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Abstract 
 

The 7079-T6 thin sheet material present on the C-5A aft crown skin is susceptible to 
stress-corrosion cracking (SCC) because it is under a tensile load (from tail load or hoop 
stress), is exposed to a harsh environment, and has vulnerable alloy chemistry.  Cracks 
have been found on the aft crown skin and present an inspection and maintenance burden 
at depot.  Lockheed-Martin Aeronautics (LMA), the original equipment manufacturer 
(OEM) for this aircraft, is responsible for providing prediction models for SCC and SCC 
plus fatigue crack growth.  Toward this end, more thorough understanding of the alloy in 
its existing product form is necessary.  Once crack growth rates due to the combination of 
SCC and fatigue are better understood, inspection intervals may be recalculated and 
should provide more cost-effective maintenance.   

 
Material data published in 1977 from LMA, SMN 366, contains thin sheet (≤0.10”) 

7079-T6 SCC crack growth rate data, but details of this test are unknown.  The number of 
specimens tested, the environments used, the loading method and crack measurement 
technique are not mentioned.   

 
The ESE(T) specimen from ASTM E 647 was used for this test program.  This 

specimen geometry was chosen because it is applicable for this thin material.  The 
ESE(T) specimen has a long test section compared to other test specimens mentioned in 
the same Standard.  In addition, the ESE(T) specimen is amenable to in situ crack length 
measurement by established compliance methods.  

 
The SCC crack growth rates were determined in K (stress intensity)-increasing and in 

constant K tests.  In increasing K tests, both constant load and constant displacement 
modes were used in three different environments: a) de-ionized water fog, b) 3.5 mol/L 
NaCl solution bath, and c) saturated NaCl solution bath.  Two test frames were fabricated 
in-house for constant displacement tests.  Mechanically driven universal test frames were 
used to conduct experiments in constant load modes using a computerized feedback 
system to control displacement and to maintain constant load.  These tests yielded higher 
threshold KISCC values for every test when compared to the OEM report, regardless of 
environment or loading type. Crack growth rates were consistently lower for specimens 
tested in de-ionized water and higher than the published value for 3.5 mol/L NaCl and 
saturated NaCl solution bath.  Little difference was noted between the specimens tested in 
the 3.5 mol/L NaCl condition and saturated salt condition.  

 
Constant K experiments were conducted in saturated salt solution bath only to get 

extreme growth rates.  LabVIEW in conjunction with a computer-controlled servo-
hydraulic test frame was used for real-time crack length and K calculations and load was 
adjusted to maintain constant K.  Constant K experiments were done in static mode as 
well as some superimposed fatigue loading also.  Fatigue superimposition was only ± 2 
ksi√in over mean constant K.  The crack growth rate was very similar for both static and 
fatigue SCC tests. 
 





 

 iii  

Contents 
Abstract ................................................................................................................................ i 
Contents ............................................................................................................................. iii 
List of Figures ..................................................................................................................... v 
1. Introduction ..................................................................................................................... 7 
2. Background ..................................................................................................................... 9 
3. Experimental Methods .................................................................................................. 13 

Instrumentation ............................................................................................................. 14 
Test Apparatus .......................................................................................................... 15 

Introduction of Environmental Effects ......................................................................... 16 
Test Set-Up ................................................................................................................... 18 

Constant Displacement ............................................................................................. 18 
Constant Load ........................................................................................................... 18 
Analysis..................................................................................................................... 18 

4. Results ........................................................................................................................... 21 
5. Discussion ..................................................................................................................... 29 
6. Conclusion and Recommendations ............................................................................... 31 
7. References ..................................................................................................................... 33 
Appendix A. ...................................................................................................................... 35 
Appendix B. ...................................................................................................................... 37 
Appendix C. ...................................................................................................................... 39 
Appendix D. ...................................................................................................................... 43 
Appendix E. ...................................................................................................................... 47 
 
 





 

 v  

List of Figures 
Figure 1.  LM-Aero is currently using this unsourced data for their crack growth rate 

prediction models.  The KISCC values for this data are 6 and 10 ksi√in for the 
transverse and longitudinal directions, respectively. .................................................. 7 

Figure 2.  Speidel3 has done SCC tests in a 3.5% NaCl alternate immersion environment, 
showing very fast crack growth rates for AA7079.  These tests were done on thick 
material, 2.5 cm, which often yield slower crack growth rates than thin sections of 
the same alloy. .......................................................................................................... 10 

Figure 3.  Effect of halide salt concentration on the SCC crack growth rate of AA7079-
T651 thick plate.  This plot shows the dramatic effect of lower concentration on 
crack growth as compared to higher concentrations and 8 mol NaI solution shows 
comparable growth rate to 2-5 mol solutions (after Speidel3). ................................. 11 

Figure 4.  Coated and uncoated samples.  Figure “a,” above, has chromate coating 
covering the surface except for the machined edges of the part and the notched 
portion of the sample, where coating removal was necessary to machine the notch 
with EDM.  Figure "b" was soaked in acetone to soften the coating, then scraped 
clean before final machining. .................................................................................... 12 

Figure 5.  ESE(T) specimen per ASTM E 647.  The dimensions are shown in English 
units with metric units in brackets.  See Appendix A for more specimen views with 
dimensions. ............................................................................................................... 13 

Figure 6.  Specimen with view of front (a) and side (b) with strain gage applied. ........... 15 
Figure 7.  Constant displacement load frame with DI water fog environment. ................ 16 
Figure 8.  Specimen tested with cup in place for bath.  Strain gage wire is also visible.  

