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ALUMINIDE COATINGS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of the earlier filing date
of'U.S. Provisional Application No. 60/646,716, filed Jan. 24,
2005, which is incorporated herein by reference in its entirety.

ACKNOWLEDGMENT OF GOVERNMENT
SUPPORT

This invention was made with Government support under
Contract DE-ACO05-76RLO1830 awarded by the U.S.
Department of Energy. The Government has certain rights in
the invention.

FIELD

Disclosed are low cost aluminide coatings for metal
articles and methods for preparing and using such articles.

BACKGROUND

Corrosion of various apparatus such as metal parts or
articles is an issue affecting many industrial applications and
processes and costs industry billions of dollars a year.
Although corrosion-resistant coatings are currently in use,
enhanced performance requires improved coating materials
and methods for forming such coating. The rate of corrosion,
oxidation and other chemical degradation of available coating
materials limits the operation temperature to which coated
articles may be exposed, thereby limiting the usefulness of
coating in many chemical processing or industrial power
generation applications. New coating materials and methods
for making such materials are needed in such industrial appli-
cations for articles utilized in higher temperature environ-
ments, which temperatures in turn improve energy efficiency
and reduce net emissions of many industrial processes.

One method utilized to minimize corrosion of metal
articles is to increase the articles’ corrosion resistance by
alloying the articles with different metal additives. For
example, the corrosion resistance of nickel-based alloys can
be improved by additions of molybdenum and copper and the
corrosion resistance of iron-based alloys can be increased by
alloying with chromium. Unfortunately, many such metal
additives can migrate from the metal article degrading the
article’s properties and contaminating their environment,
undermining usefulness of migration-prone additives in
many applications.

Currently, a common method of providing corrosion resis-
tance to metallic articles is to coat the article with a corrosion-
resistant material. However, to date such coatings are unable
to withstand many common industrial applications. More-
over, coatings are typically applied by chemical vapor depo-
sition processes, which are expensive and cannot be used to
coat components with complex shapes. Therefore there is a
need for chemically robust coatings and methods for their
application.

SUMMARY

Disclosed herein are metal articles that include a metal
substrate and a coating, wherein the coating is a chemically
robust intermetallic aluminide coating. Also disclosed are
methods for preparing such coatings on metal substrates.
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In one embodiment the disclosed articles include a metal
substrate and a coating including a first layer forming an outer
surface of the article. In one embodiment this outer surface is
alumina. In other embodiments the outer surface includes a
phase of silica and alumina. Additional layers can be present
between the outermost layer and the metal substrate. In one
embodiment, the coating includes a second layer formed via
diffusion of aluminum into the metal substrate. The plural
layers may be substantially distinct. In other embodiments,
the material of one or more layer may be intermingled with
another layer and/or the substrate.

The metal substrate often comprises chromium, in certain
embodiments wherein the substrate contains chromium; the
first, outermost layer also can include chromium. In embodi-
ments when chromium is present in the outermost layer, it
may have a concentration of from about 1 to about 5 atomic
percent.

Also disclosed herein are processes for coating a metal
substrate to produce the aluminide coatings described above.
In one embodiment the process involves contacting an alu-
minum-containing powder with a silicon-containing polymer
to form a slurry and contacting the silicon-containing poly-
mer with a transition metal catalyst in the presence of a
hydroxylic solvent to form a silsesquioxane. In certain
examples, the transition metal catalyst is a ruthenium cata-
lyst.

The slurry can be applied to the metal substrate before or
after contact with the transition metal catalyst to form a
slurry-coated substrate. The slurry-coated substrate is then
heated to a temperature sufficient to induce at least partial
pyrolysis of the silicon-containing polymer. In one embodi-
ment the substrate is heated at a temperature of at least about
700° C. to induce pyrolysis.

Also disclosed herein are products having an intermetallic
aluminide coating produced by the described process.
Embodiments of such products have increased resistance to
oxidizing, reducing, corrosion and sulfidation conditions
encountered in many applications. Moreover, in some
embodiments such coatings prevent the substantial migration
of reactive elements, such as chromium from a coated article.

