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ABSTRACT 

Research shows that chromate can offer a large, 10 fold, reduction in corrosion fatigue crack growth rates 
when added to a bulk sodium chloride (NaCl) solution in high concentrations, and can inhibit corrosion 
fatigue when added to a bulk NaCl solution in concentrations relevant to inhibitor leaching studies.  How-
ever, it remains unclear if chromate epoxy based primers and chromate replacement primers can inhibit 
corrosion fatigue under atmospheric corrosion conditions. The protection provided by corrosion inhibitors 
under fatigue conditions can be affected by loading conditions (∆K, frequency) but it is also likely affected 
by the environmental effects on inhibitor leaching (chloride concentration, wetting and drying, coating deg-
radation).  An improved understanding of how environment and loading parameters influence a coating’s 
ability to offer protection against corrosion fatigue damage would greatly help the coating community to 
design more robust coatings and better evaluate new coating protection systems. This work includes re-
search on the effect of environment and corrosion protection systems (chromate and non-chromate pri-
mers) on legacy aluminum alloy UNS A97075 with respect to environmentally assisted fatigue damage.   

INTRODUCTION 

The United States Department of Defense (DoD) estimated that the annual cost of corrosion, the unintended ma-
terial degradation due to the environment, to weapon systems and infrastructure in 2014 exceeded $18 billion, and 
that the number is likely to continue to rise [1].  Corrosion affects military readiness by taking critical weapon systems 
out of action, due to the degradation of equipment.  Unfortunately, as warfighters demand more from their systems, 
corrosion prevention and control is frequently traded during the acquisition cycle for weapon system performance 
or during the sustainment phase to meet the depot delivery schedule.  As a result, a find and fix corrosion manage-
ment philosophy endures which is expensive and unsustainable particularly when compared to preventative treat-
ment options.   

At the same time operations in harsh environments have increased, while activities are underway to move away 
from hexavalent chromate as a corrosion inhibitor [2].  Chromate is an excellent corrosion inhibitor; however, it 
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poses health and environmental risks. Chromate has also been shown to inhibit corrosion fatigue damage in sodium 
chloride (NaCl) solutions in concentrations relevant to coating leaching under full immersion conditions [3,4,5].  

As chromate coatings are being phased out, accelerated testing of currently approved chromate replacement coat-
ings could greatly help in the selection and design of better coatings for protection against corrosion fatigue damage 
in a post chromate operating climate. The ability of chromate replacement coatings to protect against corrosion 
damage has not been documented with respect to fatigue under atmospheric corrosion conditions. 

Work is underway to develop an accelerated corrosion fatigue test method to better replicate service corrosion 
conditions.  Current corrosion testing commonly follows standards such as, ASTM B1171 salt fog test, and military 
specifications, MIL-DTL-53022, MIL-DTL 53030, MIL-PLF 23377 for surface damage evaluations [6].  Full immer-
sion of fatigue samples in corrosive solutions are typically used for testing inhibitor effects on fatigue crack propa-
gation.  Often these laboratory test environments are not representative of atmospheric corrosion [7,8].  However, 
most structural corrosion occurs because of hydrated salt layers, affected by pollution and other local environmental 
conditions, on the structure surface [7,8].  An atmospheric corrosion methodology could greatly benefit the corrosion 
coatings community as it allows for an understanding of how the environmental exposure can change the coating 
protection properties. 

A large amount of corrosion fatigue data has been produced using a legacy aluminum zinc magnesium copper (Al-
Zn-Mg-Cu) alloy and coating systems/inhibitors for the understanding of corrosion fatigue damage inhibition. Fa-
tigue crack growth tests of aircraft alloys are commonly performed under laboratory air or full immersion conditions 
[9,10]. Yet aircraft operate not only under a spectrum of mechanical loading, but also a spectrum of environmental 
conditions [10]. Wetting and drying of inhibitive coatings can influence the how the coatings perform. Research in 
accelerated corrosion testing has resulted in noteworthy advances in understanding the kinetics of atmospheric 
corrosion.  It has been noted that these changes in wetting and drying also effect crack growth rates both under 
stress corrosion cracking and fatigue [11]. 

