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ABSTRACT 

Composites and methods relating to the use of inventive alu 
minophosphate compounds and films thereof with glass, 
ceramic and non-oxide ceramic Substrates. 

Transmission electron micrograph of a thin coating of the inventive material on 
stainless steel. 
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Figure 1. Transmission electron micrograph of a thin coating of the inventive materia on 
stainless steel. 

O ROH 

| ROH 
1. (1) 

RO P-O- Al-ROH 

| 6 
r 

(OH) H2 

ROH O ROH 

|-o- i |-ROH / 1. (2) 
OH- Al-O-P-O- Al-ROH 

HoR1 6. 
OH 2O w 

(Ö) 2O 

Figure 2. Aluminophosphorus complexes present in the precursor solution of the 
Inventive Material. 

  



Patent Application Publication Sep. 23, 2010 Sheet 2 of 10 US 2010/023668.6 A1 

4000 3500,300 2500 2000 1500,000 500 
Wavenumber (cm) 

a) 

OOO 3) 3 OOO OO OOO 

Wawenumber (cm) 
b) 

Figure 3. FTIR spectra of the Inventive Material phase with A/P : 1,757 heat treated at 
(A) 50° C (B) l 100° C. 
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Figure 4. Thermogravimetric analysis of the inventive material, indicating Substantial 
weight loss by 350° C. 
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Figure 5. FTIR spectrum of coated glass slides of Example 4, showing organic groups 
bonded to the surface. 
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Figure 6. Attenuated total reflectance spectrum of inventive material coated glass slide 
with self assembled Oleic acid layer. 
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Figure 7 
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Figure 8. Spectrum showing transparency of inventive material. 
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tile. CCC Figure 9. SEM micrographs showing a)coated and b) uncoated unglazed 
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Figure (). Refractive index with energy for inventive material. inventive material doped 
with 20 mo% and 50 mol% lanthanum and inventive material doped with 50 mol% 
titanium. 

Figure 1. Transmission electron micrograph of carbon nanoinclusions in the inventive 
material. 
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b) 
Figure 2. SEM image of a) uncoated silicon carbide and b) coated Silicon carbide, 
demonstrating the ability of the inventive material to seal pores and defects. 
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Figure 13. ATR spectrum of inventive aluminophosphate material coated Silicon carbide 
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ALUMINUM PHOSPHATE COMPOUNDS, 
COMPOSITIONS, MATERIALS AND 

RELATED COMPOSITES 

0001. This application is a divisional of and claims priority 
benefit from application Ser. No. 10/642,069 filed on Aug. 14, 
2003 and issued as U.S. Pat. No. 7,682,700 on Mar. 23, 2010, 
which claimed priority from provisional application Ser. No. 
60/403,470 filed Aug. 14, 2002, the entirety of which is incor 
porated herein by reference; U.S. application Ser. No. 10/627, 
194 filed Jul. 24, 2003 from prior provisional application Ser. 
No. 60/398,265 filed Jul. 24, 2002; and U.S. application Ser. 
No. 10/362,869 filed Feb. 21, 2003 from prior PCT applica 
tion no. PCT/US01/41790 filed Aug. 20, 2001, each of which 
is incorporated by reference in its entirety. 
0002 The United States government has certain rights to 

this invention pursuant to Grant Nos. F49620-00-C-0022 and 
F49620-01-C-0014 from AFOSR (Air Force Office of Scien 
tific Research) to Applied Thin Films, Inc. 

FIELD OF THE INVENTION 

0003. The present invention primarily relates to use of 
microstructurally dense aluminophosphate coatings or films 
on ceramics and glasses to serve as diffusion barrier against 
wear, corrosion, oxidation or exposure to other harsh envi 
ronments. The invention also relates to modifying glass and 
ceramic surfaces, with the use of aforementioned films or 
coatings, to impart hydrophobic or non-stick or non-wetting 
or high emissivity properties and to provide physical pla 
narization of said Substrates. 

