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Prevention and Control 
Vapor phase corrosion inhibitors (VCIs) have been used for many 
years to protect structures, equipment, and the environment 
from the adverse effects of corrosion. These technologies offer 
a variety of benefits, including easy, economical application and 
earth-friendly qualities. This special supplement to Materials 
Performance magazine describes several projects where VCIs 
have been effectively used, including applications for protecting 
the bottoms of aboveground storage tanks and the impact of 
powder particle size on corrosion inhibiting effectiveness. Articles 
on protective coatings and VCIs describe a high-performance 
water-based coating and the use of a float coat for petrochemical 
storage systems. Whether asset preservation is a matter of product 
containment or keeping structures safe and intact, environmentally 
friendly VCIs are proven to control corrosion in a multitude of 
applications.
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Influence of Powder Size of the 
Vapor Corrosion Inhibitor on 
Inhibiting Effectiveness
Behzad Bavarian, Lisa reiner, and BaBak samimi, California State University Northridge, California, USA
Boris a. miksic, Fnace, Cortec Corp., St. Paul, Minnesota, USA

The protection effectiveness of com-
mercially available vapor corrosion in-
hibitor powders with different particle 
sizes was evaluated. Conventional pow-
der size of nanoparticle powder inhibit-
ing effectiveness was compared using  
a vapor-inhibiting ability (VIA) test 
method. Optical microscopy post VIA 
corrosion tests revealed that the parti-
cle size of inhibitor powder has a signif-
icant influence on the degree of protec-
tion. The nanoparticle inhibitor showed 
a corrosion rating of Grade 4 and >41% 
decrease on the corrosion rate both in 
electrochemical tests and continuous 
exposure tests compared with the in-
hibitor with coarse particle size. Surface 
coverage also showed improvement 
mainly due to an increase of effective 
surface area and the partial pressure  
of vapor inhibitors as powder particle 
size decreased. Adsorption energy  
was roughly –16,740 J/mol for the 
nanoparticle-size inhibitor, while ad-
sorption energy was roughly –13,660 J/

mol for the coarse-particle-size inhibi-
tor. This was indicative of a stronger 
physical adsorption to the metal surface 
for the nanoparticle than the coarse in-
hibitor, leading to better corrosion pro-
tection. Laser Doppler anemometry 
measurement using the Doppler shift in 
a laser beam to measure the flow veloc-
ity showed a velocity of 6 ft/s for the 
nanoparticle and uniform flow. The 
coarse-particle inhibitor had a lower ve-
locity of 3 to 4 ft/s and nonuniform flow. 

Corrosion inhibitors can adsorb to a  
metal surface, protecting it from the envi-
ronment by forming a nonreactive, hydro-
phobic layer that prevents corrosion. To 
be effective, an inhibitor will interact with 
the anodic or cathodic sites to slow oxida-
tion and reduction reactions. Vapor phase 
corrosion inhibitors (VCIs) rely on vapor 
pressure for transport of active inhibitor 
compounds. VCIs form a bond with the 
metal surface and create a barrier layer 
to minimize corrosive ions on the surface. 

VCIs can be used alone or incorporated 
into packaging materials, oils, chemicals, 
and coatings. Some applications have been 
demonstrated for long-term (two years or 
more) storage of liquefied natural gas pip-
ing in Abu Dhabi, United Arab Emirates; 
power and desalination plant boiler tubes, 
also in Abu Dhabi; and gas pipe flanges in 
Wales, United Kingdom.1 Other applica-
tions include aboveground storage tanks 
with underside corrosion between the tank 
bottom plate and its concrete foundation.2

The mechanism of the nanoparticle VCIs 
involves the transport of the inhibitor to the 
metal surface and the inhibitor interaction 
with the metal substrate to form a protec-
tive film. When added to a liquid coating, 
the inhibitors react with water and dissoci-
ate. After application, as the liquid coating 
cures, the charged inhibitors migrate and 
adsorb onto the bare metal surface. Adsorp-
tion occurs as a result of electrostatic forces 
between the electric charge of the metal and 
the ionic charges of the inhibitor molecules. 
Once attached to the metal, the tails of the 
inhibiting molecules produce a highly hydro-
phobic film that repels water and other cor-
rosive species, which in turn reduces corro-
sion.3-5 A good level of corrosion protection 
can be obtained with an inhibitor that forms 
a passive microphobic layer on the metal 
surface using micron-size powder particles. 
However, as a result of the larger particle 
size, gaps may exist between the particles 
that are deposited on to the metal surface. 
This lack of coverage provides an opening 
for corrosive species to attack the unpro-
tected surface (Figure 1).

VAPOR PHASE CORROSION INHIBITORS

FIGURE 1  Particle size variation can lead to ingress of corrosive species that may attack the  
surface of the metal.
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Particle size influences many properties 
and is a valuable indicator of performance. 
This is true for powders, suspensions, emul-
sions, and aerosols. The size and shape of 
powders influences flow and compaction 
properties. Larger, more spherical particles 
will typically flow more easily than smaller 
particles that tend to agglomerate.6 Smaller 
particles dissolve more quickly and lead to 
higher suspension viscosities than larger 
ones. In the case of a VCI, size also matters. 

Figure 2 shows a comparison of parti-
cles, contaminants, and the agglomeration 
of small particles, all of which can influence 
the effectiveness of corrosion protection. 
Nanotechnology deals with structures that 
are 100 nm or smaller and involves devel-
oping materials or devices within that size 
range. To improve corrosion performance, 
nano-size powders are incorporated into 
VCIs. Particle deposition is the sponta-
neous attachment of particles to surfaces. 
The particles in question are normally col-
loidal, while the surfaces involved may be 
planar, curved, or represent particles much 
larger in size than the depositing ones. 
Depositing particles may form a monolayer 
that inhibits further particle deposition or 
may facilitate further particle  deposition 
depending on the dynamics.

As determined in this research, the 
VCIs are adsorbed to the metal surface by 
physiosorption. Irving Langmuir devel-
oped an adsorption isotherm that models 
gases adsorbed to solid surfaces.7-10 It is a 
semi-empirical isotherm with a kinetic 
basis and was derived based on statistical 
thermodynamics. It is the most common 
isotherm equation to use due to its simplic-
ity and its ability to fit a variety of adsorp-
tion data. It is based on four assumptions:
1. All of the adsorption sites are equiva-

lent and each site can only accommo-
date one molecule.

2. The surface is energetically homoge-
neous and adsorbed molecules do not 
interact.

3. There are no phase transitions.
4. At the maximum adsorption, only a 

monolayer is formed. Adsorption only 
occurs on localized sites on the surface, 
not with other adsorbates.

