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CHAPTER 4.2

ZINC-RICH PRIMERS

by

Charles G. Munger

Since the invention of steel, it has been a primary
structural material used for ali critical structures in
modern society. There are many reasons for this —
strength, workability, adaptability. It may be rolled, cast or
welded into any conceivable shape and, when properly pro-
tected, will last for centuries. Bridges, ships, skyscrapers,
towers, tanks, pipelines, railroads, automobiles, and off-
shore drilling equipment are examples of the multiple uses
of steel which contribute to the well-being of humanity.
The key words are “properly protected”. Without protec-
tion, steel structures tend to revert to their natural state of
iron, i.e., iron oxide or rust.

I. HISTORICAL

From earliest time, keeping steel in its usable form
was the goal of all who used it, and there have been
thousands of materials used on steel surfaces in an effort
to resist change from usable metal to its non-usable oxide.
Of all of the materials tried for steel protection, zinc has
been the most successful. The first record of its use dates
back to 1840 when a French engineer, Sorel, patented a
process for coating steel with zinc to prevent rusting. The
simplest process to provide protection using zinc was dip-
ping a piece of steel in molten zinc and providing a com-
plete layer of zinc over the steel surface. This procedure
gave birth to the galvanizing industry, which has been a
growing one ever since.

There are increasing references to zinc in coatings in
the early 1900’s, and the use of zinc increased until, at the
present time in the United States, 150 million tons of zinc
are used annually.

A large percentage of this is for protection of iron and
steel either as galvanizing or in zinc-rich coatings. Most of
this expansion has come since the 1920’s and 30’s, and it
wasn’t until the 1930’s that anyone gave a great deal of
scientific thought to making a long-lasting, corrosion-
resistant coating from zinc dust. The movement started in
two different places, and the concept of zinc-rich coating
was as different in each place as the places were far apart.
The English started with the idea of using zinc dust in
organic vehicles to provide a zinc-rich coating while a com-
pletely different concept was started in Australia, where
the inorganic zinc-rich materials were conceived. The idea
of incorporating zinc dust into an organic vehicle coin-
cided with the time that the more sophisticated synthetic
resins became available. These more resistant materials
were needed since zinc reacted readily with most of the
oleoresinous products that were used for coatings prior to
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this time. By using very resistant synthetic resins, such as
chlorinated rubber, to start and incorporating high-loading
of zinc into the vehicle, the organic zinc-rich products were
born. They provided protection to steel surfaces that was
not available by other coating means except through the
galvanizing processes. Only very alkali-resistant resins
could be used effectively for zinc-rich coatings, and as the
epoxy resins entered the coatings field after World War II,
the expansion of zinc-rich coatings was rapid and con-
tinuous.

In Australia, Victor Charles Nightingall, an engineer,
spent several years studying ways a chemical compound
could be made with high durability and long-lasting corro-
sion protection. His basic idea, which was unique, was
that if he could make a coating that would closely simulate
chemical characteristics of willemite or zinc silicate, he
would be able to accomplish the goal. He studied the ore
and came up with a mixture of zinc and sodium siticate
which, when applied to clean steel surfaces and heated to
250°F or above, would form a hard, adherent, corrosion-
resistant coating. This was the state of the art up to 1950,
even though millions of square feet of the zinc silicate
coating had been applied on above-ground structures in
Australia up to that time. All of it, however, was stoved or
baked to bring about, as he states it, “the rapid silication
of silica-zinc iron.” ,

The procedure used to coat steel in the late 40’s, us-
ing the zinc silicate, was to pickle steel free of all mill
scale and all other contaminants. Following pickling, the
steel surface was scrubbed with fiber brushes to remove
the black pickling deposit and washed with dilute sodium
hydroxide to remove sulfuric acid. Finally, it was rinsed
with dilute phosphoric acid to prevent rust forming on the
steel pipe before the coating could be applied. As soon as
the surface was prepared, the coating was mixed by weigh-
ing about 10 pounds of sodium silicate and a small amount
of sodium bicarbonate into a bucket.

