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T
here is an old curse: “May you live in interesting
times.” Joseph J. Mattiello lived in interesting
times, and so do we. Joe Mattiello was faced with

opportunities that offered uncertainty, risk, and reward,
and so are we. Among the many virtues he demon-
strated during his regrettably short life, there are three
that particularly speak to me. I want to draw special
attention to them, for I consider these attributes to be
enduring values, as indispensable today as they were 50
years ago.

Joe Mattiello was a patriot and a leader. Leadership is
always difficult, unrewarding, and subject to misinter-
pretation, but none of that deterred Dr. Mattiello. He
stepped forward when his country needed him, and he
responded to the national and international paint com-
munities when they needed him. In each case he paid an
enormous price, but the benefits were enormous as well.
This Lecture, and the technical organizations he founded,
led, and supported, endure some 50 years after his pass-
ing. But more than that, his devotion to something big-
ger than one’s self and his spirit of selfless service to his
country and to our industry illuminate and motivate us
today.

Joe Mattiello was thoroughly convinced that research
and development play a fundamental and indispensable
role in the coatings industry. I think Joe Mattiello would
be genuinely disappointed to find the lack of emphasis
on research that pervades the coatings industry today. I
think he would believe that the industry has defaulted
on its responsibilities for research, leaving this role largely
to the universities. Now don’t get me wrong—universi-
ties have a fundamental role in giving students the broad-
est possible education and preparing them for produc-
tive work in the coatings industry, and for performing
the pre-competitive research that underlies, supports,
and advances our technical knowledge, and they do a
fine job of this. But universities don’t know our plants,
don’t know our customers, and don’t own the propri-
etary knowledge base that has come to each company at
great cost and is one of its most important intangible
assets. Bringing aboard graduates to enlarge and deepen
this knowledge, and to invent and validate new prod-
ucts is the lifeblood of our industry, the source of new
products, and the mainspring of executive talent. If Joe
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Because this paper marks 50 years since the first

Mattiello Memorial Lecture, it begins with a re-

membrance of the man in whose honor we meet

and an appreciation of his character and his con-

tributions to the coatings industry. The body of

the paper is concerned with the coating used on a

hull of a ship to prevent the accumulation of

barnacles and other fouling. The most effective

antifouling paint now being used contains toxins

and will be forbidden by international regula-

tions within eight years. The ideal replacement

will be a nontoxic material that resists the attach-

ment of marine life and encourages the organisms

to fall off the ship. This paper describes laboratory

and field work during the past 18 years on a

variety of fluorinated coatings and silicone coat-

ings with these properties and criteria for formu-

lating successful nontoxic coatings. Silicone and

fluorinated coatings frustrate fouling by different

mechanisms, and thus the criteria for a successful

coating are distinct in important ways.

Mattiello were at the helm of Hilo Varnish Corporation
today, you can bet he would devote an important part of
their resources to the creation and diffusion of new
knowledge and new coatings, and to the development
of the leaders our industry will certainly need in the 21st
century. And you can bet he would exhort his contem-
poraries to do the same. He would organize meetings

❈  1999 Mattiello Memorial Lecture ❈
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This year we celebrate a landmark in the history of the
Mattiello Memorial Lecture. Fifty years ago the first
Mattiello Memorial Lecture was presented to the Federa-
tion at its meeting in Atlantic City, NJ.1 Thus it is fitting to
spend a few moments recalling the man in whose honor
we meet. Regrettably, there are few remaining among us
who knew this remarkable person, and his reputation and
his accomplishments are in danger of fading from our
view.

Joseph J. Mattiello2,3 was
born in New York City on Feb-
ruary 28, 1900 and orphaned
before he was 12 years old. He
enlisted in the New York Na-
tional Guard at the age of 16
and served on the Mexican bor-
der. He fought in World War I
from October 1917 until March
1919, serving as an infantry ser-
geant with the American Expe-
ditionary Forces in France, and
he fought in the battles of
Champagne-Marne and Aisne-Marne. On October 17, 1918,
he was wounded in both legs and his right arm, and suf-
fered the loss of his right leg. He was awarded the Regi-
mental Citation and the Order of the Purple Heart.

Returning to the United States, he earned Bachelor’s
and Master’s Degrees from the Polytechnic Institute of
Brooklyn (now Polytechnic University) in 1925 and 1931,
and a doctorate from Columbia University in 1936. In 1925
he joined the Hilo Varnish Corporation, where he became
noted for his research and publications in all of the areas
that were consequential at that time, especially linseed oil,
fatty acids, pigments, fish oils, resins, and performance
properties of organic coatings. Ultimately he attained the
position of Vice President, Technical Director, and member
of the Board of Directors at Hilo Varnish Corporation. Dr.
Mattiello was a member of the New York Society, serving
as Technical Committee Chairman in 1936, Secretary-Trea-
surer in 1937, Vice President in 1938, and President in 1939.
He was President of the Federation for one year beginning
in 1943.

During the Second World War, Dr. Mattiello served as a
civilian chemical expert assigned to the U.S. Army Quar-
termaster Corps. He led a committee which prepared mili-
tary specifications for the rapid and economical procure-
ment of a host of specialized paints, lacquers, and coatings
for the Armed Services. He also conducted fundamental
studies of the infrared properties of paints and pigments,
and used this information in the design of camouflage
paints, for it is the infrared properties of these coatings that
give them their special usefulness. At Hilo Varnish Corpo-
ration, he developed and manufactured special coatings
required by the Allied Forces. The War Department pre-

Joseph J. Mattiello
1900-1948

sented him the Meritorious Civilian Service Award for his
efforts. All of this work added to his international stature.

