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Abstract: The corrosion protection chromate provides to metallic structures has been well
documented. To fully quantify chromate replacement coatings an understanding of the effects
that chromate has on corrosion fatigue must be fully documented and understood. Researchers
have shown that high levels of inhibitors (chromate, molybdate) added to full immersion
corrosion fatigue tests on aluminum alloys slow the fatigue crack growth rate substantially. The
limitation of this research was that the amount of inhibitor present in the environment was not
related to leach rates of chromate from polymeric coatings used on commercial and military
aircraft. For these inhibitors to slow fatigue crack propagation the inhibitors must become
mobile from the polymer coating matrix.
In research funded by the Office of Naval Research (ONR) and the Office of the Secretary of
Defense’s Office of Corrosion Policy and Oversight (OSD-CPO) work is ongoing to develop a
better understanding how to better predict and prevent environmental effects on fatigue crack
propagation. In this work it has been shown that chromate in levels related to coating leaching
effects (SrCrO4 = 0.05mM) can inhibit corrosion fatigue damage in full immersion sodium
chloride (NaCl) solution at two different stress ratios (R), 0.65 and 0.02.
Investigations were also completed into manufacturing considerations for environmental fatigue
samples and the effect of load introduction location to sample width for single edge notch
samples.

INTRODUCTION
As the United States Department of Defense (DoD) directs that the Air Force and Navy extend the service life of
the aircraft fleets corrosion damage becomes a larger concern. At the same time that longer service is being
demanded, the use of chromate is being limited due to personnel and environmental concerns [1]. Likewise
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. The DoD estimated that the annual cost of corrosion, the unintended
material degradation due to the environment, to weapon systems and infrastructure in 2014 exceeded $18 billion,
and that the number was likely to continue to rise [2].
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 [3-6]. Other testing has shown effects of commercial chromate coating
systems on corrosion fatigue damage under acidified salt spray [7]. While these laboratory tests can provide
useful relative information they can have limited applicability to service environments. 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.
Likewise the evaluation of the effect of environment on fatigue damage can often lend itself to using less
common testing methods such variations on K-control testing. Also care must be taken to ensure that sample
machining processes do not alter results of the fatigue crack growth rates measured in environment.
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 provide insight into issued with the single edge notch sample K-solution and effects
of sample finishing on corrosion fatigue testing. Each of these sections will be covered in detail.
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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 (SENT) 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. For initial testing,
the test was completed using a constant ∆K=6 MPa√m profile with a stress ratio (R) of 0.65, the loading
frequency was varied from 0.02 to 20 Hz. This protocol was selected based on a large body of published data on
corrosion fatigue inhibitors using a similar constant ∆K protocol. Testing was also completed using a constant
load (K-increasing) test profile where the maximum stress (σmax) was 150 MPa, R was 0.65 and the loading
frequency was either 0.2Hz or 0.02 Hz. All testing was completed in full immersion 0.06M NaCl solution with
corrosion inhibitors of strontium chromate (SrCrO4) or calcium molybdate (CaMoO4) added to the solution in
the concentrations listed in Table I.
Several studies have been completed on the effect of chromate as a general corrosion inhibitor and even on the
effect of crack growth rate, however few researchers have examined the effect of chromate in levels based on
leaching rates from coatings [3-13]. While there is variation in the data presented on chromate leaching rates, it
was found that the amounts were bound by the solubility limit of SrCrO4 and the volume of the liquid present.
Based on these results the upper and lower bounds for SrCrO4 testing were selected to be 4.7mM and 0.05mM
respectively [8-15]. The upper and lower bounds for CaMoO4 were selected to be 0.002mM and 0.05mM [1315]. Table I shows the test matrix for inhibitor effects.

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

Inhibitor

Inhibitor Form

Environment

Amount
(concentration in
solution)

