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ABSTRACT 
 

Corrosion of the steel appliqué used in armor kits for HMMWVs has been observed to be severe. 
This is particularly true in the faying surface region where the steel armor comes into contact with 
aluminum components of the vehicles. The US Marine Corps has sought to reduce this corrosion with 
the application of a rugged coating system. The effectiveness of this coating system as compared to 
other alternatives was studied in this work. Coated samples were exposed to a test environment that 
combined cyclic accelerated environment with vibrational stresses. Visual analysis and electrochemical 
impedance spectroscopy (EIS) were used to evaluate the performance of the tested coatings.  
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INTRODUCTION 
 

Currently, the US Marine Corps employs an armor kit to protect HMMWVs from insurgent 
attacks involving improvised explosive devices (IEDs) and other ballistics. The armor of the Marine 
Armor Kit (MAK) is made out of carbon steel, while the exterior of the vehicles is composed of 
aluminum. The electrical contact and close proximity of the steel body armor with the aluminum 
exterior of the HMMWVs caused the initiation of galvanic corrosion of the aluminum, because it is the 
less noble metal. Corrosion of the steel armor plate was also observed due to the formation of a highly 
aggressive, acidic environment in the occluded sites.  
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The galvanic corrosion cannot be entirely avoided due to the presence of fasteners that provide 

an electrical contact between the aluminum body and steel armor. The galvanic attack, however, can be 
minimized by:  

i) reducing the area of the steel facing the aluminum body, thus minimizing the area of the cathode 
(steel), so that the corrosion driving force is reduced, 

ii) addition of a corrosion inhibitor that protects the aluminum, 
iii) addition of hydrophobic substances that would minimize water wicking into the crevice, 
iv) addition of buffers that would alter the crevice environment to make it more benign or  
v) a combination of two or more of the above strategies.  

Currently, the first strategy is used; the steel surfaces are protected by a thin polyurethane powder 
coating. Photographs of the coated MAKs prior to installation are shown in Figure 1.   
 

 
It was found recently that this coating did not provide adequate protection against corrosion. 

Severe corrosion damage to both the MAK and the HMMWV body was observed on vehicles recently 
returned from active service1. Detailed inspection of the parts revealed the presence of four types of 
corrosion that are summarized in Table 1. Visual examples of each type of corrosion are shown in 
Figure 2. Corrosion of the steel armor (type 1) is caused by the aggressive solution chemistry that forms 
at the faying surfaces due to water ingress. In the type 2 corrosion, paint failure occurs at the top side of 
the armor under the vehicles, which causes electrical contact between the steel armor and aluminum 
body leading to galvanic corrosion. Types 3 and 4 are also caused by paint failure during installation and 
operation, which again leads to galvanic corrosion.  
 

TABLE 1. CORROSION TYPES OBSERVED IN MAK SYSTEMS. 
Type Observation Possible Cause Example 

1 Corrosion of steel armor poor coating quality or inappropriate 
coating selection 

Figure 2(a) 

2 Corrosion of top side of armor 
under vehicle 

paint failure due to moisture, dirt rinsed 
from inside of HMMWV through drain 

holes and road splashes 

Figure 2(b) 

3 Galvanic corrosion between 
armor steel and aluminum rivet 

heads 

damage to powder coating due to 
vibrational stresses during installation 

and operation 

Figure 2(c) 

4 Galvanic corrosion of 
aluminum HMMWV body at 

steel bolt holes 

galvanic corrosion of aluminum 
HMMWV body at steel bolts 

Figure 2(d) 

Figure 1. HMMWV body armor prior to installation.  
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(d) (c) 

(b) (a) 

 
The inspection clearly showed that the powder coating did not provide adequate corrosion 

protection for the MAK system. In an attempt to remedy this situation, the USMC attempted several 
different solutions. For example, a corrosion prevention compound (CPC) was applied on the faying 
surface of the armor kit prior to installation. Additional CPC treatment of the fasteners and seams was 
also carried out following the installation of the MAK. Alternatively, the powder coating was removed 
and chemical agent resistant coating (CARC) was applied to the surface of the armor panels, followed 
by the application of a thin layer of a polyurethane/epoxy blend coating. Finally, a CPC was applied to 
the fasteners and seam for further corrosion protection. The long-term benefits of the new treatments 
are, however, not known.  

