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Introduction
Corrosion generally is defined as the deterioration of a material, often a metal, from a reaction with its
environment. Maritime systems and marine environments are subject to ongoing brutal and relentless
exposure to corrosive elements. Seawater exposure is faced by numerous industries such as shipping,
offshore oil and gas production and transmission, power plants and costal industrial facilities. Corrosion
(and materials degradation) results from the impact of seawater. The most important properties of
seawater are:

 High salt concentration, mainly sodium chloride;
 High electrical conductivity;
 Solubility regarding gases, of which oxygen and carbon dioxide in particular are of
importance in the context of corrosion;
 The presence of a myriad of organic compounds;
 The existence of biological life either as microfouling (e.g. bacteria, slime) or
macrofouling (e.g. seaweed, mussels, barnacles and many kinds of marine life).

According to the National Association of Corrosion Engineers (NACE), it is estimated that the total cost
of marine corrosion worldwide is between $50-80 billion every year1. In addition, the cost of corrosion
related downtime in and of itself in the United States alone is estimated at nearly $1 billion annually2 as
maritime systems are offline while corrosion impacted systems are being repaired, replaced or otherwise
remediated.
Year after year, the cost of marine corrosion has increased until it is estimated today at up to 4 % of the
Gross National Product (Great Britain).3 Based upon policy statements issued by the Marine Corrosion
1

http://www.nace.org/Corrosion-Central/Industries/Maritime-Industry/
http://corrosion-doctors.org/Seawater/Introduction.htm
3
http://www.marinecorrosionforum.org/explain.htm
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Forum, an enlightened approach to materials selection, protection and corrosion control is needed to
reduce this burden of wasted materials, wasted energy and wasted money.
Many different types of destructive attack can occur to structures, ships and other equipment used in sea
water service. The term 'aqueous corrosion' describes the majority of the most troublesome problems
encountered in contact with sea water. However, atmospheric corrosion of metals exposed on or near
coastlines, hot salt corrosion in engines operating at sea or taking in salt-laden air are equally problematic
and like aqueous corrosion require a systematic approach to eliminate or manage them. Together with
Defence Research and Development Canada, Fused Armor has explored how our patented product and
process can directly address and minimize the costly corrosion problems seen in maritime environments.
Bio-fouling is simply the attachment of an organism or organisms to a surface in contact with water for a
period of time. Bio-fouling occurs worldwide in various industries, from offshore oil and gas industries
in China and the Indian Ocean, to fishing equipment in the Caspian Sea, to cooling systems in the
Chesapeake Bay.
One of the most common bio-fouling sites is on the hulls of ships, where barnacles are often found. The
most obvious problem of growth on a ship is the eventual corrosion of the hull, leading to the ship's
deterioration. Before corrosion occurs, if left unattended organic growth can greatly increase the
roughness of the hull, thereby decreasing maneuverability and increasing drag. This domino effect
continues when the ship's fuel consumption increases, in some cases by 40% or more4. This in turn has
economic and environmental consequences, as increased fuel consumption leads to increased output of
greenhouse gases.

4

These figures are based on research conclusions of AMBIO (Advanced Nanostructured Surfaces for the Control of
Bio-fouling) funded by the European Union in 2010.
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Economic losses are tremendous, as fuel accounts for up to 50% of marine transportation costs.
Furthermore, bio-fouling also has a negative impact on transportation efficiencies. The United States
Navy has extensively studied all direct and related costs associated with bio-fouling. A range of costs
associated with hull fouling and includes expenditures for fuel, hull coatings, hull coating application and
removal, and hull cleaning. The results of their study indicate that the primary cost associated with
fouling is due to increased fuel consumption attributable to increased frictional drag. In this regard, the
increase in frictional drag caused by the development of fouling on hulls of ships can reduce speed in
excess of 10%. The costs related to hull cleaning and painting are much lower than the fuel costs.

Through increased lubricity and lack of voids on steel surfaces clad with Fused Armor, unwanted
organisms such as bacteria, barnacles and algae are denied any place to adhere. Again, in partnership
with Defence Research and Development Canada, Fused Armor has explored how our patented product
and process can directly address and either minimize or eliminate the costly bio-fouling problems
evidenced in maritime environments. On the pages which follow are a narrative summary of DRDC and
the details of the study conducted.
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Testing Partner
Defence Research and Development Canada (also referred to as DRDC) is an agency of
the Department of National Defence (DND). Their purpose is to provide the Canadian Armed
Forces (CAF), other government departments, and public safety and national security communities with
the knowledge and technology needed to defend and protect Canada’s interests at home and abroad.