No grips are immersed in the bath. ........................................................................... 17 
Figure 9.  Compliance was verified with fractography.  The maximum calculated error 

was 5.1%. .................................................................................................................. 21 
Figure 10.  Crack growth rate versus stress intensity for deionized water fog.  Scatter 

bands have been drawn in gray.  In the legend, constant displacement is denoted by 
CD and constant load is CL.  Rate data is much lower for this environmental 
condition, while KI values are consistently lower than the published transverse 
data—about 10 ksi√in rather than 6 ksi√in. .............................................................. 22 

Figure 11.  Crack growth rate versus stress intensity in a 3.5 mol/L NaCl Bath.  Scatter 
bands have been drawn in gray.  In the legend, constant displacement is denoted by 
CD and constant load is CL.  Crack growth rates are consistently higher (about one 
decade more) than the published data.  KISCC values are slightly higher than the 
referenced data. ......................................................................................................... 23 

Figure 12.  Crack growth rate versus stress intensity for saturated salt bath.  Scatter bands 
have been drawn in gray.  In the legend, constant displacement is denoted by CD 
and constant load is CL.  Scatter is greater in this data set; about one decade wide, 
but this data set also presents the fastest growth rate found during this program—
over one inch per hour.  Also, KISCC values are consistently higher in this test 
condition. .................................................................................................................. 24 

Figure 13.  Crack velocity for coated and an uncoated specimen, both tested at 20 ksi√in.  
These samples were tested in a saturated salt bath. .................................................. 25 

Figure 14.  Crack growth rates and potential versus time for two coated samples with 
different stress intensity values. ................................................................................ 26 



 

vi 

Figure 15.  All tests were done in saturated salt solution.  Crack growth rates were highest 
for coated samples.  That data is circled.  More detailed tabular data can be found in 
Appendix E. .............................................................................................................. 27 

 



 

 7  

1. Introduction 
The C-5A aft crown skin is extremely susceptible to stress-corrosion cracking 

(SCC) due to the combination of three parameters: the presence of tensile stresses, a 
corrosion susceptible material, and a corrosive environment in service.  SCC has become 
a major problem on this aircraft, especially since this aircraft is made with legacy 7079-
T6, where SCC is a known problem.  In order for the 730th ACSG 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.”   

 
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 Corp. (LMA) has used data from LMA SMN 3661 (Figure 1).  Data in SMN 
366 are from unknown sources from the 1970’s (specimen type, loading method and 
environment type are not mentioned).   

 
As seen in Figure 1, the threshold for SCC, KISCC, is 6 ksi√in in the transverse 

direction and 10 ksi√in in the longitudinal direction.  The purpose of the present program 
is to confirm these values, along with the region II values, where steady crack growth 
occurs.   
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Figure 1.  LM-Aero is currently using this unsourced data for their crack growth rate prediction 
models.  The KISCC values for this data are 6 and 10 ksi√in for the transverse and longitudinal 
directions, respectively. 
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In section 2, the background of the stress-corrosion cracking problem on C-5 is 
given.  Section 3 gives all the experimental details.  A discussion of the results is found in 
section 4 with conclusions and recommendations given in section 5 and 6, respectively.  
Appendicies provide the tabular data for the tests performed at CAStLE.   
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2. Background  
Stress corrosion cracking is a common failure mode found in the aft-crown skin 

of the C-5A.  The high strength aluminum alloy 7079-T6 manufactured in the early 1960s 
is prone to corrosion and SCC in the presence of corrosive environment and stress.  
7XXX Series alloys are notorious for SCC problems, especially those in the –T6 temper, 
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 presence of an electrolyte.  However, susceptibility can usually be 
eliminated by overaging.  In overaging, these elements are converted into intermetallic 
compounds, which leads to a reduction in strength with improved corrosion resistance.  
Environmental factors that may be detrimental to performance include 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.  The threshold stress intensity determination was not done as 
part of this test program since it would take an extreme amount of time to determine 
accurately.  Hertzberg2 has noted that for aluminum alloys, to determine the threshold 
stress intensity, minimum test duration should be about 10,000 hours (over 416 days).  

   
Speidel3 has shown in SCC tests of  thick sections such as die forgings and plates 

of 7XXX alloys that 7079 has much higher crack growth rates in Region II, about 1000 
times higher, than 7075, see Figure 2.  Furthermore, the threshold stress intensity factor is 
less than 5 ksi√in.  Figure 3 shows the effect of concentration of halide ions on SCC 
crack growth of AA7079.  This plot suggests that the effect of concentration is more 
dramatic at lower levels of concentrations; however the difference in the crack growth 
rate above 5 mol/L halide salt solution concentration is very marginal.  In this study, the 
experiments were conducted in a de-ionized (DI) water fog (a mild environment), 
3.5mol/L NaCl solution bath (typically comparable to an in-service corrosion 
environment) and saturated, or 6.15 mol/L, NaCl Solution bath to study the extreme case 
scenario.  Temperature was not monitored since all tests were done at the ambient 
temperature.  
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Figure 2.  Speidel3 has done SCC tests in a 3.5% NaCl alternate immersion environment, showing 
very fast crack growth rates for AA7079.  These tests were done on thick material, 2.5 cm, which 
often yield slower crack growth rates than thin sections of the same alloy.   
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Figure 3.  Effect of halide salt concentration on the SCC crack growth rate of AA7079-T651 thick 
plate.  This plot shows the dramatic effect of lower concentration on crack growth as compared to 
higher concentrations and 8 mol NaI solution shows comparable growth rate to 2-5 mol solutions 
(after Speidel3). 