Twenty pounds of zinc dust and about three pounds of
red lead followed. The whole mix was stirred vigorously
with a stick. There was no premanufacturing of inorganic
zinc coating at that time. It was made and used within a
few minutes, since it was rather reactive and left for any
period of time would solidify in the bucket. After mixing
the coating, painters applied it to the steel surface with
large 6 in. brushes. The coating was worked well into the
surface to eliminate holidays and, surprisingly, a relatively
even coat of zinc silicate was obtained. The aim was to ap-
ply approximately one ounce of zinc per square foot. This
was determined by the amount of zinc used in the coating
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and applied to the steel surface. The water-base coatings
dried within a few minutes and then the coated steel was
moved into either a large stoving area, where the tempera-
ture was brought up to 200-300 °F or, if the coating was ap-
plied to the pipe exterior, the pipe was moved in front of
large burners that blew flame, hot air and combustion
products into the pipe at one end and out the other. As
soon as steel was brought up to temperature, the coating
was dry, very hard, and very metailic.

The first well documented field test of this product
was in 1942, on a section of steel pipe in the Woronora
pipeline, which was part of the water system for the city of
Sydney. The line ran above ground, close to the bay and a
few feet from some large oyster beds. The pipe was in-
spected in 1950 and it was in perfect condition. It still ex-
ists.

The Morgan Whyalla line, which is the famous 250-mile
pipeline in inorganic zinc silicate history, was negotiated
in 1941-42 and completed in 1944. The negotiations in-
cluded a 20-year guarantee on coating performance. This
was done with little more than the Woronora pipe section
to go on. Victor Nightingall passed away in 1948, long
before the guarantee was up, and before he could see the
revolution in coating technology that his ideas created.
His work was carried on by another engineer with the same
drive and single-minded approach, M. G. McKenzie, whose
leadership in the inorganic field helped create the
worldwide use of zinc coatings. Woronora pipe and
Morgan Whyalla pipeline were the beginning of an era for
inorganic zinc coatings.

Presently, the heat curing or stoving process has been
used on some 3,000 miles of above-ground pipeline. The
process is still being used in Australia today, and heat cur-
ing provides a very fast method of in-plant coating with
water base inorganic zinc products.

The result of McKenzie's convinction, that a zinc coat-
ing was a permanent one, was entirely borne out by the
guarantee period, which passed in 1965. In 1970, the South
Australia government duplicated the original Morgan
Whyalla line, using the same exterior coating. A section of
the original line at Whyalla was inspected firsthand in
1972. The pipe was in perfect condition and showed no
evidence of rusting, chalking or any change from the long
exposure to the atmosphere. This particular area was adja-
cent to Spencer Gulf and a steel plant. It had both a mild
marine atmosphere and an industrial atmosphere to pro-
vide corrosive conditions. Even the field welds, which were
touched up and allowed to dry, showed no corrosion.

Il. AMBIENT CURING

It was recognized early that for this material to be en-
tirely effective the stoving or baking step had to be elimi-
nated. The early research set out to find a way that the
coating could be formed without heat and yet obtain all of
the excellent characteristics of the zinc silicate. Many-at-
tempts were made to cure the coating with various salt
solutions. One attempt was to use a wash primer
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developed by the U.S. Navy and Union Carbide during the
war, as both a cure for the zinc coatings and a primer for
organic coatings to follow. Such an attempt was made on
a very badly corroded naphtha tank at one of the refineries
on the U.S. east coast. While not perfect, the coating did
stand up and prevent corrosion for many years under a
very difficult industrial atmosphere.

Many attempts were made to use various salt solu-
tions. These primarily were fairly concentrated water or
alcohol solutions of magnesium chloride, zinc chloride,
aluminum chloride, some soluble phosphates, etc. One
manufacturer recommended washing with sea water.
These trials had some basis in fact, as this over-simplified
chemical diagram suggests.

"22Zn + 2NaCl + 3H,0 = Zn0ZnCl, + 2NaOH + 2H,

The zinc oxy chloride, or basic zinc chloride, is prac-
tically insolublie. This compound, complexed with zinc
hydroxide or zinc carbonate, which would surely be part of
the reaction products, could provide sufficient insolubility
to the silicate matrix to hold it until the zinc silicate reac-
tions could take place. Actually, none of these procedures
worked satisfactorily, except under very limited and con-
trolled conditions.

