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Abstract
Large stress corrosion cracks (SCCs) have been identified on the aft upper fuselage
(crown) skin of a strategic cargo aircraft. This skin is made of AA7079-T6 alloy. This alloy is
known to be highly susceptible to stress corrosion cracking. These cracks present significant
inspection and maintenance burden to the depot. Lockheed-Martin Aeronautics Company (LMAero), the OEM for this aircraft, is responsible for providing prediction models for SCC crack
growth. In order for these prediction models to be valid, a proper understanding of the alloy in
its existing product form and SCC growth rates in this product should be known reliably. The
only published data available on this alloy in thin sheet configuration is from the OEM.
However, the OEM data does not specify the environment and testing condition for generating
the data.
A previous study on this subject by Center for Aircraft Structural Life Extension
(CAStLE) at the US Air Force Academy provided the SCC growth rates in crown skin material
at room temperature under the report USAFA-TR-2006-05. A further input from the OEM
indicated that while parked on ground inside the fuselage, the aircraft can experience temperature
as high as 160°F during hot summer days. Since SCC involves thermally activated processes,
faster growth rates are expected at elevated temperatures. It was therefore deemed necessary to
determine the SCC crack growth rates at elevated temperatures.
In the present study, the specimens were sectioned from an aft crown skin panel supplied
by the National Institute for Aviation Research (NIAR), Wichita State University. The
specimens were sectioned from the panel and the exact location of the specimen on the panel and
aircraft was clearly identified. The test specimens were designed to produce a constant stress
intensity factor for a constant load. This specimen design ensured there were no mechanical load
effects during crack growth. In addition to the test specimen, a modified clevis fixture was
designed and fabricated to incorporate a corrosive environment during test.
Tests were initially conducted at 140°F in a saturated salt solution bath at seven different
stress intensity levels. At the lowest K level of 5.5 ksi√in, no crack growth was observed for 48
hours and it was assumed that 5.5 ksi√in is below the threshold value for SCC at 140°F.
Furthermore, tests were conducted at 21.8 ksi√in at temperatures of 100, 120, and 160°F, to
evaluate the temperature dependence on crack growth rate. The crack growth data at these
varying temperatures followed an Arrhenius relationship with an apparent activation energy of
34 KJ/mol. This activation energy value is lower than the activation energy of hydrogen
diffusion through pure aluminum or anodic dissolution of aluminum in aqueous solution.
Without additional experimental data, it is difficult to correlate this activation energy value to a
specific controlling mechanism for SCC crack growth.
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1. Introduction
The aft upper fuselage (crown) skin of a strategic cargo aircraft is extremely
susceptible to stress-corrosion cracking (SCC) due to the combination of three
parameters, namely, presence of tensile stresses, corrosion susceptible material, and
corrosive environment in service. SCC is a major problem on this aircraft, especially
since 7079-T6 aluminum is notorious for its susceptibility to corrosion. In order for the
fleet managers to properly maintain the aircraft, SCC crack growth rates must be
determined to shift the “find and fix” approach at depot to “anticipate and manage.”
Stress corrosion cracking is a common failure mode found in the aft crown skin of
this cargo aircraft. The high strength aluminum alloy 7079-T6 developed in early 1960s
is prone to corrosion and SCC in the presence of a corrosive environment and stress.
7XXX Series alloys are notorious for SCC, especially those in the –T6 (the peak-aged)
condition due to the presence of alloying elements such as zinc and magnesium which
can act as a cathode, and copper, which acts as an anode, leading to galvanic corrosion in
the presence of an electrolyte. However, susceptibility can usually be eliminated by
overaging. In overaging, these elements are converted into intermetallic compounds,
which lead to a reduction in strength with improved corrosion resistance. Environmental
factors that may be detrimental to performance include temperature, pressure, humidity,
harsh chemicals and salts. SCC is commonly dependent on the stress intensity at the
crack tip. SCC crack propagation takes place only when the stress intensity is above a
threshold value.
SCC crack growth rates are well characterized for thick materials, forgings and
extrusions, but for thin sheet material the data is almost non-existent. Lockheed Martin
Aeronautics Company (LM-Aero) has its own proprietary data. But that data does not
specify specimen type, loading method or environment type used for the test.
To address the issue of lack of reliable data, CAStLE performed the study in 2006
to develop the SCC growth rate data in various environments at room temperatures and is
reported in USAFA-TR-2006-051. Figure 2 shows the excerpt of the results from this
report for tests performed in saturated salt solution bath at room temperature.
On further discussion with the OEM and National Institute for Aviation Research
(NIAR) at Wichita State University, it was realized that the room temperature data may
not reliably support the modeling effort to predict the crack growth in service since the
actual aircraft may experience temperature as high as 160°F on hot summer days. Stress
corrosion cracking involves thermally activated processes, which may accelerate the
crack growth at higher temperature. The present study was undertaken to address this
issue.
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Figure 1: LM-Aero is currently using this unsourced data for their crack growth rate prediction
models.
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Figure 2: SCC growth rate data in saturated salt solution bath at room temperature for 7079-T6
thin sheet aluminum.
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2. Experimental Methods
2.1 Specimen
For this program, it was decided to machine the specimens from actual aircraft
skin for two reasons. First the aircraft has been in service for thirty years or more and the
effects of aging and environmental exposure are not yet known. Second 7079-T6
aluminum alloys is no longer manufactured and available. The skin panel was provided
by NIAR. The as received skin panel is shown in Figure 3. It was 0.055” thick.