More work is needed to understand how salt films and polymer coatings hydrate and dehydrate to effect fatigue 
crack growth rates. By better understanding how inhibitive coatings perform with salt films under wetting and drying 
conditions better predictions can be made as to how coatings will perform in service. Likewise, as chromate is 
replaced in corrosion prevention systems, care needs to be taken to understand how new coatings will perform 
under atmospheric corrosion conditions. The present work aims to start answering some of these critical questions 
to determine how realistic atmospheric environmental exposure affects fatigue crack growth in a legacy peak aged 
Al-Zn-Mg-Cu alloy (AA7075-T651).  

EXPERIMENTAL PROCEDURE 

For the development of methods for examining the effects of atmospheric corrosion on fatigue damage a modular 
approach to the environmental control has been taken to allow for testing with multiple sample geometreies [3]. For 
the testing completed here an eccentrically loaded single edge tension (ESE(T)) specimen was used.  Figure 1 
shows the sample design. For the evaluation of crack growth rates, testing was completed using constant change 
in stress intensity (∆K) testing with a direct current potential drop (DCPD) system to measure crack growth rates in 
environment. The environment was a salt film of approximately 400 µg/cm2 sodium chloride (NaCl) applied evenly 
to the surface by pipetting a known amount of salt solution on to the sample surface and flash evaporating the 
solution [11].  The salt film was then rehydrated and controlled using relative humidity (RH) during the fatigue testing 
[13].  The RH was varied between 30% and 90%.  Two ∆K values, 4 and 6 MPa√m, were evaluated along with two 
stress ratios (R), 0.1 and 0.65.  The frequency (f)was held constant at 1 Hz.   The ∆K values were selected because 
there is a large amount of published data with inhibitors at a ∆K=6 MPa√m, which allows for an acceptable balance 
between test time while applying a loading regime that allows for inhibitor effects to be observed [3,4,14,15]. A 
∆K=4 MPa√m was selected to examine slower crack growth rates.  The frequency was selected to allow for inhibitor 
and environment ingress into the crack while managing testing time.  The two stress ratios were selected to allow 
for variations in crack opening to be examined.  For each ∆K and R combination the fatigue crack was grown a full 
millimeter of crack extension in 30% RH, followed by a millimeter of crack growth at 90% RH, then a final millimeter 
of crack growth at 30% RH.  This allowed for both wetting and drying of the inhibitive coating and the crack to be 
examined. The 30% RH was selected for the drying cycles based on work showing that for NaCl below 40% RH 
corrosion effectively stops [17]. After each series of environmental exposures, the next set of stress parameters 
was investigated. Five coatings were examined.  Each fatigue sample had a conversion coating applied followed 
by a polymer primer.  The primer was not applied into the sample notch to prevent clogging environmental ingress.  
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The coatings used in the study were Deft/PPG2  02Y040A (MIL-PRF-23377, epoxy, chromate, solvent borne), 
Deft/PPG2 02GN084 (MIL-PRF-23377, epoxy, non-chrome, solven tborne), Deft/PPG 44GN098 (epoxy, non-
chrome, water-borne),  aluminum rich (Al-Rich) primer (NAVAIR/Randolph3  4847) and an inhibitor free, epoxy 
primer for a baseline control.  All fatigue samples were made from a legacy peak-aged Al-Zn-Mg-Cu alloy, 7075-
T651.    

 

 

Figure 1  
Eccentrically loaded single edge tension (ESE(T)) used for all testing. 

 

A final test was completed with an epoxy chromate coated sample with 400μg/cm2 NaCl applied to the surface, 
90% RH, 51 ppm ozone and ultraviolet (UV) light applied for a portion of the test.  This sample was tested at a ∆K=4 
MPa√m, R=0.1, f=0.1 for the entire duration of the test.  The goal of this test was to provide a baseline for how the 
complex environment affects fatigue crack growth with and without UV-light.  The wavelength for this UV-light was 
UVA to prevent unnatural degradation of the coating due to higher band wavelengths [17, 18]. 