The foregoing and other objects, features, and advantages
of' the invention will become more apparent from the follow-
ing detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is a SEM digital image showing a cross section of a
presently disclosed coating formed on a 316 stainless steel
substrate.

FIG. 2 is an image produced by a SEM EDS line scan
across an aluminide coating cross section illustrating the gra-
dient of aluminum, iron and chromium concentrations in the
coating.

FIG. 3 is a SEM micrograph of a coatings pyrolyzed under
nitrogen for 2 hours followed by air for 1 hour at 800° C.

FIG. 4 is a SEM micrograph of a coating prepared using the
same mixture as the coating of FIG. 3 but produced via
pyrolysis under nitrogen for 2 hours at 800° C.

DETAILED DESCRIPTION

Disclosed herein are intermetallic surface coatings that are
capable of resisting the oxidation, carburization, corrosion
and/or sulfidation processes generated under harsh condi-
tions. Such coatings can be used to protect metal parts from
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degradation and/or to minimize metal leaching that can con-
taminate sensitive applications.

As used herein, the singular terms “a,” “an,” and “the”
include plural referents unless context clearly indicates oth-
erwise. The word “comprises” indicates “includes.” It is fur-
ther to be understood that unless otherwise indicated, all
numbers expressing quantities of ingredients, properties,
measurements, temperatures, and so forth used in the speci-
fication and claims are to be understood as being modified by
the term “about” whether explicitly stated or not. Accord-
ingly, unless indicated clearly to the contrary, the numerical
parameters set forth are approximations.

1. Introduction

Disclosed herein are methods for preparing coated metal
articles. Certain embodiments of the coatings disclosed
herein confer properties, such as durability and resistance to
chemical degradation upon the coated articles.

In one embodiment, the coating is prepared using alumi-
num powder and a preceramic silicon-containing polymer. In
one aspect of this embodiment a slurry of the aluminum
powder and the preceramic polymer is prepared. The slurry
may be applied to a metal substrate, which is then heated to
form a final coating via a pyrolytic process.

The following explanations of terms and methods are pro-
vided to better describe the present disclosure and to guide
those of ordinary skill in the art in the practice of the presently
disclosed methods and preparation of the disclosed coatings.

The term “lower alcohol” refers to an alkyl group contain-
ing from one to ten carbon atoms substituted with one or more
hydroxy (—OH) moieties. Examples of lower alcohols
include, without limitation straight chain, branched and
cyclic alcohols. By way of example such alcohols include
methanol, ethanol, 1,2-ethanediol, propanol, 2-propanol,
butanol, 2-butanol, pentanol, 2-pentanol, 2-methyl-butanol,
cyclopentanol and the like.

The term “silanes” as used herein refers to compounds that
contain one or more silicon-silicon bonds. The term “silanyl”
refers to a silane radical. “Polysilane” includes oligomeric
and polymeric silanes.

The term “silazanes” is used herein to refer to compounds
that contain one or more silicon-nitrogen bonds. The term
“silazyl” refers to a silazane radical. The term “polysilazane”
is intended to include oligomeric and polymeric silazanes.

The term “siloxanes” is used herein to refer to compounds
that contain one or more silicon-oxygen bonds and may or
may not contain cyclic units. The term “siloxyl” refers to a
siloxane radical. The terms “polysiloxane” and “siloxane
polymer” as used herein are intended to include oligomeric
and polymeric siloxanes.

The term “siloxazanes” as used herein refers to compounds
that contain the unit O—Si—N. The term “silazanyl” refers to
a siloxazane radical. The term “polysiloxazane” includes oli-
gomeric and polymeric siloxazanes.

The term “carbosilanes” as used herein refers to com-
pounds that contain one or more silicon-carbon bonds in the
backbone and may or may not contain cyclic units. The term
“carbosilyl” refers to a carbosilane radical. The terms “poly-
carbosilane” and “carbosilane polymer” as used herein
include oligomeric and polymeric carbosilanes.

The term “sily]l” unless otherwise specified, includes sila-
zyl, siloxyl, silazanyl and carbosilyl.