  
The specimens for this study were taken from a panel of the original fuselage 

crown skin which was replaced after noticing cracks.  Care was taken to avoid any 
defects in the specimen while cutting them from the panel.  For the first set of tests, the 
primer and paint were kept almost intact except at the notch.  The paint was removed 
near the notch area to allow for electrical path during electrical discharge machining 
(EDM) of notch.  However, in the later tests, coatings and primers were completely 
removed.  Surprisingly, the specimens with coatings and primers removed exhibited 
almost two decades slower crack growth rate as compared to their un-stripped counter 
parts.  The in-service panels are coated with chromate conversion coatings, widely used 
in 1960s and 1970s.  The accelerated crack growth rate in specimens with coatings could 
be attributed to preferential corrosion in the uncoated area.  Simply, on an uncoated 
sample, corrosion may attack at any surface since there is no chemical or physical barrier 
to prevent it, it may propagate evenly.  On a coated sample, the edges and the machined 
notch are the only exposed areas of the sample where corrosion may occur until there is a 
crack, see Figure 4.  Then the crack will be more likely to suffer preferential corrosion 
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because fresh material is constantly being exposed as the crack propagates.  However, 
this argument opposes the basic premise of using chromate conversion coating, which is, 
they are self-healing due to soluble chromate species in an electrolyte.  If nothing else, 
the chromate conversion coatings should slow the crack growth rate and not accelerate it 
as seen in the present study.  

 
 The details of specimen geometry, test methods and environment are discussed in 
section 3.   
 

 

 
Figure 4.  Coated and uncoated samples.  Figure “a,” above, has chromate coating covering the 
surface except for the machined edges of the part and the notched portion of the sample, where 
coating removal was necessary to machine the notch with EDM.  Figure "b" was soaked in acetone to 
soften the coating, then scraped clean before final machining.   

 
 
 
 

a.  

b.  
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3. Experimental Methods  
For this program, the specimens were machined from actual aircraft skin since 

this is the only material available.  Incidentally, 7079-T6 has not been commercially 
available for many years.  Testing the actual aircraft skin does have other benefits.  The 
sheet manufacturing process, age degradation, and environmental exposure is nominally 
the same for the skin tested and the remaining skins on in-service aircraft.   

Since the skin is thin, less than 0.08”, the only geometry that could be used per 
ASTM Standard E 6474 is an ESE(T), an eccentrically-loaded single edge crack tension 
specimen, see Figure 5.  As compared to the popular C(T) and M(T) specimens for SCC 
tests, the ESE(T) was desirable because the material is thin and has a relatively long test 
section.  Length of the specimen was a critical dimension in these tests since the 
specimen had to be placed in an environmental chamber.  Also, ESE(T) has compliance 
equations available in the Standard, which can be easily used to monitor the crack growth 
without periodic interruption of the test to measure crack length.   

 
Figure 5.  ESE(T) specimen per ASTM E 647.  The dimensions are shown in English units with 
metric units in brackets.  See Appendix A for more specimen views with dimensions. 

 
The material available to CAStLE had a thickness which varied from 0.065” to 

0.085” including the existing coatings.  On the actual crown skin, the thickness varies 
from as little as 0.047” to 0.115”.  

 
 Experiments were conducted in constant displacement, constant load and constant 
K configurations.  Constant displacement depicted the actual structure where the 



 

14 

components shed load as the crack propagates, since the structure is fixed, whereas 
constant load depicts an extreme loading condition, such that the stress intensity factor 
increases monotonically with crack growth.  However, since the data was collected as a 
function of the stress intensity factor, the two methods resulted in different growth rates 
only based on environmental exposure time, which would be longer in the case of 
constant displacement.  Constant K experiments were done to confirm the crack growth 
rates for a given stress intensity. 

 
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.  A maximum load of 220 lbs (2.2 ksi) was chosen for 
pre-cracking to keep K under 5.5 ksi√in.  Instrumentation used for pre-cracking was a 
5mm crack opening displacement (COD) gage and back face strain gage.  Using the 
compliance equations in the ASTM Standard, the approximate COD value for a 0.295” 
crack was 0.00102” for a 0.0675” thick specimen and strain gage value was -350 
microstrains.  The fatigue frames were set to run 150,000 cycles or to when the COD 
limit was exceeded.  Specimens usually ran about 100,000 cycles to create a crack about 
0.295” in length from an EDM notch of 0.185”.  The programmed mean load was 120 lbs 
(1.2 ksi), the amplitude was 100 lbs (1.0 ksi), and frequency used was about 20 Hz.  The 
frequency used varied by the test frame used.   

 
Use of the compliance equations was verified by fractography.  In this case an 

ESE(T) specimen was instrumented with a COD gage and a back face strain gage was 
used.  The specimen was cracked in fatigue using a marker spectrum.  At the end of each 
set of marker bands, the specimen was loaded to a predetermined load and COD and 
strain gage readings were taken.  These readings were converted to equivalent crack 
length using the compliance equations provided in the Standard.  The failed specimen 
was then observed in a SEM to identify the end of each marker band cycle and to 
measure its distance from the edge of the specimen.  The crack lengths at the end of each 
set of marker bands were then compared with the distance of the marker band from the 
edge.  The crack length determined from the COD gage reading and strain gage reading 
compared well with those observed in the microscope.  A Nikon optical microscope 
(model MM60) with 1000x magnification capability and a JEOL SEM (JSM 6480LV) 
were used to identify the marker bands.  The optical microscope had a motorized stage 
with linear encoder to measure the distance of each marker band from the specimen edge.  
Further information about crack length verification can be found in the Results section.   

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) specimens.  During preliminary 
testing, it was found that front-face compliance with a COD gage was difficult to use in 
the chamber and a small amount of misalignment of the COD gage resulted in erroneous 
results.  Also, the thin nature of the specimen allowed little to no self-alignment 
capabilities of the COD gage, leading to errors.  So the back face strain gage compliance 
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was used reliably in the present investigation.  The equation for fitting a fourth-order 
polynomial containing back-face and front-face compliance was given in the ASTM 
Standard.  This equation was validated by comparing crack length calculations using 
back-face strain and crack length values via fractography of a fatigue tested ESE(T) 
specimen with marker bands.  In addition, strain gages are more resilient than COD gages 
in harsh environments if the proper adhesives and coatings are used. 
 