Dr. Mattiello had a fine sense of humor. He once re-
marked to his specification-writing colleagues that “we are
sticking our necks out on some of these specs.” He also
suggested that “all of us who are sticking out our necks
band together for mutual fun and protection and form a
club.” This was the birth, in 1943, of the Gallows Birds.4 Dr.
Mattiello was immediately chosen the Permanent Most
High Gallows Bird, an office that he held until his death
and has held posthumously ever since. To quote from their
constitution, the membership is restricted to “those mis-
guided beings who, thinking to benefit the human race,
have laid themselves open to and have received public and
private denunciation by instigating and abetting federal
government specifications for paints, varnish and protec-
tive coatings, thereby bringing themselves under the
shadow of the gallows and making themselves the most
miserable of men.” The first official “hanging” took place
on May 8, 1943 in Cincinnati during a symposium spon-
sored by the Federation.

Dr. Mattiello represented the Federation in Paris at the
first International Congress of Paint Technologists in 1947,
and at that meeting, representatives of France, Great Brit-
ain, and North America (Canada and the United States)
formed the “Tri-Alliance,” with Dr. Mattiello taking a lead-
ing role. While in France for this conference, the French
government presented him with the Legion of Honor in
recognition of his outstanding services in both World Wars.
Dr. Mattiello had traveled to France against the advice of
his doctors, who had told him to curtail his activities.
Henry Payne, in his Mattiello Memorial Lecture5 of 1960,
recalled that he asked Dr. Mattiello before the journey “if
he considered the results to be accomplished would be
worth the price. With hardly a moment’s hesitation, Joe
replied, ‘Henry, I’m going.’” The exertion of the journey
proved to be overwhelming, and he died of a heart attack
at his home in Brooklyn on May 16, 1948.

Some years earlier, as Chairman of the Federation’s
Technical Program Committee, Dr. Mattiello had started
the practice of having a special speaker address each An-
nual Meeting. After his death, the New York Society rec-
ommended to the Federation that this address be named
the Joseph J. Mattiello Memorial Lecture, to commemorate
his memory and his contributions to the Federation and to
the science of paint technology. The suggestion was em-
braced immediately, and the first Mattiello Lecture was
given in October 1949, 18 months after his death.1

Earlier in 1949 the Federation of Paint Technical Societ-
ies of Western Europe was organized, modeled after our
Federation. Before his death, Dr. Mattiello had encouraged
his many European friends to create such an organization.
They were very explicit that it was his encouragement that
led this concept to fruition.

—Robert F. Brady, Jr.
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where technical information is exchanged, and he would
come away from those meetings knowing he had re-
ceived value for the effort and time invested.

Joe Mattiello reached out to the international commu-
nity of paint professionals and was instrumental in es-
tablishing those international relationships that under-
pin the modern industry. Today, we are an international
Federation, with Societies in Canada, Mexico, the United
Kingdom, and the United States, and members from all
the corners of the earth. Many of us now work for corpo-
rations organized outside the United States. We buy raw
materials and sell products far from our factories, and as
our customers expand internationally, we follow them
or risk losing their business. We conform to the laws of
the nations where we do business, we are concerned on
a daily basis with the environmental, worker safety, and
transportation laws of many countries, and we manu-
facture our products with a spectrum of international
specifications and test methods in mind. Our interna-
tional involvement becomes wider and deeper each day.
Today more than ever we must understand and partici-
pate in the events that are shaping international coatings
research and marketing, in order to ensure the growth
and prosperity of our individual firms and our industry.

In the paint and coatings industry today, we have
women and men of character, accomplishment, and vi-
sion all around us. For the continuing vitality of our
industry, each of us needs to remember and emulate Joe
Mattiello. We may never equal his valor in combat or his
scientific achievements, but all of us can work together
for the common good of all, emphasize the importance
of leadership in the coatings community, give a portion
of our time to sustain the Federation and other organiza-
tions devoted to technical innovation, and inspire and
support others to do the same.

NEED FOR FOULING RELEASE COATINGS

Our work concerns antifouling paints for ship’s hulls
and is an example of research driven by international
regulations. Antifouling coatings prevent the growth of
marine organisms on hulls, for this growth decreases the
speed, maneuverability, and range of ships, and raises
propulsive fuel consumption by as much as 30%. Ulti-
mately ships must be taken from the water and me-
chanically cleaned to remove fouling.

Throughout history sailors have used poisons to keep
these creatures off of their hulls. For example, copper
sheathing was first used on British Naval ships in 1779.6,7

Such poisons as arsenic, cadmium, lead, and mercury
have long been prohibited by most nations, but copper-
and tin-containing toxins continue to be used. Antifoul-
ing paints containing organotins are widely used around
the world because they are effective at low concentra-
tions against most forms of fouling. However, these
compounds persist in the water, cause deformations in
some kinds of sea life, and perhaps enter the food chain.
The Marine Environmental Protection Committee
(MEPC) of the International Maritime Organization
(IMO), a unit of the United Nations, has recently ap-
proved a draft resolution to phase out and eventually

prohibit the use of toxic organotin derivatives in anti-
fouling paints.8 The draft resolution, which were pre-
sented to the IMO Assembly for their approval in No-
vember 1999, includes a deadline of January 1, 2003 for
the application of organotins acting as biocides in anti-
fouling systems on ships, and a second deadline of Janu-
ary 1, 2008 for the complete prohibition of antifouling
paints containing organotins. Some countries, such as
Japan, have already banned organotins in antifouling
paints for most ships.