The term “superalloy” embraces complex cobalt-, nickel-,
or iron-based alloys that include one or more other elements,
such as chromium, rhenium, aluminum, tungsten, molybde-
num, and titanium. Superalloys are described in various ref-
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erences, e.g., U.S. Pat. Nos. 5,399,313 and 4,116,723, both
incorporated herein by reference for their disclosure of par-
ticular superalloys. High temperature alloys are also gener-
ally described in Kirk-Othmer’s Encyclopedia of Chemical
Technology, 3rd Edition, Vol. 12, pp. 417-479 (1980), and
Vol. 15, pp. 787-800 (1981).

The term “preceramic” is used to refer to polymers that
may be converted upon pyrolysis to ceramic products. Poly-
mers employed in the presently disclosed method include
preceramic silane, silazane, siloxane and carbosilane poly-
mers which are useful for preparing a wide variety of silicious
ceramic materials and articles, e.g., fibers, films, shaped prod-
ucts and the like, comprising materials such as silica, silicon
oxynitride or silicon carbide.

II. Coating Materials

In certain embodiments of the disclosed methods coatings
are formed by dispersing aluminum-containing particles in a
liquid along with polymer and/or monomer constituents to
form a slurry. Dispersion of the particles in the slurry aids
uniform application of the particles to a metal substrate.

As noted above, certain embodiments of the presently dis-
closed coatings are prepared using aluminum-containing
powders. The aluminum-containing powders may contain
aluminum metal, alumina or both. Generally, the powders
include individual particles having an average size on the
order of about one micron. For example, in certain embodi-
ments, the particles can have an average diameter of from
about 0.1 um to about 5 pm, such as from about 0.5 um to
about 3 pm, or from about 1 um to about 2 um. In principle any
shape particles can be used, for example, substantially spheri-
cal particles can be used. One factor in selecting a particle
shape and size relates to the viscosity of the polymer being
used. For example, particles such as substantially spherical
particles are more effectively suspended in high viscosity
slurry mixtures than particles having a lower mass to surface
area ratio. Alternatively, the particles can be flakes, which
given a similar size are more effectively suspended in less
viscous slurries than spherical particles.

Generally, the slurries described herein are dispersions
having particle:polymer weight ratios of from about 2:1 to
about 10:1, and typically from about 3:1 to about 7:1. For the
formation of a particle dispersion, the particular particle con-
centration depends on the selected application. The concen-
tration of particles affects the viscosity and can affect the
efficacy of the dispersion process. In particular, high particle
concentrations can increase the viscosity and can make it
more difficult to disperse the particles to achieve a desired
coating thickness and uniformity. Optional additives, such as
dispersants, including solvents, detergents and the like can be
used modulate viscosity to facilitate application of the slurry
to the substrate.

The composition of the slurry depends on the composition
of the dispersant and the particles. Suitable dispersants
include, for example, water, organic solvents, such as alco-
hols and hydrocarbons, and combinations thereof. The selec-
tion of preferred solvents generally depends on the properties
of the particles. The dispersant and the particles are selected
to be compatible for the formation of well dispersed particles.
For example, in certain examples alumina particles are dis-
persed at acidic pH values of about 3-4, silica particles gen-
erally are dispersed at basic pH values from about 9-11, and
titanium oxide particles generally are dispersed at a pH of
about 7. Generally, nanoparticles with little surface charge
can be dispersed preferentially in less polar solvents. Thus,
hydrophobic particles can be dispersed in nonaqueous sol-
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vents or aqueous solutions with less polar cosolvents, and
hydrophilic particles can be dispersed in aqueous solvent.

Since many of the commercially available silicon-contain-
ing polymers are soluble in organic solvents, many embodi-
ments of the disclosed methods for preparing coatings
involve the formation of non-aqueous dispersions. In organic
solvents, the dispersion properties have been found to depend
on the solvent dielectric constant. In one embodiment organic
solvents such as toluene, acetone or cyclohexane are used as
dispersants.