BACKGROUND OF THE INVENTION 

0004. There are a number of prior art patents related to 
synthesis of aluminum phosphate materials primarily for use 
as a catalyst Support including crystalline and amorphous 
forms. Most synthetic methods comprise of using a sol-gel 
technique with raw materials that include commonly avail 
able salts of aluminum and a variety of phosphorous sources 
including phosphoric acid, ammoniumhydrogen phosphates, 
phosphorous acid, and others. Many of these methods yield 
highly porous and crystalline forms and few thermally stable 
amorphous compositions (U.S. Pat. No. 4,289,863, Hill et al.: 
U.S. Pat. Nos. 5,698,758 and 5,552,361, both Rieser et al.: 
U.S. Pat. No. 6,022,513, Pecoraro et al. U.S. Pat. No. 3,943, 
231, Wasel-Nielen et al., U.S. Pat. No. 5,030,431, Glemza; 
U.S. Pat. No. 5,292,701, Glemza et al.; U.S. Pat. No. 5,496, 
529 and U.S. Pat. No. 5,707.442, both Fogel et al.). Two prior 
art patents do teach formation of amorphous aluminum phos 
phate compositions. However, the materials derived are 
highly porous which are desired for catalytic applications. 
U.S. Pat. No. 4,289,863, teaches a new method for synthesiz 
ing amorphous Al-rich AlPO4 compositions which are more 
thermally stable than Al-poor compositions which crystallize 
at much lower temperatures. U.S. Pat. No. 6,022.513, teaches 
a slightly modified method for making Al-rich compositions 
which yields a microstructurally different form of amorphous 
aluminophosphate material. However, both synthetic meth 
ods yield highly porous materials with surface areas over 90 
to 300 square meters per gram with a macropore Volume of at 
least 0.1 ccs per gram as shown in the Pecoraro patent. (pores 
are said to be between 60 nm to 1000 nm in U.S. Pat. No. 
5,698.758) 
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0005 Much of the utility of such prior art amorphous 
materials is related to their use as thin films on metals & 
alloys, glass, and ceramic Substrates. To facilitate this utility, 
a combination of additional attributes would be advantageous 
including a stable and low-cost precursor Solution and an 
environmentally-friendly, cost-effective, and versatile coat 
ing process providing good adhesion with aforementioned 
Substrates. There is a growing need for coatings on glass and 
ceramic Substrates to provide protection and to perform other 
Surface-related functions. The primary advantage of an amor 
phous coating is that, if developed by a Suitable process, it can 
provide ahermetic Seal overa Substrate such that access of gas 
or liquids that can potentially corrode the Substrate is avoided. 
Many methods have been developed to deposit uniform crys 
talline coatings that are Substantially pore or crack-free. Crys 
talline coatings do not provide hermetic protection from gas 
or liquid exposures. 
0006 Silica-based amorphous coatings have been devel 
oped and a recent patent prescribes a unique way to deposit 
such coatings (U.S. Pat. No. 6,162.498). However, the coat 
ing is not durable under certain harsh conditions and are not 
thermally stable at elevated temperatures or do not serve 
adequately as a transparent coating on glass due to processing 
limitations. In addition, silica is not chemically compatible 
with many ceramic materials at elevated temperatures and is 
also prone to decomposition in water vapor atmospheres 
(converted to hydroxide vapors). High temperature stable 
glassy or vitreous coatings have also been developed by ini 
tially coating Substrates with a slurry of glass frits and Sub 
sequently treating the coated material to high enough tem 
peratures to melt the glass frits and form the vitreous coating. 
Vitreous enamel coatings have been in existence for many 
decades with many different compositions. However, they are 
usually thick and are porous and deform at elevated tempera 
tures. Although hermetic protection may be achieved with 
this process, the requirement of high temperature processing 
to melt the glass frits may degrade the Substrate and if low 
melting glass compositions are selected, they may not be 
durable due to the presence of sodium. 
0007 Prior art coatings have also included amorphous 
aluminum phosphate on metals derived from various meth 
ods. British Pat. Nos. 1,322,722, 1,322,724, and 1,322,726, 
and published article entitled “Novel, low curing tempera 
ture, glassy, inorganic coatings, derived from Soluble com 
plexes of aluminum and other metal phosphates. (Chemistry 
and Industry, vol. 1 (1974) 457-459) disclose utilizing a 
soluble polymer complex comprising of aluminum phosphate 
with HCl and hydroxyl-organic ligand. Although dense amor 
phous aluminum phosphate films have been reported utilizing 
this method, there are several shortcomings which relate to 
their poor performance and make it impractical for commer 
cial use. First, the films contain residual chlorine (minimum 
of one weight%) which is not desirable for many metals and 
alloys. Second, as the film cures, toxic HCl gas is released 
(complex contains one mole HCl for every mole of AlPO) 
which is a significant environmental concern. Third, the Syn 
thetic process is relatively complex involving isolation of the 
complex in crystalline form and then dissolving it in appro 
priate solvents making it difficult to implement in practical 
applications. 
0008 Inert and/or vacuum treatments are necessary to 
produce the precursor in the aforementioned prior art and, in 
addition, it is not clear whether the prepared precursor Solu 
tion has sufficient shelf stability, or if the solution decom 
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poses upon exposure to the ambient (a potential concern due 
to the presence of volatile organics, such as ethanol, present as 
a ligand). No specific examples were given related to depo 
sition of films on metal Substrates or their corresponding 
behavior in an oxidation or corrosion tests. Due to the highly 
acidic nature of the precursor Solution, glass and ceramic 
Substrates may be subjected to significant corrosion from 
chloride attack during film development. In addition, due to 
the lower curing temperature, adhesion to Substrates may not 
be sufficiently high to yield durable films. Although curing 
temperatures ranging from 200-500°C. were suggested, most 
often curing temperatures below 200° C. were used and no 
specific example of films cured at 500°C. was provided and 
no microstructural information was given. In addition, the 
coatings were found to adhere to molten aluminum. However, 
Aluminum phosphate, in pure crystalline or amorphous 
forms, is chemically compatible with molten aluminum and 
has been found to be non-wetting due to low surface energy. 
Based on the poor adhesion of the prior art coatings, it is 
Suspected that the coating is not chemically durable (due to 
presence of chlorine or poor film coverage or poor high tem 
perature properties) and that the Surface energy is not suffi 
ciently low Such that its applicability for non-stick or non 
wetting applications may not be exploited. 
0009. In the aforementioned prior art, in addition, silicon 
and boron additions were needed to extend the amorphous 
nature of the material. Even with these additions, sufficient 
crystalline content (tridymite and cristobalite) was present 
after annealing the powder materials to 1090° C. for 3 hours. 
As explained below, for the present invention, substantial 
amounts of non-crystalline content with only the presence of 
tridymite phase were found for materials with varying Al/P 
Stoichiometry after heat treatment at much higher tempera 
tures and extended time periods. It is not uncommon that 
amorphous materials produced using various techniques may 
have distinct structural or network moieties such that their 
atom diffusivities and high temperature behavior may vary 
significantly. It appears that the network structure of the mate 
rial derived under the aforementioned patent does not provide 
for a robust microstructure and may not be suitable for use 
especially at elevated temperatures. 
0010 Thus, the material produced in prior-art methods is 
not microstructurally dense or robust enough to provide the 
desired protection. In addition, none of the prior art methods 
provide a Suitable process or precursor Solution that is eco 
nomical, stable and clear, and can be applied using a variety of 
well-known techniques such as dip, spray, brush, and flow. 
Furthermore, none of the processes associated with prior art 
methods offer the ability to provide good adhesion with sub 
strates that is critically important for most applications. The 
prior art coatings are either not durable under certain atmo 
spheric conditions or under certain harsh industrial or use 
environments where materials are subjected to thermal treat 
ments or exposed to corrosive environments. Prior art inor 
ganic coatings are also not completely transparent for use on 
glass where transmission properties are affected or other Sub 
strates where aesthetic property of the substrate (metallic 
appearance) needs to be preserved. 
0011. The technical demands on the glass industry are 
growing for display technologies, energy-efficient windows, 
efficient Solar panels, mirrors and lenses, and other specialty 
products. It is anticipated that Suitable coatings with multi 
functional properties (for example, good diffusion barrier 
characteristics and provide antireflective properties) will be 
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needed to meet the demands of performance, durability, and 
cost. The currently-available commercial coatings do not 
adequately provide the combination of desirable properties, 
in addition to, not providing simple and low-cost processes 
for deposition of multifunctional thin films. 
0012. The container market, for example, use coatings to 
strengthen the glass and prevent it from shattering during the 
manufacturing and handling. The flat-glass market has 
numerous products, whose performance and lifetime directly 
depends on the quality of the coating. Low-E coatings (which 
transmit visible light while minimizing the transmittance of 
other wavelengths of light, Such as light in the infrared spec 
trum) or electrochromic coatings (also called “smart win 
dows”), whose improved transmission properties will yield 
energy savings. Another application has raised the interest of 
the flat-glass manufacturers: easy-to-clean or self-cleaning 
windows for homes and buildings, lenses and mirrors for the 
optical industry. Self-cleaning or easy-to-clean coatings are 
designed to improve visibility, lower labor costs, minimize 
detergent use and to allow efficient performance of underly 
ing optical coatings. The extant coating technologies, 
whether hydrophilic or hydrophobic (In the case of hydro 
phobic coatings, organic or polymer coatings form a water 
repellent Surface. Hydrophilic coatings combined the action 
of a photocatalyst, mostly TiO, with hydrophilic properties 
of the surface to clean away the loosen dirt with water) suffer 
from severe limitations in either process or performance. 
(0013 Although several prior art patents (U.S. Pat. No. 
6,379,746, PCT Application: WO 2001-US42881, PCT 
Application: WO98-US21797) relate to the development of 
coatings for specifically addressing various issues aforemen 
tioned, no Suitable multifunctional coating material is pres 
ently available that meets more than one requirement and can 
be deposited using a low-cost and simple deposition process. 
In addition, most glass articles comprise of Soda-lime glass 
which contain sodium ions that diffuse into coating layers 
being deposited leading to deterioration of functional prop 
erties. For example, transparent conductive oxides (such as 
indium tin oxide) are used in a variety of glass products to 
limit IR radiation or to serve as conductive layers in display 
devices or Solar cells do not perform adequately due to the 
diffusion of sodium from the substrate. Thus, a robust diffu 
sion barrier layer on glass is needed to fully exploit the func 
tionality of overlayers being deposited. 
0014 Ceramic articles are used in a number of industries 
including tiles, porcelain, refractories, bricks, furnace liners, 
and other specialty products. Such ceramic articles produced 
by any number of processes are porous and rough, thus requir 
ing a glaze coating that provide resistance against staining, 
scratching, UV radiation, and fire. In addition, they are not 
easy to clean as dirt or foreign particles absorb into the pores 
rather easily. Glazing of Such ceramic Surfaces to provide a 
seal coat are used extensively. However, the performance of 
Such glazes are rather poor and are typically thick coatings 
which alter the Surface morphology significantly such that 
anti-slip properties are compromised. In addition, certain 
glazes are polymer-based and are not durable. 
00.15 Porcelain enamel coatings are used extensively in 
the ceramic industry (including, but not limited to, BBQ & 
stove grills, household appliances, chemical, heat treating, 
metal, and molten metal processing industries). Bulk of these 
coatings are porous which result in their poor performance 
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(moisture absorption, dirt collection, etc.). In addition, the 
Surfaces are not suitably non-wetting or non-stick or hydro 
phobic. 
0016. In addition, many ceramic materials are used in high 
temperature applications. Non-oxide ceramic materials, such 
as silicon nitride, silicon carbide, and their related composite 
materials are known for their excellent mechanical (creep 
resistance and strength at elevated temperatures) and thermal 
shock properties. However, these materials are Subject to 
environmental degradation and rapid oxidation in harsh and 
oxidizing environments. A Suitable coating that provides oxi 
dation or corrosion protection is highly desirable. Currently 
used protective coatings are thick and are prone to cracking. 
A thin, thermally stable, and microstructurally dense amor 
phous film with low oxygen diffusivity or atom mobility can 
provide excellent protection. In addition, suitable dielectric 
layers are being sought for silicon carbide based semiconduc 
tors for high temperature applications. Silica is commonly 
used as a dielectric layer for silicon-based devices and is 
generated by controlled thermal oxidation of silicon. How 
ever, such films cannot be thermally grown on SiC that yield 
the desirable dielectric properties (low dielectric constant). 
0017 Finishing polishing of optical materials, such as 
lenses and radomes, is a significant challenge, particularly 
Substrates that are hard and are polycrystalline in nature Such 
as AlON and spinel materials used in radomes. Depositing an 
amorphous glassy layer with appropriate optical or electrical 
properties will enable ease of polishing using magnetic rheo 
logical fluids (MRF) polishing or other mechanical tech 
niques to achieve the desired rms roughness value for the final 
optical Surface. The glassy layer can seal defects, Sub-Surface 
damage on the Substrate surface, and grain-boundary junc 
tions. 
0018 Thus, there is a need to develop oxide coatings using 
low-cost, Versatile, and simple processes to enable the afore 
mentioned applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG.1. Transmission electron micrograph of a thin 
coating of the inventive material on stainless steel. 
0020 FIG. 2. Aluminophosphorus complexes present in 
the precursor solution of the Inventive Material. 
0021 FIG.3. FTIR spectra of the Inventive Material phase 
with Al/P=1.75/1 heat treated at (A) 150° C. (B) 1100° C. 
0022 FIG. 4. Thermogravimetric analysis of the inventive 
material, indicating substantial weight loss by 350° C. 
0023 FIG. 5. FTIR spectrum of coated glass slides of 
Example 4, showing organic groups bonded to the Surface. 
0024 FIG. 6. Attenuated total reflectance spectrum of 
inventive material coated glass slide with self assembled 
Oleic acid layer. 
0025 FIG.7. Photographs showing contact angle of water 
on octadecyl trichlorosilane coated inventive material coated 
glass. a) as-deposited, with uncoated section b) as prepared 
(no heat treatment) c) after 110°C., 20 min heat treatment d) 
after 200° C., 20 min heat treatment. 
0026 FIG.8. Spectrum showing transparency of inventive 
material. 
0027 FIG. 9. SEM micrographs showing a) coated and b) 
uncoated unglazed ceramic tile. 
0028 FIG. 10. Refractive index with energy for inventive 
material, inventive material doped with 20 mol% and 50 mol 
% lanthanum and inventive material doped with 50 mol % 
titanium. 
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0029 FIG. 11. Transmission electron micrograph of car 
bon nanoinclusions in the inventive material. 
0030 FIG. 12. SEM image of a) uncoated silicon carbide 
and b) coated silicon carbide, demonstrating the ability of the 
inventive material to seal pores and defects. 
0031 FIG. 13. ATR spectrum of inventive aluminophos 
phate material coated silicon carbide 

