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ABSTRACT 

The corrosion protection chromate provides to me-
tallic structures has been well documented.  To fully 
quantify chromate replacement coatings an under-
standing of the effects that chromate has on corro-
sion fatigue must be fully documented and under-
stood. Researchers have shown that high levels of 
inhibitors (chromate, molybdate) added to full im-
mersion 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 inhib-
itors must become mobile from the polymer coating 
matrix.  

In research funded by the Office of the Secretary of 
Defense’s Office of Corrosion Policy and Oversight 
(OSD-CPO) work is ongoing to develop a better un-
derstanding how to better predict and prevent envi-
ronmental effects on fatigue crack propagation.  In 
this work it has been shown that chromate in levels 
related to coating leaching effects (SrCrO4 = 0.5mM) 
can inhibit corrosion fatigue damage in full immer-
sion sodium chloride (NaCl) solution at two different 
stress ratios (R), 0.65 and 0.02.   

 

INTRODUCTION 

As the United States Department of Defense (DoD) 
directs that the Air Force extend the service life of 
the aircraft fleets corrosion damage becomes a larg-
er concern.  At the same time that longer service is 
being demanded, the use of chromate is being lim-
ited due to personnel and environmental concerns. 
(1) Likewise corrosion prevention and control is fre-
quently traded during the acquisition cycle for weap-
on system performance.   As a result, the DoD re-
mains entrenched in a find-and-fix corrosion man-
agement philosophy which is expensive and unsus-
tainable. The DoD estimated that the annual cost of 
corrosion, the unintended material degradation due 
to the environment, to weapon systems and infra-
structure in 2014 exceeded $18 billion, and that the 
number was likely to continue to rise. (2)   

Chromates are used in a variety of corrosion preven-
tion coatings including conversion coatings and pri-
mers.  While it has been documented that high lev-
els of chromate and a chromate replacement inhibi-
tor, 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 ser-
vice environments.   However, if chromate does pro-
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vide 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 re-
placement chromate-free systems.   

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.  Testing was com-
pleted using a constant load (K-increasing) test pro-
file where the maximum stress (σmax) was 150 MPa, 
stress ratio (R) was 0.65 and the loading frequency 
was either 0.2Hz or 0.02 Hz.  All testing was com-
pleted in full immersion 0.06M NaCl solution with 
corrosion inhibitors of strontium chromate (SrCrO4) 
or calcium molybdate (CaMoO4) added to the solu-
tion in the concentrations listed in Table 1.   
 
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 published 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 0.5mM re-
spectively. (8-15) The upper and lower bounds for 
CaMoO4 were selected to be 0.05mM and 0.002mM 
(13-15). Table 1 shows the test matrix for inhibitor 
effects.  

RESULTS 

Based on the leaching rates noted previously, test-
ing was completed with 4.7mM SrCrO4, the maxi-
mum amount expected based on solubility, and 
0.5mM SrCrO4, amount based on expected leaching 
rates, using constant maximum stress, 150 MPa, 
testing at a frequency (f) 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 2 shows a highlight of the ef-
fect 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. 
 

Table 1 
 Test matrix to determine the effect of chromate and 

molybdate in leached concentrations. 

Inhibitor Inhibitor 
Form Environment 

Amount 

(concentration 
in solution) 

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 milli-

meters. 

The effect of stress ratio on inhibition of fatigue 
crack growth was also investigated. The same max-
imum 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 6.66 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 fre-
quency of 0.2 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 
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tests failed to register any crack growth after 4 
weeks of testing, at which point the DCPD lead 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 com-
pleted at a frequency of 1 Hz.  Figure 3 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 0.2 Hz.  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 SrCrO4 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 ex-
pected 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 4. The inhibitive effects of CaMoO4 
are only noted below a ∆K of 3 MPa√m and only for 
one test. 

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 2 and Fig-
ure 3. Concentrations of SrCrO4 (4.7mM and 
0.5mM) based on leaching rates from polymer coat-
ings have been shown to slow fatigue growth rates 
below a ∆K of 5 MPa√m in 0.06M NaCl full immer-
sion under a constant σmax of 150, stress ratio of 
0.65 and a frequency of 0.2Hz, Figure 2. 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 3. This result is particu-
larly 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 toler-
ant 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 where chromate is effective at slowing fatigue 
crack growth.  This means that if chromate is re-
moved from the corrosion protection systems, the 
required damage inspection interval could be under-
estimated.  

It was found that there is a gradient across the frac-
ture surface for the samples exposed to SrCrO4 
which may explain the breakdown in inhibition as the 
crack length increases.  Interestingly the 0.5mM 
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 5 shows the gradient variation 
and the locations of measurement. 

 

 
Figure 2 

Effect of SrCrO4 (0.5mM and 4.7mM) at a f of 0.2Hz, 
constant σmax =150 MPa, R = 0.65 in 0.06M NaCl. 

 

 
Figure 3 

 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 
f of 0.2Hz but due to crack arrest the testing with in-
hibitor at a R=0.2 was completed at 1 Hz. Even with 

the higher testing frequency the inhibitor shows effect 
up at a ∆K of 9 MPa√m. 
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Figure 4 

 Effect of CaMoO4 at a frequency of 0.2Hz, constant 
σmax of 150 MPa, R of 0.65 in 0.06M NaCl. 

 

 
 

SrCrO4=0.5m
M, R=0.02, 

f=1 Hz 
Chromium 

Concentration 
by Location 

1: 0.9 wt % 

2: 0.7 wt % 

3: 0.4 wt % 

 
 

SrCrO4=4.7m
M, R=0.65, 

f=0.2 Hz 
Chromium 

Concentration 
by Location 

1: 1.15 wt % 

2: 0.79 wt % 

3: 0.26 wt % 

 
 

0.06M NaCl, 
R=0.65, f=0.2 

Hz 
Chromium 

Concentration 
by Location 

1: 0.14 wt% 

2: 0.18 wt % 

3: 0.14 wt % 

Figure 5 
Macro surface pictures and SEM micrographs of the 
0.5 mM SrCrO4 test completed 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 measure-

ment. 

The corrosion inhibiting pigment CaMoO4was able to 
inhibit fatigue crack growth rates below a ∆K of 3 
MPa√m at a R of 0.65 and a frequency of 0.2 Hz, 
Figure 4.  This result suggests that while there is 
some inhibition from a possible chromate replace-
ment coating, the effect on fatigue crack growth rate 
cannot be inferred from high solubility salts with the 
same anion. 
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