DRDC has approximately 1,400 employees across eight research center within Canada. DRDC operates
two materials laboratories in the Halifax and Esquimalt Dockyards. These provide scientific consulting
and troubleshooting services to the Canadian Armed Forces (primarily the Royal Canadian Navy) on
chemical, metallurgical and engineering problems that affect the operational capability of military
vehicles and equipment.
Testing of Fused Armor was conducted at the Esquimalt Dockyards (located in a suburb of Victoria,
British Columbia). This DRDC materials research facility specializes in the non-destructive testing of
materials including ultrasound, x-ray, and eddy current methods; a composite mechanics subgroup
working on interlaminar fracture (delamination) of composite laminated structural materials and bolted
joint mechanics research for composite and, a metals fracture subgroup.
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Testing Protocol
Fused Armor produces a protective coating that resists or prevents high temperature, UV, corrosive
environments, abrasion, torsion, bending and impacts, as well as providing thermal and electrical
insulation and preventing bio-fouling in marine environments. Potential applications that the Fused
Armor coating have been investigated for include automotive industry exhaust systems and brake parts,
oil and gas industry tools, pipes, storage containers, and replacement of galvanized coatings.
Fused Armor is developed and designed for coating steel substrates. The coating is applied as a waterbased liquid and then fused to the substrate at temperatures of 1346o F (730° C) for up to 20 minutes,
depending on part size. The result is a glass-like inorganic cladding that penetrates Fused Armor into the
metal substrate. Cladding color and gloss can be tailored as well as cladding lubricity.
Fused Armor clad a series of stainless steel and mild steel panels in black matte and blue gloss. These
samples were then subjected to a series of environmental tests conducted by Defence Research and
Development Canada. The initial report elaborates the outcomes of these tests after 1,008 and 2,016
hours, completed in the year 2007.
Extreme exposure to environmental conditions has taken place along the Pacific seawall of DRDC testing
facilities at Esquimalt Dockyards.
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Experiment Detail

316 Stainless and 1018 Mild Steel panels were sent from DRDC to Fused Armor for coating, Table 1.
The panels were coated on one side with the cladding and so were the control panels (using three layers of
Formula 150 Epoxy Underwater Primer, Mil P/2444/1 and a polyurethane topcoat to minimize corrosion
from the backs and edges of the panels). The Fused Armor coating colour was either black with a matt
finish or blue with a gloss finish. The thickness ranged from 3.4 to 9.6 mils, (0.086 to 0.244 mm). Bare
panels of stainless and mild steel were used as controls.

1.1

Exposure Conditions
1.1.1

Alternate Emersion (salt water tank room temperature)

The specimens were tested according to ASTM D870 Water Immersion test with the
modification that natural seawater was used at room temperature, instead of water.

1.1.2

Salt Fog Exposure

The salt fog exposure test was the standard ASTM B117 Salt Fog Test with the
modification that natural sea water was used for the salt fog rather than a sodium chloride
solution.

1.1.3

Marine Exposure

Specimens were placed on an atmospheric exposure site for sixteen (16) weeks. The site
is on a south facing sea wall.

1.1.4

Cyclic UV/Condensation-Salt Fog

Specimens were subjected to cyclic UV/Condensation and Salt Fog according to ASTM
5894. The samples were exposed to 4 hours fluorescent UV at 140o F (60 o C) followed
by 4 hours condensation at 122o F (50 o C) for 168 hours. The specimens were then
moved to a fog cabinet where they were exposed to 1 hour Salt Fog and 1 hour dry at 95o
F (35 o C), also at 168 hours total.
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Table 1: Coating Thickness, Colour and Finish on Metal Substrate
Sample

Colour/Finish

Coating Thickness
(mils)