 The strain gage had to be very narrow so that it could fit on the thickness edge of 
the crown skin material.  TML strain gages (type FLK-1-23) were used for this purpose.  
The gage width was 0.028” and the width of the backing 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.  Finally, to protect the 
gage from humidity, beeswax was applied once it was bonded.  The use of beeswax 
coating is well-known in corrosion studies, therefore it was used here.   
 
 

 
Figure 6.  Specimen with view of front (a) and side (b) with strain gage applied.   

Test Apparatus 
 
 Initially, constant displacement tests were considered the best option because they 
would provide slow cracking and near-constant K values.  This would be beneficial 
because data was to be taken manually.  For this type of test, a frame, see Figure 7, was 
built from 2” square steel tube and the final assembly consisted of a load cell, Lebow 
1000 kg capacity, connected to a clevis.  The specimen was linked to another clevis on 
top.  Chain was connected from the specimen’s top clevis to a yoke with a threaded rod 
attached to the frame.  The rod went through the top of the steel tube and came through 

a. 

b. 
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the top of the frame.  There a washer and nut secured the threaded rod such that the 
specimen was maintained at a constant displacement.   
 

 
Figure 7.  Constant displacement load frame with DI water fog environment.   

 
Collecting data through the three stages of SCC growth was desired; however, the 

constant displacement test started at a lower K value would take a very long time to 
propagate to the third region of crack growth.  Alternatively, with constant load testing, 
SCC cracking would progress more quickly and the equipment could be easily configured 
to take data automatically.  Thus, constant load tests were also performed on 
mechanically driven universal test frames from SATEC and constant K tests were 
performed on servo-hydraulic MTS frames.  In the end, data was collected via all three 
test procedures.   

Introduction of Environmental Effects 
 
 Environment was introduced by enclosing the specimen in a clear chamber.  One 
end of the cylindrical tube was fixed and the other side had a door that could be slid off 
easily to insert the COD gage, if required, see Appendix B.  To introduce humidity into 
the chamber, a lab air supply was connected to an Erlenmeyer flask containing the 
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solution for the particular test on top of a hot plate.  In the flask, an air stone was attached 
to the tube with the incoming forced air.  The heat from the hot plate and the agitation 
from the air bubbles created air with saturated humidity, which was passed into the test 
chamber.  Humidity levels were verified visually.  Humidity was considered acceptable if 
condensation was present on the chamber wall. 
   
 Another chamber was used to present a more severe condition at the crack tip.  
The environmental bath was created by cutting a small slot in the bottom of a plastic cup, 
then sealing the cup to the specimen with RTV silicone manufactured by Accumetric, 
Inc., see Figure 8.  The solution could be poured into the cup and levels could be 
maintained to keep the crack submerged.   
   

 
Figure 8.  Specimen tested with cup in place for bath.  Strain gage wire is also visible.  No grips are 
immersed in the bath. 

There were three environmental conditions for this test.  The first one was 
deionized water fog using a test chamber as shown in Figure 7.  This was tested to 
provide the most conservative bound of crack growth rates.  Second, a saturated salt 
solution using the solution bath as shown in Figure 8.  This was created by stirring NaCl, 
non-iodized table salt, into deionized water until no more of the salt could be dissolved.  
Last, a 3.5 mol/L NaCl test; it was prepared by adding 204.55g of table salt to 1L of 
deionized water again using the solution bath as shown in Figure 8.  The saturated 
environment was tested as it was expected to accelerate crack growth to a maximum 
value as per the plot in Figure 3.   



 

18 

Test Set-Up 

Constant Displacement 
 
 First, the specimen was inserted into the test chamber and attached to the test 
frame by affixing the clevises to the top and bottom of the specimen.  The chains and 
clevises were aligned so torque would not affect the specimen.  The nut was tightened so 
that desired tension was applied to the specimen.  As the nut was tightened, the load cell 
would give load readings once per second.  The nut was tightened slowly until the load 
cell’s value was the desired initial load.  Time, load, and strain data were recorded once 
every minute using the LabVIEW data acquisition software.  Even though the constant 
displacement type test was more time consuming and did not always produce a full curve 
of results, it was still useful because the material could have performed differently as it 
has been exposed to a harsh environment for a long period of time.   

Constant Load 
 The specimen was first inserted into the environmental chamber and then pinned 
into the clevises.  An automated test program was created within Partner v.6.0b from 
Instron/SATEC Systems to apply a given load, and maintain it constantly throughout the 
duration of the test and collect data.  Similarly MTS hydraulic frames with Teststar IIm 
software were also used.  Time, displacement, load, and strain were recorded each 
minute.     
 

Constant K with LabVIEW 
 After preliminary analysis, it was recognized that constant displacement tests did 
not provide constant K testing.  In order to have truly constant K tests, a controller was 
required with continuous active feedback in order to calculate current crack length and 
required load to maintain K.  Ready-made test software with this capability is not 
available in the lab, so LabVIEW was incorporated to perform this function.  For each 
test, input values were specimen dimensions and the desired K value.  Active feedback 
would be sent to the computer-controlled, servo-hydraulic test frames in order to deliver 
the required load.  Data acquisition was done with MTS Teststar IIm.  This LabVIEW 
method was used to incorporate a static SCC test at a constant K and fatigue SCC test 
with constant Kmean  and ΔK of ± 2 ksi√in at frequencies of 0.01, 0.1, 0.5, 1 and 10 Hz.  
This was incorporated to study the effect of small cyclic loading on SCC growth rates.  

