WD 2004/ 094333 PCT/ US2004/ 005710 COWPOSI TE ARTI CLE
COVPRI SING A CERAM C COATING Field of the Invention
wab@4poe33ent i nvention relates to conmposite arPCTIER04/005710
and, nore particularly, to conposite articles
conprising a metal with a ceram c coating on at | east
one surface thereof. The present invention also
relates to a process of ceramc coating of nmetals and
their alloys. Background of the Invention Coated
articles find application in many varied environnments
i ncluding, but not limted to, aerospace, autonotive,
marine, oil, gas and chem cal engineering,
el ectronics, nedicine, robotics, textile and other
i ndus€COMBOSKTEsARTIChECOMPRISING ACCERAMIGICOATEING
coated articles is for coated valve netals (e.gqg.
barrier layer-formng netals or rectifier netals) and

t Giidld kY Favedgh @s al um num nmagnesium titani um
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resi stance and, dielectri¢c strength, for exanple, a
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properties for a desired application may be forned on
The presestinvantipn alsouelptes éo @ prosessif serantit epasinz. of vagtale and their alloys.
conventional anodi zi ng processes can provi de sone of
these protective properties. In a typical alum num
anodi zi ng process, an alumnumarticle is placed in a

batgyckgrthaiduftle Biveatigat rol yte, such as sulfuric acid,
and an electric current is passed through the
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extremely hard and durable, and exhibits a porous
mediging, gehaties.ipwtde and olbarindesterd 4 Psefink iy ngpdimiting application of

coated articles is for coated valve metals (e.g., barrier layer-forming metals or rectifier metals)
and their alloys, such as aluminum, magnesium, titanium and alloyé thereof, which are widely
used in different industries. To improve the valve, valve component, or valve surface wear
resistance, chemical resistance and dielectric strength, for example, a protective coating
possessing the necessary properties for a desired application may be formed on a respective
surface or surfaces thereof. Various conventional anodizing processes can provide some of
these protective properties. In a typical aluminum anodizing process, an aluminum article is
placed in a bath containing an electrolyte, such as sulfuric acid, and an electric current is
passed through the aluminum article (i.e., anode). Due to electrolytic oxidation, a protective

aluminum oxide layer forms on the surface of the aluminum article. The resulting finish is



such as lubricity aids. Conventional anodizing
processes include, for exanple, U S. Patent Nos.
w@28309030, 4,082,626, and 4, 659,440 whi ch di BCT/0S®04/005710

nmet hods of coating al um num and ot her valve netals

and their alloys by an anode spark di scharge techni que

using direct current with voltages up to 450 V and

current densities 2-20 A/dnR2, usually around 5 A/dnR .

The properties of the ceramic coatings are dependent

on the conposition of the electrolytic solutions, as

wel | as on other process conditions, such as

tenperature, current voltage and denS|ty Gbnerallg L
extrérhely hapslomsli duirable, anfl exhibite p @atays stuetiiegshigh eowwergondary infusions,

corrosion and chem cal resistance; however, their
such@®atibidigadidpr operti es, such as hardness, durability,

and adherence to the substrate, are not entirely
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sl ow an uctivity is limted. In other
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direct current of dlffer veforns is used, wt
metglp ppcihels allpynbiber anodegper \¢L whioresy e uging dafsef ‘Wffent with
These ceram c coatings have rruch etter mechanical ,
voltpgesmiprto #58 V andotrrgst deasitice 220 Addweyesually pround 5 A/dm” . The
thi cknesses are limted to about 80 mand 150 m

propefisRest the/@iamic tostingtaee dépeadadt ionghaepmssitionrofitse elbstmlytic
relatively slow, at best reachi ng 1.75 pm mn,

soluﬁﬁ ol Wefl ra9 R Stter gfd?ﬂe& cohBRion§ R8P hd ¥mpbrausk, rtﬁm'&hﬂ%ltage and
ages an currént densities (between 5-20 Al dnp)
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Kurze et al 385, 6 requires bath tenp es
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narrow tenperature fluctuation range of 2C It is
to thel substrase, aee retentirply satisfagiory. em@m@hab%%oaémg &YF iglatively slow
affect the coating properties. 2 WO 2004/ 094333
and R, PRRDOAYH0E 1iktited. ~
In other conventional processes, such as described in U.S. Patent Nos. 5,147,515 and
5,385,662, high voltage direct current of different waveforms is used, with voltages of about
1,000 V and even up to 2,000 V. These ceramic coatings have much better mechanical
properties, such as bardness. However, their thicknesses are limited to about 80 pm and 150
um, respectively. The rate of coating deposition is also relatively slow, at best reaching 1.75
ym/min, usually around 1 pm/min. The necessity of using high voltages and current densities
(between 5-20 A/dm?) makes the process very energy consuming and, thus, expensive. In
addition, the procéss described by Kurze et al. (5,385,662) requires bath temperatures in the

range of -10° to +15°C and only allows for a very narrow temperature fluctuation range of

£2°C. It is also not clear how the different shapes of current affect the coating properties.
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In U S. Patents Nos. 5,616,229 and 6, 365,028, a high
voltage (at least 700 V) alternating current is used
wo paeed3df direct current. The thus-forned cepP&mnis2004/005710
coati ngs have very good nechanical properties, with
har dness exceedi ng 2,000 HV and adhesion to the
substrate up to 380 MPa. The coating deposition rate
is in the range 1-2.5 nimn, which also conpares
favorably with previous nethods. The net hod descri bed
in US. Pat. No. 5,616,229 uses a high voltage
al ternating current power source with a special,
nodi fi ed wave form obtained by using a cap aci t or
barik UsSnReionts s 5,614, S Bbatick S0P Righ vpliagh Katdesst 700 V)
source an d netal which is being coated. Although the
altefliatiaf oaeht i®tded dnstewildfeliretthwrdent. M thus-frmed ekmimiv ebatings have
thick coatings at a high rate of deposition, it is not
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solutions in which conponents are being coated in

5,6 Bx2ifamses a highwaitage abbornatingronrsnt pdwergoyrch ivgth 4 spebiat, modified wave
nmet hods (the nmethod described in U S. Pat. No.

for, cHaAnEL Sy 16A %h bgfacitélr bank cofihdctedl in $EAGEhetweeH the [ﬁgh voltage source
denS|ty of 16 A/der) and it is not clear
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conponents o es MA uneven resi

u stresse r surface can
rela%s%wﬁﬁdk Pl BE R ﬁgifppq“%at it 38038 Bk SaRkst Save form
publ i shed  August 22, 2002 is generally sjmlar
is pfeée&v%a%ﬁ eptiioNad ABTRgIthS PrRGess0 a‘i‘?&anfﬂéaﬂéﬂ%%ﬁ?fbﬁdfﬁ%f‘ ipgssible
of current and voltage during various stages of
departiareifrogn that wavmﬁmnﬁof%mm thopeatepa Moreeveartiic gearosédanparatus has a
therein nethods of formng ceramic coatings differ
conipletiaiph drabd ey use pf edviehst baths eorityipéngodiffetent eletirolgtetolutions in
(DC or pulse DC or AC), voltage and current density

whi¥R bitfondfs 6 BEhf boaled! il @QheitRY Poter AindHl aBSRRT Al Yigh in both
assign a

methods (the method described in U.S. Pat. No. 6,365,028 requlres in its initial stage a current

density of 160-180 A/dm®), and it is not clear if components of low thickness, e.g. 50 pm or
less, and components of complex shapes with uneven residual (locked-up) stresses or of large
surface sizes can be coated. U.S. Publication Application No. 20020112962 A1, published
August 22, 2002, is generally similar to the aforementioned patents and teaches optimization
of current and voltage during various stages of coating.

