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Abstract: The United States Department of Defense (DoD) estimated that the annual cost of 

corrosion, the unintended material degradation due to interaction with the environment, to 

weapon systems and infrastructure in 2010 exceeded $21 billion, and that the number was likely 

to continue to rise.  Corrosion affects military readiness by taking critical weapon systems out of 

action, due to the degradation of equipment.  Unfortunately, as the warfighters demand more from 

their systems, corrosion prevention and control is frequently traded during the acquisition cycle 

for weapon system performance.  As a result, the DoD remains entrenched in a find-and-fix 

corrosion management philosophy which is expensive and unsustainable.  Better standardized 

laboratory procedures are need to help the DoD develop (1) a fundamental understanding of 

corrosion damage, (2) material performance data relevant to corrosion damage, (3) prediction 

methodologies to help mitigate the effects of corrosion nucleated damage and (4) to develop an 

understanding of how corrosion preventative coatings can slow mechanical damage.  

 

INTRODUCTION 

 
As the United States Air Force (USAF) and the Department of Defense (DoD) extend the life of current weapon 

systems, corrosion damage becomes a larger concern to the structural integrity community. Corrosion damage can 

cause a reduction in static strength and stability capability and can include situations in which corrosion damage 

may act as a stress raiser and initiate fatigue cracks.  At the same time the DoD has moved to phase out the use of 

chromates as a corrosion inhibitor due to the environmental and personnel risks [1]. Chromates are used in a variety 

of corrosion prevention coatings including conversion coatings and primers.  While it has been documented that 

high levels of chromate and a chromate replacement inhibitor, molybdate, added to a bulk solution can inhibit 

fatigue crack propagation, it has not been shown that these inhibitors leaching from a coating can do the same [2-

5].  However, if chromate does provide protection that slows corrosion fatigue crack propagation, current systems 

have unaccounted for corrosion fatigue protection. If that protection is not documented, then the protection will be 

lost in replacement chromate-free systems.  At the same time, chromate is considered the benchmark for all other 

corrosion inhibitors to meet, so an understanding of the protection current chromate coatings provides to corrosion 

fatigue is needed.  

 

Most laboratory testing methods which examine the effect of environment on mechanical damage uses samples 

which initiate fatigue cracks from sharp notch defects while fully immersed in an accelerating environmental 

(sodium chloride solution or humid air for example). Other testing has shown effects of commercial chromate 

coating systems on corrosion fatigue damage under acidified salt spray [6].  While these laboratory tests can 

provide useful relative information they can have limited applicability to service environments.  During teardown 

analysis of several aircraft, corrosion damage was noted to initiate fatigue cracks making understanding and 

predicting the interaction between service environment and mechanical damage of critical importance [7].  

However there are no current standardized test methodologies which account for this interaction between corrosion 

and mechanical damage.   

 

In an effort to address these limitations in understanding of corrosion fatigue damage and inhibition, a large 

corrosion fatigue program has been undertaken to examine the effects of corrosion inhibitors on environmentally 

assisted fatigue as well as to expand the accepted testing methodologies to include a standardized method for 

looking at the pit to crack transition under environment.  Under this effort research was completed examining the 

effect of polymer corrosion prevention coatings on environmental fatigue damage and development of a 

standardized test method for examining the corrosion pit and fatigue crack transition.  To develop the new test 

protocol the following steps were required (1) document the effect of coatings using current corrosion fatigue 
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samples, (2) validation the new sample design and procedures and (3) develop new K-solutions for the pit to crack 

sample.  Each of these sections will be covered in detail. 

 

EXPERIMENTAL PROCEDURE 

  
Inhibition of Corrosion Fatigue 

To determine the effect chromate or the chromate replacement inhibitor molybdate, has on corrosion fatigue 

damage in DoD-relevant materials, a single edge notch (SEN) specimen, shown in Figure 1, was used for all 

fatigue testing. The samples were made from a peak-aged, legacy age-hardenable Al-Zn-Mg-Cu aluminum alloy 

and temper (7075-T651). The sample was fatigue tested using a computer-controlled servo-hydraulic test frame 

and the crack growth rate was measured using a direct current potential drop (dcPD) system.  The test load was 

controlled to provide a constant ∆K=6 MPa√m with a stress ratio (R) of 0.65, the loading frequency was varied 

from 0.02 to 20 Hz.  

 

Leaching Effects. All of the prior corrosion fatigue work with aluminum alloys was completed using inhibitors 

added to a bulk NaCl solution or deliquesced onto the surface of a sample rather than the migration of inhibitors 

from polymer matrix coatings [2-5]. The inhibitors used for most of these fatigue studies were high rather than 

low solubility inhibitors, the latter of which are typically used in corrosion prevention military aviation coatings 

[2-5, 8, 9]. This difference may be of importance as the leaching of inhibitors is purposely controlled in organic 

coatings via salt solubility in order to make the life of the coating acceptable.  That said, this inhibitor leaching 

would be the source of any inhibitor that could affect fatigue crack propagation. All of these variables make 

understanding the leaching rate of known coatings and inhibitors critical to designing appropriate fatigue test 

criteria.  An understanding of the chromate leaching rate from coatings and how chloride concentration and pH 

and could change the amount of chromate present in a solution was needed. To answer these questions a literature 

review of chromate leaching rates, inhibitor pigment solubility effects and leaching studies was performed. 

 

 

 
 

   
Figure 1. Single edge notch (SEN) specimens were made of 7xxx series aluminum alloy.  All dimensions in 

millimeters. 

 

 

For current commercial coatings the loading amounts of inhibitors can vary, but are designed such that the coating 

is not depleted of inhibitor during a maintenance cycle, typically 6 to 8 years [8-11].   Organic coatings with 

inhibitors are generally understood to readily absorb water or other liquid environments through inherent defects 

in the coating resulting in interconnected pores which allows inhibitor pigments within the coating to dissolve and 

dissociate in electrolyte within the coating itself [8-10] . Typically pigments with low water solubility are selected 

for use in coatings so that (a) osmotic pressure-induced blisters are avoided, and (b) the inhibitor remains in the 

coating over long times rather than rapidly dissolving out when first in contact with corrosive environments [8,9].  