OBJECT OF THE INVENTION 

0032. In light of all the shortcomings of prior art discussed 
above, there is a need for a stable and microstructurally dense 
form of aluminophosphate which is chemically durable and 
thermally stable for use in a broad range of applications. 
Accordingly, it is an object of this invention to provide an 
amorphous aluminophosphate compound, composition and/ 
or material is particularly relevant for developing protective, 
functional, and multifunctional Substrate coatings. Thus, 
there is a need to develop a durable glassy coating that is 
dense, Smooth, continuous, hermetic or Substantially pore 
free, and transparent which can be deposited on a variety of 
substrates with excellent adhesion and at low cost with a 
simple environmentally friendly process. Most of the current 
and emerging applications utilizing glass/ceramic Substrates 
will require coatings that are multifunctional Such that other 
properties along with corrosion protection can be induced. 
For example, antibacterial coatings are desired to limit the 
spread of bacteria and diseases for metal substrates. It would 
be desirable to develop a coating that provides both corrosion 
and antibacterial protection. Thus, a thermally stable and 
robust glassy coating material need be developed with an 
associated precursor system that can be flexible to induce 
multifunctional properties, and is practical for use in industry 
and commercial applications, that also offer low cost, sim 
plicity, and environmental compliance. 
0033. It will be understood by those skilled in the art that 
one or more aspects of this invention can meet certain objec 
tives, while one or more other aspects can meet certain other 
objectives. Each objective may not apply equally, in all its 
respects, to every aspect of this invention. As such, the fol 
lowing objects can be viewed in the alternative with respect to 
any one aspect of this invention. 
0034. It is a further object of the present invention to 
develop a (preferably transparent) glassy coating system 
which provides effective corrosion protection for a very wide 
variety of glass, ceramic and/or non-oxide ceramic Sub 
strates, preferably in combination with abrasion resistance 
properties. 
0035. In accordance with the invention it has been found 
that this object may be achieved by depositing an alumino 
phosphate coating on glass or ceramic Substrates. Owing to 
the inorganic network, the resultant coatings also possess 
abrasion resistance properties, which may be strengthened 
further by incorporating nanoscale particles. Another effect 
of incorporating the nanosized particles is that such coatings 
remain transparent. The present invention accordingly pro 
vides a process for depositing amorphous aluminophosphate 
films with many desirable multifunctional properties. 
0036. According to the present invention it has now been 
found that by using specific precursors, vitreous layers can be 
formed on glass or ceramic Surfaces, which layers may be 
dimensioned less than about 10 microns. Surprisingly it has 
also been found that such layers can be converted into dense 
aluminum-phosphate films. Such films are about a few 
nanometers to about a few microns in thickness and form a 
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hermetically sealing layer which prevents or drastically 
reduces, respectively, the access of moisture or gases to Sub 
strate Surface and secures an excellent protection against cor 
rosion even at elevated temperatures. Such layers are further 
more abrasion-resistant. Another objective of the present 
invention is to develop a stable and microstructurally dense 
form of aluminophosphate material for use in the aforemen 
tioned applications. 
0037. A further objective of the invention is to develop a 
low-cost, simple, and versatile chemical-solution based 
method to develop the amorphous material in the form of 
powder, coating, fiber, and bulk materials. 
0038 A yet another objective of the invention is to prepare 
a suitable clear precursor Solution that yields high quality 
dense coatings of amorphous aluminophosphate. A further 
objective is to develop suitable precursor solutions such that 
other additives can be added to the solution such that new 
amorphous aluminophosphate compositions can be made. 
The additives can be added in a chemical form such that the 
solution is clear or the additives can be added in colloidal or 
powder form to yield a slurry-based solution. In any of the 
precursor forms used, a cured material obtained may be in the 
form of a nanocomposite (nanoparticles, nanocrystals or 
crystals embedded or encapsulated in the amorphous alumi 
nophosphate matrix) or exist as uniformly-dispersed dopants 
within the glass matrix. In any of these forms, the additives, 
either individually or in conjunction with the aluminophos 
phate matrix can induce specific functionality useful for 
many applications. Such “mixed aluminophosphate compo 
sitions can be formed as a powder or a coating or a fiber or as 
a bulk material. It is another object of the invention to develop 
films of the inventive compounds, compositions and/or mate 
rials with inclusions within the amorphous matrix material 
for inducing various functions including, but not limited to, 
optical, chemical, catalytic, physical, mechanical, and elec 
trical properties. Such inclusions can be produced in-situ 
during the synthetic process and they may include metals, 
non-metals, and compounds of any combination of elements. 
One such example includes formation of carbon as nano 
sized inclusions for providing high emissivity and enhances 
mechanical properties. High emissivity coatings that are 
durable at elevated temperatures are desirable for a number of 
applications where thermal protection is desired or Such coat 
ings provide energy savings through re-radiating incident 
heat fluxes in furnaces, ducts, boilers, heat exchangers, and 
the like. 
0039. It is an object of the present invention to provide a 
material having as a feature of its molecular structure, an 
O=P O—Al-O Albonding sequence (with organic and 
other ligands as may be attached to P and Al) regardless of 
P/Al ratio and any additional metal thereinto enhance coating 
properties or to create nanocrystals that induce or enhance 
chemical, physical, optical, electrical, mechanical, and ther 
mal properties (nanocomposite coatings). 
0040. It is an object of the present invention to provide 
non-stick properties over a range of temperatures and envi 
ronments; proven effective with enamel, alumina, and Soda 
lime glass Substrates. 
0041. It is an object of the present invention to provide 
such a material to develop coatings from about 0.05 micronto 
about 10 microns (preferably about 100 nm, more preferably 
about 500 nm, most preferably about 1 micron); the coatings 
are dense, continuous, Smooth, uniform, and transparent. The 
inventive compounds, compositions and/or materials and/or 
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related coatings are hermetic; that is, without open porosity or 
pathway for fluid or gaseous ingression, and/or micro-struc 
turally dense; that is, Substantially non-porous and/or 
approaching Zero pore Volume. It is yet another object of the 
invention to develop thin films in the range of about 50 nm 
about 10 microns that are transparent or opaque as desired for 
any application. It is yet another object of the invention to 
enable the use of these thin films for applications that require 
maintenance of strict design tolerances such that Substrate 
geometry or features do not need to be modified to accom 
modate the thickness of the films deposited for protection or 
for other purposes of surface modification. With films of the 
inventive compounds, compositions and/or materials, as thin 
as about one micron or less, being Sufficiently effective, no 
Substrate modifications are necessary for most applications. 
0042. It is an object of the present invention to provide 
cured coatings using furnace or heat or infrared lamp or UV 
radiation (preferably (a) 800 C, more preferably (a 600C, and 
most preferably (a 500 C); UV radiation along with heat may 
cure the coating (a 250 C. It is a related object of the present 
invention to provide a curing process for excellent adhesion 
of the coating material. 
0043. It is an object of the present invention to provide 
coatings deposited using a dip or spray or flow or brush 
painting process. It is a further object of the invention to 
develop a process that utilizes a clear precursor Solution that 
is stable (does not hydrolyze or decompose when exposed to 
ambient) and should enable versatile deposition processes 
including dip, spray, flow, and brush methods. 
0044. It is an object of the present invention to provide 
material coatings sufficiently Smooth to impart a low-friction 
surface (friction coefficients below 0.1 have been measured). 
This allows for use of the material as a high temperature solid 
lubricant or as a wear resistant coating over a range of tem 
peratures and environments; in this case, the inventive com 
pounds, compositions and/or materials may serve as a multi 
functional protective coating (nanocrystals within the 
material coating can be added to improve wear resistance or 
tailor thermal properties). It is yet another object of the inven 
tion to reduce the Surface roughness of said Substrates which 
is desired for many applications. The Smooth nature of the 
films of the inventive compounds, compositions and/or mate 
rials deposited allows for planarization of most Substrates. 
This will help in enhancing the non-wetting or non-stick 
nature of Surfaces and also induces a low-friction Surface with 
the added benefit of a lower surface energy attributed to the 
stable amorphous oxide Surface on a Substrate. 
0045. It is an object of the present invention to provide 
protective coatings for molten material processing; the amor 
phous, dense, and non-stick nature of the present material is 
highly suitable for providing a non-stick Surface. The present 
invention protects against other molten materials as well as 
molten aluminum, including molten polymers, molten glass 
and other non-ferrous molten metals. 
0046. It is an object of the present invention to provide a 
dielectric layer to certain glass and ceramic Substrates. In 
Some cases, both dielectric properties and corrosion resis 
tance is desired. The inventive compounds, compositions 
and/or materials can serve as a suitable dielectric for a number 
of applications; the pin-hole free nature of the coating is very 
attractive for this purpose Coatings with suitably low dielec 
tric constant are desired for example on SiC semiconductors 
or highly electrically insulating layers are desirable on glass 
substrates for solar cell applications. It is an objective of the 
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invention that such coatings can be deposited on Substrates 
including, but not limited to, glass, metal, alloy, ceramic, and 
polymers/plastics. It is a further objective of the invention to 
develop coating materials that are highly stable and possess 
low oxygen diffusivity such that ultra-thin films of the mate 
rial will provide adequate protection to substrates. This will 
be a significant advantage over prior art coating materials 
where thick, non-hermetic coatings are used which crack or 
spall-off during thermal cycling causing catastrophic failure 
of the part during use. This is especially a concern in aero 
space and energy applications where extremely high tem 
peratures are used. It is yet another objective of the invention 
to allow the use of such coatings over a range oftemperatures 
(cryogenic low temperatures to above about 1400 C) in a 
broad range of benign to harsh environments. It is yet a further 
objective of the invention to utilize the low surface energy of 
the aluminophosphate material advantageously in applica 
tions where non-wetting or non-stick properties are desired. 
These may include, but not limited to, non-wetting against 
water, solvents, chemicals, Solids, molten salts, molten metal, 
and atmospheric contaminants (including organic matter). 
0047. It is yet another objective of the invention to enable 
self-absorption of organic on the surface of the films of the 
inventive compounds, compositions and/or materials depos 
ited on Substrates. Due to the presence of certain organic 
contaminants in the atmosphere, Surfaces of the inventive 
compounds, compositions and/or materials reacts with Such 
organic materials, under ambient conditions, forming a stable 
bond with the organic material or its modified form via a 
self-absorption process. Such organic films further lower the 
Surface energy of the composite structure, thus providing a 
hydrophobic or non-wetting Surface. Organic films can also 
be deposited over the film of the inventive compounds, com 
positions and/or materials including, but not limited to, oleic 
acid and organo-silanes, using simple dip-coating process. 
The organic layer present is characterized by observation of 
an organic group on the Surface using Fourier transform infra 
red spectroscopy (absorption bands at 2994, 2935, 1702, 
1396, 1337 and 972 cm are observed which is attributed to 
an organic group attached to the Surface of the inventive 
compounds, compositions and/or materials). 
0048. It is a further object of the invention to provide 
amorphousand thermally stable coatings on optical materials 
to enable ease of polishing or finishing of optical Surfaces. 
Such components include lenses, mirrors, radomes, and other 
optical materials that comprise of glasses, single- and poly 
crystalline ceramic materials. A planarizing effect can be 
induced by deposition of coating, thus effectively reducing 
the Surface roughness of the Substrate materials. 
0049. It is a further object of the invention to provide a 
coating on glass to prevent sodium diffusion during applica 
tion of overlayers for inducing functional properties Such as 
low emissivity coatings and the like. Another object of the 
invention is to provide a seal on microdefects or flaws present 
on the Surface of a glass or a ceramic object such that 
improved mechanical strength is realized from the applica 
tion of the inventive coating material. 
0050. It is a further object of the invention to provide 
oxidation protection to SiC and other ceramic materials that 
are subject to oxidation at elevated temperatures. It is a still 
further object of the invention to provide a thermally stable 
dielectric layer on SiC semiconductor devices. 
0051. Other objects, features, benefits, and advantages of 
the present invention will be apparent from the preceding, the 
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Summary of this invention, and the following descriptions of 
various embodiments thereof, and will be readily apparent to 
those skilled in the art having knowledge of various coatings, 
protected Substrates and/or composites. Such objects, fea 
tures, benefits, and advantages will be apparent form the 
above as taken into conjunction with the accompanying 
examples, data, figures and all reasonable inferences to be 
drawn therefrom, alone or with consideration of the refer 
ences incorporated herein. 