Figure 3: As received aft crown skin panel from NIAR. The panel is located just behind the wing on
left hand side of the crown.

The specimens were sectioned from this panel. For these tests, specimens were
designed such that an applied constant load will result in constant stress intensity K with
growing crack length. These specimens were designed according to the procedure
described in the publication by Mostovoy, Crosley and Ripling2. The specimen is a
modified ESE(T) specimen. ESE(T) is similar to a double cantilever beam. The crack
extension force ξ is given by
P 2 ∂C
ξ=
2b ∂a

(1)

Where P is applied load, b is the crack width (for the present case, same as the
sample width), C is the specimen compliance and a is the crack length. For a constant
load condition if ∂C/∂a is constant then the crack extension force ξ is constant.
Furthermore, ξ is related to stress intensity K by following equation

ξ=

K2
E

(2)

Where E is the elastic modulus of the material, it follows that K will also be
constant. So to design the constant K specimen under a constant load condition, the rate
of change of compliance with crack length should remain constant. For a double
cantilever beam, the compliance equation is given by
3

24 a x 2
6(1 + ν ) a 1
+
C=
dx
dx
Eb ∫0 h 3
Eb ∫0 h

(3)

Where x is the instantaneous crack length, h is the height of beam at crack length
x, and ν is Poisson’s ratio. The first term on right hand side is compliance from bending
deflection and the second term is compliance from shear deflection. Using Poisson’s
ratio as 1/3, which is appropriate for this aluminum alloy and differentiating equation (3)
with respect to a results in
dC
8 ⎡ 3a 2 1 ⎤
=
+ ⎥
⎢
da Eb ⎣ h 3 h ⎦

(4)

Design of constant K specimen under constant load therefore requires
3a 2 1
+ =m
h3 h

(5)

Where m is a constant. In the present study m was chosen to be 1. Ideally, this
would require curved edges to account for non-linearity in equation (5). However, linear
approximation suggested variation in value of m of a maximum of 2%, which was
considered acceptable for the change in K. The geometry of the specimen is shown in
Figure 4.

Figure 4: Schematic showing the specimen geometry and dimensions. (All units are in inches)
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There were 13specimens cut from the provided panel. Figure 5 shows the
location of each specimen as they were cut from the panel.

5 in

Figure 5: Location of specimens cut from the aft crown skin panel.

A strain gage was mounted on the back face of the specimen to monitor the crack
length via the back-face compliance method. A thermocouple was attached to the
specimen near the centerline of the specimen, which is the anticipated crack propagation
path. Figure 6 shows a specimen with a back face strain gage and coated with silicone to
protect against the corrosive environment.

Figure 6: Test specimen with back face strain gage and coated with silicone to protect the strain gage
in the corrosive environment.
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Specimens were machined using a computerized numerically controlled (CNC)
milling machine and an electrical discharge machine (EDM). After machining, the
specimens were pre-cracked using hydraulic MTS test frames as described in the
aforementioned ASTM standard. Maximum load of 200 lbs was chosen for pre-cracking
to keep K under 7 ksi√in. The pre-crack length was about 0.1”. It was monitored using a
back face strain gage, which was calibrated as described below.
The crack length was monitored by measuring the back face compliance using a
strain gage mounted on back face. The strain was calibrated to crack length by cracking
the specimen in fatigue using a marker band spectrum3. At end of each pass of the
marker band spectrum, the specimen was loaded to a specified load and strain was
measured. This strain was then compared to crack length measured from the marker
band location on the fracture surface as shown in Figure 7. ASTM E-6474 specifies the
relation of back face strain to the crack length for a variety of specimens. For the present
specimen configuration, the relationship for ESE(T) specimen was used. The normalized
crack length a/W is given by

a
= N 0 + N1 (log A) + N 2 (log A)2 + N 3 (log A)3 + N 4 (log A)4
W

(6)

Where W is the width of the specimen and A is given by

A = − EbW

ε
P

(7)

Where ε is the back face strain measured by the strain gage.