Because of the low solubility, only low concentrations of inhibitors would be expected in the surrounding solution 

before precipitation of solids occurs.  For the previously completed bulk solution corrosion fatigue testing (sample 

fully immersed), Na2CrO4 (solubility in water: 87.6 g/100mL) and Na2MoO4 (65.0g/100mL) were used as 

inhibitors; these salts have a much higher water solubility than coating pigments (SrCrO4: 0.096g/100mL, 

CaMoO4: 0.0011g/100mL) [8,9,12].  Table I gives the properties desired for inhibitor pigments for loading into a 

polymer coating [8,9].  
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For the bulk solution fatigue testing previously completed, Na2CrO4 and Na2MoO4 were typically used, which are 

salts with much higher water solubility than typical in an inhibitor pigment loaded into a coating [8,9].  Table II 

shows the solubility of typical coating pigments, SrCrO4 and CaMoO4, in water compared to those of Na2CrO4 

and Na2MoO4. It should be noted that all other physical properties of Na2CrO4 and Na2MoO4 are within the 

acceptable limits for coating use other than solubility [8]. The high water solubility can cause blistering of the 

polymer and cause the inhibitor to leach from the polymer too quickly which also make them undesirable for use 

in coatings [8,9].   

 

 

Table I:  Property requirements of inhibitor pigments [8]. 

 

Inhibitor Pigment Parameter Desired Value 

Solubility in Water < 2g/100mL 

pH of Saturated Solution 7-9.5 

Specific Gravity 1.5-5 

Particle Size Distribution 2-6 µm 

Solubility in Organic Medium Practically Insoluble 

Vapor Pressure at 20 C <1/10,000 mmHg 

Melting Point >100 C 

 

 

Table II:  Solubility in water for typical chromate and molybdate pigments compared to Na2CrO4 and Na2MoO4 

[12].  It should be noted sodium chromate is within acceptable ranges for all of the other parameters in Table I. 

 
Inhibitor Pigment Solubility in Water 

SrCrO4 0.096 g/100mL 

Na2CrO4 87.6 g/100mL 

CaMoO4 0.0011 g/100mL 

Na2MoO4 65.0 g/100mL 

 

 

To examine leaching effects, four coatings containing different loading amounts of SrCrO4 (either 12 or 17 weight 

percent) and epoxy bases were developed by Luna Innovations [13].  The leaching studies were completed by 

exposing the free-standing films in 100 mL of DI water for 2 and 4 days.  The surface area in contact with water 

for each film was 29 cm2.  The leached liquid samples were then examined using UV-Vis Spectroscopy using 

0.001299 M and 0.00033 M CrO4
2- standards serially diluted from a 1000 ppm CrO4

2- (0.0065 M) purchased 

standard solution (K2CrO4 was used for the standards) to determine the amount of CrO4
2- present.  The leaching 

data from the free films were extrapolated from the standards by the WinUV software on the Varian Cary Series 

spectroscope.   

 

The results of the leaching from the SrCrO4 films appear in Table III in terms of mg CrO4
2-/cm2 of coating.  Table 

IV gives the leaching data converted into mol/L of CrO4
2- to allow comparison with published results.  Based on 

the leaching results, Film 1 was selected for fatigue crack growth testing given the high leaching amount and 

relatively high remaining CrO4
2- remaining in the film, both desired for fatigue testing. Based on the original 

inhibitor loading amounts Film 3 had already leached the majority of the inhibitor making it undesirable for long 

immersion fatigue tests. 

 

 

Table III: Leaching results for SrCrO4 primer films with 29 cm2 surface area leached into 100 mL DI water.  

Original leaching data obtained by UV-Vis Spectroscopy. 

 

Film Number 
Concentration (mg/cm2) 

2 Days 

Concentration (mg/cm2) 

4 Days 

1 0.310 0.414 

2 0.241 0.310 

3 0.483 0.552 

4 0.310 0.379 
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Table IV: Leaching results for SrCrO4 primer films with 29 cm2 surface area leached into 100 mL DI water 

converted into millimol/L (mM) CrO4
2-. Original leaching data obtained by UV-Vis Spectroscopy. 

 

Film Number 
Concentration (mM) 

2 Days 

Concentration (mM) 

4 Days 

1 0.4 0.6 

2 0.3 0.4 

3 0.7 0.8 

4 0.4 0.5 

 

 

Table V shows the expected leaching concentrations of CrO4
2- based on the film leaching results for the different 

testing geometries used in the program.  Figure 2 shows the single edge notch (SEN) sample and three different 

test configurations.  The Bulk Testing label refers to a standard test cell filled with 500 mL of solution with a SEN 

sample primed on all four sides (Coating Surface Area: 7.92 cm2).  The Restricted Volume refers to a very small 

cell containing approximately 0.1 mL of solution covering a 2 cm high portion of the flat on the SEN sample 

(Coating Surface Area: 5.28 cm2) which seeks to mimic areas such as lap joints and other occluded regions of 

aircraft.  The Coating Surface Area to Volume ratio for the reduced volume cell was determined using aircraft 

components at USAFA.  Thin Film refers to salt deliquesced to form a 100 µm thickness film (8x10-5 L) onto the 

four flat surfaces of the SEN sample (Coating Surface Area: 7.92 cm2).   The Thin Film environment is used to 

mimic how atmospheric corrosion is understood to occur on aircraft structure rather than a large pool of liquid 

around the sample.   

 

 

Table V: Expected leaching results for SrCrO4 primer films converted to the test three geometries.  All 

concentrations are in terms of mol/L (M) CrO4
2-. Original leaching data obtained by UV-Vis spectroscopy.  

*above the SrCrO4 solubility limit of 0.0047 M CrO4
2-  [12] 

 

Film Number 

Expected 

Concentration (M) 

Bulk Solution (500mL) 

4 Days 

Expected 

Concentration (M) 

Restricted Volume  

(0.1 mL) 

4 Days 

Expected 

Concentration (M) 

Thin Film  

(0.08 mL) 

4 Days 

1 3.21 x 10-5 0.021* 0.201* 

2 2.41 x 10-5 0.016* 0.151* 

3 4.28 x 10-5 0.029* 0.268* 

4 2.95 x 10-5 0.020* 0.184* 

 

 

  

 

Bulk Solution Test Cell  

(500 mL) 

Reduced Volume Test Cell 

(0.1 mL) 

Atmospheric (Thin Film) Exposure[3] 

Figure 2: Sample Volumes used for Concentration Calculations 

 

 

The leach rates from the model films were compared to that expected from published CrO4
-2 leaching in Table VI 

and Table VII [9,10,14,15]. To make the comparison, the published leaching data were converted to molarity using 

the geometries and volumes of the Luna film leaching experiments and the testing geometries reviewed above.  