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

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

Sample Machining Effects
It has been noted that samples with notches or areas manufactured using electrical discharge machining (EDM)
can suffer preferential corrosion in the areas of EDM usage [15]. This corrosion effect is concerning because
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EDM is becoming a more common machining tool for fatigue samples, as it allows for use of a wire to cut very
fine starting notches. Fatigue testing in laboratory air would not catch these issues with newer manufacturing
techniques, however as newer methods for damage tolerant analysis are proposed and more testing is completed
in environment, understanding how machining methods can effect test results is critical. A full analysis of four
aluminium alloys (2024-T351, 5083-H116, 6061-T6, 7075-T651) was completed to understand how EDM
compared to conventional machining for each alloy. Table II shows elemental analysis, hardness and
conductivity of each alloy produced using a ThermoScientific ARL Quanto Desk - Optical Emission
Spectroscope (OES), MTS SA2 nano-indenter hardness tester and Hockings Autosigma 3000 electrical
conductivity meter, respectively. All materials were from 6.35mm plate. The machining details are not
considered critical to this study other than they were held constant for each method (conventional milling or
EDM) and 0.1524 mm copper wire was used for all EDM work, all machining methods used would be available
in a machine shop capable of fatigue sample manufacture. The samples were also compared using polarization
testing to determine the corrosion rate variation caused by the machining method; microstructural analysis on
sample cross sections to determine the heat effected zone present for the samples manufactured using the EDM
compared to milling. Finally corrosion fatigue testing was completed using eccentrically loaded single edge
tension (ESE(T)) AA7075-T651 samples with the notch placed by cutting and EDM with constant ∆K testing at
5 MPa√m with an R of 0.1, at a frequency of 1 Hz in 0.06 M NaCl solution. The crack growth rate was
measured for these samples using DCPD.

Table II: Elemental analysis, hardness and conductivity of each alloy produced using a ThermoScientific ARL
Quanto Desk - Optical Emission Spectroscope (OES), MTS SA2 nano-indenter hardness tester and Hockings
Autosigma 3000 electrical conductivity meter, respectively.
Alloy

Alloy Chemistry

Hardness

Conductivity

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Al

VHN

% IACS

2024-T351

0.04

0.05

4.16

0.53

1.27

-

0.01

-

Balance

133

29.8

5083-H116

0.08

0.3

0.04

0.54

4.76

0.06 0.009

-

Balance

98.4

28.8

6061-T6

0.65

0.37

0.28

0.11

1.13

0.21

-

-

Balance

103

46

7075-T651

0.07

0.18

0.14

0.05

2.16

0.22

5.67

0.02

Balance

175

31.4

Notch Depth= 5mm
Sample Thickness= 3.2 mm

141 mm

38.1 mm

Figure 2. Eccentrically loaded single edge tension (ESE(T)) sample used for EDM versus conventional
machining evaluation. The only variation in each sample type is if the notch was cut or EDM.
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K-Solution Validation
Based on results from the constant ∆K testing completed on the SENT sample in Figure 1 concerns were raised
on the K-solution for both the pin-pin SENT and clamped-clamped SENT, also called the modified single edgecrack specimen (MSE(T)) geometries. During constant ∆K testing the crack growth rate was shown to decrease
over the course of the test, suggesting that the K-solution is not properly shedding the load. The issue was
hypothesized to be related to the length to width ratio of the sample, however in this case the length is the
location where the sample is pinned or clamped rather than simply the sample length, the variable H is used to
prevent confusion. A variety of causes for the slowing crack growth rate were investigated, as shown in Figure
3. The issue with crack growth rate slowing was not affected by changes to any of the items listed. Based on the
process of elimination, the K-solution became the primary focus of concern. K-solutions were developed for
each both the SENT and MSE(T) case and validated through testing.
For the MSE(T) samples 50.8 mm (2 inches) wide, 6.35 mm (0.25 inches) thick with a variation in length and
therefore clamp-clamp distance (H) based on a H/W ratios were tested in K-control to produce full crack growth
rate curves in AA7075-T651 at a stress ratio of 0.1. The results of the varying H/W ratios were then compared to
published AA7075-T651 data from the same plate. The crack growth rate for each sample was measured using
DCPD.

Mechanical Testing Variation
Examined
Closure (R=0.1, R=0.8)
Pin-size (close fit/undersized)
Machine Shop Variation
Sample Location in Plate
DCPD Weld Location
Electrical Isolation
Testing Laboratory
Testing Personnel
Sample Finishing Effects
(grinding, perfect samples)
Notch sharpness
Specimen/Grip Interface
(spherical bearing, jam nut,
conventional clevis, finer
threads)
K-solution issue related to length
to pin location compared to
sample width

Figure 3. Crack growth rate versus crack length for the pinned-pinned SENT sample in Figure 1 tested at a
constant ∆K of 6 MPa√m, R of 0.65 and a frequency of 1 Hz in laboratory air. The crack growth slows over the
course of the test rather than remaining constant. The list on the right shows all of the items investigated related
to the slowing of the fatigue crack growth rate.