RESULTS AND DISCUSSION 

The fatigue crack growth rates (FCGR) versus crack length (a) for the sample with the uninhibited epoxy primer are 
shown in Figure 2.  When the RH is changed between 30% and 90% the environmental control system takes 
approximately five minutes to reach the new RH level.  The time to see a change in the crack growth rate is longer, 
in the case of the ∆K of 4 MPa√m, R=0.1 change from 30% to 90% the crack growth rate took approximately 56 
hours to stabilize at the increased environmental rate.  For the drying cycle the crack growth rate just reached the 
laboratory air level after 23 hours, when the 1 mm of crack growth had occurred. For the ∆K =4 MPa√m, R=0.65 
test the wetting of the fatigue crack took approximately 3 hours while the drying cycle was almost 4 hours.  For the 
∆K=6 MPa√m, R=0.1 test the wetting cycle was almost 3.5 hours for both wetting and drying.  The wetting and 
drying time for the ∆K =6MPa√m, R=0.65 was 25 minutes and one hour respectively.  At every stress level the 
change between 30% and 90% on either the wetting or drying cycle produced an increase in the fatigue crack 
growth rate. The crack extension increase during the pass through the deliquesce and efflorescence points has 
been noted by other researchers and supports the detrimental effects of the drying cycles on corrosion [11, 20].  
The presence of the epoxy coating does appear to limit the environmental ingress into the crack as the crack growth 
rates are typically below that of full immersion sodium chloride.   
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Figure 2 
Wetting/drying evaluation for uninhibited epoxy primer. Shading denotes time at 90% RH. 

 

Figure 3 shows the FCGR versus crack length plot for the epoxy chromate primer.  For the chromate primer the 
wetting time for the ∆K=4 MPa√m, R=0.1 segment was 9.5 hours while drying time was 23 hours.  For ∆K =4 
MPa√m, R=0.1 the wetting time was slightly under an hour while drying took almost 2 hours.  During the ∆K =4 
MPa√m, R=0.65 test the wetting time was similar to the prior segment at almost an hour and 2 hours respectively.  
For the final segment at ∆K =6 MPa√m, R=0.65 the wetting and drying time drops to 0.6 hours and 0.3 hours.  The 
commercial epoxy primer was able to allow for the ingress and egress of water vapor faster than the uninhibited 
laboratory epoxy primer.   

Figure 4 shows the FCGR versus crack length plot for the solvent-borne rare earth primer. For the solvent-borne 
rare earth epoxy primer the wetting and drying time at ∆K=4 MPa√m, R=0.1 was 9 hour and 18 hours respectively.  
The wetting and drying time for the ∆K =4 MPa√m, R=0.65 test segments was 0.75 hours and 1 hour.  For the ∆K 
=6 MPa√m, R=0.1 testing wetting took almost 9 hours while wetting took 0.6 hours.  For the final test at ∆K =6 
MPa√m, R=0.65 wetting took 0.6 hours and drying took 0.5 hours.  Figure 5 shows the FCGR versus crack length 
for the water-borne rare earth primer. The water-borne rare earth primer took 20 hours to wet and 22 hours to dry 
during the ∆K =4 MPa√m, R=0.1 test. The ∆K =4 MPa√m, R=0.65 test took 0.5 hours to wet and 3.7 hours to dry. 
It should also be noted that crack arrest was noted for this drying cycle. For the ∆K =6 MPa√m, R=0.1 segment the 
wetting time was 0.4 hours while the drying time was 1.5 hours.  For the final segment, ∆K =6 MPa√m, R=0.65, the 
wetting time was 0.25 hours and the drying time was 0.75 hours.  These wetting and drying times for the water-
borne primer suggest that the coating has an initial resistance to water uptake as the wetting time was 20 hours 
and then the coating retains the water once it has entered the coating as the drying time was 22 hours.  However, 
once this initial wetting and drying cycle has been completed the coating appears to hydrate and dehydrate at a 
faster rate with none of the subsequent wetting or drying cycles taking more than 4 hours.  The water-borne rare 
earth primer shows accelerated crack growth rates during the wetting and drying cycle. 
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Figure 3 
Wetting/drying evaluation of an epoxy chromate primer. Shading denotes time at 90% RH. 