The Luna films were able to leach about 6-20 times more chromate into solution than the commercial epoxy 

primer.  This result suggests that the Luna film is likely more porous than the commercial primer as the loaded salt 
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was the same (SrCrO4).  Porosity and how the pores are connected in a polymer greatly affects leaching of 

inhibitors, so porosity differences could account for the observations [8,9].  The porosity is related to the pigment 

volume concentration present in a coating and the resin used in the polymer [9].  Often these parameters are not 

reported. However pore size, crosslink density binders and other polymer matrix information that would be helpful 

to understanding the mechanism behind the porosity effect were not provided [8,9].   

 

 

Table VI:  Chromate leaching data from a commercial epoxy primer in different chloride solutions [9]. Original 

leaching data obtained by capillary ion analysis spectroscopy. 

*above the SrCrO4 solubility limit of 0.0047 M CrO4
2-  [12] 

 

Chloride 

Concentration 

Expected 

Concentration (M) 

per Film 

Dimensions 

(0.1L) 

225 Hours 

Expected 

Concentration (M) 

Bulk Solution 

(500mL) 

225 Hours 

Expected 

Concentration (M) 

Restricted Volume 

(0.1 mL) 

225 Hours 

Expected 

Concentration 

(M) 

Thin Film 

(0.08 mL) 

225 Hours 

0.1 M 8.5 x 10-5 4.7 x 10-6 0.003 0.029* 

0.01 M 7.0 x 10-5 3.8 x 10-6 0.003 0.024* 

0.001 M 8.5 x 10-5 4.7 x 10-6 0.003 0.029* 

0.0001 M 10.0 x 10-5 5.4 x 10-6 0.004 0.034* 

 

 

Table VII:  Leaching data from a SrCrO4 commercial epoxy primer.   Original data obtained by atomic 

absorption spectroscopy [8].  

*above the SrCrO4 solubility limit of 0.0047 M CrO4
2-  [12] 

 

Solution 

Expected 

Concentration (M) 

per Luna Film 

Dimensions 

(0.1L) 

50 Days 

Expected 

Concentration (M) 

Bulk Solution 

(500mL) 

50 Days 

Expected 

Concentration (M) 

Restricted Volume 

(0.1 mL) 

50 Days 

Expected 

Concentration 

(M) 

Thin Film 

(0.08 mL) 

50 Days 

H2O 5.1 x 10-5 2.8 x 10-6 0.002 0.012* 

0.85 M NaCl 8.7 x 10-5 4.8 x 10-6 0.003 0.020* 

 

 

Table VIII: Chromate leaching data from a commercial epoxy primer in 0.85 M NaCl adjusted to different pH 

levels [14]. Original leaching data obtained by inductively coupled plasma atomic emission spectroscopy (ICP-

AES).  

*above the SrCrO4 solubility limit of 0.0047 M CrO4
2- [12] 

 

pH adjusted  

0.85 M NaCl  

Expected 

Concentration (M) 

per Luna Film 

Dimensions 

(0.1L) 

60 Days 

Expected 

Concentration (M) 

Bulk Solution 

(500mL) 

60 Days 

Expected 

Concentration (M) 

Restricted Volume  

(0.1 mL) 

60 Days 

Expected 

Concentration 

(M) 

Thin Film 

(0.08 mL) 

60 Days 

1 3.6 x 10-4 1.9 x 10-5 0.013* 0.121* 

3 3.6 x 10-4 1.9 x 10-5 0.013* 0.121* 

5 3.6 x 10-4 1.9 x 10-5 0.013* 0.121* 

7 3.6 x 10-4 1.9 x 10-5 0.013* 0.121* 
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Table IX: Chromate leaching data from a commercial epoxy primer in 0.85 M NaCl adjusted to different pH 

levels [14]. Original leaching data obtained by inductively coupled plasma atomic emission spectroscopy (ICP-

AES). 

*above the SrCrO4 solubility limit of 0.0047 M CrO4
2- [12] 

 

pH adjusted  

0.85 M NaCl 

Expected 

Concentration (M) 

per Luna Film 

Dimensions 

(0.1L) 

60 Days 

Expected 

Concentration (M) 

Bulk Solution 

(500mL) 

60 Days 

Expected 

Concentration (M) 

Restricted Volume 

 (0.1 mL) 

60 Days 

Expected 

Concentration 

(M) 

Thin Film 

(0.08 mL) 

60 Days 

1 8.5 x 10-4 4.7 x 10-5 0.031* 0.291* 

3 4.1 x 10-4 2.3 x 10-5 0.015* 0.141* 

5 3.1 x 10-4 1.7 x 10-5 0.011* 0.107* 

7 3.6 x 10-4 1.9 x 10-5 0.013* 0.121* 

 

 

Interestingly, in the published data on the leaching of four commercial epoxy primers in Tables VI-IX studied 

varied by about 16 times between the high and low leaching coatings [8,9,14,15]. The loading amount of chromate 

for all of the coatings can vary, however as the porosity of the film can also greatly affect the leaching rates there 

may be some difference in the polymer filler between the two primers [8,9].  More research is needed into how 

the polymer matrix changes the leaching rates. 

 

From the data in Table VI, there is no significant difference in leaching rates with the variation of chloride content, 

which are all relatively low concentrations (0.1 M or less NaCl).  In Table VII however the higher chloride content 

(0.85 M) makes a large difference, nearly doubling the amount of CrO4
2- leached from the coating.  This result 

suggests there could be a threshold of chloride content over which the chloride is detrimental to the polymer matrix 

allowing for more inhibitor release.  Because the baseline leaching rates for the two commercial primers are 

different it is difficult say what the overall effect of chloride has, but some publications state that chloride content 

affects leaching because chloride is detrimental to the polymer matrix [8,9]. 