All the aforementioned patents and described therein methods of forming ceramic
coatings differ from one another in either the type of current used (DC or puise DC or AC),

voltage and current density values, or specific current wave forms and generally assign a

3



WD 2004/ 094333 PCT/ US2004/ 005710 significant role to
the conposition of electrolyte solutions. However,
W@ p@aioh4363 el ectrol ytes are often very sim | arPenusS2as/§o5710

with respect to only a pair of ingredients.
Accordingly, there is a need for an inproved process
for formng a ceramc coating on an article that
addresses the di sadvantages present in the known
processes and for conposite articles conprising an
i nproved ceram c coating. Summary of the Invention In
accord with aspects of the invention, ceram c coatings

\ havi ng i nproved properties heretofore not attainable

signilfigargtrroldi to tispeunipoditonudietpetralyte fodutived. Howewdraspecific electrolytes are
substrates (e.g., Al and Al -based alloys) by a novel

ofte é%(}%frx‘ii‘f'}%ﬂﬂ %ly P fHlspét &&amp@l%ﬁ%&"mgw&ehﬂa the
ectrochem cal” anodi zati on cell, conprised of the

; g&c g? % fﬁ@%‘ %dae %ﬁ%laan ﬁ%ﬂ?@@éd‘i}ro&lsg 'f’cgrrfBH'ng aq{\;c\nfgr?%c coating on

OSCI at or crrcult ‘irn conjunct

st brates edBahBier sl i G RBOBR EHCepsApd for composit
supply, as described herein, which establishes and

articles icomarisiog ehémpreyeé cremietatinie current and t he
vol tage at zero degrees (cos p= 1), thus establishing
resonance during the coating process. The process of
the invention deposits ceram c coatings on a w de

I aR@fmmMarycdITRO hevention0f di fferent shapes, sizes,
thickness, and materials (e.g., netals and netal

al kx?é(c%of"&j&'ﬁh %%ecg%tf thé‘ﬂﬁzﬁ t o'ﬁ' E&%n v coaﬂhw%improved properties

ani um mnmagnesi um nic
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such coated articles include, but are not ted t o,
and Albossd allpxohby anavsbelestrashemisal sragiratie pr0§ei§s wheteiadhe o
magneti c recordi ng, piping, punps, transformers,
electeouhiemicad eanpbzetionsel uwmprised ofithoisnbstiateasemode and a cathodic
sem conduct or nmanufacturing, engi ne housi ngs,

elec@Odd frheparf 0 IPC 06EHALNEirehit in conjunction with a power supply and a
variable inductance. In combination, these elements form a resonant power supply, as
described herein, which establishes and maintains the angle between the current and the
voltage at zero degrees (cos @= 1), thus establishing resonance during the coating process.
The process of the invention deposits ceramic coatings on a wide range of components
of different shapes, sizes, thickness, and materials (e.g., metals and metal alloys such as, but
not limited to, aluminum, titanium, magnesiﬁm, nickel, cobalt, zirconium, halfnium, and
alloys thereof) in accord with an intended use or application thereof. Applications of such
cbated articles include, but are not limited to, valves, valve components, non-magnetic
substrates for magnetic recording, piping, pumps, transformers, engine components such as

turbine blades, semiconductor manufacturing, engine housings, cookware, food processing
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WD 2004/ 094333 PCT/ US2004/ 005710 equi pnent, chem ca
handl i ng equi pnent, jet fuel tanks, nagnetic punps,
wore@gioh4333 nedical inplants, and even struct uPel/US2004/005710
conmponents for mlitary aircraft utilizing radar
absorptive materials to mnimze radar cross-section.
The i nventive process can be used to coat conponents
of very low thickness (even less than 50 m and of
conpl ex shapes, preserving both the quality of the
substrate material and of the coating. The maxi mum
surface of the coated conponents is practically
limted only by the size of the electrolytic bath. An
equipnjent; tchemhicahbandlisg equipinante jet fash tanks troagnetiv pumps, missiles, medical
nmet hodol ogy enabling the formation of ceramc
imple@s, hiteveshiubiutdl Rempomaits fof niilitsy siedrafracilising ¢adar absbrptive
protective properties, such as very high hardness,

matbfi5 RPREAMIARRAdr@rot s8R N THA8AYenBE phials Jaﬁ%eﬁfgé’v@fbeooat

extremely strong adherence to the substrate,

friction coeffi.cient, nhi dj,el ectric strengt nd .
compapgaeh PEYFTY Lo iset et 58 Sf W Gnacl ol Bfips, proserving
obj ect of the present invention is to increase the
borth theualtycs dd swpstespowiariaband i eosting: Fbe wismun sucface of the
decreasi ng the energy consunption during the process,
coated kpmpenktrtois praveicaliyfimited cnly dyithe siaadf thg efecarobsisdathof
the prior art, and to provide coatings with thickness

up ARoBe& JTThéprdsdiP irfventiti isho BRRINeBBAG6Sy Sabliig the formation

present’ invention is to provide a process, Wwhich uses
c . AV Ad ] .
PRSP Puliticnl RO o SEHRRASIN SRTBRREINS rffertics,such as
ovided herein for form ng,a ceram.c coating on an
verBhiGlHRRBETS LB TP E R o VEE R SeHIERTa R R aeh trone
imersing a first el ectrode_conprj Si ngi t he .
adhefienes; tojthasubptrate Jawdirictien eqafficipnt, highglicletde strengih, and very high
conprising an aqueous solution of alkali netal
cheinywht and cherogivh resistena®l silicate (e.g., such as an
alkali silicate, which may include but is not limted
t 0 Andthetiobjecs bf the prdetlinMition 34 torhrehdedhd tite ofgoating deysbsition
as a second el ectrode the
while at the same time decreasing the energy consumption during the process, compared to

of

o

the similar ceramic coating processes of the prior art, and to provide coatings with thickness
up to 300 pm and more.

Still another object of the present invention is to provide a process, which uses
environmentally friendly, inexpensive components for the electrolyte solution.

Accordingly, a method is provided herein for forming a ceramic coating on an
electrically conductive article, the method comprising immersing a first electrode comprising
the electrically conductive article in an electrolyte comprising an aqueous solution of alkali
metal hydroxide and a metal silicate (e.g., such as an alkali silicate, which may include but is

not limited to a sodium silicate or potassium silicate), providing as a second electrode the
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5 WO 2004/ 094333 PCT/ US2004/ 005710 vessel contai ning
the electrolyte or an electrode imersed in the
web@apsByt e, and passing an alternating currROI/US2004005710

a resonant power source through the first el ectrode

and the second electrode while maintaining the angle

(p between the current and the voltage at zero degree

and the voltage within a predeterm ned range. Al so

provided herein is an alumnumarticle bearing a

ceram c coating on a surface thereof, the ceramc

coating conprising alumnum silicon, and oxygen, and

substantially separate regions of al uni num oxi des and
vesseli dontaiming tieckdectrolyth pnar lectsadefimmeersedyin theaglecttahye sapd-passing an

| ayer, wherein a silicon concentration increases in

alterhftenglivr Rt O o feSoRadtipdvaeSotice through thedlrst cléctrode dndithe second
outer surface of the cerami c coati ng surface layer. In

I G e r .

elec g&r)ea‘Pnﬁ?:e cga ""gté% %n%ééu g@%\éh er e01n 1?‘&%4“313?3{%% dé dehoegree
coating copprising a.mefal, silicon, and oxygen,

and fhegroliage within 3 predeterayp g%tion increases in the
direction fromthe article surface toward an outer
s udflsocprowided hereircisanalumiovatarigle bearingoecdrampisrcoating ey surface
objects and. features of the present invention wll

ther&ﬂ‘ CtheeeraBii € cdating icoyprisipp atuanihumosilibas and biydengardsubbtantially
art fromthe follow ng description of a specific

sepatit R%’l&ﬁ'yf alUniB R xide3 3BE SiliRbA YxMBERithRKRES sﬁrface layer and the sub-

conjunction wth the acconpanyi ng drawi ngs. Bri ef

BR3P S RSO i
oSS S o b G BB B o 1S, P

to explain thetﬁrl nci pl es of the invention. In the
dr mepather aspect, there|is providgd es agicleesrag @ cgERE caaipg) o a surface

-lfo

thereof, the ceramic coating comprising a metal, silicon, and oxygen, wherein a silicon
concentration increases in the direction from the article surface toward an outer surface of the
ceramic coating surface layer.

Various objects and features of the present invention will become more readily
apparent to those skilled in the art from the following description of a specific embodiment

thereof, especially when taken in conjunction with the accompanying drawings.

Brief Description of the Drawings

The accompanying drawings, which are incorporated in and form a part of the
specification, illustrate embodiments of the present invention and, together with the
description, serve to explain the principles of the invention. In the drawings:

FIG. 1 illustrates a resonant power supply;
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6 WO 2004/ 094333 PCT/ US2004/ 005710 FIG 2 illustrates
anot her aspect of a resonant power supply; FIGS. 3-6
W@ bawosgpext r um anal yzer pictures of alternati nBCT/US2004/005710
conmponents in the resonant circuit of FIG 1 under
various conditions; FIGS. 7-9 show pictures taken from
an oscilloscope representing different current
waveforms in the circuit of FIG 1 under various
conditions; FIGS. 10-12 show scanni ng el ectron
m crographs of the ceram c coating surface. FIGS
13- 15 show pol i shed cross-sections of the ceramc
coating; FIG 16 illustrates an energy dispersive >
X- FaG. B{Reiritas st aspecaof acosehamt powernsupplyt age  of 10
kV of one region of the ceramic coating; FIGS. 17-18

r
ac?f?s ﬁb%h@&%gﬁ&ggdeﬂagz& uife§@fyalﬁﬁﬁﬁh§ @oﬁlﬁliﬁéhtsaih tRéiresonant

eration v 10 kV of regions of
. coatin dlffe than that shown in FIG 16;
mc‘ﬁF?Qﬁ@d“ﬁ@ %If({l{i&{sk ray maps of the ceramc
coat | ng? suy face; FI G 2% shovvs exa l e of, X-&
b 0

di Fl@act- SR pistites irkep QPedgRIesRYing giffprent current

FI GS. 23-24 show X-ray dlffractlon spectruns for two
wavelfofthe irethe cireyis o8 1G. daindamvasipus condition; num oxi de in the

ceram c coating. FIGS. 25(a)-25(c) show neasurenents

of FIGS. 10-12 stew shaasmgelecadn aritiogtaphb efithercgrantie coating surface.