In addition, water-based dispersions can include additional
compositions, such as surfactants, buffers and salts. For par-
ticular particles, such as aluminum, alumina, and silica par-
ticles, the properties of the dispersion can be adjusted by
varying the pH and/or the ionic strength. As is known to those
of skill in the art, ionic strength can be varied by addition of
inert salts, such as sodium chloride, potassium chloride or the
like. The presence of the linker can affect the properties and
stability of the dispersion.

The pH generally affects the surface charge of the dis-
persed particles. The minimum surface charge is obtained at
pH value of' the isoelectric point. A decrease in surface charge
can result in further agglomeration. Thus, it may be useful to
select the pH to yield a desired amount of surface charge
based on subsequent processing steps.

Additives, such as surfactants, can be added to the slurry to
assist with the dispersion for the particles. Suitable surfactant
classes include cationic, anionic and nonionic. Particular
examples include Tergitols®, Softanols®, Tritons®, Plu-
rafacs®, Iconols®, Pluronics®, Dowfaxs®, Marcols®,
Genepols®, Spans®, Tweens®, Brijis®, Sorbitans®, fatty
acids and salts thereof, including quaternary ammonium
halide salts, and the like. Additional suitable surfactants for
formulating dispersions will be identified by those of skill in
the art upon consideration of the present disclosure.

The qualities of the slurry generally depend on the process
for the formation of the dispersion. In dispersions, besides
chemical/physical forces applied by the dispersant and other
compounds in the dispersion, mechanical forces can be used
to separate the primary particles, which are held together by
van der Waals forces and other short range electromagnetic
forces between adjacent particles. In particular, the intensity
and duration of mechanical forces applied to the dispersion
can significantly affect the degree of dispersion. Mechanical
forces can be applied to the powders before dispersion in a
solvent to break up agglomerated particles. Alternatively,
mechanical forces, such as shear stress, can be applied as
mixing, agitation, jet stream collision and/or sonication fol-
lowing the combination of a powder or powders and a liquid
or liquids.

Secondary particles may be formed in or otherwise present
in the slurry. The secondary particle size refers to the size of
the resulting particle agglomerates following dispersion of
the powders in the liquid. Smaller secondary particles sizes
are obtained if there is more disruption of the agglomerating
forces between the primary particles. Secondary particles
sizes equal to the primary particle sizes can be accomplished
with at least some nanoparticles if the interparticle forces can
be sufficiently disrupted. The use of surfactants and shear
stress can assist with obtaining smaller secondary particle
sizes, which can result in significant advantages in the appli-
cation of the dispersions for the formation of coatings with
uniform properties. For example, smaller secondary particle
sizes, and generally small primary particle sizes, may assist
with the formation of smoother and/or smaller and more
uniform structures using the composites. In the formation of
coatings, thinner and smoother coatings can be formed with
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composites formed with inorganic particle dispersions hav-
ing smaller secondary particles. In certain embodiments, the
average secondary particle diameter is less than about 2000
nm, less than about 1000 nm, or from about 200 nm to about
2000 nm. The primary particle size, of course, is the lower
limit of the secondary particle size for a particular collection
of particles, so that the average secondary particle size is
approximately the average primary particle size. For some
particle dispersions, the secondary particle size can be
approximately the primary particle size indicating that the
particles are well dispersed.

Particle sizes, including secondary particles sizes within a
slurry can be measured by established approaches, such as
dynamic light scattering. Suitable particle size analyzers
include, for example, a Microtrac UPA instrument from Hon-
eywell based on dynamic light scattering and ZetaSizer
Series of instruments from Malvern based on photon corre-
lation spectroscopy. The principles of dynamic light scatter-
ing for particle size measurements in liquids are well estab-
lished.

Once the dispersion or slurry is formed, the dispersion may
eventually separate such that the particles collect on the bot-
tom of the container without continued mechanical stirring or
agitation. Stable dispersions have particles that do not sepa-
rate out of the dispersion. Different dispersions have different
degrees of stability. The stability of a dispersion depends on
the properties of the particles, the other compositions in the
dispersion, the processing used to form the dispersion and the
presence of stabilizing agents. Suitable stabilizing agents
include, for example, surfactants. Preferably, dispersions are
reasonably stable, such that the dispersions can be used with-
out significant separation during the subsequent processing
steps forming the coated products, although suitable process-
ing to form the composite can be used to ensure constant
mixing or the like to prevent separation of the particle disper-
sion.