The successor to toxic antifouling paints has been a
subject of intense laboratory and field studies for some
25 years now. These coatings, called “fouling-release” to
differentiate them from their poisonous precursors, ide-
ally would prevent the attachment of fouling, but in
practice they significantly limit the strength of the bond
between fouling and hull, making the bond so weak that
it can be broken by the weight of the fouling or by the
motion of the ship through the water.

There are 12 well-defined zones in the oceans of the
world (Figure 1) that differ in temperature, salinity, clar-
ity, the nature and amount of micronutrients, and other
factors. Thus, the types and numbers of native fouling
organisms differ from zone to zone. Shell fouling (bar-
nacles, mussels, bryozoans) and soft fouling (tunicates,
algae, hydroides, slime, diatoms, bacteria) occur in many
forms, and the adhesives used by these organisms are
equally varied. For example, barnacles excrete a hydro-
phobic protein adhesive having a molecular weight of
39,000 Daltons which crosslinks through cysteine link-
ages.9 On the other hand, mussels fashion byssus threads
from their foot to the surface; these threads consist prin-
cipally of collagen, but contain a hydrophillic polyphe-
nolic adhesive protein that crosslinks in an oxidation-
reduction reaction involving a polyphenoloxidase cata-
lyst.10 Diatoms attach by producing neutral or acidic
polysaccharide mucilages that either encapsulate cells
or form pads, stalks, or tubes.6 Examples can be multi-
plied with ease, but formulators of antifouling coatings
need to realize that nature does not rely on one mecha-
nism for adhesion, but uses many, and all of them must
be defeated, all at the same time.

During the past 17 years, our work has been directed
to the formulation and testing of coatings that offer a
minimum of adhesive interaction to other materials, es-

Figure 1—The 12 distinct fouling zones in the
oceans of the world.
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pecially to the biological polymers used by marine or-
ganisms to bind themselves to objects in the sea.11-14 We
limit ourselves to organic coating technologies that con-
form to environmental and worker safety regulations
and are drop-in replacements for current industrial ap-
plications.15 In this paper I review our formulations and
field studies of fluorinated, hydrocarbon, and silicone
coatings. From lessons learned in this work, I will de-
velop insights into the release mechanisms through which
these coatings operate, and requirements for designing
effective fouling-release coatings.

Fluorinated Coatings

In the 1950s and 1960s, Dr. William A. Zisman led
research programs at the Naval Research Laboratory
(NRL) that focused on the design and properties of ad-
vanced lubricants. An important discovery of his work
was that a decrease in the surface energy of a lubricant
significantly improved its lifetime and performance.
Zisman demonstrated that a surface of closely packed
trifluoromethyl groups exhibited a very low surface en-
ergy, 6 mJ m–2. On October 29, 1971, Zisman presented

his work in the 23rd Mattiello Memorial Lecture16 which
he entitled “Surface Energetics of Wetting, Spreading,
and Adhesion.”

Zisman’s demonstration of the properties of surfaces
of fluoropolymers inspired a generation of NRL chem-
ists to develop polymers that contain numerous
trifluoromethyl groups and to formulate fluorinated coat-
ings from them. James R. Griffith designed polyol resins
containing many bis(trifluoromethyl) moieties. Jacques
G. O’Rear carried out the demanding syntheses of these
resins and described them in a series of papers17 and
patents.18 The synthesis of the fluorinated polyol resin is
shown in Figure 2. Benzene and propene react separately
with hexafluoroacetone to produce mixtures of diols.
These mixtures are combined and reacted with epichlo-
rohydrin to produce the polyol. This resin has a back-
bone consisting entirely of stable carbon-carbon and car-
bon-oxygen bonds, and aromatic rings in the backbone
confer rigidity and thermal stability. The epoxy rings are
too few for the production of robust resins through ep-
oxy-amine chemistry, but the abundant hydroxyl groups
promote adhesion to polar substrates and serve as sites
for reaction with isocyanates.

Tough polyurethane coatings were formulated from
these fluorinated polyols by Donald E. Field.19 A distinct
advantage of these fluorinated polyurethane coatings is
their ability to wet polytetrafluoroethylene (PTFE), and
PTFE is used essentially as an extender pigment in them.
Until this coating was invented, depositing a film of
PTFE presented many practical difficulties because PTFE
does not melt and is not dissolved in, softened, or even
wetted by conventional solvents. It is now possible to
put as much as 38 vol% of PTFE into our fluorinated
polyurethane, but this produces a soft coating. Our con-
ventional coating contains 24 vol% PTFE, and a starting
point formulation for it is given in Table 1. This coating
was the first material that could deposit by conventional
coatings technology a film with the low surface energy
characteristic of PTFE.