 

In the primers shown in Table VIII and Table IX, the change in pH does not cause large changes in the amount of 

chromate leached.  There is some suggestion in Table IX that more acidic environments cause more leaching for 

that coating, but the change in the amount of chromate leached is about the same as the scatter with NaCl 

concentration changes, which is less that the leaching amount changes from one epoxy primer to the next. 

 

The University of Southern Mississippi (USM) developed three CaMoO4 containing primers [16].  Each primer 

had a different loading amount of MoO4
2- (20.8%, 28.7%, 36.9% weight percent).  USM coated and scribed AA 

7075 panels (Surface Area: 6.45 cm2) prior to completing leaching experiments in 100 mL DI water.  The leaching 

results appear in Table X along with the concentrations expected for the three test conditions.  Table X shows that 

the higher the loading amount of MoO4
2-, the lower the leaching amount.  This result is highly unexpected, and the 

mechanism behind this result is currently not understood. USM originally thought they might be exceeding the 

solubility limit between the CaMoO4 and solution, but that is not the case as the leaching values are always below 

the solubility limit of 0.05mM [12]. Also, as the inductively coupled plasma mass spectrometry (ICP-MS) is 

capable of detecting 1 part per billion, it is unlikely they are having trouble measuring the molybdate leaching 

from the coating. The explanation for these results remains to be determined. 

 

 

 

 

 

 

 

 

 

 

 

 

Table X: Leaching results for the CaMoO4 coatings developed by USM. Original leaching data produced by 

inductively coupled plasma mass spectrometry (ICP-MS) [16]. 
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*above solubility CaMoO4 limit of 0.055mM [12] 

 

Loading 

Amount 

Leaching 

Concentration 

(100mL) 

4 Days 

 Expected 

Concentration (M) 

Bulk Solution  

(500mL) 

4 Days 

Expected 

Concentration (M) 

Restricted Volume  

(0.1 mL) 

4 Days 

Expected 

Concentration (M) 

Thin Film  

(0.08 mL) 

4 Days 

20.8% 

MolyWhite 
1.8 x 10-6 4.3 x 10-7 2.9 x 10-4* 0.003* 

28.7% 

MolyWhite 
4.1 x 10-7 1.0 x 10-7 6.7 x 10-5* 6.0 x 10-4* 

36.9% 

MolyWhite 
4.7x 10-7 1.1 x 10-7 7.7 x 10-5 7.0 x 10-4* 

 

 

Based on the leaching results presented, the plan was to move forward with the test matrix in Table XI for all 

corrosion fatigue inhibition testing.  This testing was to determine the effect of the corrosion inhibitors chromate 

and molybdate in amounts that could be leached from at a coating on fatigue crack growth rates.  Another theory 

to be tested was the low solubility inhibitors could inhibit fatigue crack propagation by forming solids within the 

crack and causing crack closure. 

 

 

Table XI: Test matrix to determine the effect of chromate and molybdate in leached concentrations. 

 

Inhibitor Inhibitor Form Environment 

Amount 

(concentration in 

solution or wt % in 

coating) 

Na2CrO4 /Na2MoO4 Salt Bulk Solution NaCl <0.5/0.002mM 

SrCrO4 /CaMoO4 Salt Bulk Solution NaCl <0.5/0.002mM 

SrCrO4 /CaMoO4 Salt Bulk Solution NaCl >4.7/0.05mM 

SrCrO4 /CaMoO4 Primer 
Reduced Volume NaCl 

 (< 0.1 mL) 
17%/20.8% 

SrCrO4 /CaMoO4 Primer Atmospheric NaCl 17%/20.8% 

SrCrO4 /CaMoO4 Primer Bulk Solution NaCl 17%/20.8% 

 

 

Corrosion to Fatigue Damage Standardization 

To develop the methodology for examining the corrosion pit to fatigue crack transition a sample with a center hole 

was designed.  A preferential corrosion pit is placed at the corner of the hole to act as a crack initiation location.  

The morphology is carefully controlled so that the surface of the pit is rough to allow for crack initiation to better 

replicate service corrosion damage.  Figure 3 shows the pit to crack fatigue sample design. 
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Figure 3. Pit to crack transition sample produced from a 7xxx series aluminum alloy.  All dimensions are in 

millimeters. 

 

 

To place the pit onto the sample, the entire sample other than the pit location was masked with tape or an 

electroplating lacquer.  The sample was then placed into an agitated acidic solution and a small current, calculated 

from Faradaic mass loss, applied for a specific length of time [17,18].  Once the pit was placed onto the sample 

platinum potential lead wires for use with the dcPD method to measure crack growth were attached by spot 

welding. The leads are placed equidistant on either side of the pit, with a spacing approximately 800 µm apart. 

The bare portion of the probe wires away from the weld joints are coated around with a liquid insulation tape so 

that the potential probes are free from any electrical contact with the alloy specimen [17].  

 

Force controlled fatigue tests at an R of 0.65 were carried out at 10 Hz on a servo-hydraulic test frame until the 

crack achieved 1.5 mm of planar growth.  During fatigue testing a 10-4-6 marker band spectrum, 8,170 cycles, 

was applied to validate the dcPD crack measurements, schematic Figure 4. Then the sample was pulled to failure.  

 

 
 

Figure 4. Marker band spectrum, 8,170 total cycles, 10-4-6 used to map crack shape development. 

 

 

Post-test scanning electron microscopy (SEM) was used to analyze the fractured surface of the fatigued specimens. 

The nucleating feature on the pit, crack shape evolution from the marker bands and the final crack dimensions 

(planar c, and hole bore, a) of the specimen were all documented. Further, roughness of the electrochemically 

developed pit was studied using the Zygo laser interferometer as well as Confocal Laser Scanning Microscope 

(CLSM). A list of all specimen dimensions, pit dimensions, probe spacing, and stress conditions tested are given 

in Table XII. 