Substrate

1

Blue Gloss

4.3

Stainless Steel

2

Blue Gloss

3.7

Stainless Steel

3

Blue Gloss

9.6

Stainless Steel

4

Blue Gloss

5.1

Stainless Steel

5

Black Matte

6.0

Stainless Steel

6

Black Matte

5.4

Stainless Steel

7

Black Matte

4.4

Stainless Steel

8

Black Matte

4.9

Stainless Steel

9

Black Matte

7.0

Stainless Steel

10

Blue Gloss

6.5

Stainless Steel

11

Black Matte

4.7

Mild Steel

12

Black Matte

6.0

Mild Steel

13

Black Matte

4.4

Mild Steel

14

Black Matte

3.4

Mild Steel

15

Black Matte

4.0

Mild Steel

16

Black Matte

6.7

Mild Steel

17

Blue Gloss

3.6

Mild Steel

18

Blue Gloss

7.7

Mild Steel

19

Blue Gloss

4.5

Mild Steel

20

Blue Gloss

5.4

Mild Steel

21

Blue Gloss

6.3

Mild Steel

22

Blue Gloss

4.7

Mild Steel
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Results

In the Figures below, the durability of Fused Armor is assessed in its ability to withstand the creation of
corrosion. In this case, the standard test method used for evaluating degree of rusting on steel surfaces is
ASTM D610 (as defined by ASTM International or the American Society for Testing and Materials). A
rust grade rating of 10 indicates that there is no rust showing and a rating of 8 indicates that less than
1/10th of 1% of the surface area is rusted.
Testing was conducted on 1018 Mild and 316 Stainless Steel panels, with Fused Armor applied in
thicknesses ranging from 3.6 to 9.6 mils. Both a matte and glossy Fused Armor finish were used in
testing samples.

Relative Corrosion Resistance Rating
ASTM D610 Qualitative Rating

Black Matte Fused Armor Coating
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Marine
Exposure Exposure
Imersion
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Panel Type / Panel # / Test Condition
Figure 1: Qualitative Rating of Black Matte Fused Armor Performance after 2016 Hours Exposure
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Relative Corrosion Resistance Rating

ASTM D610 Qualitative Rating

Blue Gloss Fused Armor Cladding
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Figure 2: Qualitative Rating of Blue Gloss Fused Armor Cladding Performance after 2016 Hours of Exposure

ASTM D‐610
Scale and Description of Rust Ratings
Visual Examples

Rust Grade

Percent of Surface Rusted

10

Less than or equal to 0.01 percent

9

Greater than 0.01 percent and up to 0.03 percent

9–S

9–G

9–P

8

Greater than 0.03 percent and up to 0.1 percent

8–S

8–G

8–P

7

Greater than 0.1 percent and up to 0.3 percent

7–S

7–G

7–P

6

Greater than 0.3 percent and up to 1.0 percent

6–S

6–G

6–P

5

Greater than 1.0 percent and up to 3.0 percent

5–S

5‐G

5–P

4

Greater than 3.0 percent and up to 10.0 percent

4–S

4‐G

4–P

3

Greater than 10.0 percent and up to 16.0 percent

3–S

3‐G

3–P

2

Greater than 16.0 percent and up to 33.0 percent

2–S

2‐G

2–P

1

Greater than 33.0 percent and up to 50.0 percent

1–S

1‐G

1–P

0

Greater than 50 percent
Rust Distribution Types:

Spot(s)

General (G)

Pinpoint (P)

None

None

S: Spot Rusting—Spot rusting occurs when the bulk of the rusting is concentrated in a few localized areas of the painted surface.
G: General Rusting—General rusting occurs when various size rust spots are randomly distributed across the surface.
P: Pinpoint Rusting—Pinpoint rusting occurs when the rust is distributed across the surface as very small individual specks of rust.
H: Hybrid Rusting—An actual rusting surface may be a hybrid of the types of rust distribution depicted in the visual examples.
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Control and Selected Sample Fused Armor Panels

Stainless Steel Control
Salt Fog
Note: Evidence of corrosion product from
residual of wire hanger.

Mild Steel Control
Salt Fog

Fused Armor Blue Gloss on Stainless Steel
Alternate Emersion
Coating Thickness 6.5 mils

Fused Armor with Corrosion and Bio-Fouling  Page 10 of 12

Fused Armor Blue Gloss on Stainless Steel
Marine Exposure12 Months
Coating Thickness 9.6 mils

Fused Armor Black Matte on Mild Steel
Marine Exposure 12 Months
Coating Thickness 4.7 mils

Fused Armor Blue Gloss on Mild Steel
UV/Condensation
Coating Thickness 7.7 mils
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Ongoing Long-Term Results

In addition to the 2007 Testing Protocol, numerous test panels have remained exposed on the Esquimalt
Dockyards south facing seawall through 2014 (a total of 8 years continuous exposure). The results are
remarkable. As would be expected after these many years, the test panels are dirty and the edges where
the original panels were sheared (leaving sharp metal exposed edges) had sea water corrosion. However,
and this is the major point, the centers of the panels have no corrosion or biofouling whatsoever.
This is a remarkable testimony to the durability and longevity of Fused Armor.

Fused Armor with Corrosion and Bio-Fouling  Page 12 of 12