Trials of this coating on the hulls of a harbor tug,20 a
65-foot patrol boat, and a 132-foot patrol hydrofoil ship,
the USS Hercules, have been documented.15,21 The coat-
ing is a significant improvement over the vinyl copper
antifoulants used at the time, even though shell fouling

Table 1—Formulation for a Gray PTFE-Pigmented Fluorinated Urethane Coating

Material   Pounds Gallons Brand Name  Manufacturer

Base

Fluoropolyol resin 224.3 16.38 21st Century Coatings
Titanium dioxide 98.3 2.99 R-960 DuPont
Polytetrafluoroethylene 248.5 13.15 Halon Allied Signal
Methyl isobutyl ketone 324.0 48.59 Shell
Dibutyltin dilaurate 5.3 0.79 Aldrich
   1.7% w/w in methyl
    isobutyl ketone

Curing agent

Biuret of hexamethylene 160.0 18.10 Desmodur N-75 Bayer
   diisocyanate solution,
   75% w/w
TOTAL 1060.4 100.00

Figure 2—The fluorinated polyol used in early
fluorinated polyurethane coatings.
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adheres to the coating. If attended to early, the fouling is
detached easily by hand scrubbing, but if allowed to
remain for some months, fouling adheres as strongly as
to other coatings. The chemistry of the fluorinated polyol
resin has been patented and licensed22 and is finding
commercial applications as an interior lining for bulk
fuel storage tanks.23

Much later, Salvatore Bonafede and I conducted a
systematic study of the fouling release properties of a
series of fluorinated polyurethane coatings.24 We used
three fluorinated polyols and four polyisocyanates (one
fluorinated) to produce fluorinated polyurethane films
containing 31-67% fluorine, and we measured the foul-
ing resistance, surface energy, glass transition tempera-
ture, modulus, and indentation hardness of each. Films
contained 31-67% of fluorine and had surface energies of
12-33 mJ m–2, but all accumulated significant fouling and
retained stain. The poor resistance to fouling was attrib-
uted to the polyurethane functional groups that provide
polar carbonyl and amine groups that participate in
dipolar and ionic interactions with marine adhesives.

We have also studied a fluorinated coating developed
by Donald L. Schmidt and co-workers.25 They obtained a
coating with a surface composed of oriented, immobi-
lized perfluoralkyl (RF) groups by crosslinking a reactive
perfluoroalkyl polymeric surfactant with poly[(2-
isopropenyl-2-(oxazoline)], as illustrated in Figure 3. The
fluorinated surfactant moieties self-assemble at the air-
liquid interface from a water media. Upon loss of sol-
vent and heating, the surfactants polymerize, form cova-
lent crosslinks, and lose ionic charge. Because of the high
crosslink density in the coating, the oriented RF groups
are strictly immobilized and tend to resist both the infil-
tration of adhesive molecules and adhesive-induced
molecular rearrangement. By virtue of the low energy of
the surface, its interface with the adhesive is not strong,
and by virtue of the high resistance of the surface to
molecular interdiffusion and rearrangement, its inter-
face to the marine adhesive is sharp, well-defined, and
easily cleaved. These coatings resist attachment of ma-
rine fouling more effectively than any fluoropolymer we
have tested.26 These coatings are effective because not
only do they have closely packed, oriented CF3-termi-
nated perfluoroalkyl groups on their surface but they
are also crosslinked to minimize surface molecular dif-
fusion or rearrangement when exposed to an adhesive.
It is important to remember that even surfaces of PTFE
accumulate marine fouling rapidly, because marine ad-
hesives invade cavities in the surface and cure inside
them, creating a secure mechanical interlock where
chemical compatibility does not exist.27

Hydrocarbon Films

Zisman’s work also showed that films of hydrocar-
bons have the lowest surface energies but for fluorocar-
bons. This prompted us to investigate the fouling prop-
erties of hydrocarbon films of polyethylene and isotatic
polypropylene.28 These polymers are chemically uncom-
plicated; because they contain only carbon and hydro-
gen atoms, only dispersive interactions are possible; di-
polar and ionic interactions are precluded. Systematic

variations in extrusion conditions produced polypropy-
lene films that contained between 34 and 47% crystallin-
ity. We also produced a hydrocarbon surface by reacting
a telechelic polymethylene diol with a urethane primer
containing excess isocyanate groups,29 and demonstrated
by attenuated total reflectance infrared spectroscopy that
the surface was composed only of methylene groups. All
of the polypropylene and polyethylene films accumu-
lated much slime and algae and some barnacles; all
required scraping to remove shell fouling. The
polymethylene diol surface gathered less fouling and
held it less tightly; the surface could be cleaned with a
brush or sponge. The crystallinity of these films did not
correlate with their resistance to fouling.

Silicone Coatings

Our earliest trials of silicone fouling release coatings
were conducted on aluminum patrol boats in the Chesa-
peake Bay.15 The hull was blasted to a near-white finish30

and primed with 0.7-1.1 mils of a polyurethane-polysul-
fide primer. An adhesion promoter was applied to the
primer before it was coated with a condensation-cured
polydimethylsiloxane (PDMS) topcoat. Titanates were
more successful than reactive silicones as adhesion pro-
moters, and brush application was more easily controlled
than spray application. During testing, which lasted for
only one fouling season, the coating on the titanate ad-
hesion promoter was sturdy and effective. Some grass
and barnacles settled on the coating but were removed
by bare hand or brush. The coating suffered some dam-
age from abrasion, but disbonding did not spread from
the abraded sites.