Analysis 
 As mentioned before, strain data was converted to crack length via compliance 
equations in ASTM E 647.  See below.   
  a= crack length 
  W= width of specimen  

  A= BWE
P
ε

−  

  where ε is strain in microstrain, P is load in pounds, B is specimen 
thickness, and E is elastic modulus.   
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  Now A can be related to crack length using: 
 
 
 
  where  

No= 0.098889 
N1= 0.41967 
N2= 0.06751 
N3= -0.07018  
N4= 0.01082 
 
Next, the K value may be calculated: 
 
 
 

 
 
 [ ][ ] GF 2/32/1 14.1 −−+= ααα  
 
 and finally 
  
 
 
 
 In order to obtain smooth data, crack length versus time curves were fitted in 
Excel plots, typically using 3rd of 4th order polynomials, with R2≥ 0.95.  TableCurve 2D 
was also used to fit data where Excel was not capable.  TableCurve has many more curve 
fitting equations than Excel, and it is able to fit up to 20th order polynomials, where Excel 
is limited to six.  After a suitable curve was fit to the crack length versus time curve, the 
derivative of curve fit equation was used to calculate da/dt and plotted against K.  The 
test data was then compared to data contained in SMN 366, Rev. B, page 8.37.   
 
 During the later part of the test program, a saturated calomel electrode (SCE) was 
submerged in the saturated salt solution to monitor corrosion potential.  The electrode 
used was manufactured by Accumet; a Standard, Pre-Filled, Porous Ceramic Junction 
filled with saturated KCl.  These readings were taken only during later part of tests and 
only on constant K tests.  
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4. Results 
As mentioned previously, crack lengths via the ASTM compliance equations were 

verified by fractography.  During a fatigue test, data from a strain gage on the back face 
of the specimen and a front-mounted COD gage were taken, then crack lengths were 
computed using equations from ASTM E647.  Marker bands were used in the fatigue 
spectrum to quantify crack growth rates during fractography.  The crack length from 
fractography was compared to that calculated using front and back face compliance.  The 
results were satisfactory; the errors were 5.1% maximum and only about 3% on average, 
see Figure 9.  Data was confirmed on only one specimen due to limited availability of 
material and time required for each calibration. 
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Figure 9.  Compliance was verified with fractography; the maximum calculated error was 5.1%.   

 
One specimen has been sectioned to show the failure mode was in fact stress-

corrosion cracking.  The sectioned fracture surface is shown in Appendix C.   
 
The crack growth rate versus stress intensity plots for the different environments 

are below.  Also noted are the initial loads and initial stress intensity values for each test.  
In the results for the deionized water fog, Figure 10 shows rates about one decade lower 
than those values in SMN 366, and the KI, initial stress intensity, values are higher than 
the transverse direction data—about 10 ksi√in rather than 6 ksi√in.   



 

22 

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1 10 100 1000

K (ksi*in^.5)

da
/d

t (
in

/h
r)

T2-13

T2-22

T2-17

T2-12

T2-19

T2-12: CD Pi = 380 lbs, Ki = 13.74
T2-13: CL P = 300 lbs, Ki = 9.06
T2-17: CL P = 340 lbs, Ki = 10.04
T2-19: CD Pi = 396 lbs, Ki = 13.77
T2-22: CD Pi = 464 lbs, Ki = 15.23

 
Figure 10.  Crack growth rate versus stress intensity for deionized water fog.  Scatter bands have 
been drawn in gray.  In the legend, constant displacement is denoted by CD and constant load is CL.  
Rate data is much lower for this environmental condition, while KI values are consistently lower than 
the published transverse data—about 10 ksi√in rather than 6 ksi√in.   
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The crack growth rates for 3.5 mol/L NaCl bath were all higher than the data in SMN 
366.  Initial stress intensity values were all lower than the test data in the DI fog 
condition, yet they were all higher than the referenced data.  Three specimens were tested 
in this condition, see Figure 11.   
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Figure 11.  Crack growth rate versus stress intensity in a 3.5 mol/L NaCl Bath.  Scatter bands have 
been drawn in gray.  In the legend, constant displacement is denoted by CD and constant load is CL.  
Crack growth rates are consistently higher (about one decade more) than the published data.  KISCC 
values are slightly higher than the referenced data.   
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The set of specimens tested in the saturated salt bath had one specimen with particularly 
high growth rate, over 1.00 inches per hour, see specimen T3-3 in Figure 12.  Also, this 
set of specimens yielded the lowest calculated KISCC value; specimen T3-2 initiated a 
crack at 7.99 ksi√in.   
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Figure 12.  Crack growth rate versus stress intensity for saturated salt bath.  Scatter bands have been 
drawn in gray.  In the legend, constant displacement is denoted by CD and constant load is CL.  
Scatter is greater in this data set; about one decade wide, but this data set also presents the fastest 
growth rate found during this program—over one inch per hour.  Also, KISCC values are consistently 
higher in this test condition.   

 
Saturated salt and 3.5 mol/L NaCl baths had very similar crack growth rates.  The 

aggressive environments showed much higher crack growth rates than the DI water fog.  
Selected values from the crack growth rate plots can be found in Appendix D.   
 
 For all three environment types, most specimens had relatively flat crack growth 
regions, whereas the data in SMN 366 did not show a region of constant crack growth 
rate.     
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 All these experiments were carried out on partially stripped specimens with 
coating intact on most part of specimen except near the notch.  Constant K experiments 
were carried out on completely stripped specimens. Accelerated crack growth rate was 
observed for coated samples when compared to uncoated samples.  See Figure 13.  
Corrosion potential was monitored for the later tests, submerged in saturated salt solution.  
See Figure 14.  Figure 15 is a master plot of all the data showing constant load and 
constant displacement plots for coated specimens in comparison with constant K plots of 
coated and uncoated specimens.  It also includes the data of constant K tests with 
superimposed small fatigue of ± 2 ksi√in over constant Kmean. 
 