ceram c coating of the invention under |oading and

unipeadi 1915 i 81%@& crR6-B3ctiBRPbEthe CERENEEANBL Y,

tenS|Ie strength plots vs. strain s and bendlng pl ots

ar iFilg’r Liﬁﬁ‘%@g &Q‘[ﬂea@ g‘gﬁsly@ %E}\% glges g’P %? Exggtcceleratlon voltage

0“6@ g@éﬁ%ﬁg&@@le%&aﬁlg%gﬁ%c coating in accord with

FIGS. 17-18 illustrate energy dispersive x-ray spectra ;caken at an acceleration voltage
of 10 kV of regions of the ceramic coating different than that shown in FIG. 16;

FIGS. 19-21 show digital x-ray maps of the ceramic coating surface;

FIG. 22 shows an example of X-ray diffraction spectrum for the ceramic coating; and

FIGS. 23-24 show X-ray diffraction spectrums for two different crystalline phases of
aluminum oxide in the ceramic coating.

FIGS. 25(a)-25(c) show measurements of the microhardness of an article bearing the
ceramic coating of the invention under loading and unloading.

FIGS 26(a)-26(b) depict, respectively, tensile strength plots vs. strain € and bending
plots vs. deflection for various uncoated and coated articles.

FIGS. 27(a)-27(e) show revsults for x-ray analysis testing of a ceramic coating in

accord with the invention.



7 WD 2004/ 094333 PCT/ US2004/ 005710 FIGS. 28(a)-28(b)

show results of scratch tests for a ceram c coated
W@raoso94333 i n accord wth the invention. FIG POI/Ekwos005710

a scanning el ectron mcroscope (SEM inage of a

ceram c coated layer in accord with the invention.

FIGS. 30(a)-(c) show pictures froma transm ssion

el ectron m croscope (TEM respectively showi ng the

structure of the al um num substrate and anorphic zone

(Fig. 30(a)), diffraction fromthe substrate (Fig.

30(b)), and diffraction fromthe substrate and

anor phic zone (-Fig. 30(0%). The figures referred to' |

her . 3B@)3B&) shew desulis ok scaptrh {estsfior 2 peremicaedatad articles in accord

are not necessarily drawn to scale and are not
witlnéedaeantiohy i ncl usi ve of every feature or aspect of

the invention disclosed herein. Elenments having the

sangd. b @ﬁ&a@@S&Hﬁﬁl@@l&ubﬁﬁxﬁ&rog&g(sgmtiﬁwg@ 8P B&amic coated layer
~simlar structure and function. tailed Description

inagéorﬁgﬁthltﬂgﬁ-l%h{i’ In the follow ng description, for the
u purposes of explanation, numerous specific details

ar I th in order to provide a thorough,
ncERES D) shwipietiiss E8uhs HenpBston A Hiorpscgee (TEM)
apparent, however, to one skilled in the art that the
respgebvdy shawing the simchvg obthe pluminnmsybstuate anslamerpbisezone (Fig. 30(a)),
specific details. In other instances, well-known
diffedction fronethe aulsstratet (Fig. 86(k)), and diffinstionfram tkssibseatt andamorphic
in order to avoid unnecessarily obscuring the present
zonk (Fign30(e)): The present invention provides nethodol ogy
for formng a ceramc coating on an article, such as,

but L4 t r

ot D il el P ookl P pFRERON B chlef P RILARNR By e ot
nec%grlcltbr%%:vﬁgo s%tale%inh%r llegtz%lteclsjers(sean ;7 iI‘?C?lES\ﬁ\\?eeO e%glgyu%eat%l?é gfroa(éjpect of the
invention disclosed herein. Elements having the same reference numerals refer to elements

having similar structure and function.

Detailed Description of the Invention

In the following description, for the purposes of explanation, numerous specific details
are set forth in order to provide a thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art that the present invention may be practiced
without these specific details. In other instances, well-known structures and entities are
shown in schematic form in order to avoid unnecessarily obscuring the present invention.

The present invention provides methodology for forming a ceramic coafing on an
article, such as, but not limited to, valve components formed from a metal (e.g., metal, metals,

or alloy), in an alkaline electrolyte at a temperature of between about 15-40°C. The process
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8 WO 2004/ 094333 PCT/ US2004/ 005710 i ncl udes i mrersing
the article as an electrode in an electrolytic bath,
W@ owpod4sBg an aqueous solution of an al kali P&L/EE2004/005710
hydroxi de and a netal silicate (e.g., such as an
alkali silicate, which may include but is not limted
to a sodiumsilicate or potassiumsilicate). A second
el ectrode may be provided and may conprise either the
vessel containing the electrolyte or a conventiona
el ectrode, such as a stainless steel electrode,
imrersed in the electrolyte. The nethod utilizes a
speci al resonant power supply, disclosed in co-pending
includeS imPersimg the Apgidle esarn electidole in @h eRBirélyTic baths ¢@mprising an aqueous
"Uni versal Vari abl e- Frequency Resonant Power Supply"

solufibh 8fl a0 Atk AP frickal hydrox{ieAind talifet8Nilidate @5 CIueB d§ 8n Alkali silicate,
whi ch is hereby incorporated by reference herein. The

whicH fy gftli |dd%u¢ ¥rlo? ﬂhﬁi;eﬁ Wk %@iﬁﬁs‘?ﬁ&?@&t cqo?&\éﬁﬁn SHORLY r{% Second

passe rougn a surrace o e arti € or conpone

nd t he,second .el ectrode. The.resonant .power .suppl
elecfigfe maY be pEavided Ao ey soriprsg Sithel HHE Vesselporaiing Hif electrolyte or a
power factor coefficient equal to gne. Under this
convegtignalielastrode sueh afcmnstainless g‘@ﬂ@?ﬁ“@é@é@n@ﬁf%ﬁd@ thaglegtrolyte. The
e.g., the spectrumof conponent frequencies is
methoddetilzds & spavial 1é&oktet powed Supphy, distlosed br coapdéndingdfl. Ss Ratent
a w de spectrum of conmponent frequencies appears to

AppHE& No. SN2 3sTA7e Adé Wil erSAlCV RiadlecFrefhdieh RegGfanOPowBES upply"
surface and preserves materials with very | ow

i ek I . i hAi .
filed RO 2000 MREHIRI RSB iDL DY b Buich B rpforonce
S hrgni zati on fo.the .separate stages; of the
herefif. ot alierdiiiog et from B ES Db B peCoUBRI b gposFd fupueh a surface of
(passive conditjon), the formatjon of a thin )
the gifigle @ FpmBoREDt AR the fSF‘?(\’i‘Bé’FF&“ng Bheresenant powFRB A Tmits
.as well as the formation and size of mcro-arcs,
mainfergnica gf a msbnaneg conditiemandd poweriactoheodfieinetidqual tofonehe
coating structure. The opti num deposition conditions
cafiUrier thid @mditivadtherlyaamies off el rocess reahamged, e.g., the spectrum of

component frequencies is M&ened from 1-2 kHz to 10 kHz. The formation of such a wide
spectrum of component frequencies appears.to promote even spreading of micro-arc
discharges on thé surface and preserves materials with very low thickness from perforation
and burning out of the edges. The availability of that spectrum provides the synchronization
of the separate stages of the process, such as the appearance of a barrier layer (passive
condition), the formation of a thin dielectric ceramic film and its dielectric breakdown, as well
as the formation and size of micro-arcs, heating, melting, which influence the formation of the
coating structure.