 

The final coating examined was an Al-rich primer, the FCGR versus crack length plot is shown in Figure 6.  The 
∆K=4 MPa√m, R=0.1 wetting cycles took 2.6 hour, while the drying cycle took just over 20 hours.  For the ∆K=4 
MPa√m, R=0.65 test the wetting time was 24 hours and the drying time was 2 hours.  Then for the ∆K=6 MPa√m, 
R=0.1 test the wetting time was 0.25 hours, while the drying time was 1 hour.  For the final segment, ∆K=6 MPa√m, 
R=0.65, the wetting time was 0.25 hours and the drying time was 0.75 hours.  Like the water-borne rare earth primer 
the Al-rich coating appears to initially be resistant to water ingress only to have the coating wet and drying more 
easily after the initial sequence. The Al-rich primer shows an increase in crack growth rate during the transition 
between both wetting and drying on all test segments. As this coating applies cathodic protection to the aluminum 
alloy it is possible that incomplete electrical contact due to the environmental ingress or egress is causing this 
increase in crack growth rate as the crack is unevenly protected during these transitions. Table 1 summarizes the 
wetting and drying times for all coatings. 

Table 2 gives the average fatigue crack growth rate for each mechanical parameter and environmental parameter 
segment for each coating.  As expected, the fatigue crack growth rates are all similar for the initial 30% RH test 
(approximately 1.5x10-6 mm/cycle (cyc)) at ∆K=4 MPa√m, R=0.1.  For the ∆K=4 MPa√m, R=0.1 test at 90% RH all 
coatings except the chromate and the uninhibited primer produce reduced fatigue crack growth rates.  For the ∆K=4 
MPa√m, R=0.65 30% RH segment all of the crack growth rates are similar at 5x10-5 mm/cycles.  For the 90% RH 
segment chromate coating and the water-borne rare earth coating show an increase in FCGR while the other coat-
ings all have a lower FCGR.  For the 30% RH segment at ∆K=6 MPa√m, R=0.1 the coatings have more variation 
in the FCGR, this variation is not currently understood.  However, when the high RH is applied the solvent-borne 
rare earth primer shows slowing of the FCGR, while all of the other primers show a FCGR increase.  For the final 
test at ∆K=4 MPa√m, R=0.65 all of the fatigue crack growth rates cluster at 1.8x10-4 mm/cyc during the 30% RH 
section and all coatings other than the uninhibited show a reduction in FCGR with the RH is increased to 90% 
showing activation of the protection mechanism for each coating. 

The Al-Rich primer shows an increase in crack growth rate during the transition between both wetting and drying 
on all test segments. As this coating applies cathodic protection to the aluminum alloy it is possible that incomplete 
electrical contact due to the environmental ingress or egress is causing this increase in crack growth rate as the 
crack is unevenly protected during these transitions. 
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Figure 4 
Wetting/drying evaluation of a solvent-borne rare earth primer. Shading denotes time at 90% RH. 

 

Figure 5 
Wetting/drying evaluation of a water-borne rare earth primer. Shading denotes time at 90% RH. 
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Figure 6 
Wetting/drying evaluation of an Al-rich primer. Shading denotes time at 90% RH. 

 

 
Table 1 

Wetting and drying time for each inhibitor. Time given in hours. 
 

 

 

 

 

 

 

 

 

 
 

Coating NI Chromate
Rare Earth 

Water-borne

Rare Earth 

Solvent-borne
Al-rich

 ΔK=4 MPa√m, R=0.1, Wetting Time 56 9.5 20.2 9.3 2.6

 ΔK=4 MPa√m, R=0.1, Drying Time 23 5.6 22.1 18.1 20.3

 ΔK=4 MPa√m, R=0.65, Wetting Time 3 0.8 0.5 0.75 24.1

 ΔK=4 MPa√m, R=0.65, Drying Time 4 1.9 3.7 1 2.1

 ΔK=6 MPa√m, R=0.1, Wetting Time 3.5 0.8 0.4 8.8 0.25

 ΔK=6 MPa√m, R=0.1, Drying Time 3.5 2 1.5 0.6 1

 ΔK=6 MPa√m, R=0.65, Wetting Time 0.4 0.6 0.25 0.6 0.25

 ΔK=6 MPa√m, R=0.65, Drying Time 1 0.3 0.75 0.5 0.75
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Table 2 

Comparison of average fatigue crack growth rates for all primers for each test segment of the wetting and drying 
tests. If the box is purple the crack growth rate is slower than the uninhibited primer and if the box white the rate is 

approximately the same as the uninhibited primer.  The white boxes show elevated crack growth rates. 