 

 

 

 

 

Table XII. All specimen dimensions used for standardized test method validation. 
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Stress, 

σmax, 

MPa 

Specimen 

ID 

Specimen 

Width, 

mm 

Web 

Width, 

mm 

Specimen 

Thickness, 

mm 

Pit Dimensions 
a/c 

Wire 

diameter, 

inches 

Wire 

Spacing, 

mm 

Pmax, 

kN a, mm c, mm 

70 

S70-1 9.84 1.92 3.13 0.0984 0.100 0.987 0.003 0.512 2.2 

S70-2 9.76 1.80 2.96 0.084 0.117 0.718 0.005 0.520 2.0 

S70-3 9.98 2.00 3.13 0.121 0.091 1.330 0.003 0.458 2.2 

           

124 

S124-1 10.02 2.01 3.15 0.116 0.096 1.208 0.005 0.925 4.0 

S124-2 10.22 2.11 3.15 0.111 0.112 0.991 0.005 1.025 4.0 

S124-3 10.22 2.11 3.15 0.207 0.136 1.552 0.005 0.831 4.0 

           

180 

S180-1 10.04 2.11 3.11 0.113 0.134 0.843 0.005 0.688 5.8 

S180-2 10.06 2.08 3.12 0.084 0.109 0.771 0.005 0.838 5.7 

S180-3 10.14 2.04 3.20 0.113 0.123 0.919 0.005 0.806 5.8 

 

 

K-solution development 

The efforts to develop the procedures for both the inhibitor testing and pit-to-crack transition sample highlighted 

limitations within the existing K-solution space.  An effort was undertaken to refine both for use with better models 

and predictions.  In the case of the SEN sample, the new K-solution was needed to produce crack growth rate 

results that account for the shift in load line as a result of the free rotation at the pin and clevis connection.  

 

The quantification of the efficacy of corrosion inhibitors in the pit-to-crack transition is paramount to structural 

integrity and damage tolerance analyses (DTA) process. One way in which the impact of inhibitors is assessed is 

by determining the effective changes in crack growth rates (da/dN) as a function of the Stress Intensity Factor 

(SIF) range (ΔK) and stress ratio (R) for very small cracks. Therefore, accurate SIFs must be known for the 

proposed laboratory test specimen under a wide range of crack shape scenarios. Many damage tolerance analysis 

codes use the readily available Newman-Raju (N-R) semi-empirical SIF corrections for finite width plates, which 

are singled valued and universally applied to all locations along the crack front [19-22]. Investigations into the 

validity of this application indicated that these correction procedures produce stress intensity values +/- 30% from 

the new solutions for relatively narrow plates (W/D < 6). Furthermore, the crack depth to length ratio and depth to 

thickness ratio can significantly influence the applicability of historical solutions and finite width corrections. The 

analytical investigation seeks to determine the stress intensity solutions for crack geometries outside the existing 

valid solution space and to capture representative crack growth behaviour of single quarter-elliptical corner cracks 

emanating from a centrally located hole in finite width plates under various loading conditions (remote tension, 

bending, and pin loading), see Figure 5.  

 

 
 

Figure 5. Load cases investigated 

 

 

Stress intensity values are generated for a range of through-thickness crack depth, a, to crack length in the 

transverse direction, c, ratios (or crack aspect ratios) of 0.1 ≤ a/c ≤ 10, and crack depth to plate thickness, t, ratios 

of 0.1 ≤ a/t ≤ 0.99 for the test specimen plate geometry. 

 

Solution Process. Well-structured, fully hexahedral, finite element (FE) cracked half-plate models, similar to the 

one seen in Figure 6, are automatically generated and interrogated for mesh quality. Many models are used to 

generate a sufficiently high-fidelity solution space as to minimize interpolation error in SIF extraction at 

intermediate crack geometries. 

The FE models are generated by a multi-step process aimed to reduce the total number of degrees-of-freedom 

(DoF), which is a major driver in the time to solution. Maintaining a sufficiently dense mesh to minimize the 

discretization and numerical error inherent in FE analyses and ensure the applicability of the virtual crack closure 

technique (VCCT) is also a major priority [23]. Two of the main drivers of the mesh’s element size along the 
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various crack fronts are: 1) the proximity of the crack front to free surfaces; and 2) the curvature of the crack tip. 

All mesh density data is defined through several MATLAB subroutines which create the input files for mesh and 

boundary condition application in the pre-processor, TrueGrid [24,25]. Many other typical “rules-of-thumb” 

checks are performed to ensure mesh quality prior to solution submittal (e.g. element aspect ratio, skew, and 

Jacobian checks). 

 

After the mesh generation the mesh geometry and boundary condition files are uploaded onto one of several DoD 

high performance computing (HPC) centers for execution. The FE analysis solvers ZIP3D [26] and STRIPE 

(developed by The Swedish Defense Research Agency) have been used in this effort. 

 

After successful execution of the solver, the results files are interrogated in order to extract the needed crack front 

nodal forces and crack wake nodal displacements used in the determination of the strain energy release rate, G, 

and subsequently the SIF, as presented in, along the entire crack front [23]. 

 

 

 
 

Figure 6. One quadrant of a plate FE model showing the crack plane. 

 

 

RESULTS 
 

Inhibition of Corrosion Fatigue 

Testing was completed using inhibitor pigments that would be found in commercial molybdate coatings, calcium 

molybdate (CaMoO4).  All testing was completed at a constant ∆K=6 MPa√m, R=0.65 in a bulk (500 mL) 0.06 M 

NaCl solution. The results for this test are shown in Figure 7 The starting concentration of CaMoO4 was 0.002 

mM (yellow star) which is below the solubility limit, the concentration was then increased to 0.01 mM CaMoO4 

(orange star), for these concentrations the solubility limit would be expected to have been exceeded in the crack. 

The crack growth rates for the two concentrations of CaMoO4 are in line with the pure 0.06 M NaCl showing no 

inhibition with the low concentrations of calcium molybdate added to a bulk solution and no inhibition due to 

crack closure.  All other data in Figure 7 are from other published work [3]. 

 

Testing has also been completed to validate the methodology for holding the relative humidity constant for the 

atmospheric salt tests.  The test procedure requires the deposition of salt on the surface of the sample; the salt layer 

is allowed to dry and then is rehydrated and held at a constant relative humidity.  Precise control of the chamber 

relative humidity is needed to ensure the concentration of salt on the surface of the sample remains constant during 

the test.  Baseline testing has been completed using glycerin baths from ASTM D5032, in these tests the relative 

humidity is held constant without the application of the salt layer [27].  Figure 8 shows the results of these baseline 

tests, which are in line with the full immersion crack growth rates [3]. 
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Figure 7. Measured crack growth rate curves compared from coating relevant calcium molybdate to published 

data for bare specimens [3]. 

