test frequencies.
SEM and EDS Characterization
The fracture surface of the specimen tested at
2
30±15 ppm ozone with 400 µg/cm NaCl hydrated at
80% RH was examined post-test. The low magnification SEM image shown in Figure 12 revealed corrosion bands across the fracture surface suggesting
ingress of the hydrated NaCl solution likely via the
combined action of capillary forces and pumping as
the crack is opened and closed during cyclic loading.
These bands were seen through the full 5mm specimen thickness and along the entire crack length.

In comparing the fracture surfaces at high magnification, characteristic fatigue striations are clearly evident on the lab air specimen as shown in Figure 13.
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Figure 13
High magnification SEM image showing striations on
lab air FCGR test fracture surface

In contrast, the fracture surface shown in Figure 14
from the ozone with hydrated NaCl FCGR test at the
same magnification exhibits brittle fracture features
that obscure the striations.

Figure 15
Comparison of FCG rates in 2024-T351 at 5°C and
24°C at R = 0.1

There is very little difference in FCGR, which is an
important data point in confirming the influence of
water vapor. In order to reach lower temperatures a
thermal chamber has been procured and further
tests will explore the role of temperature combined
with other environmental parameters.
CONCLUSIONS
Testing thus far has identified several challenges in
extending the application of the atmospheric corrosion environment to FCGR testing whether it be in
controlling the environment or preparing specimens.
Yet the use of dcPD for crack length measurements
in highly reactive environments has thus far performed very well. Furthermore, rehydrating deposited salt by control of RH as shown to be effective in
fully accessing the fracture surface. Preliminary
FCGR results highlight the expected importance of
the work and the need for continued efforts.

Figure 14
High magnification SEM image from environmental
test reveals brittle fracture features

This evidence suggests that thin film deposition of
salt is quite sufficient to ingress into the crack. Further work is planned to determine if the same behavior is seen at various crack lengths and/or high R
ratios where the crack is more occluded.
Temperature test
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