The silicon-containing starting material may be a mono-
mer, oligomer or polymer. Monomeric starting materials may
be polymerized prior to, during, or after application to the
substrate. In general, preceramic silicon-containing poly-
mers, or “ceramic precursors,” may be prepared by catalytic
activation of Si—H bonds, and/or Si—N bonds, as disclosed
in U.S. Pat. No. 5,055,431 to Blum et al.; U.S. Pat. No.
5,128,494 to Blum; and U.S. Pat. No. 5,750,643 to Blum and
McDermott, the disclosures of which are hereby incorporated
by reference. Briefly, silicon-containing starting materials
containing Si—H bonds, and/or Si—N bonds, are reacted
with a compound of the general formula R—X—H, wherein
X is typically O or NH, and wherein R is H, alkyl or aryl, a
moiety containing an unsaturated carbon-carbon bond, an
amine or an organic or hydroxy metal compound.

In one embodiment, a polymer precursor initially provided
contains Si—H groups. The polymer precursor may be a
polysilane, a polysiloxane, a polysilazane, a polycarbosilane,
like compounds, or mixtures thereof. The polymer precursor
is preferably reacted in the presence of a catalyst, with or
without a solvent, with a compound of the general formula
R—X—H, where X is NR' or O, R is H, organic (containing
saturated or unsaturated moieties), haloorganic, siloxyl, sila-
zanyl or carbosilyl, and may contain additional X—H groups,
and R' is H, amino, silazyl or silazanyl. The R—X—H com-
pound can insert in the silicon-hydride bond. By this method,
polymers having an Si—X bond—although in certain
embodiments still containing at least one Si—H bond—are
produced, with the simultaneous release of H,. Preferred
silicon-based polymers for use as polymer precursors include
polysilanes and polysiloxane (silicone) polymers, such as
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poly(dimethylsiloxane) (PDMS). Polysiloxanes also include
polyhydrosiloxanes, such as poly(methylhydrosiloxane)
(PHMS), which is particularly suitable for preparing the dis-
closed coatings.

Suitable catalysts for silicon hydride bond activation
include transition metal catalysts as is known to those of skill
in the art. In general homogeneous and heterogeneous cata-
lysts both can be used to prepare silsesquioxanes. Particular
examples of suitable catalysts include, without limitation
H,Ru,(CO),,, Ru;(CO),,, Fey,(CO),,, Co2(CO), and Rhy
(CO),¢ and mixtures thereof. Combinations of transition
metal catalysts also can advantageously be used to accom-
plish the desired transformation. By way of example Fe,
(CO),, and Ru;(CO),, can be used in combination in the
present method.

III. Substrates and Coatings

Various substrates can be coated as disclosed herein to
form degradation-resistant metal articles. The actual configu-
ration of the substrate may vary widely. By way of example,
the substrate can be in the form of various turbine engine parts
or other components subject to high stress conditions. Par-
ticular embodiments are directed to coating an article that can
be successfully employed in a high-temperature, oxidative
environment. The article includes a metal-based substrate.
The substrate may be formed from a variety of different
metals or metal alloys, including steel and heat-resistant
alloys, such as superalloys, which typically have a maximum
operating temperature of about 1000-1150° C.

In particular embodiments, the coatings disclosed herein
include plural layers and have at least one layer being char-
acterized as including from about 10 to about 35 atomic
percent aluminum, such as from about 15 to about 30 or from
about 20 to about 25 atomic percent aluminum. In addition,
this coating layer can contain from about 10 to about 35
atomic percent silicon, such as from about 15 to about 30 or
from about 20 to about 25 atomic percent silicon. In certain
embodiments, a layer is or includes a phase, for example a
silica and alumina phase as a substantially homogeneous part
of'a multilayer coating.