Some of the criteria assumed in Lang-
muir’s model do not fit with the obser-
vations from this investigation. There 
are always imperfections on the surface, 
adsorbed molecules are not necessar-
ily inert, and the mechanism is clearly 
not the same for the first molecules to 
adsorb to a surface as for the last mole-
cules. Another condition has to do with 
the thickness of particle deposition, and 
more likely, molecules will adsorb to the 
initial monolayer. Despite its shortcom-

ings, the Langmuir isotherm has many 
applications in surface kinetics. For the 
Brunauer Emmett Teller (BET) Model (an 
isotherm developed by Stephen Brunauer, 
Paul Emmett, and Edward Teller), given 
that the four assumptions made to fit the 
Langmuir isotherm model are, in general, 
not realistic, it is assumed that the mol-
ecules may form multilayers (Figure 3). 
However, BET theory ignores inhomoge-
neities of the surface and lateral adsor-
bate-adsorbate interactions.11

FIGURE 2  Relative size for particles, aggregates, and corrosive species.

FIGURE 3  Atomic models for possible types of surface coverage, monolayer or multiple particle 
deposition on the metal.11

FIGURE 4  Left: VCI-A nano-size particle. Right: VCI-A coarse particle.
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followed by 3 h at 22 °C for specimen con-
ditioning. After the last 3-h conditioning 
period, the steel samples were inspected 
for visible water condensation. Following 
verification of water condensation on each 
sample, visual examination of the surface 
was done and microscopic observation was 
conducted to determine the corrosion rat-
ing for each sample. The corrosion criteria 
for rating steel specimens consist of Grade 
0 through Grade 4. To have a valid test, the 
control sample must have Grade 0; samples 
with no inhibitor received the worst grade. 
The control samples consistently rated a 
Grade 0 for all VIA tests, therefore validat-
ing the test method. Relative humidity and 
the temperature of each test jar were moni-
tored by Sensirion† sensors and data logging 
software.

Electrochemical polarization stan-
dards for corrosion rate and resistance 
polarization (Rp/CR) measurements using 
Gamry Rp/CR† techniques were also used 
to evaluate the behavior of this inhibitor 
on the steel samples in 200 ppm chloride 
solution and to compare overall corrosion 
behavior of these different particle size 
corrosion inhibitors. These electrochem-
ical tests were conducted using Gamry 
PC4/750 Potentiostat/Galvanostat/ZRA† 

instrumentation and DC105† corrosion test 
software. Samples were polished (1.0 µm), 
placed in a flat cell, and tested in deion-
ized water solutions containing 200 ppm 
Cl- and  0.5% and 1.0%  VCI.

Corrosion tests also were conducted 
by exposing the CS samples to the misted 
sand with and without inhibitor to simu-
late similar condition of the aboveground 
storage tanks bottoms. Test duration was 
120 d while the sand was misted by 200 
ppm chloride solution every 72 h. Corro-
sion rates were monitored using electrical 
resistance probes.

Samples were visually inspected and 
their surface conditions were documented 
after VIA tests were completed. Photogra-
phy, optical microscopy, and scanning elec-
tron microscopy/energy-dispersive x-ray 
spectroscopy (SEM/EDXS) analysis were 

VAPOR PHASE CORROSION INHIBITORS

FIGURE 5  Comparison of corrosion behavior of different particle sizes for VCI-A in 200 ppm chlo-
ride solution for UNS G10180 steel.

FIGURE 6  Comparison of polarization resistance for different particle sizes of VCI-A in 200 ppm 
chloride solution for UNS G10180 steel.

Experimental Procedure
Corrosion behavior of carbon steel 

(CS) (UNS G10180) samples were studied 
in two different VCIs with coarse parti-
cles (~150 µm, VCI-A-Coarse) and those 
with nanoparticles (~500 nm, VCI-A-Nano) 
using NACE International TM0208-2013.12-13  
Figure 4 shows the difference in particle size 
for these two inhibitors. This laboratory test 
method evaluates the vapor-inhibiting abil-
ity (VIA) of various forms of VCI materials 

for temporary corrosion protection of fer-
rous metal surfaces. The VIA corrosion test 
method provides for standard conditions 
in a test jar of water-saturated warm air 
without the presence of accelerating con-
taminants. Water vapor and VCI transport 
are confirmed and corrosion protection 
is evaluated in this test method. The VIA 
tests consist of four steps of sample condi-
tioning or saturation for 20 h at 22 °C, cool-
ing cycle at 2 °C, and prewarming at 50 °C, †Trade name.
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conducted using a JEOL JSM-6480LV† and 
Thermo System Seven detector.†

Electrochemical polarization test 
results for the polarization resistance and 
corrosion rate measurements are shown 
in Figures 5 and 6. Both corrosion rate and 
polarization resistance data showed that 
VCI-A nano-particles have a 41% lower cor-
rosion rate compared with the coarse-par-
ticle size. The VIA visual observations are 
shown in Figure 7. The corrosion rating 
per NACE TM0208 indicated that the con-
trol sample had Grade 0, while the VCI-A 
coarse-particle rating was Grade 2, and 
VCI-A nanoparticle rating was Grade 4. 
The surface condition of samples after VIA 
tests is shown in Figures 8 and 9. The VCI-A 
nanoparticle tested samples showed supe-
rior corrosion protection during VIA tests. 
Figures 10 and 11 show significant reduc-
tion of the corrosion rate of UNS G10180 
steel, continuously exposed (120 days above 
mist sand corrosion tests, 200 ppm Cl- solu-
tion added to sand bed every 72 h) when 
inhibitor was added to the environment.

The adsorption isotherm relationship 
between surface coverage and tempera-
ture for both VCI-A-Coarse and VCI-A- 
Nano inhibitors on the surface of steel is 
shown in Figure 12. Adsorption energy was 
roughly –16,740 J/mol for the nanoparticle- 
size inhibitor, while adsorption energy was 
roughly –13,660 J/mol for the coarse-par-
ticle-size inhibitor. This energy range is 
indicative of a strong physical adsorption 
to the metal surface.14 However, it can be 
seen that the interaction of VCI-A-Nano 
with the steel surface is higher than the 
coarse inhibitor, leading to better cor-
rosion protection. The size effect of this 
inhibitor appears to be more pronounced 
at higher temperature than the room tem-
perature. X-ray photoelectron spectros-
copy (XPS) depth profiling analysis showed 
~60 to 80 nm of adsorbed inhibitor on the 
exposed samples, indicating that the multi-
layer BET Model is a more realistic adsorp-
tion model than the monolayer Langmuir 
model for this case. But for the adhesion 
energy calculation between inhibitor mol-
ecules and metal surface, it is appropriate 
to use the monolayer Langmuir model.

Influence of Powder Size of the Vapor Corrosion Inhibitor on Inhibiting Effectiveness

FIGURE 7  Photographs of steel samples after VIA tests and their corrosion rating; shows superior 
performance for VCI-A-nano exposed samples.

FIGURE 8  Optical micrographs of steel samples after VIA tests; superior performance is seen for 
VCI-A-Nano exposed samples.