The optimum deposition conditions can be determined in a particular situation

depending upon, inter alia, the technical requirements. For example, a coating deposition
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dependi ng upon, inter alia, the technica
requi renents. For exanple, a coating deposition 9 WO
wWQOM40984833 PCT/ US2004/ 005710 possessi ng a hp@ihyus2004/005710

dielectric strength and corrosion resistance with good
mechani cal properties can be obtained using an
el ectrolyte containing an al kali netal hydroxide and a
netal silicate (e.g., such as an alkali silicate,
whi ch may include but is not [imted to a sodium
silicate or potassiumsilicate). In nost cases these
coating attributes are net by a coating thickness of
about 50 microns.. For applications in which the

possessiig mbigh (deledrideséngtbind axtosivntresigtendeavitinpedtimedmhical properties
properties, such as a very high hardness and i ncreased

can WE8htaine8 usihg A lecofR @ntdingax @lkali GAsTRll deskidy arted Akl silicate
be introduced into the electrolyte. Such netal or

may
0 et . r . . 0qe
(e ST AR et g B Pl ot B bbHea ¥ o Sodium silicate or
potasiun s o In a%%f%g%gp%%%acggﬁ%g{ bt o el By 4 cotihg Thickness of
pol yphosphates (n=3-10) and wi th am nes
aboytiddrmoierangnol ami ne, triethanol anine, etc.) as well, it
is preferred to select netals fromthe group
c oRor hpplivgtiGhs, inZvhickOthe cGatingFshoullii desitahly axibit Ispecidlinkeshanical
For exanple, introduction of m xed conpl exes such as

profertied; SRPLE a-very! hibR hR/ASIsARH Mt résed BRarTesISERAES a metal or mixed

- nonoet hanol am ne- NHAH2ZPO4, | eads to the changi ng of

|. .
con e} SEmPRAGEL bE RurolBRRNE N IRERIFE, SRk et or mibxed complexes
hgsphates. |.n uch a case .conduct i.vit y.of h
of nferls Bk foranayn of Agoathe Hb e ABiFEAP PR el o fR0hess of
i ncreased which permits a high c rrent@ﬂensit to be
greaar harkaouti3 P RIGHADS,. rRipee 8o TR {918 COmRRIFY ﬁ@ng%lds with
coating process. This, in turn, significantly _
polyiphosphates §n+H&0) andevith andings Gnenasthaaplanting triethanalangine, etc.) as well,
t hi ckness. The conpl ex conmpounds are stable in the
it isPrefoiiréDioyseecbtady feortl eleogipos esimptisidg CuhZgCd, Cr, Fe, Ti, Co, and the
tenperatures (i.e. during surface mcro-arc
like JIFSF BBYRY,- infrétilcdh BEImRIdoMmpRA@s such as Cu-P30;,> -triethanolamine or

Zn**-P30;¢” -monoethanolamine-NH4H,PO,, leads to the changing of coating properties
received from the basic electrolyte due to inclusion of metals (Cu, Zp) and phosphates. In
such a case, the conductivity of both the electrolyte and the deposited coating is being
increased which permits a high current density to be maintained for an increased duration
during the coating process. This, in turn, significantly increases the rate of deposition and the
coating thickness. The complex compounds are stable in the electrolyte but are decomposed
under high temperatures (i.e. during surface micro-arc discharge). Including metals and

phosphates in the coating permits alteration of the coating properties in a manner known to

10



phosphates in the coating permts alteration of the
coating properties in a manner known to 10 WO
wQo@4/0084833 PCT/ US2004/ 005710 those skill ed PeT/UB®04/005710

art. Not only is use of m xed conpl exes ecol ogically

appropriate, but the materials used are also

i nexpensi ve and readily avail able. The aforenenti oned

resonant power supply itself advantageously decreases

the tinme before the mcro-arcs appear, increases the

deposition rate up to about 1.5-2 tines relative to

conventi onal nethods, and inproves the quality of

coating by keeping cos cp = 1, during the deposition
thosp skitled i thEatt, Not@dapi istuse of mixeIcofnipkentesieadogicallyfaparopriate, but the

power supply 100, having a resonant circuit 101

mat&BChdel Gf d1% ﬁl@ﬁﬂﬁl@fv%%ﬂ 'i‘&rdﬁ?@vél@ébﬂé ectively a

resonant pomer supp y), he deposition of .ceramc

s PED g D Bl St ot A AnRo SR oot e time

No 10/ 123,517, nqted abgve and I ncor por a
befqr"e?b@rné'ﬁfé%alﬁ%?@eﬁf:|1?Ffequ§8’€rﬁ]FP?sé?‘}P rayg, e3§> %ﬁg -2Jippgs relative to
supply provides power to a |load, nanmely an
conwdntional mhethads, et impro‘#&srth@euaﬂm of engting by deeping cos ¢ = 1 during the
oxi dation. The resonant circuit 101 conprises at | east
dep&ion Retesst abl e el ement for tuning the ci rcuitry to

resonance during a coating operation. under st ood
S
s ﬁﬁo&%ﬁ&%@%&éai’@@g&@éwy {8 eonans i

101@ qc@'u:pﬁy %()Witea,ggerg%ﬁg& e‘gg% ﬁag{%soglﬁg 0 e(r)vsv%pl%u?& te deposition of
circuit-breaker SF, connecting the resonant circy

ceramgiq ceasinghby mEFIR-56ARIdIZaaR Sych BpdesRHbe ggnore éﬁwlﬁa cqrpending
an overload and short-circuit protection. A LC

U.S| PatengaigsplitatianeNo bl 04123, 5 Ko netied tagn*g: asid in¢oxpereted hygeference herein in
and capacitance Cn, lowers the level of current and

its eRtiggper Thedeb@gat b@nmapplg prévidesspoved ant ladd] yamélf anelectrolytic bath,

entirely, elimnates noise. Master reed relay K serves
for fetfothhing micro-arc oxidation. The resonant circuit 101 comprises at least one
- adjustable element for tuning the circuitry to resonance during a coating operation. As
understood to those skilled in the art, the circuitry may be configured to provide resonance at
any selected frequency.

In one aspect, the resonant power supply circuitry 101 may comprise an automatic
circuit-breaker SF, connecting the resonant circuit 101 to the main power supply 100 and also
serving as an overload and short-circuit protection. A LC low-pass filter block, consisting of
inductance L, and capacitance Cy, lowers the level of current and higher voltage harmonics
and substantially, if not entirely, eliminates noise. Master reed relay K serves as an

operational on/off switch of the power supply 100 both in a manual and an automatic regimen

of a coating process. Isolation transformer T implements galvanic isolation of the bath E and
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operational on/off switch of the power supply 100 both

in a manual and an automatic reginen of a coating
w@e@3mss33 | sol ation transfornmer T inplenments gedTwER2004/005710

isolation of the bath E and 11 WO 2004/ 094333

PCT/ US2004/ 005710 1is configured to permt changi ng of

the current paraneters and voltage on the |oad. An

addi tional inductance L, together with the reduced

i nduct ance of the secondary w ndings of the

transfornmer T and capacitance C, is connected in

series wwth bath E. According to this configuration,

the current and voltage on the |load and al so their
is condigaredfto plmmmi¢ ehahgpneaf thomcurtent pgrameatest rdsvalfage be the load. An

resonant circuit and are optimal wthin the resonant o
addifioRal indudtdnBE 1, toaBtheAWith TS leGuded dhditaice Af the sBEendatledindings of

to maintain optimal paraneters L and C in the resonant
the frids (#h‘lter $%hd Qé%dtcﬂgﬁd%%‘,q§ %ﬂrﬁéct‘%& fil'?ﬁe{%qeg Wi ek EY %&Utgling to this
reactive curr conponents through - neasurenent o

he current and the voltage,, ther int.aini a
conbigRgic ot i Voltags P dedntd e ffou 5 of phghed depend on the

power supply along throughout the coating process.
paramesiers af the sesonanticércaiy epd Ate aphimah withhy fhe pesppgntizgne. Further, an

i npl emented in various manners including, but not
autdmatictreghldtor Adspruyided to meirgdiooptimabparemetefs L and Qop tf resonant

the transformer T, changing the total value of the

circ@i® H?@P'té} ideperidentlyl détbEninfigueti @Rl leactbeunirefidcomponehts €hrough
b sem conduct or current regulators or a bl ock of

meadh@heRCYRhe E@tdnt dnd BRIVIAES gﬁ’tﬂhlhfali‘[hﬂg gglgﬂo]?ovgér%&br

resi stance val ue, or controllin he sur

ent that.|s being coated in the ath (e.q.
coefiEHaRE s o B ofghg powestoS X e b e ching focsss. e
drawn for the circuit for conducting deposition of
c erRegulation af theurment on the bathrie mey be intplemsnted in #aripys mpanners
pul se current. As shown in FIG 2, such resonant
inclading Uit n@0im#etitio cleamgingytransformeiien eo-efficianty ef theltmokfobner T,
connected into the circuit of bath E, which rectifies
chahdifg e t6HI VA ofthe cisaRithite T shd 186 indi¢Rint@b] ddup¥in@withitBe bath E
positive potential

semiconductor current regulators or a block of high power rating resistors and switching their

total resistance value, or controlling the surface of a component that is being coated in the
bath (e.g. using a jigging device).