In certain embodiments a substantial portion of the silicon
present in the outermost coating layer is in the form of silicon
carbide. Indeed, in some embodiments, this layer includes
from about 20 to about 60 weight percent silicon carbide,
such as from about 35 to about 50 weight percent silicon
carbide.

Other constituent elements optionally present in the outer-
most coating layer include, without limitation chromium and
nickel. For example, in certain embodiments of the coating
the outermost layer can include less than about 5 atomic
percent chromium, such as from about 1 to about 5 atomic
percent chromium and/or from about 0.5 to about 1 atomic
percent nickel, such as from about 0.6 to about 0.8 atomic
percent.

In certain embodiments the coatings include plural distinct
layers wherein the layer has a substantially homogeneous
chemical composition. Indeed, in certain embodiments, for
example wherein the substrate is steel, a second layer is made
up of a FeAl phase. Other layers can be formed via diffusion
of aluminum into a substrate metal to form an aluminum
diffusion layer. A third distinct coating layer also is present in
certain embodiments and is made up of a solid solution of
aluminum in the metal substrate, for example a solid solution
of aluminum in steel. Finally, as is disclosed herein an alu-
mina outer coating is formed under certain conditions.
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Withreference to FIG. 1, shown s a cross-sectional view of
a an embodiment of a coating having a first layer comprising
silica and alumina, a second layer comprising FeAl, and a
third layer comprising a solid solution of aluminum in steel.
This coating, comprising a diffusion aluminide layer was
produced by polymer-aluminum slurry application to a 316
stainless steel surface via dip coating. The diffusion layer is
formed by heating at 800° C. for 1 hour in nitrogen with the
dried, cured polymer slurry coated on the surface of the steel.
The distinct layers are clearly visible in the SEM image. Such
multilayer coatings, particularly those having the outermost
layer observed here, are not observed in other diffusion alu-
minide coatings.

In one embodiment the coating further comprises a gradi-
ent in aluminum composition, the gradient extending from a
first aluminum concentration level at an outer surface of the
coating to a second aluminum concentration level at an inter-
face between the coating and the substrate, wherein the first
aluminum concentration level is greater than the second alu-
minum concentration level and the second concentration
level is at least about 30 atomic percent, such as greater than
about 40 atomic percent aluminum. In particular embodi-
ments the second concentration level is at least about 42
atomic percent. In one embodiment, a third aluminum con-
centration level exists at a further interface between the coat-
ing and the steel wherein the aluminum exists as a solid
solution in the steel and the third concentration level is at least
about 5 atomic percent, such as at least about 10 atomic
percent. In one embodiment an aluminum diffusion layer is
formed by partial diffusion of aluminum into the metal sub-
strate. This layer can be, for example, less than about 25 um
thick, such as from about 5 to about 20 pm or from 5 to about
15, such as about 10 um thick.

FIG. 2 illustrates certain embodiments of the disclosed
coatings, wherein aluminum concentrations using an SEM
EDS line scan method to determine aluminum concentration
levels from the outer portion of the coating into the steel
substrate.

In certain embodiments, there is substantial interdiffusion
of coating components. For example, at elevated tempera-
tures, there is often a great deal of interdiffusion of elemental
components between the coating and the substrate. The inter-
diffusion can change the chemical characteristics of each of
these regions, while also changing the characteristics of the
oxide scale. In general, there is a tendency for the aluminum
from the outermost layer, which is aluminum rich, to migrate
inwardly toward the substrate. At the same time, traditional
alloying elements in the substrate (e.g., a superalloy), such as
cobalt, tungsten, chromium, rhenium, tantalum, molybde-
num, and titanium, tend to migrate from the substrate into the
coating.