K-SOLUTION DEVELOPMENT
Based on the results presented above it is clear that there is an issue with the pinned-pinned SENT sample and
the ability to properly shed the load to hold to stress intensity constant during a fatigue test. Finite element
modeling was completed to investigate the effect of the length between the two pinned connections (H) and the
small width of the sample. Modeling of the stress intensity solution confirmed that the issue being seen during
testing relates to the large H/W. The ability to make a correction to the K-solution for the pinned SENT sample
was evaluated; however the applied load is nonlinearly related to the K-solution as a function of the H/W ratio.
The nonlinear K’s can be calculated; however, implementing the nonlinear K’s in the fatigue testing software
was not in the scope of this program. For future programs it should be noted that large H/W SENT samples
cannot be used for constant ∆K testing. Modeling work was completed for the pinned-pinned SENT which
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shows the error at an a/W=0.5 was 30% lower than the used K-solution, which is in line with the testing results
shown in Figure 3.
The use of single edge-cracked specimens subjected to tensile loading is commonly desired for use in
experimental testing due to the ease of use and minimal amount of material needed in specimen fabrication.
Furthermore, there is an additional benefit of having a single crack tip where only the front to back symmetry is
of concern. As such, the relationship between pertinent geometric features (e.g. height-to-width (aspect) ratio,
H/W), applied loading, and the stress intensity factor, K, at the crack tip is essential. Based on the above issues
with the pinned-pinned SENT sample, further analysis was completed on other single edge-cracked specimen
geometries to detemine if similar K-solution issues were present.
The primary loading, or boundary condition (BC), investigated here is the clamped-end scenario. This BC
precludes the rotation and lateral contraction of the specimen along the upper and lower edges, which idealizes a
uniaxial loading apparatus with friction grips, as shown in Figure 4 [16]. This specimen and loading scenario is
referred to as the modified single edge-crack specimen, MSE(T), as opposed to the previously discussed SENT
which is test with a pinned-end load fixture.

Figure 4. Schematic and geometric definitions for the MSE(T) specimen [16].
Method/Validation
An hp-version FEA program, StressCheck, was used to generate the K-solutions for a range of non-dimensional
crack lengths, a/W, of 0.01 to 0.975, and a range of plate aspect ratios, H/W, from 0.8 to 10.0 for the MSE(T)
specimen and an H/W = 20.0 for the SE(T) specimen [17]. The finite element mesh consisted of highly shape
controlled tetrahedral elements of polynomial order 8, though convergence was achieved to within ±0.1% in 
with polynomial order of 6 or 7, for all models. The numerical simulations were performed using a plane stress
and linear-elastic constitutive model with a Poisson ratio, , of 0.33. Geometrically non-linear considerations
were ignored; and are believed to have minimal impact on high-cycle fatigue crack growth rates. The
simulations’ degree-of-freedom, DOF, counts ranged from 78k to 274k. The K values are automatically extracted
from the program using the contour integral method (CIM) , also known as the J-integral [18, 19]. The K values
and applied axial load levels are reported from the FEA software.
The accuracy of the present FEA method was benchmarked against the well-known analytical form presented in
for the SENT, pin-loaded, specimen configuration [20]. The benchmark solution is reported to be accurate to
within 0.5% for any a/W. The relative difference in the present FEA method results as compared to the
benchmark solution was less than 0.7%. The SENT FEA simulations DOF counts ranged from 104k to 177k.
Model Results
The variation of  values as a function of a/W and H/W can be seen in
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Figure 5
Figure 5 for both the MSE(T) and SENT, from configurations [20]. It is apparent that there are marked
differences between the MSE(T) and SENT specimen loading configurations, as the clamped edges of the
MSE(T) specimen tend to reduce the crack mouth opening, or prying, action. This is especially true above a/W
values of about 0.20.

Figure 5. Effect of a/W and H/W on the geometric correction factor, , for MSE(T) [16].