Finally, it was determined that a solution of dibutyla-
mine phosphate, applied after the zinc silicate coating had
dried, insolubilized the zinc silicate coating enough so the
resulting product had all of the good characteristics of the
stoved inorganic zinc as originally conceived by Victor
Nightingall. This was the post-cure inorganic zinc coating
that started the revolution in coating steel structures in
most areas of difficult corrosion, high humidity, and par-
ticularly in marine atmospheres. Hundreds of ships were
coated with this material, along with offshore platforms,
wellhead structures, onshore installations of all types in-
cluding tanks, heater treaters, bridges, pipe racks,
bulkheads, refineries, and chemical plants. Once the post-
cured inorganic zinc demonstrated the efficiency of this
coating procedure, research was instituted by many U.S.
companies. Many materials were tried, including sodium
silicate, with many sodium oxide to silica ratios. Using
sodium silicates with higher silica ratios helped eliminate
white deposits that formed on the coating surface during
cure. Potassium silicate provided a somewhat faster cure
and eliminated much of the white deposit. Lithium silicate
produced a faster cure and harder product. Lithium silicate
was the base for one of the more successful commercial
inorganic zinc silicate coatings. Quarternary ammonium
silicate, while tried very early in the various research pro-
grams, was proven effective only in more recent formula-
tions. Ammonium silicate systems are not as hard as
some of the zinc silicates and do not possess the glass-
like properties of alkaline metal silicates. Colloidal silica,
silica colloids in solvent, and silica gels were all tried
alone and in combination with other silicates. Basic in-
organic materials such as phosphates, titantates, borates,
zinc oxychlorides, and similar materials were also formed
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into coatings with somewhat fewer properties. Some were
also added to silicate vehicles in an effort to provide im-
proved coating characteristics.

During this time many other inorganic materials were
being tried, such as ethyl silicates, cellosolve silicates,
and similar organic silicates, alone and in combination

with many materials listed above. Acid-hydrolyzed ethyl
silicate combined with powdered zinc was one of the
earliest, and one of the first successful self-curing zinc
silicate products. The alkali hydrolysis product of the ethyl
silicate was used to produce effective zinc coatings. (See
Table 1 for some interesting combinations of silicates —

TABLE {

Typical Examples of Various Zinc-Rich Paint Formulations

Weight
Ratio
pigment-
Type* Vehicle Pigment vehicle
Water Based Inorganic Zinc-Rich Paints
IA Post-cured
A 3.2 ratio sodium silicate; 22% SiO,; Zinc dust + red lead 2.8
sodium dichromate
B 3.2 ratio sodium silicate; 24% SiO,; Zinc dust 3.2
potassium dichromate
IB Self-cure potassium silicate
A 2.9 ratio potassium silicate; 14% SiOQ,; Zinc dust 2.9
manganese dioxide; sodium
dichromate
B 2.4 ratio potassium silicate; 9.25% SiQ,; Zinc dust 2.0
acrylic emulsion
C 2.8 ratio potassium silicate; 18% SiQ,; Zinc dust + red lead 2.8
quaternary ammonium hydroxide;
soluble amine; carbon black
D 3.2 ratio potassium silicate; 15% SiO,; Zinc dust 2.5
quaternary ammonium hydroxide;
soluble amine; carbon black
Self-cure lithium silicate Lithium-sodium silicate; 19% SiO,; sodium Zinc dust + iron oxide 3.3
dichromate
Self-cure silica sol Silica sol; 32% Si0O,; soluble amine; Zinc dust + red lead 4.1
potassium dichromate; carbon black
Self cure-quaternary
ammonium silicate
A Quaternary ammonium silicate; 32% SiO, Zinc dust 25
B Quaternary ammonium silicate; sodium Zinc dust 25
silicate; 20% SiO,
Solvent Based Inorganic Zinc-Rich Paints
IC Self-cure
A Partly hydrolyzed ethyl silicate; 10% SiO,; Zinc dust 2.2
clay fillers
B Partly hydrolyzed ethyl silicate; 22% SiQ, Zinc dust 3.4
C Basic hydrolyzed ethyl silicate; 15% SiQ,; Zinc dust + iron oxide 2.4
clay fillers
D Polyol-Alky! Silicate; 20% SiO, Zinc dust 2.2
*As per SSPC-Paint 20 — Zinc-Rich Paint
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some have proven to be most practical and successful.)
Following development of self-curing ethyl silicate zinc
coatings was a great amount of research to produce self-
curing coatings from all other silicate materials. Research
has progressed to the point where there are a number of
single package zinc silicate products on the market that
are not only fully combined into a single package, but are
self-curing, as well. A number of these have proven to be
excelient products, particularly when overcoating with
organic coatings is a requirement.

Progress has been made in the last thirty years from
the original product, which was made by mixing the indi-
vidual ingredients just prior to application, to the point
where the finished product in a single package may be
used essentially like paint.