 

Crack Velocity at 20 ksi√in for Two Samples
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Figure 13.  Crack velocity for coated and an uncoated specimen, both tested at 20 ksi√in.  These 
samples were tested in a saturated salt bath.   
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Crack Length and Potential over Time
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Figure 14.  Crack growth rates and potential versus time for two coated samples with different stress 
intensity values. 

 
As mentioned earlier, LabVIEW was incorporated into the test plan so that fatigue and 
SCC crack growth rates could be studied together with constant Kmean.  This was the 
closest method to determine if fatigue during the SCC crack growth would have any 
significant effect on crack growth rate.  Some pure fatigue crack growth experiments 
were planned if there was a substantial difference to accurately separate out the effect of 
each crack growth mechanism.  However, as shown in Figure 15 there was no difference 
in crack growth rate for static or fatigue SCC.  It can therefore be concluded that SCC 
growth rate is much faster than fatigue for frequencies below 10 Hz.  
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Figure 15.  All tests were done in saturated salt solution.  Crack growth rates were highest for coated 
samples.  That data is circled.  More detailed tabular data can be found in Appendix E.
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5. Discussion 
 The material provided to CAStLE was curved in the longitudinal direction of the 
specimens, the transverse direction of the material.  Since this material was taken from 
the skin of the aircraft, the curvature was inevitable.  However, in failure analysis, the 
fracture surface did not reveal any characteristics that would suggest a bending stress 
affected damage propagation or final failure.  The very large radius of the structure 
helped to lend confidence that little effect would be found from bending during this test 
program.   
 
 All specimens were tested in the short transverse direction.  When compared to 
the curves in SMN 366, initial stress intensity values were about 25% higher in this test 
program.  KISCC values in SMN 366 were about 6.0 ksi√in.  Since this program yielded 
much higher initial stress intensity values than the referenced data, a threshold test was 
requested by LMA.  A specimen placed in a saturated salt bath loaded in constant 
displacement mode has been tested for over 200 days with very little change in load—
about ten pounds, maybe due to drift in the load cell’s inherent design suggesting no 
crack growth.  The initial K value chosen for this test was approximately 7.1 ksi√in.  The 
test will be monitored for next few months to see if the threshold is really lower than 8 
ksi√in. 
  

Data for the fast fracture portion of the test could not be captured reliably.  For 
ESE(T), only 80% of the width may be cracked for the compliance equations to be valid.  
Most specimens were tested to the maximum crack length, but no region III type of a 
curve was observed.  Since the customer’s main focus was only on the initial crack 
growth and steady crack growth regions of the curve, this was not considered a problem. 
   

The differences in initial load values did not change crack growth rates.  For the 
majority of the time testing, the aim at the beginning of each test was K value.  No 
correlation, however, was found between initial load and crack growth rates.   

 
There was little difference between the results from the 3.5 mol/L NaCl and the 

saturated salt solution.  It was uncertain when the test began if more severe crack growth 
rates would be result when using a saturated solution rather than the 3.5 mol/L solution.  
From the results presented, it seems there is marginally higher crack growth rate in the 
saturated condition.   

 
There was no difference seen in the crack growth rate for constant K tests with 

static loading and superimposed fatigue loading at frequencies from 0.01-10 Hz.  This 
suggests that the static SCC growth rate is more dominant as compared to fatigue crack 
growth rate in AA7079-T6 material, for frequencies less than 10 Hz. 
    

Specimens containing intact coatings experienced higher crack growth rates than 
those with no coatings.  The reason for this is not clear.  The primer and paint stop any 
electrochemical reaction from occurring on the surface of the specimen.  The reaction 
may be localized where the AA7079 directly interfaces with the salt solution.  This may 
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lead to preferential attack and accelerated crack growth.  However, chromate conversion 
coatings have soluble ions which protect the base metal against corrosion.  The follow-up 
study will try to answer this question.  It is critical for the customer to know results may 
vary greatly because coatings exist on the as-received material.     



 

 31  

6. Conclusion and Recommendations 
All the three methods of testing, namely, constant load, constant displacement and 

constant K, provided similar crack growth rate data for a given K.  The loading rate or 
duration of test did not have any significant influence on the crack growth rate. 

 
The present study shows that SCC growth rates provided in SMN 366 are 

averaged between the growth rates measured in the deionized water fog environment and 
the saturated salt bath immersion environment.  The difference between the two sets of 
data is over 3 orders of magnitude.  The other major finding in this study is that KISCC is 
comparatively higher than that suggested in SMN 366.  Current experiments in our 
laboratory suggests that minimum KISCC is about 8 ksi√in. 

 
Test data showed slopes in steady state crack growth regions were nearly flat, 

whereas in SMN 366, the crack growth rate slightly increased as stress intensity 
increased.  This could be due to a change in the mode of loading or the specimen type.  
However, the literature normally shows a flat plateau region rather than continuously 
increasing crack growth rate with stress intensity factor.  

 
The other significant finding of this study is that the crack growth rates are much 

lower, about 2 orders of magnitude, when the primers and coatings from the specimens 
are completely stripped away.  The data from SMN 366 compares well with the 
specimens with coating and primer, so the maintenance intervals may not be significantly 
affected by this finding.  However, a detailed study is required to understand the effect of 
coating and primer on SCC growth rates. 

 
The combined effect of fatigue and SCC was also studied here and it was 

determined that under present test conditions that is below frequency of 10Hz and ΔK of 
±2ksi√in, SCC had more pronounced effect on the crack growth rate and there was no 
noticeable difference in crack growth rate for static and fatigue SCC tests at constant K or 
Kmean. 