FIGURE 2 – Examples of corrosion types observed on HMMWVs equipped with MAK: (a) 
corrosion of steel body, (b) corrosion of top side of the armor under the vehicle due to collection 
of moisture and dirt during operation from road splashes and from drainage through drain 
holes, (c) galvanic corrosion between armor steel and aluminum rivet heads – white aluminum 
corrosion product is accumulated around the broken rivets, (d) corrosion of HMMWV rocker 
panel made out of aluminum caused by galvanic contact with the steel bolt that held the armor 
in place.  

 
Since the use of alternative coatings that provide adequate protection is an attractive solution, a 

large number of potential alternative coatings were evaluated based on available product literature. The 
benefit factor was used as one of the selection criteria2:  
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where PF is the protection factor, CA is the cost of material per unit surface area and CL is the estimated 
labor cost to coat the armor. The protection factor is the relative performance of any proposed treatment 
alternative to applying no treatment at all. Additional factors taken into account were the physical and 
chemical properties of the coatings, for example, their ability to resist moisture ingress, abrasion 
resistance and adhesion properties. Based on this evaluation, the following products were recommended 
for laboratory testing:  

• polyurethane powder coating (as baseline), 
• CPC on top of polyurethane powder coating,  
• a Kevlar based epoxy coating, 
• a polyurethane/epoxy blend coating and 
• a thermopolymer coating. 

 
The goal of this study was to assess the robustness of different armor coatings to corrosion attack 

and their ability to impede galvanic corrosion with the aluminum body rivets.  
   

EXPERIMENTAL 
 
 To determine the effectiveness of the candidate coatings to protect MAK and the HMMWV body 
from corrosion, several coating system stack-ups were tested. Each stack contained a UNS A96061 
aluminum alloy and a UNS G10180 steel plate. The panels were bolted using Zn-plated steel bolts, as 
these bolts are currently used in the armor kits. All bolts were tightened to equal, 50 in-oz (0.353 Nm) 
torque. Prior to assembly, three aluminum rivets were put through the aluminum panels to simulate the 
galvanic contact points between the steel armor plate and the aluminum HMMWV body. Insulating 
shoulder washers were used to prevent electrical contact between the attachment bolts and the top and 
bottom plates, thus electrical contact between the two plates was only possible through the aluminum 
rivets. The sample designs are shown in Figure 3. All aluminum panels were coated with MIL-P-53030 
primer and MIL-DTL-64159 topcoat3, while the steel plate was coated with several different coating 
systems summarized in Table 2.  
 

TABLE 2 – COATING SYSTEMS APPLIED TO UNS G10180 STEEL PANELS IN 
LABORATORY STUDIES. 

Primer Topcoat 1 Topcoat 2 
None polyurethane powdercoating – 

24 min. cure time 
none 

None polyurethane powdercoating – 
12 min. cure time 

none 

None polyurethane powdercoating – 
12 min. cure time – X-scribed 

none 

None polyurethane powdercoating – 
24 min. cure time 

CPC 

MIL-P-53030 MIL-DTL-64159 Kevlar-based epoxy coating 
MIL-P-53030 MIL-DTL-64159 polyurethane/epoxy blend 

coating 
MIL-P-53030 MIL-DTL-64159 thermopolymer coating 
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Some panels were scribed prior to assembly in order to simulate the paint damage that might occur due 
to scratching during the installation of the MAK on both the coated aluminum and steel panels.  
 

  

1018 Steel panel 
0.062 mils 

6061 Aluminum panel 
0.062 mils 

3/8” ID 

3” 

0.5” 

3” 

 
 
 The assembled panels were exposed to the GM9540P environmental exposure cycle4 for 28 days. 
Once a week, the samples were removed from the exposure chamber and placed on a shaker table for 
200 minutes, where a modified MIL-STD-810F, method 514.5 vibration test was carried out5. The 
frequency profile used in the tests is shown in Figure 4.  

 

FIGURE 3 – Schematics of UNS G10180 and UNS A96061 aluminum panels used in laboratory 
testing.  
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FIGURE 4 – Frequency profile of vibration test used in coating evaluation.  
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RESULTS AND DISCUSSION 
 
Visual Observations  
  
 A photograph of the disassembled polyurethane powdercoated panels after exposure is shown in 
Figure 5. No coating failure was visually observed on these panels. The white discoloration in the 
photograph is caused by the deposition of dry salt during exposure. Therefore, the significant corrosion 
damage observed in the field was not reproduced in this test. In the next two sets of tests, several 
different field scenarios were simulated to determine how the observed damage could be reproduced. In 
the first set, the powdercoating was intentionally “undercured”, i.e., only cured for 12 minutes as 
opposed to 24 minutes, which was within the manufacturer recommended time window. It is well 
known that in case of polymer coatings, the cure time plays an important role in the formation of the 
crosslinks, thus the overall resistance of the coating.  