A very similar diagram can be drawn for the circuit for conducting deposition of
ceramic coatings by micro-arc oxidization under DC or pulse current. As shown in FIG. 2,
such resonant circuit 201 additionally includes a rectifier block D connected into the circuit of
bath E, which rectifies the AC current and provides direct availability of the positive potential
on the components that are being coated and of the negative potential on the electrolyte in

bath E.
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on the conponents that are being coated and of the

negati ve potential on the electrolyte in bath E 12
wO\D020015094333 PCT/ US2004/ 005710 FIGS. 3-6 PCT/US2004/005710

respectively show spectrum anal yzer pictures of

alternating conponents in the resonant circuit, taken

under the follow ng conditions: current on the | oad I

= 24A, voltage on the load U= 31 OV, electrolyte

containing NaOH 1 g/liter and Na2Si 03 5g/liter. The

hori zontal scale unit on each picture is 0.2 kHz,

except for FIG 6, where it is 0.5 kHz. As seen in

FIGS. 3-6, raising the power-factor (cos (p = 0.65,

0. FHGENR-6QepBRtively $HoBEspeBtram anakyzqrauictines lof hlternhting cdnoponents in

wi deni ng of the spectrum of alternating conponents up

the feSordhPéifshit]l Rkek tifdeR thdRNBWirgasohaitiohs: AhrieR) orrthé lodd IG524A, voltage

7-9 show osci.l | oscope pictures representing different
- f [ " P4 S = 340V n:l =
on (R Y G R G o ORI sl N3 28, Y lter The
. ncl.udi.n os cp = ,0.75 ,.c0s cp = 0. . and cos T,
horizogial SR duit 0 epdh piots 1ok Kl et % FIG6, §hereipin0's kiiz As
supports a micro-arc oxidation process carried out in
seencihddGBoBpt faisimgthia ppwerfactas xeaspp & 0.6508.79 end 10.2923pIIGE 035,
and associ ated resonant circuit 101 supports a
respBitiieBy) allows fordsitienig pf Beepsctiudi oPiltaiitingEoipodérts &b €o around 10
conprising a netal with a ceramc coating on at | east

w%?ﬁg?%fag@?(éﬁgﬁg%qf-’ typically a conposite conprising

all oy layer with an upper surface

an I surface and, a ceram c coajjng on the )
up é@%ﬂ-@%&mm B¥ceRE E?W%P@é?%%g{iﬁﬁfg{lﬁ Ggrent waveforms in the
formed by el ectrochem cal deposition in an

same cizenit @f y13i16Vhh+ BS54, depeuding e fidterend valuesot ¢us @inslyding cos ¢ =
including, but not limted to, Al, Ti, My, Zr, V, W

0.7%2?95943??& lglé@léisqzﬁg: J;gg?édageg;i_ cro-arc oxidation, a
ject to a high electrical current

| The resonant circuit (e.g., 101) supports a micro-arc oxidation process carried out in
electrolytic bath E. For example, the power supply 100 and associated resonant circuit 101
" supports a micro-arc oxidation process for producing an article cdmprising a metal with a
ceramic coating on at least one surface thereof, typically a composite comprising a metal or
metal alloy layer with an upper surface and a lower surface and a ceramic coating on the
upper and lower surfaces. The ceramic coating is formed by electrochemical depositioﬁ in an
electrolytic bath on metals selected from the group including, but not limited to, Al, Ti, Mg,
Zr,V, W, Zn and their alloys.

During micro-arc oxidation, a metal article is subject to a high electrical current

density while submerged as an anode in the electrolytic bath E, which contains an electrolytic

solution. Due to electrochemical anodization reaction between the metal and the electrolytic

solution, an anodic oxide coating is formed on the surface of the metal. In one embodiment of
13 '



density while subnmerged as an anode in the
el ectrolytic bath E, which contains an electrol ytic
wa o943 Due to el ectrochem cal anodi zati on PERTB10041005710

between the netal and the electrolytic solution, an
anodi ¢ oxide coating is fornmed on the surface of the
metal. In one enbodi nent of 13 WD 2004/ 094333
PCT/ US2004/ 005710 the invention, during the
el ectrochem cal deposition of the oxide coating,
anodic electrical current flows fromresonant circuit
101, through an el ectrode (anode) to which the
conmponent or article to be coated is attached,

the inherbioghdurive thé elettradhginécab flepdsisionl afdhe oxige Ceatingt anokic electrical
and through a cathodic el enent, such as a stainless

curr@ﬁt%ws@rcﬁﬁ ket cibuii€ N0 1Telroligh QIQBlBﬁ@dcﬁqaﬁéﬁe) ¢ whith théSomponent
shown in FIG 1. In accord wth the invention, during

or a.l{t Fet‘S'b%%&t@ NeMaCRda Hﬁﬁ?ggﬁﬂgé'e Etrolggégof“thé Gl\ébt}olk]ﬁ&‘ bél’tl?’i'E1 9nd

eelectro ytlc ant circ

d..to I.n. th ancecndlt
thropys Cglocic fprieft %aésatst@algé% e eIPH pary gy be Connected to
frequenci es g‘gp to 10 kHz) in . the bath circuit can be
grougdt 25 shewn iREEGnh naaceesg vaéh@étnémlﬁ@cﬂune}g.%e getrochemical
measuring instrunent, such as an ameter, or a
depasdﬂdmﬂteedircuﬁduclmﬁngnhbelectrbb'méiaﬂeE ohd dnpasﬂnamrciﬂ;uit 101 is tuned to
included in resonant circuit 101 nay be selected to

: resohb&fb% iR ﬁle%io%ihée d?)ﬁ&ilﬁbh $Edxdp LAt nhwidestspe@nmm 6 £conSonent

~ depicted in 1, inductor L and capacitor C of the
{ 1
bR o R0 B % i

tinmes greater than the in volta e of resonant
usmg,arrg%ﬂspmig)glstqnﬁelg syc %H% t‘?rc?}i VOIRRFtEi ng t he
el ectrolytic bath E, a change in the el ectrocheni cal
deFes exarople, thowalie pheaparitas| @ inchuded in frapraneisput Hil mpgbe selected
coating during the mcro-arc oxidation requires the
to tutleghecitcuitaontphisingdathia td resonancé.t A dépitied e FHd,) 1y stidagitor ¢ and
mai ntai n the resonance of the circuit including

capRitBECIoT kR ﬂegodéﬁi Hrdaitd0d atd\eonme&ied anderies adiire cdffig@td to deliver a
power supply 100. Hence, resonant circuit 101 is

resod@htRiER Svifdl AREOELai Hin IIRBASI 88 o£1286Hakt Sfcuit 101, Ina

resonant circuit including the electrolytic bath E, a change in the electrochemical deposition
condition or electrical parameters of the coating during the micro-arc oxidation requires the
elements of the resonant circuit 101 to be adjusted to maintain the resonance of the circuit
including electrolytic bath E and the resonant circuit 101 of power supply 100. Hence,
resonant circuit 101 is adjustable in accord with a deposition condition.

Also, parameters of the resonant circuit 101 may be varied during the electrochemical
deposition to synchronize different phases of the micro-arc oxidation process in order to
obtain desired properties of the coatings such as, but not limited to, micro-hardness, thickness,

porosity, adhesion to substrate, coefficient of friction, and electrical and corrosion resistance.
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Al so, paraneters of the resonant circuit 101 may be
varied during the electrochem cal deposition to
wa@yeelooss ze di fferent phases of the m cro-ar cPCT/US2004/005710

oxi dation process in order to obtain desired
properties of the coatings such as, but not |limted
to, mcro-hardness, thickness, porosity, adhesion to
substrate, coefficient of friction, and electrical and
corrosion resistance. 14 WD 2004/ 094333
PCT/ US2004/ 005710 The resonance mai ntai ned during the
m cro-arc oxidation process in accord with the
invention nakes it possible to produce coatings