 
More investigation on the effect of coatings will be done, also.  Machined 

samples with coatings completely removed have been sent to the OEM to be coated with 
new coatings, different results may be evident in crack growth rates.   
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Appendix A.  
ESE(T) specimen from ASTM E 647.  Dimensions are in inches and dimensions in 
brackets are in millimeters.   
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Appendix B.  
The environmental chamber used was designed and machined in-house.  The material 
used was 3” Lexan pipe and flat Lexan for the ends.  This transparent material was 
convenient for monitoring crack progress and humidity level.  Slots are present on the top 
and bottom of the tube so the specimen could be inserted.  The area where the specimens 
were gripped was outside of the chamber.  The precracked region of the specimen was at 
the center of the tube.  The door on the end of the chamber is slid through a slot and then 
it rests in a milled out area of the pipe to stay in place.  The idea of a detached sliding 
door was desirable so no hardware would be required.  Access into the chamber would be 
necessary so the COD gage could be inserted once the specimen was slid into place.  On 
the stationary end of the chamber, a 3” diameter piece of Lexan had been glued to the 
pipe.  In the center of this stationary end, a brass fitting was used so that Tygon tube 
could be tightly fitted to the chamber.  The open slot area where the specimen interfaces 
with the pipe is sealed off with beeswax during tests. 
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Appendix C.  
Etched fracture surface of sectioned and polished crack face.  The crack face is along the 
left of the picture.  Etching enhanced the view of the grains, and where branched cracking 
is present proves SCC was the failure mode.  More detailed pictures follow for cracks 
labeled “A” and “B”. 

 

A 

B 
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Appendix D.  
Selected data points per each specimen have been given below.  Stress intensity and 
crack growth rate, as well as the loading method were noted.  “CD” denotes constant 
displacement and “CL” denotes constant load.  For some sets of results, only two data 
points were given since the results are best described as a straight line rather than a curve.  
For other specimens, enough data points were given so the curve’s shape could be 
properly represented.  Tables have been organized by least aggressive environment to the 
harshest environment.   

 
DI Water Fog 

  CD/ CL K (ksi*in^.5) da/dt (in/hr) 
T2-5 CL 14.22 8.888E-04 

17.00 9.426E-04 
20.54 9.992E-04 
26.66 1.072E-03 
33.98 1.134E-03 

    
T2-12  CD  13.74 1.840E-04 

16.36 3.670E-04 
    

T2-13 CL 10.00 1.269E-03 
10.62 2.125E-03 
11.56 2.841E-03 
12.88 3.225E-03 
15.28 3.078E-03 

    
T2-17 CL 10.05 2.610E-04 

10.51 9.487E-04 
11.56 1.608E-03 
13.70 2.342E-03 
16.41 2.898E-03 
22.08 3.558E-03 
27.14 3.906E-03 
34.90 4.242E-03 

    
T2-19 CD 13.77 8.040E-04 

32.77 4.800E-03 
    

T2-22 CD 15.23 5.031E-03 
45.76 1.150E-02 
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3.5 mol/L NaCl Bath 

  CD/ CL K (ksi*in^.5) da/dt (in/hr) 
T3-12 CD 8.46 2.879E-04 

8.46 5.438E-03 
8.62 3.080E-02 
9.07 7.917E-02 
9.52 0.1171 

11.02 0.1878 
12.94 0.2158 
15.52 0.2227 
18.63 0.2375 
22.80 0.2676 
27.04 0.2503 

    
T3-B CL 15.60 0.4115 

17.40 0.4951 
20.26 0.5491 
23.71 0.5375 
25.92 0.5071 
43.69 0.4911 
47.63 0.5731 
60.88 0.6776 

    
T3-14 CD 8.75 2.378E-03 

9.53 8.501E-03 
10.35 2.077E-02 
11.29 6.042E-02 
11.69 0.1454 
13.55 0.3009 
15.27 0.3782 
25.67 0.6871 
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Saturated Salt Bath 
  CD/ CL K (ksi*in^.5) da/dt (in/hr) 

T2-21 CD 9.60 1.560E-03 
10.60 5.560E-03 
11.64 1.099E-02 
12.13 4.514E-02 
12.77 0.1231 
13.15 0.1446 
14.50 0.1971 
16.06 0.2288 
19.33 0.2638 
25.16 0.2806 
35.24 0.3061 

    
T3-1 CD 9.37 0.2241 

10.08 0.3605 
10.94 0.4743 
12.63 0.6335 
25.52 0.7232 
32.86 0.9601 

    
T3-2  CD 9.50 1.171E-02 

9.75 4.705E-02 
10.40 0.1317 
11.67 0.2436 
13.74 0.3422 
18.37 0.4099 
26.22 0.4325 

    
T3-3 CD 8.57 1.182E-03 

8.59 1.433E-02 
8.86 0.1936 
9.78 0.5111 

11.53 0.8160 
13.50 0.9750 
17.47 1.179 
22.11 1.335 
26.43 1.412 
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Saturated Salt Bath (continued) 
  CD/ CL K (ksi*in^.5) da/dt (in/hr) 

T3-7 CD 9.03 6.908E-03 
9.22 1.482E-02 
9.91 2.853E-02 

10.09 0.1822 
11.74 0.2557 
16.06 0.3073 
21.33 0.2994 
30.10 0.3176 

    
T3-13 CD 8.98 1.503E-02 

9.12 9.368E-02 
9.59 0.2035 

10.56 0.3490 
12.08 0.5014 
14.29 0.6428 
17.63 0.7761 
21.97 0.8359 
26.04 0.7996 
30.64 0.6726 
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Appendix E.  
Tabular data is provided for the portion of testing where SCC and fatigue crack growth 
rates were studied to compare the dominant factor.  Data marked with an asterisk denotes 
a coated specimen.   
 