Wynne and co-workers have discovered that these
condensation-cured silicone resins (formed by the elimi-
nation of water from silanols) lose mass during immer-
sion in water.31 Decrease in mass is attributed to hydro-
lytic instability of the siloxane resin and subsequent loss
of unbound calcium carbonate filler. The surface of the
resin becomes increasingly rough and predisposed to
adhesion. Thus in our subsequent syntheses of silicone
resins we avoided condensation-cured chemistry in fa-
vor of addition-cured chemistry.32

We prepared three silicone-modified polyurethanes.
First, a polyurethane primer which had an excess of
isocyanate groups was reacted with amino-terminated

Figure 3—Water-based two-component fluori-
nated acrylic coating.



R.F. Brady, Jr.

50 Journal of Coatings Technology

polydimethylsiloxane oligomers (molecular weight 2,400
or 10,000) to produce a coating with PDMS loops or
chains on its surface (Figure 4). Then the amino-groups
in this coating were end-capped with n-octyl isocyanate
to bury the polar amino group beneath the surface (Fig-
ure 4). In a separate reaction, pendant PDMS chains were
grafted to polybutadiene (in which nine percent of the
monomer reacted via, 1,2-addition) by successive reac-
tion with dimethyldichlorosilane, hydrolysis with lithium
hydroxide, chain extension with hexamethylcyclo-
trisiloxane, and endcapping with trimethylchlorosilane
(Figure 5). In field testing, these materials demonstrated
increased toughness and resistance to impact, gouging,
and abrasion, but their resistance to fouling was not
improved in comparison to the patrol boat coatings.

We also prepared silicone-modified polyurethane coat-
ings using a hydroxy-functional silicone resin as part of
the polyol, using the formulation shown in Table 2.33

This coating adhered well to neoprene rubber and to
epoxy-primed steel and gave two years of fouling-free
service. We subsequently discovered that its effective-
ness was due to the presence of about 20% of unreactive
cyclic siloxane oligomers contained in the “reactive”
silicone additive. The oligomeric oil slowly migrates from
the interior to the surface of the coating, and thence into
the water, taking with it the early stages of fouling. Oil

on the coating surface forms a weak boundary layer and
discourages marine adhesives from wetting, spreading,
and bonding to their surface. These unreactive oligo-
mers also plasticize the coating. However, they leach
from the coating and are exhausted in two years, and
then the coating becomes brittle and forms strong bonds
to fouling.

Despite the encouraging performance of this formu-
lation, we elected not to pursue it further because we see
two drawbacks to this approach. First, the siloxane oli-
gomers are eventually lost, with several consequences.
The mechanical properties of the coating deteriorate sig-
nificantly and sharply, as evidenced by the coating be-
coming brittle and cracking. The weak boundary layer is
no longer formed, and fouling settles and adheres with
tenacity. Second, silicone oligomers are released into the
environment. Although there is no toxicity associated
with these compounds in seawater, we believe that a
policy of absolutely no release to the environment will
prove best in the long run.

To date, nontoxic silicone fouling release coatings
have been used on Taurus-class hydrofoil patrol boats of
the United States Navy and on Collins-class submarines
of the Australian Navy. We have collaborated with the
Australian and Canadian navies in a program to test and
evaluate both commercial silicone coatings and coatings
formulated in our own laboratories.34 Testing is carried
out in three of the 12 fouling zones in the world: Port
Philip Bay, Victoria, Australia; Esquimalt, British Co-
lumbia, Canada; and the Chesapeake Bay, Maryland,
United States. Joanne Jones-Meehan at the Naval Re-
search Laboratory has conducted extensive tests of sili-
cone coatings on U.S. Coast Guard boats.35 No discus-
sion of these coatings would be complete without ac-
knowledging Alex Milne, who pioneered fouling-release
silicone coatings for hulls in a series of papers36 and
patents,37 and other workers who have also made im-
portant contributions to these coatings.38

MECHANISMS OF FOULING RELEASE

As a result of the work described, we have a wealth of
field data on a variety of different coatings, trialed on
panels and vessels in many of the fouling zones of the
world, during all seasons. We also have detailed knowl-
edge of the composition and structure of the coatings,
how they were manufactured and how they were ap-
plied. We must now look for the unifying principles that
govern their behavior and apply these principles to the
design and manufacture of improved fouling-release
coatings.

Marine organisms instigate adhesion by producing
an adhesive and causing that adhesive to wet the sub-
strate and spread upon it. After the adhesive has spread
onto the substrate, adhesion may take place by any of
the following four principal mechanisms, either singly
or in combination. All of these must simultaneously be
defeated in a practical fouling-release coating.

CHEMICAL BONDING: Dispersive, dipolar, ionic, cova-
lent, and other forms of chemical bonding form strong
interactions between adhesive and substrate. Although

Figure 4—Reaction scheme for grafting
polydimethylsiloxane chains onto an isocyan-
ate-rich backbone and endcapping the
chains with hydrocarbon units.

Figure 5—Reaction scheme for grafting
polydimethylsiloxane chains onto a
polybutadiene backbone and endcapping
the chains with trimethylsilyl groups.
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dispersive forces will always be present, they are weak-
est of these. Chemical bonding may be discouraged by
creating a surface of nonpolar and non-reactive func-
tional groups, and by creating conformationally mobile
surfaces that present “moving targets” to the functional
groups of marine adhesives.