In certain embodiments, the disclosed coatings prevent the
substantial migration of alloy elements of the substrate into
the coating. For example, in some embodiments the outer-
most coating layer is substantially free of alloy elements, such
as chromium. Non-limiting examples of alloy elements for
the substrate are chromium, nickel, cobalt, iron, aluminum,
chromium, refractory metals, hafnium, carbon, boron,
yttrium, titanium, and combinations thereof. Of that group,
those elements which often have the greatest tendency to
migrate into the overlying coating at elevated surface tem-
peratures are chromium, cobalt, molybdenum, titanium, tan-
talum, carbon, and boron. Of particular concern is chromium
migration due to this element’s high reactivity. Chromium
migration or leaching is a serious problem in fuel cells, par-
ticularly solid oxide fuel cells, because chromium effectively
poisons many catalysts used in such fuel cells. Embodiments
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of the presently disclosed coatings solve an important prob-
lem found in prior art coatings by effectively sequestering
chromium (and other migrating elements) and preventing it
from contaminating sensitive equipment, such as catalytic
materials. In other embodiments the outermost coating layer
may include some migrated alloy elements, but substantially
prevents such elements from migrating from the coating.

IV. Coating Formation

In general the polymer/particle dispersions can be applied
to the article to be coated in any suitable fashion. Suitable
methods for applying the dispersion to a metal article include,
without limitation, dip coating, brushing or spray coating.
Typically, spray coating is used with lower viscosity disper-
sions, depending upon the requirements of the spray gun
used. Typically one coating is sufficient; however plural coat-
ings can be applied in the same fashion as a first coating.

Desirable qualities of a liquid dispersion of aluminum-
containing particles for application to a substrate generally
depend on the concentration of particles, the composition of
the dispersion and the formation of the dispersion. Specifi-
cally, the degree of dispersion intrinsically depends on the
interparticle interactions, the interactions of the particles with
the liquid and the surface chemistry of the particles. Both
entropic and energetic consideration may be involved. The
degree of dispersion and stability of the dispersion can be
significant features for the production of uniform composites
without large effects from significantly agglomerated par-
ticles.

In one embodiment, a “green” state layer is prepared by
subjecting the partially slurry-coated substrate to elevated
temperature, such as about 150° C. in the presence of adven-
titious water, for example in moist air, following application
of the slurry to the substrate. This results in polymer
crosslinking, which gives a “green” state coating, which can
be handled. The partially slurry-coated substrate can be sub-
jected to pyrolysis conditions with or without forming the
“green” state coating. Pyrolysis may be temporary or com-
plete. For example, in one embodiment the polymer is only
partially pyrolyzed, resulting in a coating containing the poly-
mer used to form the slurry. In other embodiments, pyrolysis
is complete.

In another embodiment disclosed coatings can be used to
prevent hydrogen permeation in pipelines or tubing. Alumina
is an effective permeation barrier for hydrogen and one form
of this invention can be used to form the outer alumina scale
to provide this barrier at high temperatures and for hard to
coat geometries.

V. Examples

The foregoing disclosure is further explained by the fol-
lowing non-limiting examples. Unless indicated otherwise,
parts are parts by weight, temperature is given in Celsius or is
at room temperature and pressure is at or near atmospheric.

Aluminum metal flake powders obtained with size range of
1-2 pm and 99.99% purity (commercially available from
Cerac, Milwaukee, Wis.), and were added to liquid PHMS
(commercially available from Gelest or United Chemicals)
polymer in a ratio of from 5 grams to 1 gram of polymer (other
working embodiments used ratios of from 3 grams to 7 grams
of' powder to 1 gram of polymer). In this example, 4 grams of
cyclohexane were added as a solvent. This amount of powder
comprises about 60% by volume of the resultant slurry. The
slurry was mixed using small ceramic balls (ca. 4 mm diam-
eter alumina balls) in a polyethylene bottle for 4 hours on a
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horizontal roller mixer at room temperature. After ca. 4 hours
of mixing, about 15 milligrams Ru-carbonyl (Ru,(CO), ,)and
the dispersion was allowed to mix for about five additional
minutes. The solution was then removed from the roller mixer
and thinned to the desired viscosity for application by adding
from about 1 gram to about 10 grams cyclohexane to 20 grams
of'the dispersion. The resulting viscosity was about 20 mPa-
s(cp). This solution can be applied via dip coating or brush-
ing. Typically, the viscosity should be reduced by adding
additional cyclohexane if spray coating is to be used. In this
example, the substrate was coated via dip coating using a 1
mny/min withdrawal rate.