SUMMARY OF THE INVENTION 

0052. It was surprisingly found that a microstructurally 
dense amorphous aluminophosphate material can be pre 
pared using a low-cost precursor of phosphorous pentoxide 
and hydrated aluminum nitrate, in ethanol or other fluid 
media. Pyrolysis of the precursor attemperatures above 500 
C yields a stable microstructurally dense amorphous alumi 
nophosphate material which is resistant to crystallization up 
to 1400 C. See, for instance, U.S. Pat. No. 6,036,762, incor 
porated herein in its entirety. Other aspects relating to the 
range of Suitable precursors or solutions thereofare provided 
in copending application Ser. Nos. 10/362,869 and 10/627, 
194 filed Feb. 21, 2003 and Jul. 24, 2003, respectfully each 
of which is also incorporated herein by reference in its 
entirety. 
0053 More importantly, it was surprisingly found that the 
coating Surface enables strong bonding with a variety of 
organic materials that either come in contact with the coating 
surface in gaseous or liquid or in solid form. Without being 
bound to any theory, it is Suspected that the coating Surface 
contains Al-O and P-O bonds which preferentially hydroxy 
late and thus enable strong absorption of organic matter. Such 
bonded Surfaces are very robust and the organic material 
remains bonded even to elevated temperatures and are stable 
against many chemical treatments. 
0054 Surfaces bonded with such organic materials can 
provide many useful properties, including but not limited to, 
easy-to clean or self-cleaning Surfaces due to the hydrophobic 
nature of the organic material. As an alternative, the chemistry 
of the organic can be selected to impart a hydrophilic Surface 
to improve bonding with many materials including polymers 
or plastics or other Suitable materials. 
0055. It was also surprisingly found that the inventive 
coating material provides excellent protection against oxida 
tion to non-oxide ceramic material. Such as silicon carbide 
(SiC), at elevated temperatures. Unique bonding of the inven 
tive coating material with oxidation product of the SiC sur 
face is apparent from spectroscopic examination and the Sur 
face of the coated ceramic material after exposure to 1400 C 
in air shows a Substantial improvement in Surface morphol 
ogy with a glossy appearance as opposed to relatively dull 
appearance for the uncoated material. Such treatments can 
provide enhanced oxidation protection to SiC fibers, mono 
liths, and composites, provide a non-wetting or non-stick 
Surface that may enhance toughness of the material made in 
composite form. 
0056. Upon depositing the coating of the inventive mate 
rial on a porous ceramic (Such as a tile or porous enamel 
material), it was Surprisingly found that the coating provides 
an excellent seal on pores of the ceramic Substrate material. 
This will provide substantial benefit in preventing dirt or 
contaminant collecting in the pores during service. However, 
since the coating can be made to be sufficiently thin, the 
overall surface morphology is not adversely affected. This 
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may be beneficial in certain applications, where the rough 
Surface is desired to impart certain frictional properties (such 
as in floor tiles for anti-slip), but the pores are sufficiently 
covered by the substantially pore-free nature of the coating of 
the inventive material. This will help maintain a clean surface 
over extended time periods and will enable lower costs and 
labor for maintenance. Embodiments of the inventive alumi 
nophosphate compounds, compositions and/or materials of 
this invention are available under the Cerablak trademark 
from Applied Thin Films, Inc. Various considerations relating 
to this invention are disclosed in U.S. Pat. Nos. 6,036,762 and 
6,461.415 and pending patent application Ser. Nos. 10/266, 
832 and PCT/US01/41790, each of which are incorporated 
herein in its entirety. 
0057 The material tends to form over a wide range of 
aluminophosphate compositions and stoichiometries Such 
that a particular Al/Pratio can be selected to suit the needs for 
a specific application. Al-rich compositions are more ther 
mally stable in the amorphous form. Stoichiometric or P-rich 
compositions also yield a dense material, but the thermal 
stability is limited. However, they may be useful in applica 
tions where the temperature limit do not exceed 1000 C. 
0058 Most surprisingly, it was found that the material has 
very low oxygen diffusivity Such that it can serve as an excel 
lent protective coating on Substrates Susceptible to high tem 
perature oxidation. Because of this unique property, to serve 
as a protective hermetic coating, it is sufficient to deposit an 
ultra-thin dense film of the material at a thickness of about 0.1 
micron, more preferably at a thickness of about 0.5 microns, 
and most preferably a thickness of about 1 micron. Such thin 
coatings are not prone to cracking and delamination due to 
thermal expansion mismatch between coating and Substrate. 
The low-cost of the precursor material and deposition process 
also allows for its deposition as an overcoat or undercoat on 
conventional coatings utilized in glass and ceramic industries 
which are well known to those skilled in the art. 
0059. Accordingly, from a broader perspective, the 
present invention includes in a composite comprising a Sub 
strate such as a glass or a ceramic and a Substantially amor 
phous and Substantially non-porous aluminophosphate film. 
Such a composite can further comprise a component com 
prising a phosphate group and bonded interaction with Such a 
Substrate. Regardless, such a composite can optionally com 
prise an organic component on the aluminophosphate film. 
Without limitation, the aluminophosphate film can comprise 
an aluminum content about, less than, or greater than sto 
ichiometric on a molar basis relative to the phosphorous con 
tent of the film. 

0060. In certain embodiments, the film of such a compos 
ite can further comprise a component including but not lim 
ited to carbon, a metal and a metal compound. In certain other 
embodiments, such a component is a nanoparticle. Without 
limitation, metal and/or metal compound nanoparticles 
include those described herein, but can also be selected from 
those materials described in the aforementioned incorporated 
patents and patent applications. Regardless, in certain 
embodiments, the Substrate can comprise a ceramic tile, alu 
mina, porcelain enamel, mullite, silicon nitride, silicon car 
bide, and combinations thereof. Alternatively, where the sub 
strate is a glass, such a material can be selected from Soda 
lime glasses, borosilicateglasses, aluminosilicate glasses and 
pyrex. Likewise, regardless of nanoparticulate inclusion or 
Substrate identity, the aluminophosphate film of Such a com 
posite can have a thickness dimension of about 0.05 micronto 
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about 10 microns. In various other embodiments, such a film 
can be dimensioned from about 0.1 micron to about 1.0 
microns. As described elsewhere herein, depending upon 
thickness and/or formulation, such a film can be transparent 
or opaque, as may be needed for a desired end-use applica 
tion. 