ELASTROSTATIC INTERACTIONS: Dipolar and ionic groups
may interact electrostatically as well as chemically. Elec-
trostatic interactions are prevented by ensuring that no
heteratoms, or polar or ionic groups are on or near the
surface of the coating.

MECHANICAL INTERLOCKING: The adhesive may pen-
etrate into cavities in the substrate and cure to form a
lock-and-key bond, even on a material with low surface
energy and even in the absence of chemical compatibil-
ity. It was mentioned earlier that barnacles form strong
bonds to PTFE by exploiting its porosity.27 Note that the
adhesive does not need to wet the substrate in order to
bond in this way. Mechanical interlocking may be de-
feated by creating surfaces as hard, smooth, and nonpo-
rous as possible.

DIFFUSION: Marine adhesive may induce movement in
surface molecules, creating ephemeral voids that may be
penetrated by the adhesive. Diffusion may be defeated
by assembling on the surface oriented, closely packed
functional groups, and crosslinking them to prevent re-
arrangement and intrusion of the adhesive.

Thus the preferred approach is to keep the marine
adhesive from wetting the surface and spreading over it.
But it is a practical fact that barnacles stick to essentially
every coating yet made, because it is impossible to per-
fectly remove or defeat all attractive forces. So we must
tolerate the formation of no more than a weak bond
between fouling and surface, and so construct the coat-

ing system as to facilitate the breaking of that bond. In
this context it is instructive to look at, for example, a
barnacle that has successfully attached itself to a coating,
and understand what would be required to cause a frac-
ture at the joint between the coating and the barnacle.

Fracture Mechanics

Fracture mechanics is the study of the process of
breaking bonds. This discipline assumes that no joint is
entirely free of defects, and that the cracks that exist on a
microscopic scale are stress-raisers where the growth of
a crack is initiated. Fracture mechanics considers three
kinds of crack-opening modes (Figure 6): (1) peel (or
tensile); (2) in-plane shear; and (3) out-of-plane shear.
Failure in peel requires less energy than failure in shear,
and most common failures of adhesive joints are in peel.

Materials fracture in many ways: from the applica-
tion of external loads (impact), by repetitive loading
(fatigue), and by time-dependent deformations under
load (creep). Fracture mechanics is the scientific disci-
pline that describes fracture processes by focusing on

Table 2—Formulation for a Silicone-Modified Aromatic Polyurethane Coating

Material   Pounds Gallons Brand Name  Manufacturer

Base

Polyester polyol .......................... 230.60 23.86 Desmodur 1100 Bayer
Polyester polyol .......................... 96.25 9.96 Desmodur 1700 Bayer
Black iron oxide .......................... 44.11 1.07 BK-5000 Elementis
Organoclay thixotrope ............. 0.50 0.03 Bentone SD-3 Rheox
Amorphous silica ........................ 40.10 1.82 Imsil A-15 Illinois Minerals
Diatomaceous silica .................. 94.75 4.95 Celite White Mist Johns Manville
Polytetrafluoroethylene ............ 55.14 2.90 Halon Allied Signal
Propylene glycol ........................ 29.08 3.62
     monomethyl acetate
Butyl acetate ............................. 39.60 5.41
Leveling/anticrater ................... 2.01 0.30 Troysol S-366 Troy
     additive
Air release agent ....................... 3.01 0.44 Dow 7 additive Dow Corning
Reactive silicone ........................ 20.05 2.15 Dow 1248 Dow Corning
Dibutyltin dilaurate .................... 0.20 0.03 Aldrich
     10% w/w in methyl
     amyl ketone
Methyl amyl ketone .................. 146.68 21.64

Curing agent

Aromatic polyisocyanate ......... 176.46 18.26 Mondur 744 Bayer
Methyl amyl ketone .................. 24.06 3.55
TOTAL .......................................... 1002.61 100.00

Figure 6—Fracture mechanisms for failure of a
joint.
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the nucleation
and propagation
of cracks that lead
to the complete
separation of a
joint. For ex-
ample, when a
crack propagates
a distance a in an
elliptical cavity in
a plate under uni-
form stress as
shown in Figure 7,
the increase in en-
ergy required to
form two new
surfaces of area
2A must come
from the differ-
ence between the

work dW done by external forces and the change in
elastic energy dUe, stored in the stressed object.39 Stated
in thermodynamic terms, a necessary condition for crack
propagation is

–
–∂

∂
W U

A
G

e( )
≥ (1)

or

–
∂
∂
U

A
T ≥ 0 (2)

where G is the Griffith fracture energy per unit area (also
known as the critical strain energy release rate) and UT is
the total energy of the system. In its simplest form, G is
2γ , twice the surface free energy per unit area (also known
as Dupré’s work of adhesion) of the newly created sur-
faces.

Equation (1) can be applied to the problem of deter-
mining the change in energy needed to enlarge the ellip-
tical cavity seen in Figure 7 under a uniform uniaxial
stress σ. The crack will propagate at a critical stress

σ πC EG a v= ( )/ –1
2

(3)

or, equivalently, at a critical pull-off force Pc (operating
on area A – π a2)

P EGa vC = ( )π 3 21/ – (4)

where E is the elastic modulus and ν  is Poisson’s ratio.