Control

VCI-A-Coarse Particles VCI-A-Nano Particles
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ticle inhibitor had a lower velocity of 3 to 4 
ft/s and nonuniform flow.
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Conclusions
The effectiveness of commercially avail-

able VCI powders with different particle size 
was evaluated. Conventional powder size 
and nanoparticle powder inhibiting effec-
tiveness was compared. Optical micros-
copy post VIA corrosion tests revealed that 
the particle size of inhibitor powder has a 
significant influence on the degree of pro-
tection. The nanoparticle inhibitor showed 
a corrosion rating of Grade 4 and >41% 
decrease on the corrosion rate. Surface cov-
erage also appeared to improve, mainly due 
to the increase of effective surface area and 
the partial pressure of VCIs as powder par-
ticle size is reduced. Adsorption energy was 

roughly –16,740 J/mol for the nanoparticle 
size inhibitor, while adsorption energy was 
roughly –13,660 J/mol for the coarse-par-
ticle-size inhibitor, indicative of a strong 
physical adsorption to the metal surface for 
both inhibitors. But VCI-A-Nano showed a 
stronger interaction with the steel surface 
than the coarse inhibitor, leading to better 
corrosion protection. Continuous expo-
sure in mist sand corrosion tests verified 
the corrosion rate reduction by a factor of 
10. The laser Doppler anemometry mea-
surement using the Doppler shift in a laser 
beam to measure the flow velocity showed a 
velocity of 6 ft/s for the nanoparticle inhibi-
tor and uniform flow, while the coarse-par-
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Traditional water treatment methods 
pose several challenges to large- 
vessel preservation. The economics 
of continuous dosing and environ-
mental restrictions concerning the 
disposal of  treated water need to be 
considered. One solution to these 
challenges involves the application of 
an immiscible corrosion inhibiting oil 
partition on the water surface (hence-
forth referred to as a “float coat”). 
This article highlights the challenges 
of traditional preservation methods 
and examines the efficacy of one 
commercial float coat. Large vessel 
preservation is typically accom-
plished through one of two methods: 
chemical treatment of water during 
hydrotesting or heavy-duty epoxy 
coating systems. These treatment 
systems have proven to be effective. 
However, novel approaches to large 
vessel preservation provide an op-
portunity to overcome challenges in-
volved with more traditional preser-
vation methods.

There are various water treatment    
methods available to protect large storage 
vessels from corrosion, including those 
used in the petroleum industry. This article 
describes common methods and presents 
testing information and conclusions about 
a coating technology that is cost-effective, 
environmentally friendly, and suitable for 
large vessel protection.

Preservation Methods
Chemical Treatment

Aboveground storage tanks (ASTs) in 
the petroleum industry come in a wide 
variety of sizes, ranging from modest sizes 
of 200 m3 up to storage volumes in excess of 
100,000 m3.1 For even the most modest dos-
age rates of chemical treatment at 500 ppm, 
costs can exceed $2.5 million USD for more 
than 115 m3 of chemical treatment.

Coatings
Coatings can be separated into remov-

able, or “temporary” coatings, and perma-
nent coatings. After the application of either 
type of coating, the proper amount of cure 
time must be allowed for the coating to 
achieve peak performance. Typical recom-
mendations call for one week of cure time. 
During this time, no maintenance or testing 
can be performed on coated areas, resulting 
in lost time and productivity.

For tanks with a 91.4-m diameter and 
18.3-m wall height,1 the total wall surface 
area is approximately 5,300 m2. Given a 
spread rate of 3.7 m2 per liter, over 1,500 L of 
the coating are required, costing upwards 
of $40,000. While removable or temporary 
coatings typically cost less than permanent 
coatings, the reapplication of any coating 
for long-term preservation would require 
significant labor cost for surface prepara-
tion and application. Finally, lost time ( for 
product application and cure time) is also a 
considerable factor, resulting in lost profits.

Waste Disposal
Waste disposal and environmental 

concerns can be very large factors in deter-
mining the efficacy of any procedure whose 

processes produce any amount of poten-
tially hazardous chemical waste. The cost 
to properly dispose of “dirty water waste” 
ranges from $0.04 to $0.24 per cubic m3.2 
Given a tank size of 100,000 m3, waste dis-
posal can add up to $24,000 onto existing 
project costs. Though more modest-sized 
containers would significantly reduce the 
cost for waste disposal, this expense still 
remains a major consideration in the effi-
cacy of any given treatment.

Application of a Float Coat
A float coat is a corrosion-inhibiting 

oil that is applied to a large-volume sys-
tem during a typical hydrotesting process. 
The float coat, being a hydrocarbon-based 
product, floats on the surface of the water, 
allowing for a unique application using a 
much smaller volume of product than typi-
cal chemical additives.

The vessel f loor and initial meter of 
wall height is sprayed with a layer of the 
float coat before any water is added to the 
system. Water is slowly added, until a point 
just below the initial spray treatment, so to 
avoid disturbing the applied float coat pro-
tective coating. The remainder of the float 
coat is applied to the top of the water layer. 
Hydrotesting is then carried out as nor-
mal with care to fill the system at such a 
rate that the float coat layer on the water’s 
surface is not disturbed. As the hydrotest 
proceeds, the walls of the vessel are coated 
with the float coat and further recoated as 
the vessel is drained.

Experimental Procedures
Using a float coat has proven to be a 

viable preservation technique for ASTs and 
other large vessels during hydrotesting via 

Using a Float Coat for Preservation 
of Large-Volume Storage Systems
John WuLterkens and casey heurung, Cortec Corp., St. Paul, Minnesota, USA
houssam saBry, ADGAS, Abu Dhabi, United Arab Emirates
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a number of laboratory studies as well as 
real-life application.

Laboratory Testing: 
Humidity Testing

ASTM D17353 and D17484 conditions 
are standard accelerated weathering envi-
ronments. Both of these environments 
were used to evaluate the corrosion resis-
tance of the oil film in non-submerged sit-
uations such as the conditions experienced 
within an AST after a hydrotest and during 
preservation.

astm d1735
ASTM D1735 is a test that examines a 

coating’s resistance to constant water fog 
in a warm environment. The temperature 
of the chamber is held at 38 °C (100 °F), 
and deionized (DI) water is continuously 
fogged into this space such that 1.0 to 
3.0 mL is collected on an 80 cm2 surface 
area every hour. Steel panels are cleaned, 
coated with the float coat, and drained 
prior to being placed in the test chamber 
15 degrees from vertical. Significant corro-
sion is typically witnessed on control sam-
ples within one day, but the duration of 
testing is dependent on how long the test 
panels remain free of corrosion.

astm d1748
ASTM D1748 is a humidity test that 

examines a coating’s resistance to high 
temperature and humidity. The tempera-
ture of the chamber is held at 48.9 ± 1.1 °C 
(120 ± 2 °F), and the panels are suspended 
by hangers designed so water does not 
drain from the hanger to the panel’s sur-
face. These hanging panels are then rotated 
through the chamber to allow every panel 
to experience identical conditions. Corro-
sion is typically witnessed on control sam-
ples within one hour, but the duration of 
testing is dependent on how long the test 
panels remain free of corrosion. This test 
was modified by using 0.063- by 2- by 4-in 
(1.6- by 51- by 102-mm) SAE 1008 cold-
rolled steel panels and preparing the sur-
face according to the procedure described 
in 8.2 through 8.3.6 without performing the 
heated solvent cleaning described in 8.3.7 
through 9.2. Rather, the top edges of the 

panels were protected after removal from 
the solvent referenced in Section 8.3.6 and 
the float coat was applied to the panel as 
described in Section 9.2.