 

 

Complex Environmental Testing 

The final test completed was the complex environmental test with 400 μg/cm2 NaCl applied to the surface of an 
epoxy chromate coated sample, the RH was then held at 90% and ozone at 51 ppm was also cycled through the 
chamber. The sample was tested under constant ∆K=4 MPa√m, R=0.1 at a frequency of 1 Hz.  After 1mm of growth 
in the high humidity and ozone environment a UV-light within the UV-A light range was applied to the sample.  
Figure 7 shows the results of this test. The crack growth rate for the test section with ozone, RH and the salt film 
was 2.19x10-5 mm/cyc, in line with the crack growth rate for test testing completed without ozone applied. The data 
without the UV-light applied is very noisy compared to testing completed without ozone.  The reason for this variation 
is unclear.  With the UV-light applied the crack growth rate drops very quickly to 1.01x10-5 mm/cyc. Between the 
crack lengths of 21.0-21.7 mm of the RH of the system dropped to 30% RH then the RH was increased back to 
90% at crack lengths greater than 21.7 mm, the crack growth rates show the effects of this drying cycle. Figure 8 
shows the crack length (a) versus cycles (N) plot for this complex environmental test.  The crack growth rate was 
shown to drop with the application of the UV-light. 

 

 

Figure 7 
Crack growth rates versus crack length for a sample tested at a ∆K=4 MPa√m, R=0.1 at 1 Hz.  400 μg/cm2 NaCl ap-

plied to sample with 90% relevant humidity, 51 ppm ozone and UV-A light. 

Coating NI Chromate
Rare Earth 

Water

Rare Earth 

Solvent
Al-rich

Stress Parameters

 ΔK=4 MPa√m, R=0.1, 90%RH 2.19E-05 2.30E-05 6.62E-06 7.56E-06 8.34E-06

 ΔK=4 MPa√m, R=0.65, 90%RH 5.29E-05 1.70E-04 1.25E-04 3.62E-05 5.93E-05

 ΔK=6 MPa√m, R=0.1, 90%RH 6.37E-05 2.58E-04 1.14E-04 1.04E-04 1.20E-04

 ΔK=6 MPa√m, R=0.65, 90%RH 5.17E-04 1.60E-04 1.76E-04 9.04E-05 1.88E-04
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Figure 8 
Crack length versus cycles plot for the complex environmental test. 

 

Environmental SEM Analysis 

Posttest select samples were opened and the fracture surface evaluated within a scanning electron microscope 
(SEM) to verify the atmospheric NaCl environment was entering the crack and to determine how the various inhib-
itors performed.  Each sample also had energy dispersive x-ray spectroscopy (EDS) performed to determine if 
leachable inhibitors were visible on the surface. The EDS analysis is not considered quantitative in this analysis of 
the amounts of inhibitors being measured on the surface, rather the ability to detect these inhibitors or their relative 
amounts can be used to verify that there are increased amounts of inhibitors on the fracture surface. Chromate is 
a legacy high performing corrosion inhibitor which is theorized to protect against corrosion damage in a variety of 
ways, however to effect corrosion fatigue damage chromate is required to leach from the coating to protect the 
freshly exposed alloy [3,21, 22].  For the rare earth coatings praseodymium (Pr) is considered to be the main 
leachable corrosion inhibitor that would affect fatigue crack growth rates [19,23]. For the aluminum rich primer 
magnesium and aluminum are expected to leach from the coating as it becomes active, as the base fatigue sample 
alloy is aluminum that element was not evaluated using EDS. However, the Al-Rich primer works to cathodically 
protect the aluminum alloy, so throwing power rather than leaching of an inhibitor dominates the ability of the coating 
to protect against corrosion fatigue damage as the crack extends [19, 24, 25]. However, work from other researchers 
suggests that as the coating galvanically protects the aluminum alloy when in contact with an aqueous environment, 
magnesium will be released in that process [26, 31].  Noting elevated magnesium on the fracture surface can show 
that the coating became active and was protecting the aluminum sample during the testing.  