 
 

 
 

Figure 8. Measured crack growth rates for samples held at 98% relative humidity as compared to full immersion 

testing and the corrosion fatigue inhibitor sodium molybdate. 

 

 

Pit to Fatigue Damage Standardization 

The dcPD data was validated by comparing the post-test measured starter notch (corrosion pit) and final crack 

lengths as well as marker band dimensions to that obtained from experimental crack dimensions (from normalized 

dcPD voltage values vs crack dimensions, “a” and “c”). Experimental crack dimensions “a” and “c” were 

calculated using the Roe-Coffin potential solution [28]. The Roe-Coffin equation relates the potential measured 

between the spot weld wires to that of the crack length [28]. Calculated crack dimensions i.e. “a” and “c” were 

corrected with respect to the initial flaw dimensions (i.e. corrosion pit) and the final crack front dimension using 

the Eqn 1. 

 

frequency (Hz) 
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𝑎𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑎𝑖𝑛𝑖𝑡 + (𝑎𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑎𝑖𝑛𝑖𝑡)
(𝑎𝑓𝑖𝑛𝑎𝑙−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑎𝑖𝑛𝑖𝑡)

(𝑎𝑓𝑖𝑛𝑎𝑙−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑−𝑎𝑖𝑛𝑖𝑡)
                           (1) 

 

Where, ainit and afinal-measured refer to the dimensions measured from the corrosion pit and the final crack dimension, 

while acalculated and afinal-calculated refer to the instantaneous and final crack dimensions obtained from the calculation 

procedure described above. The same procedure was carried out for all crack lengths in the c-direction.   

 

Once the crack dimensions were corrected, crack growth rates for the experimental data in both directions were 

calculated using the incremental polynomial method outlined in the ASTM E647 [29]. The stress intensity factors 

Ka and Kc were calculated using Eqn 2 and Eqn 3. 

 

𝐾𝑎 = 𝜎√(𝜋𝑎)𝛽𝑎(
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)                                                                       (2) 

 

 𝐾𝑐 = 𝜎√(𝜋𝑐)𝛽𝑐(
𝑎

𝑐
,

𝑎

𝑡
,

𝑟

𝑡
,

𝑐

𝑊
)                                                                        (3)                                        

 

Where, Ka, Kc are the stress intensity factors, a, c are the geometric correction factors,  is the remote applied 

stress, a, c are the crack dimensions, depth and length, respectively, and t, r and W are geometric inputs. The a, 

c values were determined from AFGROW simulations using the periphery crack as the initial crack dimensions. 

The term periphery crack relates to the observation of the crack front of the first marker band that extends from 

specimen surface to hole bore, i.e. from side “c” to “a”. The corner crack solutions developed by Fawaz and 

Andersson were used for the crack growth rate calculations [30]. The experimental crack growth rates thus 

calculated from this study were then compared with that of DARPA structural integrity prognosis system (SIPS) 

database for AA7075-T651 at R of 0.65.  

 

The da/dN vs. ΔK curve developed under the SIPS program were generated using C(T) specimens and constant 

amplitude loading. The crack growth rates (da/dN and dc/dN) in the present investigation were generated using 

the variable amplitude marker band spectrum (variable R). In order to compare the present crack growth rates with 

those of the SIPS data, the growth rates were corrected to account for load sequence effects due to the marker band 

loading. The correction was carried out by adopting the plasticity induced crack closure concept and simple Elber 

equation [31].  Elber postulated that the residual plastic tensile deformation left in the wake of the crack extension 

creates compressive residual stresses thus reducing crack opening and resulting in crack closure during unloading. 

He proposed that the crack tip stress intensity factor range, K, would be modified by crack closure by a factor U, 

shown in Eqn 4.  

 

U = (σmax – σop)/σ   = σeff/σ       (4) 

 

Where, σop is the lowest stress at which the crack is completely open, σmax is the maximum remote stress applied 

to the specimen and σ = σmax*(1 – R). The Elber equation for U is given by U = 0.5 + 0.4R, where R is the stress 

ratio [31].  

A decrease or reduction in the crack growth rate during the test is represented in Eqn 5 [32].  

 

(
𝑑𝑎

𝑑𝑁
)

𝑚𝑎𝑟𝑘𝑒𝑟

(
𝑑𝑎

𝑑𝑁
)

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

=  [
(∆𝜎𝑒𝑓𝑓)

𝑚𝑎𝑟𝑘𝑒𝑟

(∆σ𝑒𝑓𝑓)
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

]
𝑚

                                           (5) 

 

In essence, the ratio of crack growth rates during marker cycles to those of the baseline cycles is the factor by 

which the marker band cycles are replaced in the calculation with those of the baseline cycles. For example; if the 

ratio is 0.10, then every block of 100 marker band load cycles are replaced by 10 baseline cycles. The crack growth 

rates in both directions (da/dN and dc/dN) for all the stress condition were corrected using the above mentioned 

procedure and then compared with those of the SIPS data.  

Fatigue data analysis. Table XIII gives a summary of the fatigue test analysis for all stress conditions tested.  

Figure 9(a-c) shows the normalized dcPD (V/V0) signal for the 70, 124 and 180 MPa specimens tested at R of 0.65, 

10Hz. In Figure 9(a) a little scatter in dcPD values is observed around 700,000 cycles which is due to stopping and 

starting the test. However, from the post-test fracture surface analysis, all plots can be divided into 3 stages based 

on the crack evolution characteristics as shown in Figure 10. Stage I corresponds to early disturbances observed 

in the dcPD signal that most likely corresponds to crack nucleation.   Stage II corresponds to growth of the 

corrosion pit nucleated crack to a full periphery crack, where, the dcPD signal shows a steady rise or transient 
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behavior.  Stage III corresponds to growth of the periphery crack. . A steady rise in the dcPD voltage is indicative 

of the crack becoming a fully formed (continuous crack front from the plate surface to hole bore) fatigue crack.  

 

 

Table XIII. Summary of fatigue analysis for all stress conditions tested. 