0061. As mentioned above, certain embodiments of the 
composites of this inventions can, optionally, include an 
organic component on the aluminophosphate film. As evi 
denced herein and described in the following examples, such 
a component can be chemically bonded to the aluminophos 
phate film. In certain embodiments, such a component can be 
applied as a film to the aluminophosphate film; in various 
other embodiments, an organic component can be absorbed 
from a gaseous phase, such as the atmosphere under ambient 
conditions. As described elsewhere herein, a certain degree of 
composite hydrophobicity is provided by incorporation of an 
aluminophosphate compound or material of this invention. 
Enhanced hydrophobicity can be achieved with such a com 
posite further comprising an organic component on the alu 
minophosphate film, regardless of source, identity or mode of 
application. 
0062. As mentioned above, composites of this invention 
can comprise nanoparticulate carbon. Such inclusions can 
enhance emissivity and associated mechanical properties, 
especially so when Such an aluminophosphate film is pro 
vided as part of a ceramic composite. Alternatively, an alu 
minophosphate film comprising a metal component dopant, 
in Sufficient amount, exhibits an enhanced refractive index. 
Such benefits are available through inclusion in one alumi 
nophosphate film or, alternatively, in a second film between 
the first film and the substrate. Regardless and without limi 
tation, such a metal component dopant can be selected from 
titanium, Zirconium and lanthanum. 
0063. In part, the present invention can also include a 
method of using an aluminophosphate compound, composi 
tion and/or material of this invention to lower the surface 
energy of a composite Substrate. Such a method comprises (1) 
providing a precursor to an aluminophosphate compound, the 
precursor comprising an aluminum salt and a phosphate ester 
in a fluid medium; (2) applying the medium to a Substrate; (3) 
heating the applied medium for a time and at a temperature 
Sufficient to provide a substantially amorphous and Substan 
tially non-porous aluminophosphate compound on the Sub 
strate; and (4) applying an organic component to the alumi 
nophosphate compound. The aforementioned medium can be 
applied to the Substrate through a variety of means as would 
be understood by those skilled in the art, such application 
including but not limited to dip-coating, spinning and spray 
ing. In such embodiments, the organic component can be 
provided as a film on the aluminophosphate compound. Alter 
natively, as described elsewhere herein, an organic compo 
nent having the effect to lower Substrate Surface energy can be 
absorbed from a gaseous phase, including ambient atmo 
sphere. 
0064. In part, the present invention can also include a 
substrate and an aluminophosphate film of the type described 
herein, with the film having a planarization and/or a sealant 
effect on the substrate. Planarization effects are as elsewhere 
described herein, but can without limitation be considered in 
the context of a decrease in Substrate surface roughness. In 
certain other embodiments, planarization can be considered 
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by at least a 20% decrease in original root mean square value 
as may be realized through use of either one or more films or 
depositions. 
0065. In part, the present invention can also include a 
composite comprising a glass Substrate, a film of an alumi 
nophosphate compound and/or material of this invention, and 
at least one additional component on the film comprising at 
least one of a transparent conducting oxide, an ultra-violet 
light absorbing component, an infra-red light absorbing com 
ponent and an infra-red light reflecting component. In certain 
embodiments, such an additional component can comprise 
indium tin oxide. Regardless, such substrates can be selected 
from Soda-lime glasses, borosilicate glasses, aluminosilicate 
glasses and pyrex. 
0066 For the purposes of the present compounds, compo 
sitions, materials and/or methods, the following expression 
(s) and word(s), unless otherwise indicated, will be under 
stood as having the meanings ascribed thereto by those skilled 
in the art or as otherwise indicated with respect thereto: 
0067 Aluminophosphate” means a compound, composi 
tion and/or material comprising aluminum and phosphate. 
Without limitation, Such a compound, composition and/or 
material can be represented with a formula AlPO, wherein 
the aluminum and phosphate components thereof can vary 
over the range of stoichiometric relationships known to those 
skilled in the art made aware of this invention. 
0068 “On” means, in conjunction with a compound, com 
position and/or material coating or film of this invention the 
position or placement of such a compound, composition and/ 
or material coating or film in relation to a corresponding 
Substrate, notwithstanding one or more layers, components, 
films and/or coatings there between. 
0069. Accordingly, this invention may be applied with 
particular advantage to glass and ceramic Substrates compris 
ing soda-lime glass, porcelain enamel, ceramic tiles and 
refractories, advanced ceramics such as SiC or silicon nitride, 
ceramic fibers and composites, although the scope of appli 
cation of the present invention is not restricted to these mate 
rials. Among the glasses and ceramics which may particularly 
profit from the present invention, mention may be made in 
particular of soda-lime glasses, pyrex, ceramic tiles, alumina, 
porcelain enamel, SiC and silicon nitride. 
0070. Without limitation, specific fields of application and 
examples of the use of the present invention include the 
following: 
0071 Protection of SiC and other non-oxide ceramics 
from oxidation, protection of carbon from oxidation, coating 
of enamel, porcelain, or other ceramic bodies for protection 
against molten aluminum or other non-ferrous molten metal, 
transparent coatings on glass or ceramic articles, low dielec 
tric constant coatings and bodies, high Strength matrices for 
ceramic matrix composites, interface coatings for ceramic 
matrix composites, sealing of pores in ceramic bodies to 
provide an easy-to-clean surface for floor tiles wall surfaces 
and others, transparent coatings on glass, high emissivity 
coatings, scratch resistant coatings, hydrophobic coatings, 
etc. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS OF THE INVENTION 