Laboratory Testing: 
Immersion Testing

Immersion testing was performed in a 3.5 
wt% solution of sodium chloride (NaCl) in DI 
water. This solution was held in a cylindrical 
glass cell with a 5-in (127-mm)  height and  
2-in diameter. Two hundred grams of this 
solution were used in each test cell to ensure 
the full immersion of the tested steel panels 
(0.063- by 1- by 3-in [1.6- by 25- by 76-mm] 
SAE 1008 cold-rolled steel). Ten grams of pre-
servative oil were added to each cell to build 
a substantially thick layer on the surface of 
the water. Pre-weighed steel panels were 
slowly lowered through the float coat into the 
test solution to ensure an even coating. These 
cells were placed into a 40 ± 2 °C oven for 
two weeks before being removed and left at 
ambient conditions (22 ± 2 °C) for 21 weeks. 
At this time the panels were removed, the oil 
residue was cleaned off with methanol, and 
oxides were cleaned from the surface via a 
7.8 M hydrochloric acid (HCl) solution. The 
panels were examined for mass loss and the 
rate of corrosion was calculated using the fol-
lowing formula from ASTM G315 (Equation 2, 
Section 12.4) shown in Equation (1):

Corrosion Rate (mpy) = 3.45 × 106 × W
A × T × D

 (1)

where W represents the mass loss in grams, 
A is the panel surface area in cm2, T is the 
duration of the test in hours, and D is the 
metal density in grams per cubic centime-
ter (7.87 g/cm3 for SAE 1008 steel). The cor-
rosion rate reduction was also calculated 
by comparing the control sample to the 
test samples, as shown in Equation (2):

Corrosion Rate Reduction = 1– × 100%R
C

 (2)

where C represents the corrosion rate of 
the control sample and R is the corrosion 
rate of the test sample.

Laboratory Testing: Coating 
Thickness and Dosing Estimation

Coating thickness and appropriate dos-
age were determined by constructing a ves-

sel in which to simulate the float coating 
process. A 5-gal (19-L) container was fitted 
with a ball valve near its base to act as a drain 
while a rubber hose, guided to the base of 
the container via a 1-in diameter polyvinyl 
chloride pipe, was used to siphon water from 
another 5-gal container. Four- by twelve-in 
(102- by 305-mm) SAE 1008 steel panels were  
suspended in the center of the vessel to act as 
stationary steel surfaces would in an actual 
application.  The proper dosage was deter-
mined by considering the water surface area, 
monitoring the addition of oil until a consis-
tent film formed on the water, and raising the 
water level to coat the suspended steel pan-
els. When the coating applied evenly without 
breaking the oil surface as it was raised over 
the panel, the dosage was considered ade-
quate for float coat application. After drain-
ing the water from the vessel and allowing 
excess oil to drip from the test panel’s sur-
face, the film thickness was evaluated with 
a standard wet film thickness (WFT) gauge.

Real World Analysis
Float coating has been successfully 

used as an AST preservation method in the 
Middle East. This project provided afford-
able corrosion protection through the 
application of a float coat while  hydrotest-
ing the system. The float coat was applied 
with neither minimal disruption to normal  
application procedures nor any negative 
impact on any cured phenolic epoxy liners, 
typically used in tanks.

A water sample from the float coat sys-
tem was submitted to a third-party chemical 
analysis firm for chemical testing. Analysis 
for several hazardous chemicals was per-
formed, including dissolved metals, such as 
lead, mercury, and zinc, and several hazard-
ous hydrocarbons, such as benzene, toluene, 
naphthalene, and others. Tests were carried 
out according to APHA 3120 B,6 U.S. EPA SW 
846/8260B,7 and U.S. EPA SW 846/8081B8 for 
various metals, volatile organic compounds, 
and organochlorine pesticides, respectively. 
Upon gaining disposal approval, hydrotest 
water was disposed of with minimal impact 
to normal operational procedures.

Results
Laboratory Testing:  

Humidity Testing
astm d1735

Product A was tested according to 
ASTM D1735 to assess its corrosion protec-
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tion capabilities where constant water fog 
is present. Treated 3- by 5-in SAE 1008 steel 
panels were tested for 500 h in the specified 
conditions before any corrosion was seen, as 
shown in Figure 1. In contrast, a control steel 
panel showed signs of corrosion within 24 h.

astm d1748
Product A was tested according to 

ASTM D1748 (with modifications noted 
above) to assess its corrosion protection 
in a constant condensing humidity envi-
ronment. Treated steel panels were tested 
for over 1,950 h in the specified conditions 
before any corrosion was seen (Figure 2). 
In contrast, a control steel panel showed 
signs of corrosion within 24 h.

Laboratory Testing:  
Immersion Testing

Product A was tested in immersion 
conditions as noted above to assess the 
level of protection offered in a corrosive 
solution. As shown in Table 1, each panel 
that was treated with Product A witnessed 
a corrosion rate reduction of over 98%.

Laboratory Testing: Coating 
Thickness and Dosing Estimation

Immediately after application of Prod-
uct A, a WFT gauge indicated a 175-µm 
(7-mil) film thickness on the surface of the 
test panel. After being allowed to drain for 
1 h, the film was reevaluated to find a WFT 
of less than 25 µm (1 mil).

Through several trials, the necessary 
amount of product required to ensure a 
uniform coating thickness upon applica-
tion was determined to be 5.5 L of Product 
A per m2 of cross sectional tank area. In the 
case of tanks with a non-constant cross sec-
tional area (e.g., frustum-shaped tanks), the 
average cross sectional area should be used. 
Through similar trials the required amount 
of product to properly coat vessel walls was 
determined to be 1 L per 20 m2. The test 
apparatus is shown in Figures 3 and 4.

Real World Analysis
Select results from the elemental anal-

ysis testing of water used to apply Product 
A are provided in Table 2.

Conclusions
Traditional chemical treatment and 

epoxy coatings can be both expensive and 
time-consuming  methods for protection 
and preservation of large vessels. In large 
volume systems, a float coat can offer a 
more economical corrosion protection 

FIGURE 2.  ASTM D1735 test results with Product A. The control panel is pictured on the far left.

FIGURE 3.  Image of the inside of the float coating test 
vessel. The vessel can accommodate several standard 
4- by 12-in test panels (3- by 5-in test panels are pictured 
above).

FIGURE 4.  Total view of the float coating test vessel. Test 
panel holder, funnel and tubing for bottom-up filling of 
the vessel, and drain spout can be seen.