EXPERIMENTAL RESULTS
Inhibitor Effects
Based on the leaching rates noted previously, testing was completed with 4.7mM SrCrO 4, maximum amount
expected based on solubility, and 0.05mM SrCrO4, amount based on expected leaching rates, using constant
maximum stress, 150 MPa, testing at a frequency of 0.2 Hz with an R of 0.65 in 500 mL of 0.06 M NaCl. Prior
published work with lower concentrations of inhibitors had shown that lower frequency tests are needed to see
inhibition effects, as such the test frequency of 0.2 Hz was selected [3-6].
Figure 6 shows a highlight of the effect of low levels of SrCrO4, 0.5mM and 4.7mM, on fatigue crack growth
rates as compared to 0.06M NaCl. For both concentrations of SrCrO4 inhibition of the fatigue crack growth rates
is seen below a ∆K of 5 MPa√m.

Figure 6. Effect of SrCrO4 (0.5mM and 4.7mM) at a frequency of 0.2Hz, constant σmax =150 MPa, R = 0.65 in
0.06M NaCl.
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Figure 7. Inhibition effect of 0.5mM SrCrO4 added to 0.06M NaCl on fatigue crack growth rates at a
σmax=150MPa, R=0.02 and 0.65. Baseline testing was completed at a frequency of 0.02Hz but due to crack arrest
the testing with inhibitor was completed at 1 Hz. Even with the higher testing frequency the inhibitor shows
effect up at a ∆K of 9 MPa√m.

The effect of stress ratio on inhibition of fatigue crack growth was also investigated. The same maximum stress
of 150 MPa was used, with an R of 0.02. The stress ratio was selected such that crack was sometimes closed.
The precracking protocol used was a K-shed from a Kmax of 6.666 MPa√m to Kmax of 2.0 MPa√m with an R=0.1.
For this testing the original plan was to complete all testing at a frequency of 0.02 Hz as the largest effect of
chromate had been noted at that frequency. Three tests were placed into the combined 0.5mM SrCrO4 0.06M
NaCl solution and precracking started. Two of the tests failed to register any crack growth after 4 weeks of
testing, at with point the DCPD leads wires failed, the third test failed in the threaded grip region after over
1,000,000 cycles with no crack growth noted. For the final successful test the sample was precracked in air and
the inhibited solution added after the sample was precracked, the test was completed at a frequency of 1 Hz.
Figure 7 shows the results of this test as compared to testing completed in 0.06M NaCl at an R of 0.65 and 0.02,
frequency of 0.02. The comparison between the baseline 0.06M NaCl tests with different stress ratios does not
show any signs of crack closure, only the effect of mean stress. When the 0.5mM SrCrO 4 is added, inhibition is
observed to a ∆K of approximately 9 MPa√m.
Similar constant load fatigue testing was completed for 0.05mM CaMoO4, the maximum amount expected based
on solubility at a frequency of 0.2 Hz and an R of 0.65. The results of these tests are shown in Figure 8. The
inhibitive effects of CaMoO4 are only noted below a ∆K of 3 MPa√m and only for one test.

Figure 8: Effect of CaMoO4 at a frequency of 0.2Hz, constant σmax of 150 MPa, R of 0.65 in 0.06M NaCl.
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Machining Effects
The results of the constant ∆K testing of AA7075-T651 samples with a notch placed with EDM and by
conventional cutting are shown in Figure 9. All testing was completed at a ∆K of 5 MPa√m, R of 0.1 and a
frequency of 1 Hz in 0.06M NaCl, the final crack length was 10 mm for each sample. The slope of the crack
length (a) versus cycles (N) curve is the crack growth rate for each test. These preliminary results clearly show
that the presence of the EDM notch (blue data set) causes an increase in the crack growth rate (7.19x10-5
mm/cyc) as compared to the conventionally cut samples (red data set) (4.06x10-5 mm/cyc). The investigation of
the effect of EDM on crack growth rates for various alloys is underway and will be fully documented in future
publications.

Figure 9. Results of the constant ∆K testing at 5 MPa√m, R of 0.1 and a frequency of 1 Hz, the blue line is for
the sample with the notch placed using EDM, the red line is the sample with the conventionally cut notch.
MSE(T) K-solution
Figure 10 shows the AA7075-T651 crack growth rate curves produced for two, 0.4 and 3.0, H/W ratios for the
MSE(T) sample produced using K-control with the R of 0.1 at a frequency of 20 Hz. The results show that the
larger H/W (3.0) has a faster crack growth rate, which is expected based on Figure 5 showing that a larger H/W
has a higher stress ratio. These results will be more fully investigated in a subsequent publication.