 
 

Figure 6 shows the photograph of panels coated with undercured powdercoating after exposure.  

 

FIGURE 5 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
polyurethane powdercoating and exposed to the GM9540P environment for 28 days and to 
vibrational stresses once a week for 200 minutes. The powdercoating was cured for 24 minutes 
to achieve a fully cured coating.  

FIGURE 6 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
polyurethane powdercoating and exposed to the GM9540P environment fro 28 days and to 
vibrational stresses once a week for 200 minutes. The powdercoating was cured for only 12 
minutes to achieve an undercured condition.  
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Significant coating delamination and corrosion damage was observed in these coatings. A large 

crack in the coating is indicated by the red arrow. In most specimens, the coating delamination occurred 
preferentially at the edges of the panels as shown in Figure 7. The shorter cure time resulted in a less 
cross-linked polymer structure with lower resistance to corrosion. Galvanic attack at the rivets was only 
observed in a small number of specimens. An example is shown in Figure 8. 

 
 

 
 

FIGURE 7 – Photograph of UNS G10180 steel panel coated with polyurethane powdercoating 
and exposed to the GM9540P environment for 28 days and to vibrational stresses once a week 
for 200 minutes. The powdercoating was cured for 12 minutes. The arrows indicate the 
locations of coating delamination.  

Galvanic attack Galvanic attack 

FIGURE 8 – Low magnification microscope image of UNS G10180 steel panel coated with 
undercured powdercoating after 28 days of exposure to the GM9540P environment and to 
vibrational stresses once a week for 200 minutes indicating the presence of coating damage and 
galvanic attack.  

In the second set of tests, X-scribes were placed into the undercured coating to simulate the 
presence of mechanical damage in the coating that might occur during the installation of the MAK. In 
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this case, the corrosion was concentrated in the scribed area as illustrated in Figure 9. Significant amount 
of rust indicates the corrosion of the steel. On the surface of the rivets, small areas with white 
precipitation were also observed suggesting the corrosion of the aluminum alloy, as well. As the 
examples above indicate, undercured powdercoating and mechanical damage to the coating during 
installation or operation significantly contribute to the corrosion of the MAK.  
 

  
When a CPC was applied over the fully cured powdercoating, cracking and delamination of the 

coating was observed as seen in Figure 10.  
 

 
 

FIGURE 9 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
polyurethane powdercoating, scribed and exposed to the GM9540P environment for 28 days 
and to vibrational stresses once a week for 200 minutes. The powdercoating was cured for 12 
minutes.  

FIGURE 10 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
polyurethane powdercoating, then covered with a CPC and exposed to the GM9540P 
environment for 28 days and to vibrational stresses once a week for 200 minutes. The 
powdercoating was cured for 24 minutes. 
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In this case, a portion of the coating was completely detached from one panel due to severe 
delamination. Application of CPCs can therefore be deleterious to the powdercoating regardless of their 
corrosion inhibition effectiveness on pristine steel surfaces. The delamination was probably caused by a 
chemical reaction between the powdercoating and the CPC. The CPC was a hydrocarbon based 
compound, and some hydrocarbons, especially the ones with aromatic structure, e.g., benzene or 
toluene, are known to destroy the crosslinks in the polymer molecules6.  
 
 Figure 11 shows the performance of the polyurethane/epoxy blend coating, which is currently 
used by USMC as a remedy as mentioned in Section 1. These sets did not show any visual signs of 
corrosion. However, it was interesting to observe that the rough surface of the polyurethane/epoxy blend 
coating removed the CARC from the aluminum rivets, potentially opening an opportunity for galvanic 
corrosion to occur if the applied coating also suffers any kind of damage on top of the rivets. 

 
  

FIGURE 11 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
CARC and a polyurethane/epoxy blend coating and exposed to the GM9540P environment for 
28 days and to vibrational stresses once a week for 200 minutes.  

 The Kevlar-based epoxy coating on CARC provided excellent protection from corrosion of the 
laboratory MAK setups (Figure 12), however, a crack was observed on the surface of one of the 
replicates. The presence of this crack might indicate a tendency for delamination, although it is also 
possible that the coating application was not consistent on the cracked specimen. Further duplicates need 
to be evaluated for a firm conclusion in this case.  
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 Figure 13 shows the panels coated with the thermopolymer coating. This coating had a soft, 
pliable consistency, and molding of the coating around the rivets was observed. No coating failure was 
found in case of this coating.  