Figure 7: A set of four marker bands as seen in an optical microscope while tracking the crack front
in the calibration sample.
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Figure 8 shows the calibration curve obtained by tracking the crack front using
marker bands and comparing it with back face compliance. The constants N0 – N4 are
indicated on the plot but are in reverse order as compared to equation (6).

Figure 8: Calibration curve to relate the back face compliance to crack length.

A special bath was machined which could be mounted on an MTS test frame and
the specimen can be loaded inside the bath. Figure 9 shows the bath used in the present
experiments. An immersion heater was used in the bath to heat it to the desired
temperature. The temperature was monitored and controlled by a Eurotherm model 810
temperature controller, SCR power supply and a J type thermocouple. The temperature
controller was tuned to maintain the temperature within +/- 2°F of the desired
temperature.

2.2 Instrumentation
Since the specimen was to be inserted in an environmental chamber for testing,
crack growth via optical readings would be very difficult. Compliance is an accepted
method of tracking crack growth rates for ESE(T) type specimens. The same method
was used here and it worked very well for the present case. The crack length predicted
from compliance matched the crack length measured during fractography within 0.04”.
This results in about 5% error in crack length measurement. The strain gage was coated
over with silicone to prevent degradation in the salt water bath.
The strain gage had to be very narrow so that it could fit on the thickness of the
specimen. TML strain gages (type FLK-1-23) were used. The gage width was 0.028”
and the specimen thickness was 0.055”. Each gage was carefully applied so the gage was
centered in the thickness of the specimen and the EDM notch was directly in line with the
gage lengthwise, see Figure 6.
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Figure 9: Photograph showing the assembly of the specimen in the bath on the MTS test frame. The
specimen is mounted on the pin in bath with collars to keep it centered and the pin is tightened
outside with washers to make the assembly watertight.

2.3 Test Apparatus
The tests were conducted on an 11 Kip MTS 810 series servo hydraulic frame.
The tests were conducted in constant load mode. Throughout the tests, the variation in
load was about +/- 2 lbf. The bath was attached to the ram and a pre-cracked specimen
was held inside the bath and to the cross head using a clevis fixture as shown in Figure 9.
The bath was filled with saturated salt solution significantly above the centerline of the
notch in the specimen. Along with load, displacement and back face strain, corrosion
potential was also measured throughout the test. There was no change recorded in
corrosion potential during the test duration. It was constant at about -1.0V vs. SCE.
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3. Results
3.1 Test Data
The tests were conducted at constant loads of 200, 225, 300, 450, 600 and 750 lbf.
For these constant load values, constant stress intensity can be calculated. It follows from
equations (1), (2), (4) and (5)

K=

2P
m
b

(8)

Using b = 0.055 and m = 1 for the above mentioned load conditions the constant
K values are 7.3, 8.2, 10.9, 16.4, 21.8 and 27.3 ksi√in. Experiments at 150 and 175 lbf
(5.5 and 6.3 ksi√in) resulted in no crack growth for 48 hours and they were therefore
assumed to be below the threshold value for crack propagation by SCC. Also, to
understand the effect of temperature on the crack growth rate, tests were carried out
under constant load of 600 lbf (21.8 ksi√in) at 100, 120, and 160°F.
Figure 10 shows the typical crack length vs. time plot obtained for each test
condition. Crack length is calculated from equation (6) using constants from Figure 8.
The plot shows initially increasing slope, which becomes constant after a while. This
constant slope is approximated to be the steady state crack growth rate. The crack growth
rates were calculated for each test condition.