0072 The inventive compounds, compositions and/or 
materials is a sol-gel derived amorphous aluminum phos 
phate-based material. The inventive compounds, composi 
tions and/or materials can be synthesized over a wide range of 
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aluminum to phosphorous ratios, including from about 1/1 to 
about 10/1. The inventive compounds, compositions and/or 
materials is highly inert to chemical attack, thermally stable 
beyond 1400° C., and is sufficiently transmissive to light in 
the visible, IR, and UV ranges (200-6000 nm) High tempera 
ture oxidation tests have shown that the inventive compounds, 
compositions and/or materials is also highly impervious to 
oxygen ingress. 
0073. The inventive compounds, compositions and/or 
materials can be deposited as a dense, pinhole-free thin coat 
ing on Substrates using a simple dip, paint, spray, flow or spin 
coating process at relatively low temperatures (500° C. or 
above) (FIG. 1. It has excellent potential to be scaled up 
without significant capital investment to produce continuous 
coatings on a variety of Substrates. As a highly covalent 
inorganic oxide, the inventive compounds, compositions and/ 
or materials is chemically inert (like alumina) and thermally 
stable material. The inventive compounds, compositions and/ 
or materials is a unique metastable amorphous material stable 
to temperatures beyond 1200° C. Testing of The inventive 
compounds, compositions and/or materials has demonstrated 
the electrical insulating property of the film and the continu 
ity, hermiticity and, protective nature of the coating. 
0074 The species present in a precursor solution of inven 
tive compounds, compositions and/or materials can be used 
to derive the properties of the solid inventive compounds, 
compositions and/or materials. Based on the collective 
experimental evidence, we believe the principal ingredients 
of the precursor solution comprise of complexes that contain 
Al-O All linkages. This inference is primarily based on 
identification of Al-O All linkages in precursor Solutions, 
dried gels, and calcined powders. 'P nuclear magnetic reso 
nance (NMR) spectra of the precursor solutions show at least 
one of two prominent peaks near-5 ppm and -12 ppm, which 
is assigned to aluminophosphate complexes (1) and (2) 
respectively, with a mixture of alcohol and water molecules 
coordinated to aluminum (FIG.2). Further'PNMR analysis 
of the precursor Solution shows predominantly the presence 
of two phosphate esters bonded to one or two aluminum 
atoms. The reactivity of these complexes are sterically 
restricted by the P=O groups and hydrolytically stable 
P OR groups (See for reference, Sol-gel synthesis of phos 
phates, J. Livage et al., Journal of Non-Crystalline Solids, 
147&148, 18-23 (1992)). Not bound by any theory, the sta 
bility of the complexes can restrict the condensation of these 
complexes (decreases the kinetics of condensation) forming 
an extended three dimensional Al–O—P network. Accord 
ingly, the shelf-lives of precursor Solution are extended and 
the Solutions remain clear for several months to years. Fur 
ther, the alcohol-based solvent offers excellent film forming 
ability while the base phosphate chemistry allows for chemi 
cal bonding with most Substrates resulting in strong adhesion. 
0075. These results support the formation of multi-cation 
clusters with Al/P ratio 2 in solution leading to O—P O— 
Al-O All cluster formation. Thus both requirements of a) 
P—O and b) Al O Al to be part of a cluster unit seem to be 
important. This trend is consistently observed with a number 
of other synthetic routes for producing the inventive com 
pounds, compositions and/or materials. The species common 
to all solutions that yield inventive compounds, compositions 
and/or materials are those consisting of at least IO-P O— 
Al-O All links. FIG. 3 shows FTIR of dried powder at 
150° C. and calcined at 1200° C. products, respectively. It is 
clear from FTIR data that at 150°C., both P-O and Al O– 
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Al species are observed. The observation of the P=O stretch 
ing at a much higher frequency (1380 cm) indicates that the 
terminal oxygen atom in P=O bond is uncoordinated. 
0076 Studying the evolution of the inventive compounds, 
compositions and/or materials from the gel state also pro 
vides interesting insights. Upon pyrolysis, cross-linking of 
O—P O—Al O All moieties continue over a range of 
temperatures eventually resulting in a “—PO AlO 
AlO AlO PO, I' fragment in the high-temperature 
amorphous framework. The presence of this type of linkage in 
the calcined material is established from combined data of 
NMR and FTIR spectroscopy. The inventive compounds, 
compositions and/or materials contains tetrahedral coordina 
tion for aluminum, along with “distorted octahedral alumi 
num, the intensity of which increases with excess aluminum 
content. This is unlike the exclusive tetrahedral coordination 
for aluminum observed in all crystalline polymorphs of 
AlPO. The Al NMR data suggests a distorted environment 
for the tetrahedral Al, whereas the corresponding 'P NMR 
shows an undistorted environment for IPO groups. Com 
bining these two data we conclude that IPO groups are 
linked only to AlO groups which in turn are linked to 
AlO groups. Correspondingly, Al-O-Albending mode 
vibrations at 825 cm in the FTIR spectra, the intensity of 
which also scales proportionally with excess aluminum con 
tent, suggests a direct linkage between AlO and AlO4. 
polyhedra. 
0077. The multicluster P-O-A1 complexes identified 
above represent a new way for synthesis of amorphous oxide 
materials. Besides the precursor system used in this specific 
case (aluminum nitrate and phosphorous pentoxide in alco 
hol), essentially any precursor System that yields complexes 
with P=O and Al-O Al moieties (which are linked with 
each other) will yield the inventive compounds, compositions 
and/or materials. Regardless of the precursor System used, the 
formation of these complexes appear to yield the inventive 
compounds, compositions and/or materials. Such complexes 
may be further modified with other additions (silicon, Zirco 
nium, lanthanum, titanium) which can potentially enhance 
the amorphous characteristics or enhance the thermal stabil 
ity of these materials. 
0078. Although many coating techniques can be used with 
the precursor Solution, dip-coating, spraying painting and 
flow coating are most often used. All are low-cost, easy to 
apply and scale up. Successfully on various Substrates, includ 
ing metals, alloys, glass, ceramics and others. The inventive 
compounds, compositions and/or materials Solutions show 
good wetting properties and is particularly significant when 
alcohol (preferably ethanol, but other alcohols including, but 
not limited to, methanol, isopropanol, butanol, hexanol and 
other higher molecular weight alcohols can be used as well) is 
used as the solvent, although good wetting properties can be 
attained even using aqueous solutions. Many oxidation stud 
ies have proven the hermiticity of the coating and the advan 
tage of thin inventive compounds, compositions and/or mate 
rials films. Coatings on stainless steel coupons can withstand 
treatments of 1000°C. or more without cracking. 
007.9 The coating composition employed according to the 
present invention may be applied onto the glass and ceramic 
Surface according to conventional coating methods. 
Examples oftechniques which may be employed are dipping, 
spinning, spraying or brushing Particularly preferred are dip 
ping and spraying processes. 
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0080. The inventive compounds, compositions and/or 
materials solution has been applied with a variety of methods 
and compositions. The inventive compounds, compositions 
and/or materials has been coated onto a wide variety of sub 
strates, including float glass, fused silica, alumina, mullite, 
Sapphire, silicon carbide, carbon, borosilicate glass, enamel, 
porcelain, aluminum titanate, various types of ceramic com 
posites, ceramic aggregates, ceramic tiles, conventional and 
advanced ceramic refractories, and others. After application 
of the coating, it is dried to remove solvent and cured to 
remove the organics and nitrates (or other salt components 
from the precursor). The coating can be cured in the furnace 
or with a portable hot airgun or infrared heat lamp. The 
coatings cure quickly and are stable. 
I0081. Many of the aforementioned ceramic substrate 
materials are currently being used in a broad range of indus 
trial and consumer applications in diverse environments. For 
most of these applications, the Surfaces of these substrate 
materials are relatively rough and they contain relatively high 
levels of porosity. The pores in the bulk are helpful in impart 
ing toughness to the ceramic material, however, they also 
serve as channels for diffusion of gases and other liquids 
which cause material degradation, especially in harsh envi 
ronments and at elevated temperatures. Thus, a seal coat layer 
which can be applied using a low-cost and versatile coating 
process and is thermally stable and can provide protection 
against corrosion or oxidation will be beneficial. Coating of 
the Inventive material has many attractive attributes to fulfill 
this need. 
0082 In addition, for many applications, decreasing Sur 
face roughness may be important. As demonstrated in 
Examples 18 and 27, the coatings of the Inventive material 
provides a substantial benefit in decreasing Surface roughness 
and in Sealing pores. In addition, its relatively lower Surface 
energy provides further benefit in maintaining a relatively 
cleaner Surface due to its Superior repellant properties. For 
certain applications, the Surface energy can be further low 
ered by applying Suitable organic layers as described in the 
Examples provided herein. 
I0083. During the curing process, bonding with substrate 
materials is promoted. In many cases, the precursor Solution 
may enable direct phosphate bonding with substrates which 
also helps in improving adhesion. Thus the use of curing 
temperatures above 500C in oxidizing environment or ambi 
ent air is favorable for obtaining fully cured coatings as well 
as attaining good adhesion with Substrates. Those skilled in 
the art will recognize that the temperatures, environments, 
and time of exposure can be adjusted over a wide range to 
accomplish the various objectives discussed above. Use of 
higher temperatures and higher partial pressure of oxygen in 
the ambient is preferred for fast curing suitable for many 
applications which will also reduce processing cost. 
I0084 Slurries have also been made by dispersing a pow 
der in the inventive compounds, compositions and/or materi 
als solution. Slurry coatings were made to increase the thick 
ness or functionality of the coating. Different powders were 
mixed into the inventive compounds, compositions and/or 
materials solution. Slurry coatings can be applied by any of 
the above coating methods. When synthesized as a powder, 
the inventive compounds, compositions and/or materials con 
tain nanoinclusions of glassy carbon completely embedded in 
the amorphous material. These carbon inclusions help to pro 
vide high emissivity characteristics to the powder. High emis 
sivity coatings can be made by making a coating from using 
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a slurry of black inventive compounds, compositions and/or 
materials particles dispersed in inventive compounds, com 
positions and/or materials solution. The inventive com 
pounds, compositions and/or materials may also be used as a 
protective binder for pigments. It is also possible to synthe 
size the inventive compounds, compositions and/or materials 
without carbon inclusions with appropriate selection of pre 
cursor formulations. 

0085. The low-cost associated with the inventive com 
pounds, compositions and/or materials coating technology 
allows for combined options to be considered. It is expected 
that the inventive compounds, compositions and/or materials 
can enhance the oxidation resistance behavior of a wide range 
of non-oxide ceramic materials. 

0.086 Thin films with low dielectric constant are useful for 
semiconductor applications, especially for next generation of 
semiconductor devices that utilize SiC-based semiconductor 
materials. SiC-based microprocessors are intended for use at 
elevated temperatures, where conventional silicon-based 
semiconductor devices cannot operate due to the harsh 
chemical and thermal environments. However, new dielectric 
layers are needed for SiC that exhibit suitable electrical prop 
erties as well as be thermally stable and protect the underlying 
SiC from oxidation or corrosion and also serve as a good 
diffusion barrier. The dielectric constant of the inventive com 
pounds, compositions and/or materials ranges from 3.3-5.6. 
With the hermetic quality of the films of the inventive material 
and the low oxygen diffusivity, it can serve both as a protec 
tive and dielectric layer. 
0087 Transmission to light is important for many appli 
cations. FIG.9 shows a glass microscope slide coated with the 
inventive compounds, compositions and/or materials and an 
uncoated slide. The inventive compounds, compositions and/ 
or materials has been shown to be transmissive to radiation 
between about 250-about 6000 nm. A coating of the inventive 
compounds, compositions and/or materials was deposited on 
a sapphire plate, and the transmission properties were com 
pared to an uncoated sapphire piece. FIG. 10 shows the trans 
mission of the coated VS. uncoated Sapphire plates. 
0088 At high temperatures, the inventive material may 
react with the ceramic or glass Substrate or induce a reaction 
with the environment. Such reactions may generate useful 
reaction products that can be used to exploit many other 
functional properties. 
0089. During the curing process, bonding with substrate 
materials is promoted. In many cases, the precursor Solution 
may enable direct phosphate bonding with substrates which 
also helps in improving adhesion. Thus the use of curing 
temperatures above 500C in oxidizing environment or ambi 
ent air is favorable for obtaining fully cured coatings as well 
as attaining good adhesion with Substrates. Those skilled in 
the art will recognize that the temperatures, environments, 
and time of exposure can be adjusted over a wide range to 
accomplish the various objectives discussed above. Use of 
higher temperatures and higher partial pressure of oxygen in 
the ambient is preferred for fast curing suitable for many 
applications which will also reduce processing cost. 
0090. The low-cost associated with the inventive com 
pounds, compositions and/or materials coating technology 
allows for combined options to be considered. It is expected 
that the inventive compounds, compositions and/or materials 
can enhance the oxidation resistance behavior of a wide range 
of non-oxide ceramic materials. 
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0091. Thin films with low dielectric constant are useful for 
semiconductor applications, especially for next generation of 
semiconductor devices that utilize SiC-based semiconductor 
materials. SiC-based microprocessors are intended for use at 
elevated temperatures, where conventional silicon-based 
semiconductor devices cannot operate due to the harsh 
chemical and thermal environments. However, new dielectric 
layers are needed for SiC that exhibit suitable electrical prop 
erties as well as be thermally stable and protect the underlying 
SiC from oxidation or corrosion and also serve as a good 
diffusion barrier. The dielectric constant of the inventive com 
pounds, compositions and/or materials ranges from 3.3-5.6. 
With the hermetic quality of the films of the inventive material 
and the low oxygen diffusivity, it can serve both as a protec 
tive and dielectric layer. 
0092. At high temperatures, the inventive material may 
react with the substrate or induce a reaction with the environ 
ment. This reaction product may have additional useful prop 
erties. 