PROTECTIVE COATINGS

FIGURE 1.  ASTM D1735 test results with Product A. The control panel is pictured on the far left.
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TABLE 1.  IMMERSION TEST RESULTS

Sample Treatment
Starting Mass  

(g)
Ending Mass  

(g)
Mass Loss  

(g)
Corrosion Rate 

(mpy)
Corrosion 
Reduction

1

Product A

23.8277 23.8234 0.0043 0.012 98.3%

2 23.8607 23.8567 0.0040 0.011 98.5%

3 23.8432 23.8381 0.0051 0.014 98.1%

4 Control 23.9134 23.6430 0.2704 0.73 N/A

TABLE 2.  SELECT RESULTS FROM HAZARDOUS CHEMICAL TESTING9

Chemical
Practical 

Quantification 
Limit (PQL)

Units Result

Arsenic 0.09 mg/L N/D(A)

Cadmium 0.15 mg/L N/D

Chromium 0.1 mg/L N/D

Lead 0.08 mg/L N/D

Zinc 0.51 mg/L N/D

Mercury 0.0005 mg/L N/D

1,1-dichloroethene 6 µg/L N/D

Chloroform 5 µg/L N/D

Benzene 4 µg/L N/D

Toluene 5 µg/L N/D

Chlorobenzene 6 µg/L N/D

Styrene 5 µg/L N/D

Naphthalene 9 µg/L N/D

4,4’-DDT 0.16 µg/L N/D

Endrin 0.38 µg/L N/D

solution than traditional chemical treat-
ment by offering dosage rates based on 
surface area compared to costly dosage 
rates based on volume. Additionally, the 
minimally invasive application method 
can offer significant time savings when 
compared to traditional coating applica-
tions.

Humidity testing according to ASTM 
D1735 and D1748, and immersion testing 
based on ASTM G-31 showed excellent 
corrosion protection from the thin film left 
by Product A. Field application of the float 
coat product demonstrates the efficacy 
of these points. As shown in Table 2, this 
treatment does not impact the chemistry 
of the hydrotest water, allowing for water 
disposal to be carried out with only mini-
mal disruption to normal disposal proce-
dures and providing time and cost savings 
by significantly reducing or eliminating the 
expensive and lengthy process of handling 
large volumes of industrial  waste.

The use of a float coat is an affordable and 
effective method for corrosion protection of 
large-volume vessels. Cost savings, time sav-
ings, and environmental considerations pro-
vide the basis for this novel treatment to vie 
with traditional preservation methods.
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VAPOR PHASE CORROSION INHIBITORS

Compatibility and Interactions 
Between Cathodic Protection and 
a Vapor Phase Corrosion Inhibitor
caLvin r. Pynn, AEGIS Technical Systems LLC, Dubai, United Arab Emirates 
khaLiL aBed, Cortec Middle East, Dubai, United Arab Emirates 

The nature of the physical contact be-
tween the bottom plate of an above-
ground storage tank and the underly-
ing foundation/soil varies considerably 
over the area of a tank bottom and 
from tank to tank. This may vary from 
direct electrolytic contact between 
the plate and moist underlying soil to 
void  spaces between the plate and 
the soil due to floor buckling and/or 
soil settlement. Cathodic protection 
(CP) is a proven corrosion mitigation 
technique where the target metal sur-
face is in contact with a conductive 
electrolyte such as moist soil, but it 
will not be effective in void spaces 
where there is no electrolyte contact 
with the tank floor. Consequently, 
there is increasing application of va-
por phase corrosion inhibitor (VCI) in-

jection beneath tank bottoms to en-
sure corrosion is mitigated in the void 
spaces. The objective of this work was 
to evaluate the mutual compatibility 
and interactions between CP and a 
VCI where applied together in a liq-
uid-phase environment. The work 
comprised laboratory experiments to 
quantitatively evaluate the effects of a 
particular amine carboxylate-based 
inhibitor and CP, when applied indi-
vidually and jointly on an oxygen con-
centration corrosion macrocell in a 
salt water solution. The results indi-
cate a beneficial synergistic effect be-
tween the particular inhibitor tested 
and CP, where the inhibitor enhances 
cathodic polarization to reduce CP 
current requirement, and CP reduc-
tion reaction appears to enhance the 

absorption and effectiveness of the 
inhibitor at the cathodic metal sur-
face. 

The nature of the physical contact between 
the bottom plate of an above-ground storage 
tank and the underlying foundation/soil 
varies considerably over the area of a tank 
bottom and from tank to tank. This may vary 
from direct electrolytic contact between 
the plate and moist underlying soil to void  
spaces between the plate and the soil due to 
floor buckling and/or soil settlement.

Cathodic protection (CP) is an effective 
corrosion mitigation technique where there 
is an electrolytic contact between the tank 
bottom surface and the underlying soil (i.e., 
liquid-phase environment), but it cannot 
provide protection in the absence of an elec-
trolyte, as is the case where there are gaps or 
voids  between the tank bottom and soil, or 
where there is intermittent moisture in the 
soil contacting the tank bottom surface (i.e., 
vapor-phase environment).

Increasingly, vapor phase corrosion 
inhibitors (VCIs) are being injected beneath 
tank bottoms to mitigate the vapor-phase 
corrosion aspect. There are many types and 
chemistries of corrosion inhibitors that 
affect the electrochemical reactions at the 
metal-electrolyte interface. Each of these 
has specific properties that may or may not 
be compatible with CP or other corrosion 
prevention measures.

The objective of this work was to eval-
uate the mutual compatibility and interac-
tions between CP protection and a particu-FIGURE 1  Test setup—schematic. FIGURE 2  Test setup—physical arrangement.
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lar VCI where applied together.

Test Setup and Procedure
The test method objective was to pro-

vide a quantitative evaluation of the effec-
tiveness of CP and an amine carboxyl-
ate-based VCI when applied individually 
and jointly to mitigate the corrosion current 
in a liquid-phase corrosion “macro-cell.”

An oxygen concentration cell between 
two carbon steel (CS) electrodes was 
deemed representative of the prevalent 
macro-cells that exist on tank bottoms. A 
salt water solution (3.6 L at 35 g sodium 
chloride [NaCl] per L) was used. A vari-
able-output air pump forced air though 
a diffuser positioned below one of the CS 
electrodes to encourage a cathodic (reduc-
tion) reaction and create a potential differ-
ence with respect to the unaerated steel 
electrode. A mixed metal oxide Ti rod 
anode was positioned midway between the 
steel electrodes and powered by a variable 
direct current power supply. The schematic 
and physical arrangement of the test appa-
ratus is depicted in Figures 1 and 2.

Preparatory Procedure
A preliminary preparatory procedure to 

reliably produce the macrocell consisted of 
the following steps:
1. The test container was cleaned and 

rinsed.
2. Salt water solution (3.6 L with 35 g NaCl 

per L) was prepared and placed in the 
test container. 