The Feavhdange niaiyitainad durissthe goiom-ard esilation pocsistis aecrd withithtinvention
el ectrical and good corrosion resistance. During the

mak@é 1 pbdsHIO R proahecctorMSds a0 hei High hardedsCidod adhésiorbmisibsirate, high
the paraneters of the resonant circuit 101 may be :

elect%@gluﬁiﬁeg%%% 15&5?@'5 f he power factor of the power

close to 1. As a result, the

o oo e et BB 2 Dok s o

m cro- hardness of the coatjng increases. Wien u5|

resopdng ciscuit £0lowian be adivsiad temameLe fie %&W@Milqt%fg(ééhf‘oPO‘%éuPply 100 at
200V or greater, mcro-arcs penetrate the boundary

a levebtloseto 1. has ekesaltythe pificienoy of iherpoaved sepmdy $80 el thaéfficiency of the
between the oxide and the substrate. In effect, a

electtddHeirlis depsit®Inbisipidve, ik dgivrshalndsbef fhelcﬁhm@qmr,eases

cau5| ng an increase of tenperature in breakdown

h w LR Sr?gnx? c?ﬁ IGFS AR bnRE &RBlo sgg%.t Johsps gf %bOéﬁ DOV or greater,

e coatl ng | ncrea Insid
r eakdo [
micarfe e DO BP Ao rodR TR b ifte SOl Byl BidPEd beoween
conmponents of the | ectr oI o| ut | 0 t h
the qAqRg B uigrale, I oftect arfmulEie, ot el s@%ywaéagﬁlﬂﬁé@ oceur,
coating is being nelted ar ound pl asma craters. Thus,
causitgarcionsesprfitemperntue ndicakiown) chanels sk wiarounding aepe As a result,
rate of oxide formation and a change in chem cal and
the thltkaéssaif ther cpting inescasds. Iselerthe bicdledbwrcdannels,. low temperature
Therefore, crystalline inclusions and high tenperature
plasiads forfRl] Bthidplashid, d@Rtidhetake place which include components of the
electrolyte solution into the formed oxide. At the same time, the already deposited coating is
being melted around plasma craters. Thus, the consequence of breakdowns is an increase in
the rate of oxide formation and a change in chemical and physical propqﬂies of the received
coating. Therefore, crystalline inclusions and high temperature modifications of oxides are
formed in place of amorphous oxides. A result of this process is a thin, tough, and durable
~ coating which has properties (chemical, phase compositions and mechanical) very similar to

ordinary ceramic (i.e., high adhesion to substrate combined with hardness, high temperature,

high voltage, and corrosion resistance).
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formed in place of anorphous oxides. A result of this

process is a thin, tough, and durable coating which
whaw4poperti es (chem cal, phase conpositions BETUS2004/005710

mechanical) very simlar to ordinary ceramc (i.e.

hi gh adhesi on to substrate conbi ned with hardness,

hi gh tenperature, high voltage, and corrosion

resi stance). 15 WO 2004/ 094333 PCT/ US2004/ 005710 The

above properties can be influenced by changi ng

el ectrolysis conditions, the conposition of the

el ectrolyte solution, and the form of current.

M cro-arcing on the anode (which typically includes

t h@haabdvel Ropertieneandrdnfluencedvby charigieg electentysis ¢anditipnghe

formed) is possible if the surface of the

com?hﬁﬁ&{ b @febirSivee dohutfoR2ARTkhbifén 8f ElirRIn€ CMitre-diéihgon fthe anode
I N,

arrier- type oxide film which is fornmed in the

conig i et IR B SR K cPem B B RAnea) s
possutlatthe e of i PR B WRPERd PO ATElsok Rl thin, barrier-

increase in dielectric and tensile strength )
typeprxieediltni, ahidf istformedein the inifipl sloge phthe anpde-prgrelqctrolypisy prssesses
initial oxide filmis linked to the character of the )
suclﬂfl@ffélﬁéé. The héglee thealiclbatingaality lof theefilal, tlanhighdrahe voltage required
electrolyte. Thus, in the process of mcro-arc
for Qékb&&dfﬁ& RidrOprbus \ohish RABS OB iltPedse il Rt and tensile strength
di sti1 ngul shed): appearance (form ng, creating) of
the p Y [ L oAt | . ' i-el: I
pro;}e?ﬁler%o?‘ﬁg’e nrgs.gﬁﬂegg%agf\?gng l%ef I?atﬁ?a o ik Rkt okt l@h&in i6 liREdd tb the

: _ he fil'mand resulting
chaser B e Me ST e PR TP AR Pob L. ThRE in e

breakdown, together with a sharp increase ip jon
proggsgefanicomarciagating, dea fodlawing stagss cam ge &m@%?g (‘Jést'éllgg'éhed)‘
- significantly increased, which plays the main role in
appédrance iifotrinitlg, preating)aff thepaskive atmtlition, fatmativngit atthia dielectric film,
el ectrochem cal process can be controlled by changi ng
and Gréak 86\ 8the flf dndgesulihy mitgo-atcs which trebte siceagsary leenditions for the
necessary current is directly proportional to the

formistoh@F Goflofganic coating. During the breakdown, together with a sharp increase in ion

. migration, the electron part of the current is also significantly increased, which plays the main
role in the initial phase of the breakdown.

Although the electrochemical process can be controlled by changing current and
voltage, during its initial stage the necessary current is direcﬂy proportional to the surface size
of the component to be coated (ab.out 20A/dm?2), and the necessary voltage is establ.ished in
dependence of the dielectric properties of the resulting ﬁhh. Taking into consideration the fact
that the parameters of the process change in time, in the present case it is necessary to provide
a high power factor value of nearly 1, ensuring the forming of the alternating components of
spectrum of 10,000 Hz, which exerts great influence on the quality of the coating (the highest

16



of the conponent to be coated (about 20A/dnR), and the
necessary voltage is established in dependence of the
wale@keesss c properties of the resulting film FeRUSZYP04/005710
into consideration the fact that the paraneters of
the process change in tine, in the present case it is
necessary to provide a high power factor val ue of
nearly 1, ensuring the formng of the alternating
conmponents of spectrum of 10,000 Hz, which exerts
great influence on the quality of the coating (the
hi ghest 16 WD 2004/ 094333 PCT/ US2004/ 005710 har dness)
and maxi mal productivity of the process. The anplitude
hardibss) Bed flakiidl ?t(bdwﬁviﬂ:yonﬁdm erdcess Theramhplitude g thetmternating
process depend on the coating conditions. The

b f
com?ﬁ e efgﬁ-mg&‘ dﬁﬁn%fﬂé%r&le%&%ﬁh& bh @he%ﬂa‘eih% ebndiBéhsOFhe cpmposmon 0

a W de range pen ing on the required

[t es of th
the fe@aytictoctn b ERBldeldn a ot BB ARReRing bl me"f#ﬁm’quahﬂes
and NaZSl B 1-50 /liter e use The te
of titcoufin.d dee ¢t g1 & ey ok lRent Shlich sonsBRG 8l JROT 1-5
15 - 40 degrees centigrade. The cathode is usuall
g/litenatel 84,584 50(g/biter sabé usefhEhelgmmperagire of ﬂter@eqmﬁeté ghould be
depends on the required thickness of the coating (in a
maiffjrRA i Yangas€$5 Up0 degrdeswrntigjade. Fheaathode is ufunlly made of stainless
coating no special treatnment is necessary (for

steef mu?atlohtb?ﬂ{%rocc%ﬁ GependP 8 HHERBqAfdd tBlcREess Ot atifg (in a
| um num substrates possessing an electrolytically

maj\%ﬁ gcsaltse%?e até SRS, &9 Q%ﬁlg Gaffef Eé%glgwe esé)@agl ﬂr&tﬁ&gﬂg ﬂ%cessary (for

Ove-descr | proc pr epar e
zed.. Scanni ng El ectron M croscopy (SEM, Energy
exagpgpé}egp@lee C3pectroscopy (EDS), Digital X-ray dot
ing, X-ray Diffraction (XRD), m cro-hardness,
c 0 r pssinesm artieles enmprising Prming Fehsirates RPSSATSING Aneslgrifadytically
were perfornmed to ascertain properties of the ceramc
depositedicegmid beatmgdoimehtherpam acconhwith ghe dhovkidespribed process were
ranged from about 2-3 m to about 60 m The ngjority

pr %i:ed ARBMaB¥BEr Somnidy Recteonidredcopyl (SEM), Erpegy Dispersive

earing a
Spectroscopy (EDS), Digital X-ray dot mapping, X-ray Diffraction (XRD), mlcro-hardness

corresion, and 4-point probe electrical measurements were performed to ascertain properties
of the ceramic coating. The specimen ceramic coating thicknesses ranged from about 2-3 pm
to about 60 pm. The majority of these experiments were performed on a specimen bearing a
ceramic coating havingra thickness between aboﬁf 40 to 60 pm, so as to negate the effects of
the aluminum substrate and facilitate experimental analysis. Corrosion testing was performed
on another sample having é ceramic coating thickness ranging from about 10-12 pm.