0093. Although the oxide form of the inventive alumino 
phosphate compound and/or material is Suitable for good 
adhesion with most ceramic oxides and oxide glasses, the 
phosphate component of the Inventive material will be useful 
for bonding to non-oxide ceramic Substrate materials (such as 
silicon carbide or silicon nitride or C/SiC materials) and will 
also help improve adhesion to oxide materials. Without being 
bound to any theory, it is proposed that the adhesion is pri 
marily promoted by phosphate bonding between the constitu 
ents in the precursor solution and the glass or ceramic Sub 
strate. Phosphate bonding is well known in the art for bonding 
ceramic-to-ceramic or ceramic-to-glass or glass-to-glass 
materials, including bonding in ceramic composite materials, 
Such as Zirconium phosphate-bonded silicon nitride materials 
used in radomes. 
0094. The higher curing temperatures utilized in the 
present invention (above 500 C) helps in promoting the adhe 
Sion. The phosphorous contained in the precursor, at least 
partially, bonds with the oxide via a phosphate link, which 
enables good adhesion between the Substrate and the depos 
ited film after curing. As the precursor is decomposed in 
ambient air at these elevated temperatures, phosphate groups 
present in the precursor Solution form phosphate bonds with 
substrate materials. For example, FTIR and Raman spectro 
scopic analysis performed on glass coated with the inventive 
material show absorption corresponding to bonds that cannot 
be assigned to either the inventive compounds, compositions 
and/or materials or the substrate. It is believed that Si-O P 
bonds are formed at the interface during the curing process 
that helps in achieving the excellent adhesion observed. Thus 
the final architecture of the coated material can be defined to 
contain component between the Substrate and the alumino 
phosphate an additional interface or adhesive layer, which 
may comprise of a continuous phosphate-bonded layer, 
linked to phosphate groups of the film, or mixtures thereof. 
Thus, the benefits of utilizing the said precursor System along 
with a suitable curing process yields a well-adherent glassy 
film 

(0095 Thus the use of curing temperatures above 500C in 
oxidizing environment or ambient air is favorable for obtain 
ing fully cured coatings as well as attaining good adhesion 
with Substrates. Although lower curing temperatures can be 
used to cure the coatings by exposing for longer periods of 
time, temperatures in excess of 500C is preferred to promote 
direct bonding via phosphate groups with Substrate constitu 



US 2010/0236686 A1 

ents. Those skilled in the art will recognize that the tempera 
tures, environments, and time of exposure can be adjusted 
over a wide range to accomplish the various objectives dis 
cussed above. Use of higher temperatures and higher partial 
pressure of oxygen in the ambient is preferred for fast curing 
Suitable for many applications which will also reduce pro 
cessing cost. The adhesion with substrates can be further 
improved with altering the Al/P ratio according to the sub 
strate composition. Thus the inventive aluminophosphate 
material can also be used as a bonding agent for bonding 
ceramic and glass, or their combination, in monolithic or 
composite forms. In addition, the surface of the inventive 
material is also suitable to bond with polymers that may 
needed to be bonded to glass or ceramic for a given applica 
tion. 

EXAMPLES OF THE INVENTION 

Example 1 

0096 794 g of P2O5 is dissolved in 2.4 liters of ethanol 
and stirred for several hours. 1800 g of Al(NO)3.9H2O dis 
solved in 3 liters of ethanol by stirring. 61 mL of phosphorous 
solution and 501 mL of aluminum solution are mixed. This 
solution is refluxed for time sufficient to promote the forma 
tion of complex esters containing Al-O-P groups. This 
Solution can be further diluted with organic solvents as nec 
essary for coating application. 

Example 2 

0097. The 50 ml of precursor solution prepared in example 
1 is dried by evaporating solvent at 150° C. in an oven. 
Thermogravimetric analysis of this dry powder is performed. 
The TGA data in FIG. 4 shows about 47% weight loss due to 
organics and there is no appreciable weight loss above 350° 
C. indicating that nearly all of the organics and nitrates are no 
longer present in the material. 

Example 3 

0098 Precleaned soda glass plain microscope slides 
(3x1 x1 mm) are ultrasonicated in acetone and methanol for 5 
min each. Then the slides are dried in nitrogen. These slides 
are dipped in Solution prepared in example 1. After retracting 
slowly from the coating solution, dried with heat gun and 
cured at 550° C. for 0.2 hours. 

Example 4 

0099. The inventive material coated slides prepared in the 
example 3 are exposed to ambient atmosphere for various 
amount of time at a relative humidity >60% for air-borne 
organic molecules adsorption. Static contact angles for water 
of these ambient exposed slides are measured as follows. 
Small drops of deionized water from a micropipette are 
placed on the coated glass Surface. Photograph of the droplet 
is taken and angles on both sides of drops with perpendicular 
to the sample Surface were measured. Inventive material 
coated Sodalime glass slides showed contact angles with 
water in the range 70-105 deg after 10 days of exposure of 
ambient. In comparison, uncoated glass slides show only 
around 35 deg after several days of ambient exposure. 
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Example 5 

0100. The organic layer bonded slides prepared in 
example 3 are rubbed with acetic acid soaked wipers, then 
dried in nitrogen. Contact angle is remains the same as before 
the acetic acid treatment. 

Example 6 

0101 Stability of hydrophobicity of the coated slides with 
temperature are studied by following contact angle for water 
after various heat treatment of the slides. Following table 
shows the contact angle values of various slides. It is evident 
from the contact angle values the organic layer bonded to 
coated surface is stable up to 200° C. Heat treating the slides 
over 300° C., removes much of the organic layer and the 
contact angles are decreased. 
0102 Air-borne Organic Adsorption 

After 20 min heat treatment 

Slide 25o C. 200° C. 300° C. 400° C. 

Inventive material coated 69,70 62.63 34.34 12.10 
Inventive material coated 64f64 57.56 37/36 1416 
Inventive material coated 87.87 57.56 38.35 1612 
Inventive material coated 64f64 66.65 39 40 10.5 
Inventive material coated 91.92 8484 52/52 1411 
Uncoated 37/35 42,39 20,21 22.2O 

Example 7 

0103) Fourier transform infrared spectrum of inventive 
material coated glass slides in Example 4 that was exposed to 
ambient atmosphere is recorded. FIG. 5 clearly shows the 
presence of CH and CH groups confirming that the hydro 
phobicity results from the organic molecular bonding to the 
coated Surface. 

Example 8 

0104 Slides prepared in example 2 are cleaned by ultra 
Sonicating in acetone and methanol. After drying with nitro 
gen the slides are dipped in 0.01 N hydrochloric acid for 20 
min. Then washed with water and dried in nitrogen. Then 
dipped in 0.005M Oleic acid in hexane and retracted slowly 
after few minutes. Dried with nitrogen. Contact angles for 
water showed around 90 deg showing the formation of self 
assembled monolayers of oleic acid on inventive material 
Surface. Other fatty acids or organic molecules with func 
tional groups that can bond to the Surface produce the same 
effect. 

Example 9 

0105 Coated glass slides prepared in example 2 are 
cleaned by Sonicating in acetone and methanol. After drying 
with nitrogen the slides are dipped in 0.01 N hydrochloric 
acid for 20 min, thenwashed with water and dried in nitrogen. 
The coated slides are then dipped in 0.005M Oleic acid in 
ethanol and kept at 60° C. for 2 hours. Then the slides are 
removed and dried with nitrogen. Contact angles for water 
were around 75 deg. 
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Example 10 

0106 Attenuated Total Reflectance (ATR) spectra of 
Oleic acid monolayer coated samples from Example 8 are 
recorded to determine the bonding character of oleic acid 
molecules with inventive material surface. The location for 
the band at 1540 cm, as seen in FIG. 6, indicate the forma 
tion of COO Al bonds of aluminum-carboxylate com 
plexes. (Ref: FTIR spectral characterization of thin film coat 
ings of oleic acid on glasses D. H. Lee, R. A. Condrate S R. 
W. C. Lacourse, Journal of materials science, Vol 35, 4961 
4970 (2000)). 

Example 11 

0107 The oleic acid coated slides prepared in example 8 
are heated at various temperatures to estimate their hydro 
phobic stability with temperature. Following table gives the 
contact angle values after heat treatment. The hydrophobic 
property is high up to 155° C. On heating further at 200° C. for 
20 minutes contact angle drops to 30 deg indicating the 
removal of oleic acid. 

Treatment 
conditions Sample 1 Sample 2 

110 C., 20 min 69 75 
140 C., 20 min 71 65 
155 C., 20 min 64 72 

Example 12 

0108 Slides prepared in example 2 are cleaned by ultra 
Sonicating in acetone and methanol. After drying with nitro 
gen the slides are dipped in 0.01 N hydrochloric acid for 20 
min. Then washed with water and dried in nitrogen. Then 
dipped in 0.005M Oleic acid in nitromethane and kept at 60° 
C. for 2 hours. Then the slides are removed and dried with 
nitrogen. Contactangles for water showed around 80 deg. The 
oleic acid coated slides are then heated at 110°C. and 155° C. 
for 20 min each. Following table gives the contact angle 
values after heat treatment. The hydrophobic property is 
retained above 155° C. On heating further at 200° C. for 20 
minutes contact angle drops near 30 deg indicating the 
removal of oleic acid layer. 