 
 

FIGURE 12 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
CARC and a Kevlar-based epoxy coating and exposed to the GM9540P environment for 28 
days and to vibrational stresses once a week for 200 minutes.  

FIGURE 13 – Photograph of UNS G10180 steel and UNS A96061 aluminum panels coated with 
CARC and a thermopolymer coating and exposed to the GM9540P environment for 28 days 
and to vibrational stresses once a week for 200 minutes.  

Electrochemical Impedance Measurements 
 

Two-electrode electrochemical impedance measurements were also carried out in order to further 
evaluate the coating performance. The impedance magnitude and phase angle values were determined at 
10 kHz frequency and examined as a function of time. The measured impedance values as a function of 
time for the different coatings are shown in Figure 14. In case of the powdercoating, the impedance 
values were high at the beginning of the exposure, followed by a sharp drop as a function of time. In 
case of the polyurethane/epoxy blend, Kevlar-based epoxy and thermopolymer coatings, however, the 
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initial impedance values were relatively low, and remained constant for the duration of the test. The low 
measured impedance values were probably due to the close proximity of the plates.  
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FIGURE 14 – Measured electrochemical impedance of simulated armor kit setups coated with 
different materials as a function of exposure time. The impedance values were determined at 10 
kHz frequency.  

Figure 15 shows the phase angle values determined for the different coatings at 10 kHz 
frequency as a function of exposure time.  
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FIGURE 15 – Phase angle of simulated armor kit setups coated with different coatings 
measured at 10 kHz frequency as a function of exposure time.  
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A similar trend with exposure time can be observed in this case, as well. The phase angle values 

are initially high followed by a sharp drop in case of the powdercoating, while the phase angles are low 
and remain relatively constant in case of all other coatings (polyurethane/epoxy blend, Kevlar-based 
epoxy and thermopolymer). The impedance and phase angle changes indicate changes in the coating 
quality and corrosion resistance. Constant values, on the other hand, suggest that there is no change in 
the coating quality and corrosion resistance during the exposure interval.  

 
The measured impedance and phase angle values of the polyurethane/epoxy, Kevlar-based epoxy 

and thermopolymer coatings were significantly lower that those of the powdercoating and CPC-treated 
powdercoating at early exposure times. This might be due to the ability of the powdercoating 
alternatives to entrap moisture, which, however, does not seem to affect their corrosion protection ability 
and does not indicate their susceptibility to failure. These more elastic coatings are expected to naturally 
absorb more moisture since the molecules are not as rigidly crosslinked in these polymer structures.   

 
In order to further evaluate the behavior of the powdercoating under different conditions, the 

impedance magnitude and phase angle values for the cured-to-spec, CPC-treated, undercured and X-
scribed powdercoatings as a function of exposure time were studied. The curves are shown in Figures 16 
and 17, respectively. The cured-to-spec, undercured, and CPC-exposed powdercoatings all show very 
similar electrochemical impedance behaviors. The undercured and scribed coating had very low 
impedance and phase angle just a few days after the exposure started indicating significantly more 
severe corrosion damage, which was confirmed via visual observation. A similar drop in the measured 
values for the other powdercoatings suggests that these coatings all change in their quality and corrosion 
resistance. In some cases, however, this change leads to observable delamination, while in other cases, it 
does not.  
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FIGURE 16 – Measured electrochemical impedance of simulated armor kit setups coated with 
polyurethane powdercoating as a function of exposure time. The impedance values were 
determined at 10 kHz frequency.  
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It is interesting to note that both the impedance and phase angle values were higher in case of the 
CPC-treated powdercoating than for the untreated control for up to 10 days of exposure. This might be 
due to the partial blocking of moisture by the non-conductive CPC. 
 
 

CONCLUSIONS 
 

• The powdercoating that was cured according to the manufacturer’s recommendations did not fail 
during the laboratory tests. 

 
• Undercured powdercoatings showed severe delamination and slight galvanic attack.  
 
• The application of a CPC over powdercoating is not recommended, since severe delamination 

was observed in the laboratory tests.  
 
• Further evaluation of the Kevlar-based epoxy coating is needed due to cracking observed in case 

of one replicate.  
 

• The polyurethane/epoxy blend coating was found to damage the CARC paint potentially causing 
galvanic attack, although this kind of attack was not found in the test specimens.  

 
• The thermopolymer coating was found to protect the MAK without delamination or cracking.  

 
 

 
 
 

FIGURE 17 – Phase angle of simulated armor kit setups coated with polyurethane 
powdercoating measured at 10 kHz frequency as a function of exposure time.  
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