Crack Growth Rate in Saturated Salt Solution at 120 F at
1/2
K = 21.8 ksi.in

Crack Length, a (in)
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CG Rate = 2.7 in/hr
0.65
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Figure 10: Typical crack length vs. time plot obtained from an SCC test. The linear range of the plot
indicates a near-steady state crack growth rate.
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Crack Growth Rate, da/dt (in/hr)

The crack growth rate versus stress intensity plots for various specimens tested at
140°F in saturated salt solution bath is shown in Figure 11. As suggested earlier, no crack
growth was observed at K values of 5.5 and 6.3 ksi√in for 48 hours. In the present study,
if data were to be extrapolated to K of 6.3 ksi√in, the crack growth rate will be
0.0001in/hr as shown in Figure 12. At this rate in 48 hours the steady state crack would
have grown by about 0.0048”. Since the initial part of crack growth is non-steady state
and usually slower than a steady state crack growth rate, it is no surprise that no crack
growth rate was observed in 48 hours.
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Figure 11: Plot showing crack growth rate as a function of applied stress intensity (K) for specimens
tested at 140°F in saturated salt solution bath.

Figure 12 shows the comparison of the data obtained in the present study with the
previous study by CAStLE under different environments at room temperature. OEM data
is also shown in the plot for the comparison. The threshold is defined as the crack growth
rate of 1ä10-7 in/hr or slower by Hertzberg5. Extrapolation of data suggests that the
threshold K value is near 6 ksi√in. Another interesting observation in this plot is that all
experiments reveal that SCC growth rate reaches a plateau value consistent with other
publications6, whereas the OEM data shows continuously increasing crack growth rate
with stress intensity. This suggests that OEM data is an approximation rather than actual
experimental observation.
Another significant result from this test is the temperature dependence of crack
growth rate. Data from the room temperature test (78°F) is also added to the present data
and plotted in Figure 13. Figure 13 is an Arrhenius plot, where the natural log of growth
rate is plotted against inverse temperature. The slope of this plot is –Q/R. Where Q is the
activation energy and R is the universal gas constant. The governing equation is
⎛ Q ⎞
a& = A exp⎜ −
⎟
⎝ RT ⎠
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(9)
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Figure 12: Plot of da/dt vs. K showing the present data with earlier study at room temperature and
OEM data.
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Figure 13: Arrhenius plot of crack growth rate gives the activation energy of 34 KJ/mol and
frequency factor of 763591 in/hr.
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Where a& is the crack growth rate, A is frequency factor and T is temperature in K.
Using the data from Figure 13 the temperature dependence of crack growth rate in in/hr
at 21.8 ksi√in in saturated salt solution bath can be given by

⎛ 4102 ⎞
a& = 763591exp⎜ −
⎟
T ⎠
⎝

(10)

Where T is in K. It is possible to use this relationship for stress intensity levels
higher than 10 ksi√in, since beyond stress intensity level of 10 ksi√in, the crack growth
rate remains constant for a given environment and temperature. However, it is advisable
to validate data for desired stress level by experiments.

3.2 Microscopy
Detailed SEM investigation was performed on the failed samples to confirm the
failure mode. During SCC tests, the crack grew with the fracture surface perpendicular to
loading direction. This confirmed that the failure was not due to overstress, since
overstress failure in this material shows a 45° inclined fracture surface. Figure 14 shows
demarcation on the fracture surface from fatigue pre-crack to SCC propagation during the
test.
Crack
Propagation

SCC Crack
Surface

Intergranular
Corrosive Attack

Fatigue
Pre-Crack

Figure 14: Typical SEM micrograph showing the clear demarcation between fatigue pre-crack and
SCC crack surface of specimen tested at 21.8 ksi√in at 100°F. Corrosive attack on grain boundaries
can be clearly seen on SCC crack surface, confirming the mode of failure.
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The crack propagation during the test is characterized by corrosive attack on the
grain boundaries suggesting that this crack growth is indeed due to stress corrosion
cracking. Figure 15 shows the higher magnification SEM micrograph of an SCC crack
surface shown in Figure 14. Intergranular corrosive attack can be clearly seen in this
micrograph as cracks along the grain boundaries.

Figure 15: Higher magnification SEM of the SCC crack surface of the specimen shown in Figure 14.
Intergranular attack confirms SCC to be crack growth mechanism.

Figure 16 shows the SEM micrograph of the specimen failed at 21.8 ksi√in at
100°F, near the transition from SCC crack to overstress failure. The overstress failure
region has the fracture surface which is inclined at 45° to the loading direction along the
broad side of the specimen. As seen in this micrograph the clear distinction between the
SCC and overstress region is the absence of a leafy and grainy surface texture in the
overstress region. Few dimples can also be easily identified at this magnification.
Higher magnification of the overstress region also reveals micro-voids. SEM observation
was also used to quantify the length of the SCC crack. In general, at lower loads and
therefore at lower K values, the SCC crack is longer as compared to the specimens tested
at higher loads as shown in Table 1. It is interesting to note that even though the
specimen geometry and constant load maintains a constant K with the growing crack, the
specimen shows sudden overstress failure. This tends to suggest that the critical stress
intensity required to fail the specimen has been reduced with advancing the crack in a
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corrosive environment. This can be attributed to the embrittlement of the specimen in a
corrosive environment either due to diffusion of hydrogen along the grain boundaries of
the specimen or due to anodic dissolution of the material.