TREATMENT 
CONDITIONS Sample 1 Sample 2 

As prepared 80.68 74 
110 C., 20 min 73.62 71.68 
155 C., 20 min 74.65 69,70 

Example 13 

0109 Slides prepared in example 2 are cleaned by ultra 
Sonicating in acetone and methanol. After drying with nitro 
gen the slides are dipped in 0.01 N hydrochloric acid for 20 
min. Then washed with water and dried in nitrogen. Then 
dipped in 0.4 wt % of octadecyl trichloro silane in hexade 
cane/chloroform (70:30) mixture. Then the slides are 
removed after 30 min. Then cleaned with toluene and dried 

Sep. 23, 2010 

with nitrogen. Then the slides are cured at 100° C. in a 
vacuum oven for 2-24 hours. Contactangles forwater showed 
greater than 90 deg. The slides are then heated at up to 200° C. 
in ambient atmosphere. Following table gives the contact 
angle values after heat treatment. The hydrophobic property 
is retained above 200°C. The photographs show water drop 
lets on the organic layer coating slides (FIG. 7). On heating 
further at 250° C. in air contact angle drops near 30 deg 
indicating the removal of organic layer. 

Example 14 

0110 Slides prepared in example 2 are cleaned by ultra 
Sonicating in acetone and methanol. After drying with nitro 
gen the slides are dipped in 0.01 N hydrochloric acid for 20 
min. Then washed with water and dried in nitrogen. Then 
dipped in a mixture containing 1.5 mL of octadecyl triethyl 
silane, 0.5 mL of an amine catalyst in 60 mL of toluene. Then 
the slides are removed after 12 hours, then cleaned with 
toluene and dried with nitrogen. Then the slides are cured at 
100° C. in a vacuum oven for 2-24 hours. Contact angles for 
water showed greater than 90 deg. 

Example 15 

0111. 264 g of Al(NO).9HO is dissolved in 300 mL 
ethanol. In a separate container, 25g POs (or other soluble 
phosphate ester) is dissolved in 100 mL ethanol which pro 
motes the formation of phosphate esters and this solution is 
then added to the aluminum-containing solution. This solu 
tion refluxed for time sufficient to promote the formation of 
complex esters containing Al-O-P groups. This solution is 
clear and shelf-stable for years. 

Example 16 

0112 A piece of sapphire is coated with the composition 
of Example 15. The coating is dried in flowing air and heat 
treated at 1000° C. for /2 hour to form the inorganic coating. 
The coated sample is as transparent as an uncoated piece. 

Example 17 

0113. The sapphire samples of Example 16 were mea 
sured for transparency with a UV-Vis spectrometer. The 
coated sample was at least as transparent as the uncoated 
sample in the wavelength range 250-6000 nm (FIG. 8). 

Example 18 

0114. A piece of unglazed ceramic floor tile was coated 
with the composition of Example 1. The sample is dried in 
flowing air and heat treated above 500° C. to remove the 
organics and nitrates and form a fully inorganic film. The 
coating has filled in the Small pores and reduced the Surface 
roughness on the microscale, while the large scale (>10 um) 
Surface roughness is unaffected, leaving the non-skid proper 
ties of the tile intact (FIG. 9). 

Example 19 

0115 Refractive indices of the inventive material and tita 
nium or lanthanum doped inventive material are measured as 
function of wavelength. FIG. 10 shows that the refractive 
index of the inventive material can be increased by suitable 
doping of heavier elements. 
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Thickness Refractive Index (n) at 
Material (nm) wavelength 589 mm 

Inventive Material (IM) 142 1.51 
IM/2O mol% La 111 1.56 
IM/50 mol% La 103 1.66 
IM/50 mol%. Tit 89 1.68 

Example 20 

0116. A thick coating was applied to a piece of SiC by 
dipping the piece several times in a diluted Solution of the 
composition of Example 1. The sample was heat treated, 
along with an uncoated sample at 1400° C. for 10 hours. The 
weight of the uncoated sample increased by 0.31%, while the 
weight of the uncoated piece increased by only 0.06%. 

Example 21 

0117 Compositions of several other Al/P ratios were 
made as in Example 1 by changing the relative amounts of 
Al(NO).9H2O and POs used. These solutions were dried in 
a beaker at 150° C. for 1 hour and then heat treating the dried 
material at 1100° C. for 1 hour. Several of these compositions 
were also made into powders. The dielectric constant of these 
powders was measured. Table 3 shows the dielectric constant 
of these powders in a variety of bands. 

TABLE 3 

Dielectric measurements of CerablakTM powders 
in the Cand X bands. 

Frequency AP ratio 

(GHz) 0.75.1 1.11 1.25.1 1.5.1 10.1 

4.OO 5.37 4.17 S.S4 
7.55 4.40 5.87 5.08 3.29 S.04 
8.06 4.34 6.02 S.11 3.07 5.38 

10.93 4.18 S.96 5.08 2.98 5.32 
13.O1 4.48 6.35 S.29 4.04 5.39 

average 4.35 S.91 4.95 3.34 5.33 

Example 22 

0118. A piece of Nextel 720 alumina/mullite fabric was 
dipped several times in the composition of Example 1. The 
coated fabric was heat treated to 800° C. for /2 hour to form 
the inorganic material. The fabric was then further coated 
with amorphous aluminum oxide. The coated fabric was 
mounted in epoxy and cross-sectioned. Scanning electron 
microscopy showed that the alumina coating did not stick to 
the coating of the inventive material. 

Example 23 

0119) The composition of Example 1 was dried at 150° C. 
and dissolved in water to make an aqueous solution. Submi 
cron a-alumina was dispersed in this solution and used to 
form a matrix of for a ceramic matrix composite with Nextel 
610 fibers. Tensile strengths of up to 90 ksi were demon 
strated. 
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Example 24 

I0120 A piece of silicon carbide matrix/carbon fiber com 
posite is coated with the inventive material by dipping in the 
composition of Example 1 and drying with cool air and heat 
ing at 500° C. for a sufficient time to cure the film (remove the 
organics and nitrates). The Surface of the coated specimen is 
significantly more planar than the uncoated Sample. 

Example 25 

0121 Carbon fabric was coated with the inventive mate 
rial by dipping in the composition of Example 1 and drying 
with cool air and heating at 500° C. for a sufficient time to 
cure the film (remove the organics and nitrates). The fabric 
was heat treated, along with an uncoated sample, at 800° C. 
for 2 hours, and removed. The coated fabric showed a weight 
loss of 96% and retained the shape and the weave of the fabric. 
The coated fabric could be easily handled. The uncoated 
sample had oxidized completely away. 

Example 26 

0.122 The solution of Example 1 was modified via the 
addition of an organic component to enable development of 
thicker crack-free film. This composition was applied to a 
porous ceramic body by dip coating. Several coatings were 
applied to develop a thicker film. The inventive material 
sealed much of the porosity of the ceramic (FIG. 11). 

Example 27 

I0123. A piece of 1 m-finish silicon carbide sample was 
coated with the composition of Example 1. The sample is 
dried in flowing air and heat treated above 800° C. to remove 
the organics and nitrates and form a fully inorganic film. The 
uncoated SiC Surface is was highly porous and relatively 
rough (FIG. 12). SEM image in FIG. 12 of SiC coated with 
inventive material demonstrate its ability to seal pores and 
defects. 

Example 28 

0.124 Deposition of the coating of inventive aluminophos 
phate compound/material on ceramic and glass Substrates 
also results in excellent adhesion. Attenuated Total Reflec 
tance (ATR) spectrum, via FTIR, of inventive material coated 
silicon carbide sample prepared in Example 27 is recorded 
using a horizontal attenuated total reflectance (HATR) 45° 
Germanium crystal plate accessory to determine the bonding 
character of interface between inventive material and silicon 
carbide (Hexyloy material from Carborundum, N.Y.) surface. 
The sample was placed over the Germanium HATR crystal 
and the infrared radiation is reflected multiple times before 
reaching detector. The spectrum is recorded in the range 
600-4000 cm with a resolution of 4 cm and plotted in FIG. 
13 intransmittance mode. The location for the band near 1203 
cm', as seen in FIG. 13, do not correspond to known fre 
quencies related to either the SiC substrate, its oxidized prod 
uct, or the aluminophosphate film of the inventive material, 
thus providing evidence for an interfacial component present 
between the substrate and deposited film. 
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We claim: 

1. A method of using an aluminophosphate compound to 
lower the Surface energy of a substrate, said method compris 
ing: 

providing a precursor to an aluminophosphate compound, 
said precursor comprising an aluminum salt and a phos 
phate ester in a fluid medium; 

applying said medium to a Substrate; 
heating said applied medium for a time and at a tempera 

ture Sufficient to provide a Substantially amorphousand 
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Substantially non-porous aluminophosphate compound 
on said Substrate; and 

applying an organic component to said aluminophosphate 
compound. 

2. The method of claim 1 wherein said medium application 
is selected from dip-coating, spinning and spraying. 

3. The method of claim 1 wherein said organic component 
is applied as a film on said aluminophosphate compound. 

4. The method of claim 1 wherein said organic component 
is absorbed from the atmosphere. 

c c c c c 