For the chromate coated sample the surface was examined using the SEM and EDS.  The final fatigue segment 
completed at a ∆K=6 MPa√m, R=0.65 30% RH was verified to show limited environmental effects on the fracture 
surface. Figure 9 shows an example of this analysis on the epoxy chromate coated sample from Error! Reference 
source not found..  The base aluminum alloy contains approximately 0.2 weight percent (wt %) chromium, EDS 
was performed in an area of each sample where inhibitors would not be expected and the wt% measurement of 
chromium was verified to always read 0.2 wt% as a method of validating the EDS measurement. The EDS meas-
urement noted slightly elevated amounts of chromium on the fracture surface in areas of high humidity for the 
sample shown in Figure 9, 0.3% confirming the release of chromate from the coating due to the environment, areas 
up to 0.7 wt% were noted on the surface.  The sodium (Na+) and chloride (Cl-) levels for the aluminum alloy would 
be expected to be in trace amounts due to contamination for a bare sample; however elevated amounts (~3 wt %) 
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where noted on all of the wetting and drying samples, again confirming the ingress of the atmospheric environment.  
For the uninhibited coated (NI) sample the fracture surfaces at a ∆K=4MPa√m, R=0.1 at 90% RH and a 
∆K=6MPa√m, R=0.65 at 30% RH are shown in Figure.  The high humidity fracture surface shows NaCl crystals and 
oxides on the surface while the dry fracture surface shows no salt deposits or oxides on the surface.  It should be 
noted that some intergranular cracking is noted, likely from the overall exposure to high humidity earlier in the test. 

Figure  shows a fracture surface at ∆K=4MPa√m, R=0.65 90% RH and ∆K=6MPa√m, R=0.65 30% RH for the 
chromate coated sample.  The sample in the 90% RH section has fewer oxides than the coating without a corrosion 
inhibitor present.  This shows that even if the coating is unable to affect FCGR the surface is still being protected 
by the chromate coating.  Sodium chloride crystals are present on the surface confirming the environmental ingress.  
For the dry fracture surface at ∆K=6MPa√m, R=0.65 30% RH again is oxide and chloride free as expected.   

For the solvent-borne rare earth coating fracture surface at ∆K=4MPa√m, R=0.65 90% RH sodium chloride is pre-
sent on the surface in dried patterns along with limited oxides.  The surface has fewer oxides compared to the 
uninhibited coating showing that the corrosion preventive coating is able to protect the growing crack.  The dry 
fracture surface has limited environmental effects showing that the drying process was successful.  The EDS 
showed limited praseodymium (Pr) on the surface, 0.2 wt% was the highest measured.  Representative fracture 
surfaces are shown in Figure 12. While Pr is considered to be the main corrosion inhibitor in the rare earth coatings, 
the leaching of this inhibitive compound is considered to be limited [19, 20, 23].  For the water-borne rare earth 
coating Figure 13 shows the 90% RH ∆K=4MPa√m, R=0.65 fracture surface which has limited oxide formation but 
sodium and chloride are both present on the surface in concentrations greater than 2 wt % showing that the inhibitor 
coating is protecting the crack surface.  Pr was not able to be measured on this sample, however given the low 
leaching rates for this inhibitor that is unsurprising [19, 20, 23].  
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Figure 9 
 EDS of chromate coated sample fracture surface with EDS analysis showing and positive indication of chromium, 

chloride, and sodium confirming NaCl ingress and elevated chromium. 
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∆K=4MPa√m, R=0.1 90% RH ∆K=6MPa√m, R=0.65 30% RH 

Figure 10 
 Fracture surface of uninhibited primer coated sample wet and dry regions. 

 

For the Al-Rich primer coated sample, Figure  14 shows the fracture surface at ∆K=4 MPa√m, R=0.1 90%RH.  
Compared to the other coatings the surface has large areas of intergranular corrosion damage. Figure 15 shows 
undercutting on the fracture surface of the Al-rich primed sample. These sites of corrosion also correlated with 
higher levels of NaCl. The Al-Rich primer like other metal rich primers is understood to cathodically protect the base 
aluminum alloy.  The Al-Rich primers were developed to be less active than magnesium rich primers (Mg-Rich), 
however the mechanism behind the corrosion protection was considered to be similar [24, 25, 27, 28 -30, 31]. The 
magnesium on the surface was also higher (7.5 wt %) than the base metal (maximum 2.9 wt %) suggesting that the 
coating was releasing the magnesium which shows the coating was galvanically active [26].  