After the coating is applied the coated article is processed
by curing at 150° C. in moist air, which results in crosslinking
of the polymer. This produces a “green” coating that can be
handled (with care) without damage prior to final sintering.
The green product was subjected to pyrolysis at 800° C. in
flowing gas for 30 to 240 minutes in a quartz tube furnace
(heated at 5° C./minute). This step was performed under
different atmospheres, including argon, air and nitrogen. The
sintered product was cooled at a rate of 10° C./minute.

In working embodiments, the green product is heated in an
oven at the sintering temperature (for example to from about
700° C. to about 900° C. at a rate sufficient to accomplish
heating of the oven to the sintering temperature in about one
hour. Sintering is accomplished in air, nitrogen, argon or in
the presence of a carbon-containing gas (e.g. acetylene) for a
time ranging from 30 minutes to several hours, for example
four hours. In general, longer sintering times result in thicker
aluminide coatings. The cooling rate typically is about 5° C.
or less per minute. The coated product was characterized
using energy dispersive X-ray spectroscopy (EDS), scanning
electron microscopy (SEM), X-ray diffraction (XRD), trans-
mission electron microscopy (TEM) and focused ion beam
(FIB) techniques.

FIG. 2 shows a cross section of an embodiment of one
product prepared by the method above. A SEM EDS line scan
across this aluminide coating cross-section reveals aluminum
chromium and iron concentration gradients. In this embodi-
ment, the aluminum gradient extends about 25 um into the
steel and includes several layers.

The sintering process can be varied by switching from
nitrogen to air after one hour in nitrogen and this allows an
alumina skin to form more easily on the surface of the coating.
It is not necessary to pyrolyze in air to obtain an alumina outer
scale since the polymer contains abundant oxygen but the
final pyrolysis in air assists this alumina scale formation.

FIGS. 3 and 4 show two coatings prepared as set forth
above. The coating shown in FIG. 3 was pyrolyzed under a
nitrogen atmosphere for two hours followed by continued
pyrolysis in air for one hour. The coating of FIG. 4 was
pyrolyzed under nitrogen for two hours to produce the final
coating. The pyrolysis was conducted at 800° C. in both cases.
The nitrogen pyrolysis method typically forms a thicker alu-
mina outer layer, however in this case, the longer pyrolysis
time of the coating shown in FIG. 3 results in a thicker overall
coating.

In view of the many possible embodiments to which the
principles of the disclosed invention may be applied, it should
be recognized that the illustrated embodiments are only pre-
ferred examples of the invention and should not be taken as
limiting the scope of the invention. Rather, the scope of the
invention is defined by the following claims. We therefore
claim as our invention all that comes within the scope and
spirit of these claims.
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We claim:
1. An article, comprising:
a metal substrate; and
an aluminide coating on the metal substrate, wherein the
aluminide coating includes a first layer comprising a
silica and alumina phase and from about 20 to about 60

weight percent silicon carbide, the first layer forming an
outer surface of the aluminide coating.

2. The article of claim 1, wherein the first layer comprises
from about 10 to about 35 atomic percent aluminum.

3. The article of claim 1, wherein the first layer comprises
from about 1 to about 5 atomic percent chromium.

4. The article of claim 1, wherein the first layer comprises
from about 0.5 to about 1 atomic percent nickel.
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5. The article of claim 1, wherein the aluminide coating
further comprises a second layer between the first layer and
the metal substrate, the second layer comprising FeAl.

6. The article of claim 5, wherein the aluminide coating
further comprises a third layer wherein the third layer com-
prises a solid solution of aluminum partially diffused into the
metal substrate.

7. The article of claim 1, further comprising a second layer
comprising an aluminum diffusion layer diffused into the
metal substrate.

8. The article of claim 7, wherein the second layer is less
than about 25 pm thick.

9. The article of claim 8, wherein the second layer is from
about 5 pum to about 20 pm thick.

#* #* #* #* #*
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