FIGS. 10-12 show scanning electron micrographs of the ceramic coating surface taken
at a variety of magnifications (x250, x500, and x8500, respectively). They reveal that the
ceramic film's surface has a somewhat mottled and porous appearance, the pores ranging in
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ceram c coating having a thickness between about 40 to
60 m so as to negate the effects of the al um num
waemmgesse and facilitate experimental anal ysi BCT/US2004/005710
Corrosion testing was performed on another sanple
having a ceram c coating thickness rangi ng from about
10-12 gm FIGS. 10-12 show scanni ng el ectron
m crographs of the ceram c coating surface taken at a
variety of magnifications (x250, x500, and x8500,
respectively). They reveal that the ceramc filns
surface has a sonewhat nottled and porous appearance,
the pores ranging in 17 WD 2004/ 094333
sizeRGTwhiEe Tt QATHEH0 tersiof eievoywh There iy Dearhbinbicn ébdtk BRooth and
of mcrons. There is a conbination of both snooth and

facdt@CHhRAra! ﬁP&ESI h%eggeﬁxemtﬁ&@ﬁ'gl{o%ﬁk%ffaéé? roughout the

surface. Poli cross-sections of the ceramc

coas ir:n re shown i | 13- ich di Vi PRL €5 .
A aSes3 Py ot ot obtne MRishte PRG0S, Shicn
. surface to substrate. These scanni.ng el ectron
dlsni%ycwasr\aﬁh@ § CatBeCBSAMECANS LPPRRGHIRE Som stace Yhsubipts. These
taken at a variety of magnifications (x1800, x500, .
scanning sle@0m miceagragpltsiof ghggeranmigecontingeross-gnctionmwenodakenan a variety of
*the netal and the coating is |less than about 0.1 m
magnlifickionsSET80Q x800) adix1800,3espiestivaly). iThetth@sitiohzoné bét@Ben the
to mcron range, suggesting at |east partial
met8l AR Edaih Yo 1 @RI ¥b i DRSLBINEK X SERY cPRREH TR id AEBIR in the sub-
at a variety of acceleration voltages (gS kV to 25 kV)
. h i al t .CONPri ses
ikt onde SgRbcElg Aertl R PR 20 et um
sodium and carbon. Bel ow. 15 kV the contrj bution to
th$"§¥%¥ IFRFRSI PR ey SR5Hira faken alayariely of grselsration voltages (5 kV to 25
negligi ble. An exanple of a 10 kV energy di spersive
kV)shpwed thebthe material elemeptallyreopipgsesigumipnan, giicgnpesigen.swith traces of
present due to the thermally evaporated conductive
magresitinnspdimecasisiattame Bdbyw 16 &V the gbmtibngomtt the elunfintrh@eak from
film In sone regions there appears to be nore

the Sibsirge beddnwdd rﬁbli%i'll:)wfl M EXdaiple df7a 18kV crbfhyl dispidifs R-rhyépectra is

reverse is true |G 16).
shown in FIG. 16. The gold peak is present due to the thermally evaporated conductive

coating, necessitated by the insulating nature of the film. In some regions there appears to be
more silic;)n than aluminum (FIGS. 17-18), and in others the reverse is true (FIG. 16).

FIGS. 19-21 show digital x-ray maps of the ceramic coating, which reveal a rather
uniform distribution of oxygen (ignoring topographic effects). Aluminum and silicon on the
other hand tend to be spatially complementary in their distributions, suggesting the presence
of separate regions of aluminum and silicon oxides, as opposed to a single alumino-silicate
compound. In the ceramic coating, the silicon conceﬁtration increases towards the surface of
the coating as evidenced, for example, by a disproportionate increase in the silicon signal
observed with decreasing acceleration voltage.
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FIGS. 19-21 show digital x-ray maps of the ceramc

coating, which reveal a rather uniformdistribution
w@booenggen (i gnoring topographic effects). A urPdTus08410D5710

silicon on the other hand tend to be spatially

conpl enmentary in their distributions, suggesting the

presence of separate regions of alum numand silicon

oxi des, as opposed to a single alunm no-silicate

conpound. In the ceram c coating, the silicon

concentration increases towards the surface of the

coating as evidenced, for exanple, by a

di sproportionate increase in the silicon signal

ob s eednpie bfiatlg ey dffragioacpedtemafroonthe obdtageds sHBvi FIG. 22.

2004/ 094333 PCT/ US2004/ 005710 An exanpl e of an x-ray

cOlﬁgatrfsbﬁef Hendsp Wiﬂmrth@PlQH’(Jd'hﬁ Cohithe dnq)o%&&mlfﬁracﬂﬁ%tandards)
rrparlson of this data with the JCPDS (Joi nt

povxgﬁ ikl ﬁ)nqﬁfsf ﬁl@ggts e é)fg%s@ﬁ{ G4t RENGRT (ﬁﬁ% en Wﬁltne phases of

rac e presence o

two differ nt C II|n S | um.num oxj
aluspigmorids B x-faditie tlaaﬁagfqa Fesecioio RRRES I e rt1S. 23-24,

shown in FIGS. 23-24, data for which is presented in
datarfon wWhichiis pregemted neEqfdes | ansl 3 respagively. No. of d( A)

I(f) h k 1 2-Theta Reflection 1 4.5600 40 1 1 1

19.450 2 2.8000 20 2 2 0 31.936 3 2.3900 80 3 11

37.603 4 2.2800 50 2°'2 2 39.491 5 1.9770 100 4 00

45.862 6 1.5200 30 5 1 1 $ARYEN

No. of d(A) 1(9) h k 1 2-Theta
Reflection ‘

1 4.5600 40 1 1 1 19.450
2 2.8000 20 2 2 0 31.936
3 2.3900 80 3 1 1 37.603
4 2.2800 50 2 2 2 39.491
5 1.9770 100 4 0 0 45.862
6 1.5200 30 5 1 1 60.897
7 1.3950 100 4 4 0 67.032
8 1.1400 20 4 4 4 85.015
9 1.0270 10 7 3 1 97.186
10 0.9890 10 8 0 0 102.310
11 0.8840 10 8 4 0 121.234
12 0.8060 20 8 4 4 145.757

Table 1 shows spacing (d A)), intensity (T), and Miller indices (h, k, 1) results for
fixed-slit intensities over a 2-Theta range of 17.45 to 147.76 degrees with a step size of 0.02
degrees. CuK radiation was used having a wavelength of 1.5418 A. Téble 2 shows similar
results for fixed-slit intensities over a 2-Theta range of 17.28 to 98.81 degrees with a step size

of 0.02 degrees. CuK ;radiation was used having a wavelength of 1.54056 A.
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7 1.3950 100 4 4 0 67.032 8 1.1400 20 4 4 4 85.015 9
1.0270 10 7 3 1 97.186 10 0.9890 10 8 0 0 102.310 11
w0288404388 8 4 0 121.234 12 0.8060 20 8 4 4 126T/TS57004/005710
Table 1 shows spacing (d A)), intensity (I), and
MIller indices (h, k, 1) results for fixed-slit
intensities over a 2-Theta range of 17.45 to 147.76
degrees with a step size of 0.02 degrees. CuK
radi ati on was used having a wavel ength of 1.5418 A
Table 2 shows simlar results for fixed-slit
intensities over a 2-Theta range of 17.28 to 98.81
degrees with a step size of 0.02 degrees. CuK 1
radi ati on was used havi ng BARAEe! engt h of 1.540561. 19
WD 2004/ 094333 PCT/ US2004/ 005710 TABLE 2 No. of d(A)

1(f) 2-Thet N%Tbiecgi 0(!1‘(,7&5 AT59PFP 40 BOtRe® P 2. 8000
20 31.936 3 %ﬁa@ﬁ&n 0 37440 4 22700 30 39|672 5
1.9700 80 4 —054—5 —A%860 2P 80 8YT 15 39700D 100
66. 762 2 2.8000 20 31.936

3 2.4000 60 37.441

4 2.2700 30 39.672

5 1.9700 80 46.034

6 1.5200 20 60.897

7 1.4000 100 66.762

8 1.1400 10 79.077

9 1.2100 20 85.015

10 1.0300 10 96.808

The presence of an additional crystalline compound, aluminum oxide nitride, was
ruled out due to the lack of a nitrogen peak in the energy dispersive x-ray spectra. The
sharpness of the diffraction peaks is also suggestive of grain sizes in the sub-micron to micron
range. No crystalline silicon compounds matched the diffraction data. However, the broad
and diffuse background intensity in the 20 to 40 degree rénge suggests the presence of an
amorphous phase. Given the silicon content of the material and its spatial proximity with
oxygen, this phase may be vitreous silica.

Film hardness testing using superficial .Roékwell hardness measurements (15N scale)
and micro-hardness experiments using a Vickers diamond indenter revealed either no
indentation at loads less than about 100 gms or over penetration at high loads between about
100 gms and 2100 gms, indicating that the surface layer is a relatively hard, thin material (i.e.,
the ceramic coating) on top of a softer layer (i.e., the substrate). At low loads, the indenter did
not penetrate into the hard material. At high loads above about 100 gms, the soft substrate

gave way and crushed the ceramic coating. However, even when crushed, the coating
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8 1.1400 10 79.077 9 1.2100 20 85.015 10 1.0300 10

96. 808 The presence of an additional crystalline
w@eovwo3ds al um num oxide nitride, was rul ed BOL/US2064/005710

to the lack of a nitrogen peak in the energy

di spersive x-ray spectra. The sharpness of the

diffraction peaks is al so suggestive of grain sizes in

the sub-micron to mcron range. No crystalline

silicon conpounds matched the diffraction data.