 

Specimen ID 

Norm 

dcPD at 

Nucleatio

n 

Cycles to 

Nucleation 

Periphery Crack 

Dimension 
Norm 

dcPD at 

Periphery 

Crack 

Cycles to 

Periphery 

Crack 

Total 

Cycles 

%Life for 

Nucleation 

%Life 

for 

Peripher

y 
a, mm c, mm 

S70-1 1.00036 728,658 0.107 0.161 1.00366 782,480 906,080 80 86 

S70-2 1.00025 634,921 0.245 0.134 1.02480 810,072 930,582 68 87 

S70-3 1.00009 1,881,617 0.126 0.196 1.00413 1,943,417 2,097,917 90 93 

          

S124-1 1.00004 9,406 0.259 0.213 1.01832 31,709 60,399 15 52 

S124-2 1.00002 8,608 0.249 0.119 1.00190 25,413 50,523 17 50 

S124-3 1.00023 14,521 0.445 0.276 1.01850 27,539 48,348 30 56 

          

S180-1 1.00018 225 0.369 0.279 1.00610 7,725 13,101 1.7 58 

S180-2 1.00013 370 0.253 0.121 1.00520 7,210 16,012 2.3 45 

S180-3 1.00034 138 0.473 0.638 1.01520 10,815 18,216 0.8 59 

 

 

  
(a) (b) 

 
(c) 

 

Figure 9. Normalized direct current potential drop (dcPD) voltage signal as function of cycles for (a) S70-1, (b) 

S124-1 and (c) S180-3 specimens.  

 

 

For the low stress condition, 70MPa, the average life for crack nucleation is about 80% of the total life, and, 

another 10% of the total life is required for the nucleated crack to grow into a periphery crack.  In other words, 
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about 90% of the total life is spent on growth of the mechanically small crack to a periphery crack. On the other 

hand, for the high stress condition (180 MPa), the crack nucleation starts as early as less than 1% of the total life, 

and for all practical purposes it can be considered that crack nucleation occurs at the beginning of the test.  

 

 

 
 

Figure 10: Identification of periphery crack formation from the raw dcPD voltage and 3 stages of crack 

formation for the S124-1 specimen at R of 0.65, 10 Hz frequency. 

 

 

From this study, it is difficult to draw a single threshold normalized dcPD signal value for crack nucleation or 

periphery crack formation for all stress conditions. This can be understood based on the effect of stress on crack 

nucleation and growth. In the case of the low stress condition, the crack will nucleate from the high stress intensity 

location (micro stress concentration) and this depends purely on the corrosion pit profile and geometry. Similarly, 

for a high stress condition, the crack will nucleate at all possible locations. Thus for these two extreme stress 

conditions, crack nucleation will have some scatter reflected in the normalized dcPD signal. Irrespective of the 

initial pit dimensions, stress level and stress ratio, crack nucleation occurs before V/Vo is 1.00036 and the periphery 

crack is already formed at V/Vo > 1.02.  This work also suggests that possibly the crack nucleation for all stress 

conditions can be determined by increasing the sensitivity of dcPD signal by reducing the probe spacing.  

 

In general, the dcPD calculated crack growth in both the “a” and “c” directions as a function of cycles shows a 

good correlation to those measured from the marker band measurements for all stress conditions tested. A 

representative plot of the calculated crack growth and measured are shown in Figure 11(a-c) for the specimens 

tested at 70, 124 and 180 MPa, R=0.65 at 10Hz. It should be noted here that for the 70 MPa stress level, a minimum 

of 40 marker bands were traced back from the outermost crack front. A detailed crack front profile measured for 

the 70MPa specimen S70-1 is shown in Figure 12.  
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(a) (b) 

 
(c) 

 

Figure 11. Calculated and measured crack dimensions for (a) S70-1, (b) S124-2 and (c) S180-2 specimens.  

 

 

 
 

Figure 12. Crack front profile measured from marker band analysis for the specimen S70-1 tested 70 MPa, R of 

0.65 and at 10 Hz. 

 

 

Crack growth rates were calculated from the measured crack dimensions using the incremental polynomial 

method; ΔKa and ΔKc were calculated from the measured crack dimensions, corresponding remote stress, and a, 

c values from the Fawaz/Andersson solutions implemented in AFGROW. The ΔK stress intensity values in both 

directions ranges from 1.6 to 12 MPa√m for all the stress condition tested. The stress intensity range 1 to 4.0 

MPa√m corresponds to the near threshold region for AA7075 [32-34]. Calculated crack growth rates in both 

directions (“a” and “c”) from this present study are comparable and in good agreement with SIPS data over the 
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stress intensity ranges tested. Corrected crack growth rates using the Elber equation shows a net influence of 

slightly shifting up, indicating a marginally higher growth rates as shown in Figure 13 (a) and (b) for the “c” 

direction. As expected, the calculated as well as corrected growth rates correspond well with SIPS data. Crack 

growth rate discrepancies near the threshold regime can be understood from the fact the determination of crack 

growth rates near threshold ΔK is largely affected by several factors including the type of test. For example, 

Wanhill reported large scatter and higher crack growth rates near the threshold for the data collected from small 

cracks in AA2024-T3 sheet samples compared to rates acquired from large cracks [35]. Similarly, in the present 

study the test was carried out in a force controlled mode with ΔK continuously increasing. Furthermore, variation 

in the crack nucleation location along the corrosion pit will result in variation in the crack growth rates for small 

cracks. This variation is understood qualitatively but is not the focus of the present work.   

 

 

 
(a) 

 

 
(b) 

 

Figure 13. Comparison of crack growth rates calculated along the “c” direction with SIPS Data (a) without 

correction and (b) with correction using the Elber equation 
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Fractography studies. Post-test fractographic analyses were carried out on all the fractured samples to identify: 

the corrosion pit geometry, crack nucleation feature and location, and crack front evolution using the marker bands. 

The corrosion pit geometry was primarily used for correcting normalizing the dcPD measured crack lengths.  

Figure 14 shows an overview of the post-test fracture surface of the S70-1 sample with the corrosion pit profile, 

fatigue region and post-test fracture region. Similarly, Figure 15 shows an example of fatigue marker bands 

signature of the marker bands used to study the crack growth and crack profile evolution. 