Figure 16: SEM micrograph showing the transition from SCC to overstress failure. The Overstress
fracture surface is characterized by dimples as compared to leafy and grainy surface on SCC crack.
Table 1: Experimental results showing testing conditions, material orientation and failure data.

Specimen

Orientation

Load (K)
(lbf (ksi√in)

Temperature
(F)

SCC length
(in)

CG Rate
(in/hr)

2

L-T

600 (21.8)

140

0.512

3.48

4

L-T

450 (16.4)

140

0.798

3.24

5

L-T

300 (10.9)

140

1.196

3.41

6

L-T

300 (10.9)

140

1.067

DAQ error

8

T-L

200 (7.3)

140

1.284

0.1

9

T-L

600 (21.8)

160

0.433

4.93

10

T-L

600 (21.8)

120

0.613

2.5

11

T-L

600 (21.8)

100

0.593

1.25

12

T-L

225 (8.2)

140

1.049

0.32

13

T-L

750 (27.3)

140

0.482

2.47
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The Arrhenius plot of the crack growth rate in Figure 13 suggests that the
apparent activation energy for the rate controlling mechanism from stress corrosion
cracking is 34 KJ/mol. There are various processes that contribute to the stress corrosion
cracking, such as anodic dissolution of material, passivating film rupture, hydrogen
embrittlement (diffusion and bond degradation), failure of the atomic bonds at crack tip,
migration of atoms out of the crack tip and weakening of crack tip bonds by adsorption of
the environmental species. All of these processes are thermally activated and have an
specific activation energy associated with it. It is quite clear that the breaking of bonds at
the crack tip has to follow some strength degradation process such as anodic dissolution
of metal in solution, hydrogen embrittlement or adsorption of environmental species
leading to embrittlement, since non-degraded bonds will not fail under present test
conditions of low stress and low stress intensity as compared to the ultimate strength of
the material or the fracture toughness of the material. For sequential processes such as
hydrogen embrittlement and embrittlement due to adsorption of environmental species,
the slowest process will be the rate controlling process. On the other hand anodic
dissolution and hydrogen embrittlement can be parallel processes and the faster one will
be rate controlling. In the present case, the apparent activation energy of 34 KJ/mol can
not be attributed to any specific process. The anodic dissolution of aluminum alloys in
aqueous solutions has an activation energy of 50-100 KJ/mol7,8,9, whereas hydrogen
diffusion along a grain boundary in pure aluminum is about 40-90 KJ/mol10. Adsorption
of environmental species leading to embrittlement needs further study of surface
chemistry. Thus, it is not possible to distinctly identify the rate controlling process from
the present study.

4. Conclusion and Recommendations
Elevated temperature SCC tests suggest higher crack growth rates than the room
temperature tests performed in a similar environment. At 140°F the crack growth rates
are double as compared to room temperature tests. Above 10 ksi√in stress intensity, the
crack growth rate is about 3.5 in/hr in saturated salt solution. This rate increases to about
5 in/hr at 160°F. This is an expected result since SCC involves thermally activated
processes which become faster at elevated temperatures.
The threshold stress intensity factor KISCC for propagation of a crack by SCC is
found to be about 6 ksi√in at 140°F, as compared to about 8 ksi√in in the previous study
at room temperature. No specific reason can be attributed to this reduction in threshold at
elevated temperatures. KISCC is not an invariant material property like KIC. It is affected
by various testing parameters including temperature. But a specific effect can not be
deduced from the present investigation.
A simplified equation that can be used to predict crack growth rates up to 160°F,
in saturated salt solution, at stress intensity values higher than 10 ksi√in is given by
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⎛ 4102 ⎞
a& = 763591exp⎜ −
⎟
T ⎠
⎝
Where T is temperature in K and a& is crack growth rate in in/hr. It is however
recommended to validate the results at the desired stress intensity and temperature for
data points not investigated in the present study. The apparent activation energy for SCC
crack growth is 34 KJ/mol.
The present study also reveals that there is significant embrittlement of the
material as a result of the exposure to a corrosive environment. Use of fracture toughness
values to predict overstress crack growth should therefore be made with caution.
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