Figure 10. Comparison of crack growth rates for MSE(T) samples with varying H/W ratios (0.4 and 3.0).
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DISCUSSION AND CONCLUSIONS
Using inhibitor leaching estimations from chromate containing coatings, it was shown that strontium chromate
added to a sodium chloride solution was able to slow fatigue crack growth, Figure 6 and Figure 7.
Concentrations of SrCrO4 (4.7mM and 0.5mM) based on leaching rates from polymer coatings have been shown
to slow fatigue growth rates below a ∆K of 5 MPa√m in 0.06M NaCl full immersion under a constant σmax of
150, stress ratio of 0.65 and a frequency of 0.2Hz, Figure 6. For the stress ratio of 0.02 the effect of low levels of
SrCrO4 is even more pronounced, having an effect to a ∆K of almost 10 MPa√m, Figure 7. This result is
particularly critical as the DoD plans to remove chromate from corrosion protection systems [1]. The result
showing that there is an effect of fatigue crack growth rates in the lower ∆K region could mean that the chromate
effect is present in most damage tolerant models. Damage tolerant models use teardown and other damage data
to estimate crack growth rates to set inspection intervals. The damage noted on aircraft likely below a ∆K of 12
MPa√m, meaning that a large portion of the crack life is spent in a ∆K range were chromate is effective at
slowing fatigue crack growth. This means that if chromate is removed from the corrosion protection systems,
the required damage inspection interval could be underestimated.
It was found that there is a gradient across the fracture surface for the samples exposed to SrCrO 4 which may
explain the breakdown in inhibition as the crack length increases. Interestingly the 0.05mM SrCrO4 test
completed at a stress ratio of 0.02 has more chromate at the back of the crack than the 4.7mM test at a R=0.65,
likely explaining the higher ∆K inhibition. Figure 11 shows the gradient variation and the locations of
measurement.
The corrosion inhibiting pigment CaMoO4was able to inhibit fatigue crack growth rates below a ∆K of 2.5
MPa√m at a R of 0.65 and a frequency of 0.2 Hz, Figure 8. This result suggests that while there is some
inhibition from a possible chromate replacement coating, the effect on fatigue crack growth rate cannot be
inferred from high solubility salts with the same anion.

1
3
2
3

2
2
1

1

3

SrCrO4=0.05mM, R=0.02, f=1 Hz

SrCrO4=4.7mM, R=0.65, f=0.2 Hz

0.06M NaCl, R=0.65, f=0.2 Hz

Chromium Concentration by Location

Chromium Concentration by Location

Chromium Concentration by Location

1: 0.9 wt %
1: 1.15 wt %
1: 0.14 wt%
2: 0.7 wt %
2: 0.79 wt %
2:0.18 wt %
3: 0.4 wt %
3: 0.26 wt %
3: 0.14 wt %
Figure 11. Macro surface pictures and SEM micrographs of the 0.05 mM SrCrO4 test compelted at a R=0.02, f=1
Hz, 4.7mM SrCrO4 test completed at a R=0.65, f=0.2 Hz, 0.06M NaCl test completed at an R=0.65, f=0.2 Hz.
The chromium content is listed by location of measurement.

The testing of environmental effects of fatigue damage often lends iteself to less common testing methodologies
and highlights concerns related to sample manufacturing that is not often considered in labortory air testing. The
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∆K testing with low concentrations of chemical inhibitors allow for the ability to use a single
multiple parameters including frequency effects, inhibitor concentrations, and stress ratios,
K-solution for the sample geometry is not well understood and varified then results of these
be confusing. It has been shown that the K-solution for both the pinned-pinned SENT and
MSE(T) have limitation related to the H/W ratio which can effect the measured crack growth

Likewise the use of newer manufacturing techniques can lead to erroneous results, as can be seen with EDM.
The use of EDM allows for smaller notches to be placed into fatigue samples making it a useful tool, however if
samples are going to be tested in an aggressive environment then an understanding of how the EDM works and
how it may affect the corrosion resistance of a material needs to be understood. It was shown through a variety
of tests that EDM had a detrimental effect of the corrosion resistance of aluminum alloys under static testing,
those results were then confirmed with constant ∆K testing of AA7075-T651 comparing a cut notch to EDM. It
was noted that the EDM notch had a faster crack growth rate than the cut notch meaning that EDM should not be
used for environmental mechanical testing.
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