In real materials, however, energy can also be ex-
pended around the crack tip by plastic flow, by vis-
coelastic processes, and by friction between the inter-
faces undergoing separation.40 Polymers and adhesives
are known to have fracture energies orders of magni-
tude greater than their surface energies due mainly to
viscoelastic processes. Therefore, the stresses needed to
separate polymer and polymeric adhesives are very de-
pendent on parameters that control viscoelasticity, such
as elastic modulus, temperature, and speed of removal.

Formulas for the force (stress) required to pull off
rigid solids attached to thick and thin elastomers can be

derived from
equation (2) and
used to model the
adhesion behav-
ior of elastomeric
solids.41 For ex-
ample, consider
the pull-off force
Pc required to de-
tach a rigid disk
attached at its end
to a thin (t<<a)
elastomeric glue
film on a rigid
substrate, as illus-
trated in Figure 8. The total energy UT of this strained
system is equal to the sum of surface energy, strain
energy in the elastomer (in the volume directly under
the contact), and potential energy applied by the load:

U a G
P t

Ka
T = – –π

π
2

2

22
(5)

where P, t, a, K, and G are normal force, thickness of the
film, contact radius, bulk modulus, and Griffith fracture
energy per unit area between disk and film, respec-
tively. Applying Griffith’s failure criterion to equation
(5) gives the following expressions for critical stress σc

and critical force Pc to remove the disk:

σc

GK

t
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1
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π 2

1
22
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For a thick (t>>a) elastomeric adhesive film, the equa-
tions become43:

σ πC EG a v= ( )2 1 2/ – (8)

P EGa vc = ( )2 13 2π / – (9)

Equations (8) and (9) are nearly identical to equations (3)
and (4) for crack propagation force and stress derived
for the elliptical cavity shown in Figure 7, but in the latter
case only one-half of the “cavity” is being stretched.
Both sets of solutions make clear that fracture, or re-
moval, processes involve not only surface energies, ex-
pressed either as γ  or G, but also the elastic properties of
the material and the geometry of the crack. Let us take a
careful look at each of these factors and see what insight
each may yield for the design of a fouling release coat-
ing.42

Surface Energy

The critical surface tension γ c of a polymer, measured
by the method of Zisman,43 is the property of a polymer
surface that is most frequently correlated with resistance
to bioadhesion. A generalized relationship between γ c of

Figure 7—Model of an el-
liptical cavity in a plate
under uniform stress.

Figure 8—A film of elastic
adhesive held between
a rigid substrate and a
rigid disk.
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the polymer surface and the relative amount of
bioadhesion, known as the Baier Curve44 and shown in
Figure 9, has been reproduced in a variety of marine
exposure studies, and also in in vivo biomedical applica-
tions such as vascular prostheses and dental implants. A
remarkable feature of this curve is that the minimum in
bioadhesion does not occur at the lowest critical surface
tension.

It is revealing to note that, of the polymers used to
construct Figure 9, all but one have rigid carbon-carbon
backbones.45 The sole exception, polydimethylsiloxane
(PDMS), has a freely rotating silicon-oxygen backbone
that imparts great freedom of motion to functional groups
on the polymer.46 This rapid motion of functional groups
impedes their ability to remain close to, orient with, and
form dipolar or hydrogen bonds with complementary
functional groups on marine adhesives.

Chaudhury and co-workers performed peel tests to
assess the adhesion strengths of viscoelastic adhesives
attached to fluorocarbon, hydrocarbon, and PDMS sur-
faces.47 Although conventional theories predict that ad-
hesion is proportional to the surface free energy of the
substrate, the observed peel forces follow the opposite
trend: fluorocarbon (γ  = 10 mN/m) >> hydrocarbon (γ  =
20 mM/m) > PDMS (γ  = 22 mN/m). Video microscopy
of the peel events suggests that slippage of the adhesive
at the peeling interface provides an early-release path
that bypasses the more energy-consuming viscoelastic

dissipation of better-adhered joints. Thus the minimum
in Figure 9 is indeed real, but it results from the superpo-
sition of a mechanical effect over a surface energy effect.

Elastic Modulus

According to the fracture mechanics solutions de-
rived in equation (9), the critical pull-off force Pc is pro-
portional to (Eγ )1/2 or (EG)1/2. Table 3 lists literature val-
ues for the critical surface tension48 and elastic modu-
lus45 for some polymers, and the square root of their
product. When the relative adhesion value obtained from
Figure 9 is plotted against (Eγ c)1/2, Figure 10 is obtained.
Despite some scatter in the data, Figure 10 demonstrates
that adhesion correlates far better with (Eγ )1/2 (R2 = 0.91)
than with either surface energy (R2 = 0.75) or elastic
modulus (R2 = 0.82). The minimum in adhesion in Figure
10 in fact coincides with the lowest value of elastic modu-
lus tested, although this does not correspond to the
lowest surface energy tested, demonstrating that elastic
modulus is at least as important as surface energy in
determining the performance of fouling-release coat-
ings.

Thickness

Kohl and Singer49 have investigated the relationship
between pull-off force and thickness of an easy-release

Figure 9—The empirical relationship between
surface free energy and relative adhesion.

Figure 10—Relative adhesion as a function of
the square root of the product of elastic modu-
lus and surface energy.