3. Test rod metal surfaces were cleaned and 
sanded to NACE No. 1/SSPC-SP 5/Sa 31 
finish.

4. Test rods were placed in solution, with-
out bond, and allowed to soak for at least 
16 h for each to reach a stable open-cir-
cuit potential (OCP).

5. Copper/copper sulfate (Cu/CuSO4) refer-
ence electrodes (CSEs) were freshly pre-
pared, tested to verify a <1 mV difference 
between them, and placed in the test 
apparatus.

6. The OCP of each test rod was measured 
and monitored to ensure their stability. 

7. The test rods were bonded, and the bond 
current and potentials were monitored 

until they stabilized.
8. Aeration was started to cause a poten-

tial difference between the test rods, and 
adjusted until a steady state potential 
difference of 35 to 40 mV was achieved 
along with an associated  corrosion cur-
rent (i.e., ICORR) of 350 to 400 µA.

Test 1—Effect of VCI on Active CP 
System

Following the preparatory procedure, 
this test consisted of the following steps:
1. The CP arrangement was energized, and 

the CP current (ICP) was adjusted to mit-
igate ICORR (i.e., reduce ICORR to zero). As 
cathodic polarization increased, ICP was 
further adjusted to maintain ICORR at zero 
until a steady state was reached.

2. The first 3 g of inhibitor was added to the 
solution. The effect on the ICORR was mon-
itored, and ICP  was adjusted to maintain 
ICORR at zero until a steady state was 
reached.

3. The inhibitor concentration was 
increased by adding another 3 g, the 
effect on ICORR was monitored, and ICP was 
adjusted to maintain ICORR at zero until a 
steady state was reached.

4. The inhibitor concentration was 
increased by adding another 3 g, the 
effect on ICORR was monitored, and ICP was 
adjusted to maintain ICORR at zero until a 
steady state was reached.

5. CP was de-energized and ICORR was mon-
itored until a steady state was reached. 

6. The aeration was turned off and ICORR 
was monitored until a steady state was 
reached.

Test 2—Effect of VCI Prior to 
Application of CP System

Following the preparatory procedure, 
this test consisted of the following steps:
1. The first 3 g of inhibitor was added to the 

solution. The effect on the ICORR was mon-
itored until a steady state was reached.

2. The inhibitor concentration was 
increased by adding another 3 g and 
the effect on ICORR was monitored until a 
steady state was reached.

3. The inhibitor concentration was 
increased by adding another 3 g and 

the effect on ICORR was monitored until a 
steady state was reached.

4. The CP arrangement was energized, 
and the ICP was adjusted to mitigate ICORR 

(i.e. reduce ICORR to zero). As cathodic 
polarization increased, ICP was adjusted 
further to maintain ICORR at zero until a 
steady state was reached.

5. CP was de-energized and ICORR was moni-
tored until a steady state was reached. 

6. The aeration was turned off and ICORR 
was monitored until a steady state was 
reached.

 Test Results
The results for Test 1 are illustrated in 

Figure 3. The results for Test 2 are illustrated 
in Figure 4.

Discussion of Results
The Test 1 results are shown in Table 1. 

The Test 2 results are shown in Table 2.

Conclusions
The results indicate a beneficial syner-

gistic effect between the VCI(x) tested and 
CP, where the inhibitor enhances cathodic 
polarization to reduce CP current require-
ment, and the CP reduction reaction appears 
to enhance the absorption and effectiveness 
of the inhibitor at the cathodic metal surface.

The following is a point-form summary 
of the conclusions drawn from this testing.
1. With respect to the VCI(x) tested:

a. The VCI(x) tested is a “cathodic 
polarizer.”

b. As a cathodic polarizer, the VCI(x) 
tested reduced CP current require-
ment, and could thereby also enhance 
CP current distribution. Specifically, 
the CP current requirement of 5.5 mA 
to mitigate the corrosion cell before 
the addition of inhibitor was reduced 
by 45% with the first 3 g addition, 55% 
with further 3 g addition, and 60% 
with the final 3 g addition.

c. At the concentrations tested, the 
VCI(x) substantially reduces, but does 
not completely mitigate the corrosion 
rate (i.e., ICORR) in a liquid-phase macro-
cell. Specifically, the original corrosion 
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VAPOR PHASE CORROSION INHIBITORS

Test Procedure Events
1. Test start—steady state coupon potentials following preparatory 

procedure
2. Aeration started to create stable macrocell with potential difference of -40 

mV
3. CP output current energized and adjusted to reduce ICORR to 0 µA
4. 3 g VCI(x) added to solution
5. CP output reduced to maintain ICORR at 0 µA
6. 3 g VCI(x) added to solution
7. CP output reduced to maintain ICORR at 0 µA
8. 3 g VCI(x) added to solution
9. CP output reduced to maintain ICORR at 0 µA
10. CP de-energized
11. Aeration stopped
12. Test end

Test Procedure Events
1. Test start—steady state coupon potentials following preparatory 

procedure
2. Aeration started to create stable macrocell with potential difference of 

-40 mV between coupons and ICORR of –375 µA
3. 3 g VCI(x) added to solution
4. 3 g VCI(x) added to solution
5. 3 g VCI(x) added to solution
6. CP output current energized and adjusted to reduce ICORR to 0 µA
7. CP de-energized
8. Test end

FIGURE 3  Test 1 results—effect of VCI on active CP system. FIGURE 4  Test 2 results—effect of VCI in the absence of CP.

rate of 375 µA was reduced by 27% with 
the first 3 g addition, 45% with further 
3 g addition, and 52% with the final 3 g 
addition.

2. With respect to CP:
a. CP can completely mitigate liq-

uid-phase macrocell corrosion.
b. CP appears to enhance the absorp-

tion and effectiveness of the inhibi-
tor at the cathodic metal surface.

Caveats to Conclusions—
Limitations of Testing

1. The test results revealed in this work apply 
to the specific VCI type and concentra-
tions tested and are definitely not indic-
ative of all inhibitors. For example, com-
pletely different results would be expected 
for “anodic inhibitor” chemistries.

2. There are many types and chemistries of 
corrosion inhibitors with varying appli-
cation concentrations  on  the  market  
having  specific  properties  that  differ  

from  the  VCI tested in this work. Each 
of these should undergo similar testing 
as that performed in this work to spe-
cifically evaluate their effectiveness and 
compatibility.

3. It must be emphasized that this work 
evaluates the effectiveness and compat-
ibility in the liquid-phase exposure. It 
does not in any way reflect the effective-
ness of the inhibitor to reduce corrosion 
in the vapor-phase for which it is primar-
ily intended.

4. As inhibitors generally affect the electro-
chemical reactions at the metal-electro-
lyte interface, and therefore their poten-
tials, the presence of any inhibitor in the 
electrolyte would be expected to affect 
the potential stability of permanent 
reference electrodes used for CP per-
formance evaluation, and similarly, the 
potential of any galvanic anodes in the 
same environment.