The complex environment fatigue test fracture surface with ozone and UV-light was also examined by SEM and 
EDS, results shown in Figures 16-19.  The fracture surface had salt evenly distributed Figure 16 and Figure 18. The 
EDS analysis showed a very even distribution of oxide across the surface for both the surface with UV-light and 
without, likely due to the ozone. Figure 17 shows the EDS mapping of the oxide and elevated sodium and chloride 
for the fracture surface in Figure 16. Interestingly the chromate content across the fracture surface of this sample 
was measured at 0.7 wt% or greater in several locations, which was the highest measurement noted on any chro-
mate coated samples. Figure 19 shows an example of this EDS mapping on the area shown in Figure 18.  This 
likely explains the reduction in crack growth rate after the UV-light was applied to the sample.  The UV-light possibly 
aged the epoxy primer allowing an increased release of chromate [17,18].  Elevated chromate would be expected 
across the entire fracture surface for this sample because if the UV-light caused faster chromate release the inhibitor 
would also move into the crack wake not just the newly exposed surface.  
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∆K=4MPa√m, R=0.65 90% RH ∆K=6MPa√m, R=0.65 30% RH 

Figure 11 
 Fracture surface of chromate primer coated sample wet and dry regions. 

  

∆K=4MPa√m, R=0.65 90% RH ∆K=6MPa√m, R=0.65 30% RH 

Figure 12 
 Fracture surface of a solvent-borne rare earth primer coated sample wet and dry regions. 
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Figure 13 
 Fracture surface of a water-borne rare earth primer coated sample at a ΔK=4 MPa√m, R=0.65 90% RH region. 



 

15 

 

Figure 14 
 Fracture surface of Al-rich primer coated sample wet region of a ΔK=6 MPa√m, R=0.65.  The yellow box is undercut-

ting, shown in close-up in Figure 15. 
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Figure15 
 Fracture surface of Al-rich primer coated sample wet region of a ΔK=6 MPa√m, R=0.65 showing the close-up of the 

undercutting from Figure 14. 

 

 

Figure 16 
 Facture surface of sample tested in 90% RH, with 400 µg/cm2 NaCl and 51 ppm ozone. 
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Figure 17 
 EDS of the fracture surface from Figure 16 of the crack area exposed to 90% RH with 400 µg/cm2 NaCl applied and to 

51 ppm ozone.  The surface shows a very even oxide layer and elevated sodium and chloride. 



 

18 

 

Figure 18 
 NaCl across the surface of the sample exposed to 51 ppm ozone, 90 %RH and UV-light with 400 µg/cm2 NaCl applied. 
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Figure 19 
 EDS mapping of the fracture surface in from Figure 18.  This area was exposed to 90% RH with 400µg/cm2 NaCl ap-

plied, 51 ppm ozone and UV-light.  Note the elevated sodium, chloride, and chromate. 

CONCLUSIONS 

In an effort to extend the evaluation of corrosion inhibitors into more relevant environmental conditions, the effect 
of complex atmospheric corrosion conditions on the fatigue properties of Al-Zn-Mg-Cu alloy was studied.  The effect 
of wetting and drying in combination with a salt film were evaluated.  The effect of ozone, relative humidity, UV-light 
and salt film was examined. Wetting and drying of different corrosion inhibiting coatings was examined.  It was 
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found that rare earth chromate replacement coatings were able to slow the fatigue crack growth rate over the most 
mechanical loading conditions. EDS analysis of the fracture surfaces confirmed that the coatings were perform as 
expected based on prior leaching studies and coating evaluations. The application of ozone with the salt film and 
relative humidity did not change the crack growth rate, however more oxide was formed on the fracture surface. 
The addition of UV-light to the ozone, relative humidity, salt film environment did slow the fatigue crack growth rate.  
This is theorized to be due to increased chromate due to coating aging from the UV exposure. 
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