Table 3—Physical Properties of Some Polymers

Critical Elastic
Surface Tension Modulus

Relative
Polymer Adhesion (γ) mN m–1 (E) GPa

Poly(hexafluoropropylene) .......................... 21 16.2 0.5 2.85
Poly(tetrafluoroethylene) ............................. 16 18.6 0.5 3.05
Poly(dimethylsiloxane) .................................. 6 23.0 0.002 0.21
Poly (vinylidene fluoride) ............................. 18 25.0 1.2 5.48
Poly(ethylene) ............................................... 30 33.7 2.1 8.41
Poly(styrene) .................................................. 40 40.0 2.9 10.77
Poly(methyl methacrylate) .......................... 48 41.2 2.8 10.74
Nylon 66 ......................................................... 52 45.9 3.1 11.93

γE
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elastomer using the geometry represented in Figure 8.
An epoxy adhesive was used to mimic barnacle glue; the
adhesion of epoxy adhesive to silicones50 has been shown
to correlate with the adhesion of barnacles to silicones.51

The elastomeric coating is a two-layer system consisting
of a bond layer of a stiffened silicone interpenetrating
polymer network made from silicone and butyl acrylate-
styrene polymers, and a top layer of a condensation-
cured PDMS elastomer (RTV-11 silicone). Epoxy-coated
studs, 7 mm in diameter, were adhered to duplex sili-
cone layers 0.1 to 0.9 mm thick. The critical pull-off force
Pc decreased as the thickness of the coated layers in-
creased, in qualitative agreement with the model of re-
lease from a thin elastomeric adhesive layer. Equation
(7) was then modified to account for two layers. The
resulting critical pull-off force Pc is given by

P a
GK

t
c = 



∗π 2

1
22

(10)

where t* is an effective thickness that depends on the
bulk moduli Kt and Kb and thicknesses tt and tb of the
top- and bond-coats, respectively, according to

t t
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DESIGN CRITERIA FOR
LOW-ADHESIVE COATINGS

We are now able to formulate several essential criteria
for the design of fouling-release coatings. All coatings
tested have several properties in common that are essen-
tial to their performance. These are:

• A surface that is smooth at the molecular level, to
avoid infiltration of biological adhesives leading to me-
chanical interlocking, and to provide a sharp, easily-
cleaved interface;

• Absence of heteroatoms, ions and dipoles on the
surface of the coating, to avoid ionic and dipolar interac-
tions with marine adhesives; and

• Chemical and physical stability in the marine envi-
ronment.

Beyond these common factors, it is decisive to note
that fluoropolymer and silicone fouling-release coatings
achieve their effectiveness through different mechanisms,
and thus the criteria for a successful coating are distinct
in important ways. Surface energy, which historically
has received the emphasis in fluoropolymer coatings, is
important but it is not the only factor, nor is it the
dominant factor in silicone coatings that operate by en-
couraging the fracture of bonds on their surface. Because
the release mechanisms for fluoropolymer and silicone
fouling-release coatings differ, their design criteria must
differ as well.

Design Criteria for Fouling-Release
Fluoropolymer Coatings

The most productive route to fouling-free performance
is to discourage the initial bonding of marine organisms.

This is accomplished by constructing a well-orga-
nized surface that resists rearrangement and penetra-
tion of marine adhesives, driving its surface energy
to the minimum achievable value (6–12 mJ m-2), and
crosslinking or otherwise stabilizing the surface in
that arrangement. Minimization of fouling accumula-
tion is facilitated by:

• A surface composed exclusively of fluorinated
groups. Zisman has shown that the relative efficiency of
deploying fluorine to reduce surface energy is in the
order CF3 > CF2 > CF;

• Sufficient fluorine in the bulk of the coating to
effectively control the organization of fluorine at the
surface;

• Concealing dipoles such as -CF2-CH2- well beneath
the surface; and

• A stable, crosslinked surface that holds fluorine in
place and resists rearrangement and infiltration of ma-
rine adhesives.

Design Criteria for Fouling-Release
Silicone Coatings

The most effective route to fouling-free performance
is to encourage the release of fouling organisms from the
surface by predisposing the adhesive joint between the
foulant and the coating to quick and easy failure. Coat-
ing systems should be designed so that failure of the
foulant–coating joint occurs by peeling rather than fail-
ure by in-plane or out-of-plane shear. This is accom-
plished by judicious control of the thickness and elastic
modulus of the silicone coating. Fouling release is best
enabled by:

• A flexible linear silicon–oxygen backbone;
• A sufficient number of groups on the backbone to

diminish surface energy while preserving backbone mo-
bility;

• Low elastic modulus consistent with physical
toughness;

• Hydrolytic stability, to avoid loss of mass and de-
velopment of surface roughness; and

• A thickness that controls the fracture mechanics at
the interface and favors failure by peel over failure by
shear at the coating–foulant joint.

FUTURE

There will always be a need for coatings to protect a
ship’s hull from corrosion and fouling. Likewise, en-
vironmental pressures will grow in importance and
urgency. As coatings formulators and as citizens we
will strive to produce simultaneously the highest-
performing coatings and the cleanest environment.
Evaluation of real-world problems, formulation of
possible solutions, and execution of scientific investi-
gations and field tests will take time. Nevertheless I
confidently predict that in far less than another 28
years a third person from the Naval Research Labora-
tory will deliver a Mattiello Memorial Lecture in which
she or he details many years of success with nontoxic
fouling-release coatings.
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