These products have caused a coating revolution.
Some, in a single coat, provide protection in severe at-
mospheres that is better than a galvanized surface.
Others, when overcoated, increase the life of the organic
topcoats several times.

lll. MECHANISMS

Inorganic zinc coatings, including those formed from
sodium silicate, potassium silicate, lithium silicate, col-
loidal silica, the various organic silicates and even galva-
nizing, are reactive materials from the time they are ap-
plied. Inorganic zinc coatings, including galvanized metal,
are in a state of constant change. This change depends on
their exposure — marine, industrial or rural. It is a slow,
continuing process until the zinc is practically consumed
in protecting the steel it is applied to, or inactivated by an
accumulation of zinc salts on the coating surface.

Some of these typical zinc reactions are:

Zn (metal) + H,O — Zn'* + 2e

This is the normal corrosion reaction for zinc.
Zn + 2H,0 + = Zn (OH), + H,
Zn + H,O + CO,—~Zn CO, + H,

2Zn + 2NaCl + 3H,0 = Zn0ZnCl, + 2NaOH + 2H,

Galvanized surfaces or pure zinc react with carbon
dioxide and oxygen in air to form zinc carbonate or zinc ox-
ide on the surface almost as soon as it comes out of the
galvanizing bath. The original bright zinc surface, after a
few days in weather, turns dull gray, and, at times, will ac-
cumulate a substantial quantity of white salts on the sur-
face. The inorganic zinc coatings are somewhat more com-
plex. They are composed of powdered metallic zinc mixed
into a reactive silicate solution. The first reaction is the
concentration of silicate zinc mixture by evaporation of
most of the solvent. The solvent can either be water, in the
case of water-base products, or organic solvents, in the
case of the organic silicates, leaving a non-reacted deposit
of a silicate gel and zinc powder. Once initial drying has
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taken place, environmental reactions such as those
described previously take over and chemical curing of the
coating begins. At this point the coating may be hard and
abrasion resistant, or somewhat soft with little abrasion
resistance. In either state, it is uncured and may be sen-
sitive to water. In every case, regardless of the environ-
ment, the original reactions of either the water-base or the
organic base silicates are essentially the same.

The initial reaction is for water and CO, from the air
(H,0 + CO,~H,CO,) to ionize some zinc on the surface of
zinc particles. The slightly acidic water helps to hydrolyze
organic silicates to silicic acid and to hydrate water solu-
ble silicates to form silicic acid. The ionized zinc then
reacts with silicic acid groups on the silicate molecules in
the silicate gel structure. This insolubilizes the coating
and provides its initial properties. At this time there is also
some reaction of the silicate vehicle with the iron surface
to form a chemical bond. Iron ions are formed reacting
with the silicate vehicle at the iron surface in the same way
that zinc does.

Most coatings at this point are somewhat porous,
largely because of the compacting quality of spherical
zinc particles. This can be seen in scanning electron
microscope photographs, and substantiated from a prac-
tical standpoint. In many cases where inorganic zinc
coatings have been overcoated with organic coatings,
within a short time after application bubbling of the
organic coating takes place. This is due to penetration of
organic solvents into the zinc coating creating a vapor
pressure that causes bubbling of material applied over the
zinc coating. Inorganic zinc coatings which are post-cured
have much less porosity due to the immediate formation of
zinc phosphate on and within the pores of the coating. This
makes for a high density, relatively pore-free coating.
Removal of the curing agent is necessary prior to top-
coating.

The reactions described are taking piace during for-
mation of the coating. From this point on, the reactions
will be those that take place over a long period of time and
ones characteristic of the environment in which zinc
coatings are placed. Humidity and condensation of
moisture on inorganic surfaces plus carbon dioxide con-
tinue to create a very mild acid condition that results in
continued hydrolysis of the vehicle and ionization of zinc.
Zinc ions diffuse deeper and deeper into the gel structure
until there is a zinc silicate cement or matrix formed
around each of the zinc particles binding the coating
together and to the steel surface. This zinc silicate cement
is hard, insoluble, durable, and rock-like in character
(Figure 1).

Since zinc coating is porous, ionization of zinc on the
surface of zinc particles can occur any place within the
coating. In so doing, it provides electrons that protect the
underlying steel from corrosion (Figure 4). If water and CO,
are present, zinc hydroxide and zinc carbonate also are
present.
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