Specimen Block 
crack size  

(inch) Δ time Δ cycles Kstatic Kmean Kmax Kmin ΔK R 

    
start finish 10^3 

sec 10^3 (K, ksi√in)   

G10 

Static 1 0.246 0.28 86.4   12          
Fatigue 2 0.28 0.3 143.1 1.43   12 14 10 4 0.714
Static 3 0.308 0.31 140.4   12          

Fatigue 4 0.31 0.32 169.7 1.697   12 14 10 4 0.714
Fatigue 6 0.32 0.35 781.1 7.811   12 14 10 4 0.714
Static 7 0.35 0.36 100.2   15           

Fatigue 8 0.418 0.439 39.82 1.99   15 17 13 4 0.765
Static 9 0.439 0.441 401.5   15           

Fatigue 10 0.457 0.478 143 7.151   15 17 13 4 0.765
Static 11 0.49 0.494 172.8   15           

Fatigue 12 0.548 0.568 61.2 6.12   15 17 13 4 0.765
Static 13 0.568 0.569 172.8   15           

Fatigue 14 0.636 0.645 22.07 2.207   15 17 13 4 0.765
Static 15 0.645 0.647 269   15           

Fatigue 16 0.713 0.733 38.88 38.88   15 17 13 4 0.765
Static 17 0.733 0.733 18   15           

G8 
Fatigue 1 0.278 0.298 312.9 3.129   12 14 10 4 0.714
Static 2 0.298 0.318 172.8   12           

Fatigue 3 0.318 0.338 879.6 8.796   12 14 10 4 0.714
G17 Fatigue 0.26 0.276 26.28 0.263   30 32 28 4 0.875
G16 Fatigue  0.203 0.319 722.9 7.229   25 27 23 4 0.852

G12  
Static 1 0.248 0.28 32.58   20           

Fatigue 2 0.282 0.382 108 1.08   20 22 18 4 0.818
Static 3 0.382 1.14 1616   20           

G13 
Fatigue 1 0.273 0.525 1554 15.54   20 22 18 4 0.818
Fatigue 2 0.525 0.73 286.7 28.67   20 22 18 4 0.818
Fatigue 3 0.73 0.95 62.17 62.17   20 22 18 4 0.818

G18 Fatigue 1 0.281 0.426 624 6.248   33 35 31 4 0.886
Fatigue 2 0.426 0.559 168 8.386   33 35 31 4 0.886

P15* Fatigue 0.296 0.849 1.7 0.018   35 37 33 3 0.892
P16* Fatigue 0.263 1.143 8.2 0.083   20 22 18 4 0.818
P17* Static 0.315 1.02 1.08   35           
P18* Static 0.27 1.2 2.91   20           
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Specimen da/dt 
da/dt 
min 

da/dt 
max da/dN 

da/dN 
min da/dN max Frequency

  
(in/hr) (in/cycle) (Hz) 

G10 

1.42E-03 1.13E-03 1.71E-03         
4.96E-04 4.13E-04 5.78E-04 1.38E-05 1.15E-05 1.61E-05 0.01 
2.50E-05 2.50E-05 2.50E-05         
2.63E-04 2.39E-04 2.86E-04 7.29E-06 6.64E-06 7.94E-06 0.01 
1.55E-04 6.90E-05 2.40E-04 4.29E-06 1.92E-06 6.67E-06 0.01 
1.77E-03 6.30E-04 2.90E-03         
9.90E-04 8.80E-04 1.10E-03 5.50E-06 4.89E-06 6.11E-06 0.05 
3.10E-05 3.10E-05 3.10E-05         
8.15E-04 6.30E-04 1.00E-03 4.53E-06 3.50E-06 5.56E-06 0.05 
1.70E-05 1.70E-05 1.70E-05         
1.10E-03 3.00E-04 1.90E-03 3.06E-06 8.33E-07 5.28E-06 0.10 
1.00E-04 1.00E-04 1.00E-04         
1.59E-03 9.70E-04 2.20E-03 4.40E-06 2.69E-06 6.11E-06 0.10 
3.10E-06 3.10E-06 3.10E-06         
1.35E-02 1.00E-02 1.70E-02 3.75E-06 2.78E-06 4.72E-06 1.00 
1.40E-05 1.40E-05 1.40E-05         

G8 
2.44E-03 1.41E-04 4.73E-03 6.77E-05 3.92E-06 1.31E-04 0.01 
1.00E-03 1.00E-03 1.00E-03         
1.93E-04 8.50E-05 3.00E-04 5.35E-06 2.36E-06 8.33E-06 0.01 

G17 2.66E-03 7.76E-04 4.54E-03 7.39E-05 2.16E-05 1.26E-04 0.01 
G16 6.95E-04 6.95E-04 6.95E-04 1.93E-05 1.93E-05 1.93E-05 0.01 

G12  
2.42E-03 1.41E-04 4.69E-03         
9.04E-04 1.25E-03 5.62E-04 2.51E-05 3.46E-05 1.56E-05 0.01 
1.85E-03 1.20E-03 2.50E-03         

G13 
3.46E-04 3.02E-04 3.89E-04 9.59E-06 8.39E-06 1.08E-05 0.01 
3.07E-03 2.68E-03 3.46E-03 4.20E-05 7.44E-05 9.61E-06 0.1 
2.16E-02 1.27E-02 3.04E-02 5.99E-06 3.53E-06 8.44E-06 1 

G18 1.18E-03 3.22E-04 2.03E-03 3.27E-05 8.94E-06 5.64E-05 0.01 
2.93E-03 1.10E-03 4.76E-03 1.63E-05 6.11E-06 2.64E-05 0.05 

P15* 8.19E-01 2.09E-03 1.64E+00 3.02E-02 1.01E-04 6.02E-02 0.01 
P16* 4.42E-01 3.28E-01 5.55E-01 1.21E-02 8.77E-03 1.54E-02 0.01 
P17* 2.72E+00 2.12E+00 3.31E+00         
P18* 1.35E+00 9.64E-01 1.73E+00         

 