 

 

 
 

Figure 14. SEM micrograph shows overview of the fracture surface with location of the corrosion pit and fatigue 

region after post-test facture. 

 

 

 
 

Figure 15: SEM image shows an example of marker bands used to study the crack profile and crack growth 

(S70-1 specimen R =0.65, 10 Hz). 

 

In general, the crack nucleation region for all the samples tested for all stress conditions was at or near the “a” 

location, as expected since the macro stress concentration is higher at that location for corner crack geometry. 

Figure 16 shows the SEM image of the crack nucleation site of S180-1 along with the first marker band close to 

the nucleation site. However, there are very few instances where the fatigue crack nucleated away from the “a” 

location as shown in Figure 17 for the specimen tested at 124 MPa maximum stress level. The site for crack 

nucleation from a corrosion pit is a complex phenomenon and depends on several factors. Unlike in the case of a 

mechanical flaw, where, the crack nucleation site solely depends on the maximum stress concentration region, 

nucleation from a corrosion pit is considered to be driven by four major factors: site geometry, microstructure-

scale plasticity and two forms of environmental interactions [36]. From the fracture mechanics point of view, local 
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stress and plastic strain concentration induced by macro and micro topography of the corrosion pit influence the 

crack nucleation and corrosion to crack transition [36, 37-40]. Thus, it is difficult to predict the nucleation site 

purely based on the pit geometry or pit aspect ratio. Microscopic features and size of the intrusion or extrusion on 

the pit surface and also known as “micro-pit” and “jut-in” along with macro pit profile dictate the crack nucleation 

site. Figure 17 shows an example of “micro-pit” where the crack nucleates on the pit profile.  

 

 

 
 

Figure 16. SEM images of fractured specimens of the tests carried out at 180 MPa and R = 0.65.  

 

 

 
 

Figure 17. SEM images of fractured specimen and fatigue crack initiation location of a 124 MPa sample. 

 

 

K-solution Validation 

Multiple models were generated at the onset of the program to determine the mesh density parameters needed to 

ensure acceptable accuracy in the calculated SIFs. Several different model results are presented as a function of 

the normalized parametric angle, Φ, as defined in Figure 18. These models are all loaded in uniform tension with 

the geometry values shown within Figure 19, and three (3) different crack aspect ratios are investigated. Each 

crack aspect ratio is plotted with three (3) levels of mesh density along the crack front. 

 

Note that all of the mesh density cases lay nearly perfectly on top of one another for each crack aspect ratio. The 

only significant differences occur at the crack vertices, where the crack front intersects the free surfaces. It appears 

that the coarsest mesh still adequately captures the variation in SIF along the crack front and completely contains 

the boundary layer effect within the vertex elements at the free surfaces, where the SIF is, by definition, zero. 

 

Comparisons to available industry results were also performed for several cases. The results are shown in Figure 

20 for several double symmetrical corner crack (DSCC) cases. (Note that these cases where chosen to reduce the 

number of DoF and to avoid use of the Shah correction factor typically employed to extract single corner crack 

SIFs from double corner crack solutions [41].) Results of the N-R equations [22], the AFGROW Advanced 

a 

c 



Standardized Methodology for the Investigation of Corrosion Fatigue Nucleation and Propagation 
 19 

 

solutions [19], which employ the Fawaz-Andersson [42] solutions along with an additional width correction factor 

in addition to the N-R correction, and the current investigations’ solutions are presented in Figure 20. 

 

 

 
Figure 18. Parametric angle definition. 

 

 

 
 

Figure 19. Mesh density determination results. 
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Figure 20. Comparison of SIF values for several DSCC cases. 

 

 

As can be seen in Figure 20, there is excellent agreement between the AFGROW Advanced solutions and the 

current work for the given geometry. However, there is a larger difference in the N-R solutions when compared to 

the others for these likely crack scenarios, especially near the crack vertices. It should be noted that the vertex 

behavior displayed in Figure 20 for the AFGROW Advanced solutions is more pronounced in the raw data sets 

than the data displayed here, which are curve fits used in the DTA simulations [43]. 

 

Because there are hundreds of different crack geometry models investigated in this effort, only a small snapshot 

of the analysis results are presented here. The most dramatic differences between the results of the present 

investigation and those available in industry are expected to exist at the extreme crack geometries (e.g. very large 

or small crack aspect ratios, significant portions of the crack plane occupied by a crack, crack tip(s) near the free 

surface(s)). Therefore, in order to gain further confidence in the new numerical results, several comparisons are 

made with existing industry solutions. Note that only AFGROW Advanced solutions are presented here, as much 

of the crack geometry investigated is well outside of the reported solution space of the N-R equations. 

 

Figure 21 shows several cracking scenarios with an aspect ratio of a/c = 2.0. As can be seen from the figure, the 

relative difference is not uniform between the two solution methods for varying crack sizes. The relative difference 

between the two solutions is also a function of the position along the crack front. This variation in absolute and 

relative differences between the two solutions indicates that a simple functional form to correct the N-R equations 

may not exist. 
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Figure 21. Results comparisons with a/c = 1.0 

 

 

CONCLUSIONS 

 
Low solubility corrosion inhibition pigments (CaMoO4) have not shown the ability to reduced fatigue crack growth 

rates in bulk 0.06 M NaCl solutions whether through passive film formation or crack closure.  The effect of 

chromate on small scale fatigue damage can be characterized for the different primer types. The analysis of surface 

area-to-volume for leaching suggests that a thin salt film may be more applicable than full immersion testing for 

aircraft applications, particularly lap joints.  New coating designs that might apply high levels of inhibitors at areas 

of damage also should be explored. A methodology for the examination of the corrosion pit to fatigue crack 

development has been standardized using the dcPD method for crack growth measurement. Going forward in 

aggressive environments marker bands will not be needed based on the understanding of how the dcPD voltage 

signal changes relate to crack initiation and propagation. Using these results and the standardized method testing 

will continue examining the effect of environment and inhibitors on the transition from a corrosion pit to a fatigue 

crack. The stress intensity solution space has been greatly expanded to provide valid K-solutions for the samples 

being used in this program.  The expansion of the solution space will allow for better modeling and prediction of 

crack growth rates based on environmental conditions. 
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