5. It is recognized that the time between test 

stages was limited and therefore not suffi-
cient for parameters to reach a true steady 
state before adjusting variables. These 
times should be extended in future work.

Acknowledgments
The authors wish to acknowledge the 

assistance of Dr. Mohamad Nagi and the 
American University of Dubai for the test 
facilities and Andrea Skapoulli of Cortec 
Middle East.

Reference
1. NACE No. 1/SSPC-SP 5/Sa 3, “White Metal Blast 

Cleaning” (Houston, TX: NACE International).

Bibliography
Abed, K., P. Panchai, A. Gamdo. “Evaluation of Im-

pressed Current Cathodic Protected API 650 
Tank Bottoms in the Presence of Vapor Phase 
Corrosion Inhibitor.” CORROSION 2016, paper 
no. 7600. Houston, TX: NACE International.

Al-Sulaiman, S., H. Sabri, R. Rahim. “Evaluation of 
Cathodic Protection System Criteria on Con-

16 JUNE 2017  MATERIALS PERFORMANCE  CORTEC SUPPLEMENT TO MP



Compatibility and Interactions Between Cathodic Protection and a Vapor Phase Corrosion Inhibitor

TABLE 1.  EFFECT OF VCI ON ACTIVE CP

Event Observation

1 Both coupons were at –774 mV vs. CSE following the preparatory procedure.

2 A macrocell was created by the aeration to achieve a steady state potential difference of ~40 mV between coupons and an ICORR of 
~400 µA. The aeration caused potentials of both coupons to shift electropositive as a result of cathodic depolarization.

3 The application of CP with ICP = 5.5 mA caused the cathode coupon to cathodically polarize toward the potential of the anode 
coupon, thereby reducing ICORR to 0 µA to effectively mitigate the macrocell.

4 An initial 3 g of VCI(x) was added to the solution while ICP was maintained at 5.5 mA. Both coupons shifted electronegative, indicating 
they were being cathodically polarized. The cathodic polarization of the cathode coupon exceeded that of the anode coupon, 
resulting  in a “-ve” ICORR value (i.e., ~ –200 µA).

5 ICP was reduced to 3 mA to bring ICORR to 0 µA.

6 Further 3 g of VCI(x) was added to the solution while ICP was maintained at 3.0 mA. As was the case following Event 4, both coupons 
shifted electronegative, but not to the same magnitude as observed with the initial VCI(x) addition, resulting in a “-ve” ICORR value (i.e., 
~ –40 µA).

7 ICP was reduced to 2.45 mA to bring ICORR to 0 µA.

8 Further 3 g of VCI(x) was added to the solution while ICP was maintained at 2.45 mA. As was the case following Event 6, both coupons 
shifted electronegative, but not to the same magnitude as observed with the initial VCI(x) addition, resulting in a “-ve” ICORR value (i.e., 
~–20 µA).

9 At Event 7, ICP was reduced to 2.15 mA to bring ICORR to 0 µA.

10 The CP system was de-energized and the cathode potential shifted electropositive and ICORR increased to ~140 µA.

11 When the aeration was stopped, thereby eliminating the driving source for the macrocell, the potential of the cathode coupon 
approached that of the anode coupon (i.e., –774 mV vs. CSE), and ICORR decreased to ~30 µA.

TABLE 2.  EFFECT OF VCI IN THE ABSENCE OF CP

Event Observation

1 Both coupons were at –777 V vs. CSE following the preparatory procedure.

2 A macrocell was created by the aeration to achieve a steady state potential difference of ~40 mV between coupons and an ICORR of 
~375 µA. The aeration caused potentials of both coupons to shift electropositive as a result of cathodic depolarization.

3 An initial 3 g of VCI(x) was added to the solution. Both coupons shifted electronegative, indicating they were being cathodically 
polarized, and ICORR decreased to ~275 µA.

4 Further 3 g of VCI(x) was added to the solution. Both coupons shifted electronegative, indicating they were being cathodically 
polarized, and ICORR decreased to ~205 µA.

5 Further 3 g of VCI(x) was added to the solution. Both coupons shifted electronegative, indicating they were being cathodically 
polarized, and ICORR decreased to ~180 A.

6 The application of CP with ICP = 2.85 mA caused the cathode coupon to cathodically polarize toward the potential of the anode 
coupon, thereby reducing ICORR to 0 µA to effectively mitigate the macrocell.

7 The CP system was de-energized, the cathode potential shifted electropositive, and ICORR increased back to ~200 µA.
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High-Performance Water-Based 
Coating Enhanced with  
Nano-Vapor Corrosion Inhibitors
markus BieBer, Cortec Corp., St. Paul, Minnesota, USA 

The use of single-component wa-
ter-based coatings for protection of 
military metal substrates continues to 
grow due to their low odor, health and 
safety advantages, easy cleanup, and 
environmental friendliness. Neverthe-
less, the challenge remains to find al-
ternatives to the traditional chromate, 
zinc, or similar heavy metal-type cor-
rosion inhibitors that tend to rely on 
passivation or sacrificial cathodic pro-
tection. Additionally, ongoing regula-
tory developments, which require 
lower volatile organic compounds 
and elimination of carcinogenic mate-
rials, continue to tighten the use of 
products containing these heavy met-
als, thus forcing the need for alterna-
tive technologies. The use of nano-va-
por phase corrosion inhibitors 
provides an attractive alternative by 
adsorbing onto the metal substrate 

and filling the voids or micro-crevices 
of the substrate and preventing corro-
sion from starting or growing once the 
surface of the coating has been dam-
aged. This technology has been 
proven effective in single-component 
water-based coatings at a dry film 
thickness of 1 mil (25 µm).

In a 2002 study by NACE International,1   
the cost of corrosion for the U.S. Depart-
ment of Defense (DoD) was estimated to be 
in excess of $20 billion. Traditional corrosion 
control methods for protecting metal sub-
strates in the military include chromate, zinc, 
and other heavy metals in inhibitors working 
in conjunction with passivation or cathodic 
protection.2 An environmentally friendly, 
effective alternative involves the use of 
nano-vapor phase corrosion inhibitors (VCIs) 
in coatings used to protect these assets.3-4

VCIs and Coatings
How VCIs Work in a Coating

VCIs are formulated into 
a coating through a complex 
development process that 
involves determining chemi-
cal compatibility of the VCIs 
with the other components of 
the coating, such as the resin, 
solvents, pigments, and other 
additives used for a variety of 
reasons. VCIs work by adsorb-
ing onto the metal surface in a 
nonreactive attractive capac-
ity ; in other words, they are 

FIGURE 1  Use of traditional inhibitors with larger platelets can 
leave gaps in which corrosion can occur.

attracted to the metal through the particle 
charge.5

How VCIs Compare to  
Traditional Inhibitors

VCIs compare with traditional inhibitor 
systems by using smaller particles as well 
as relying not only on contact inhibition 
but also vapor phase inhibition, providing 
more complete coverage and protection of 
the surface.  This is illustrated in Figure 1.

The larger platelets are representative 
of traditional inhibitors that are unable to 
fill the micro-crevices, leaving gaps where 
corrosion can start and/or grow.6

Types of Coating Systems  
that Use VCIs

VCIs can be used with most coating 
systems. There are many variations of VCIs 
and the key is to choose the correct VCI 
for the corresponding coating system by 
checking compatibility, effectiveness, and 
processability.

Environmental Advantages  
of VCIs over Traditional Inhibitors

Traditional inhibitors containing heavy 
metals are becoming increasingly more 
regulated and often are no longer allowed 
to be used due to the negative impact they 
have on the environment and as carcin-
ogens for workers exposed to them. The 
environmental advantages of using VCIs 
are that they are nontoxic, do not contain 
heavy metals, and have no adverse effect 
due to their low usage concentrations. 
VCIs have long been used in other products 

PROTECTIVE COATINGS
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FIGURE 2  Control panels failed after 168 h in the salt fog cabinet.

such as polyethylene films, foams, pow-
ders, and liquids to provide a vapor phase 
of corrosion protection without impacting 
the environment.

Experimental Procedures
This study examines the effectiveness 

of various types of corrosion inhibitors in 
a waterborne styrenated acrylic coating, 
based on salt fog results (ASTM B1177). All 
of the samples were made using high-speed 
dispersion. 

Each coating was applied in triplicate 
on 4 by 12-in cold-rolled steel (CRS) panels 
(SAE 1010), using a 40 RDS† draw down bar. 
This produced a dry film thickness (DFT) 
of 1.0 mils +/– 0.2 mils. Tables 1 and 2 show 
the list of prepared samples.

Testing Procedures
Panels were prepared according to 

ASTM B117 and allowed to cure at ambient 
temperature for seven days. After the cur-
ing cycle, the panels were scribed with a 
single diagonal scribe per ASTM D1654.8 All 
of the edges and backs of the panels were 
taped to prevent any corrosion creep from 
uncoated surfaces. Panels were then placed 
in a 5% sodium chloride (NaCl) salt fog 
chamber, per ASTM B117. The test panels 
were checked periodically for blisters, creep 
from scribe, and degree of rusting.

Results
The purpose of this experiment was to 

investigate the effectiveness of nano-VCIs 
when added to waterborne acrylics. The 
ultimate goal was to achieve 1,000 h in a salt 
fog chamber (ASTM B117), on CRS, with a 
high gloss clearcoat of less than 2.0 mils 
DFT. Normally this kind of performance 
can only be achieved with highly pigmented 
coatings using corrosion inhibitors that are 
toxic, or at the very least not environmen-
tally friendly. 

The control panels failed at approxi-
mately 168 h in the salt fog cabinet, as can 
be seen in Figure 2 and Table 3.

Figure 3 and Table 4 show the results of 
the 700-h salt fog test; Figure 4 and Table 5 
show the results at 1,000 h.

Coatings
With the DoD estimat-

ing that corrosion costs in 
the military are in excess 
of $20 billion, there is a 
need for environmen-
tally friendly, low vola-
tile organic compounds, 
waterborne coatings that 
can be applied at a thin 
film thickness (1.0 mils) 

TABLE 1.  LIST OF COATING FORMULATIONS

Sample No. Description
Corrosion 
Inhibitor

Percent of total 
formula weight 

(%)
Coating 

thickness (mils)

1 Control D 0 0.9-1.2

2 Exp. 1 A 3 0.9-1.2

3 Exp. 3 A+C 5 0.9-1.2

4 Exp. 2 B 3 0.9-1.2

5 Exp. 4 B+C 3 0.9-1.2

TABLE 2.  CORROSION INHIBITOR DETAIL

Corrosion Inhibitor Description

D Organic/inorganic corrosion inhibitor

A Amino carboxylate salt

A+C Amino carboxylate salt + nano-inhibitor

B Liquid sol gel

B+C Liquid sol gel + nano-inhibitor

TABLE 3.  ASTM B117, 168 H SALT FOG RESISTANCE

Sample No. Film Thickness (mils) Corrosion Rating(A) Scribe Rust(B)

1 0.9-1.2 5 5

2 0.9-1.2 8 5

3 0.9-1.2 9 9

4 0.9-1.2 8 8

5 0.9-1.2 10 10

(A)ASTM D1654, Procedure B rating of unscribed areas: 10 = no corrosion, 5 = 11 to 20% corrosion, 
0 = 75%+ corrosion. 
(B)ASTM D1654, Procedure A rating of failure at scribe: 10 = no creepage, 5 = 0.125-0.1875 in., 
0 = 0.625+ in.

†Trade name.
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and labor due to fewer coats, and finally, 
reducing the time and expense of equip-
ment cleanup due to the environmentally 
friendly nature of the waterborne systems. 
Applications range widely from equipment 
to vehicles to infrastructure where chemi-
cal agent-resistant coatings are not speci-
fied or required.
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FIGURE 4  Control panels after 1,000 h in the salt fog cabinet.

FIGURE 3  Control panels after 700 h in the salt fog cabinet.

TABLE 4.  ASTM B117, 700 H SALT FOG RESISTANCE

Sample No. Film Thickness (mils) Corrosion Rating(A) Scribe Rust(B)

1 0.9-1.2 5 5

2 0.9-1.2 8 5

3 0.9-1.2 9 9

4 0.9-1.2 8 8

5 0.9-1.2 10 10

(A)ASTM D1654, Procedure B rating of unscribed areas: 10 = no corrosion, 5 = 11to 20% corrosion, 0 = 
75%+ corrosion. 
(B)ASTM D1654, Procedure A rating of failure at scribe: 10 = no creepage, 5 = 0.125-0.1875 in., 0 = 0.625+ 
in.

TABLE 5.  ASTM B117, 1,000 H SALT FOG RESISTANCE

Sample No. Film Thickness (mils) Corrosion Rating(A) Scribe Rust(B)

1 0.9-1.2 0 0

2 0.9-1.2 5 2

3 0.9-1.2 3 4

4 0.9-1.2 3 4

5 0.9-1.2 9 9

(A)ASTM D1654, Procedure B rating of unscribed areas: 10 = no corrosion, 5 = 11to 20% corrosion, 0 = 
75%+ corrosion. 
(B)ASTM D1654, Procedure A rating of failure at scribe: 10 = no creepage, 5 = 0.125-0.1875 in., 0 = 0.625+ 
in.

and provide excellent 
corrosion protection. 

This article shows, 
t h r o u g h  re s e a r c h , 
that the combination 
of  n a n o -V C Is  a n d 
nontoxic metal com-
plex inhibitors form 
a synergistic ef fect 
that now allows for 
water-based acrylics 
to reach 1,000 h of 
salt fog testing at less 
than 1.5 mils (ASTM 
B 1 1 7 ) .  T h e  d i re c t 
to metal aspects of 
these coatings results 
in direct cost sav-
ings by reducing the 
amount of material 
n e e d e d ,  r e d u c i n g 
the application time 
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