However, the broad and diffuse background intensity

in the 20 to 40 degree range suggests the presence of

an. apor phous p e. Gven.the silicon content of the
adhdigd s e PURTAE D 1o A S T NP GBRAT G the pamers of the
_ _phase may be vitreous silica. Film hardness testing
indentation. Ihisenggestsegoor@dhenion andsomedisitededuntilihrent s (15N
scale) and micro-hardness experiments using a Vickers
di Puesedy exdeinhiton ofooesiod peofecniiss was perfori@sd dy idepositing droplets of
| oads | ess than about 100 gns or over penetration at

variblistidsQad afs bRROs13RRE bf thbQeraMTE ndfdtiA1G8e Géﬁmlic material was

Indicating that the surface layer is a relatively
cd thi cial. (] o . ot .
exar?@sg ’g)fshgl'.l}gtg ée\rﬁer+lg4§/lél§1{ef ?qrece_v’l&eg e Sf;u g te?%cfogm’ _do&ggl?tga\?\?d acids tested
..l oad he i pdent did .not penetrate into the hard .
inclidedo 3 1% my dreehierign St auiturit 0% Bt Sohoghiore RleoBhgtetic, and
substrate gave way and crushed the ceram c coating. i
49%-awdeoduorice Oiner wiedin tested stided 0% badioggn perovide, 30% ammonium
2004/ 094333 PCT/ US2004/ 005710 adhered to the
hydsuthiet amt 40% ashnidndure flweride.r@nlf tlaediydraflddricesidpradadadragy visible
fromthe corners of the indentation. This suggests

reac6R dnPatbERE NttRat/yE | imted ductility. Cursory
exam nation of corrosion properties was perforned by

SR, Bl IR AR08 Al v
the <\:A<I)%§mg to be highly resistively electrically, beyond the range of the instrumentation,
placing the sheet fesistivity at a value above 100 billion Q/square meter.

The oxide coating formed on a metal (e.g., aluminum or aluminum alloys) in accord
with the present invention exhibits properties dramatically superior to the properties of oxide
coatings formed on a metal employing conventional electrochemical deposition techniques.
For example, the ceramic oxide coating of the invention formed on aluminum or aluminum
alloys exhibits a highly uniform thickness, an extremely high hardness, high insulating
properties and high wear resistance. Typically, the hardness of the ceramic oxide coating of
the invention formed on aluminum and aluminum alloys is about 1.5 to about 2 times that of

the hardness of conventional ceramic oxide coatings formed on aluminum or aluminum

alloys. The significant advantages of the present invention include ceramic coatings having
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exam ned visually for several mnutes for evidence of
any reaction. Concentrated acids tested included: 37%
whganoetsBoric, 96% sul furic, 70%nitric, 85% PCT/US2004/005710
phosphoric, glacial acetic, and 49% hydrofl uoric.
O her nedia tested included: 30% hydrogen per oxi de,
30% amoni um hydroxi de, and 40% anmoni um f | uori de.
Only the hydrofluoric acid produced any visible
reaction and etching of the coating. Finally,
el ectrical neasurenents enploying a four-point probe
and pi coammeter show the coating to be highly
resistively electrically, beyond the range of the
an ekmernely gl zudi wriformiasdniessy sedheassHtwedness of atouy 1090 &g 2,400 Kg/mm?,
val ue above 100 billion 0/square neter. The oxide

e.g..G0Rkdrgs 604b%ae 1900 Koird) (e. g., al uminumor al umi num
alloys) in accord wth the present invention exhibits

p r r . . . . .
I SR GERAR b IS i ol BB e b i
. cQpyv i onal...el ectroochem cal depositi t echni que :

Fig b hE TP A P e R0 T AR 8 st coupons
inventjon formed on alunmi num or, al um num all oys

havigg an griakbere forgpadythersine 3,600 Hiocalwaipaim) g T he fest sonmops Wegprocessed
hardness, high insulating properties and hi gh wear

in accesd with tieeaboVy disclastirg utilinmgtsar time yariafts diming-the &nating process: (1)
oxi de coating of the invention fornmed on al unm num and

nomanhdl 2 U%dedsalign hemidblR (3) 2096 lesothah @uinizhl{ (4e6%dthade thdn nominal;
t he hardness of conventional ceram c oxi de coatings

) %dg/g BRfe ﬁﬁn%:#iﬁ"tlﬂ%ﬂﬁg%) S0 Tt T dot¥ifal. T %é&araafd, #R"hominal"

antages o resent 1 nvention include ceram c
[ ' 1 2004£094 . PCTLUS? [ 710.. .
valu§ s PP AR e i B e e oGO, gl Prime varants

har.dness, of, about 1,000 to 2,400 Kg/ m?, ., Q. )

to pegHEiE e ton BN r%l?tg%quwm? cotig R e spsulfipe coating
article bearing the ceram c coating described herein )

profegtieshdigh ap hut 1t disnitedsp dhiclggesynd hem%r@h& skatothesrwords,dhg "nominal”
data for a ring-shaped al um num coated test coupons

time value serves only as a test reference, as would be understood by those skilled in the art,

and does not relate directly to actual industrial applications of the disclosed process. The
ceramic coating thickness was determined to average between about 13-64 pm (.0005-.0025")
thickness throughout all test coupons with the test coupons subjected to longer coating
processes (e.g., thﬁe variant (6)) having expectedly thicker ceramic coatings than those test
coupons having shorter coating processes (e.g., time variant (3)). In all test coupons, a
homogenous ceramic coating was formed, the ceramic coating having a general micro-
porosity throughout the surface, but not allowing exposure to the base material.

As shown in Figs. 25(a)-25(c), the microhardness was measured (averaging 5
measurements in each zone) using a Vickers diamond indentor under a loading and unloading
rate of 0.5N/min to a max load of 0.5N. Fiés. 25(a)-25(c) show the displacement (nm) (x-
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havi ng an axial bore formed therein (a 6061-T6
al um nun). The test coupons were processed in accord
WORah/094383 above di sclosure utilizing six tinme REF/US200£005710
during the coating process: (1) nomnal; (2) 10% I ess
than nomnal; (3) 20% | ess than nom nal; (4) 10% nore
than nomnal; (5) 20% nore than nom nal; and (6) 30%
nore than nomnal. In the test data, the "nom nal"
val ue was selected to serve only as a point of
conparative reference for different tine variants to
permt investigation of the relation between the
coating tinme and the resulting coating properties,
axis)sdsahfuasidauef ancippliedmdra] foocd (N)alyrexis). Figl 266 depists.the n
ot her words, the "nomnal" tine value serves only as

micrgﬁélrlﬁﬁéss iR BB&Rate @ﬁré@%ﬁ o3t W(ﬁlé&ﬁﬁh D}évihﬁ&lﬁ@D) 4.97). Fig.

ed in the art, and does not relate directly to

253l S OIS RUSGEINISP 9, e 25
. 13- 64 005 ; | N
depi%;tg f‘@:‘gr@g‘%leatr ‘EF}%%%B@‘E‘SE ?rygu linezope agm,%% ?83}/ t(ggt%%edgt)egpe X-axis is

coupons subjected to | onger coating rocesses ée.g.,,

scaled fior displacements bytyeerm( and 40w i ig, 25&1) éneis sealed dgrdisplacements
coatings than those test coupons having shorter

betweerDiand 2000 amsia Figs( 25(h) and 25(e). VEhe yrakis (Bycpledifor fordes between 0.0
test coupons, a honbgenous ceram c coating was

N ardd®.§Rin a8 o @E aFb e d.ng having a general micro-
porosity throughout the surface, but not allow ng

expos to the bas ' [ '

X5 S S i Bl TR By g a2

5 neasurenents in each zone) using a Vi rs_dianon )
(unchlgd RBPIeTRlaW G 1 i g o GARnY A LAV 2 (Samiple with

0.5N'mn to a max |oad of 0.5N. Figs. 25(a)-25(c) show
coarséhepating)p| Bige2fh} shpms peding ploptifose &/ GdYBG3 deflection s (mm) for

PCT/ US2004/ 005710 axis) as a function of an applied

Sal_RQuncatcddcanpld) bhd Swabgi(satedsagnpl@S(a) depicts the
m crohardness of the substrate (dural) as 123.64 nHv

S o s S g o 6 oo
stanc(lasrg 2626itjfr3a)ctior|1: gpqe'ctrg %(e:x)ein intensity is represented by the vertical or y-axis and
the detector aﬁgle on the horizontal or x-axis. These results are further depicted in Figs.
27(b)-27(e), which respectively isolate and illustrate contributions from various crystalline
phases of alumina identified in the coating, shown by the peak distributions and
corresponding vertical dashed lines, in a manner well-known to those skilled in the art.

Figs. 28(a)-28(b) show results of scratch tests for a ceramic coated article in accord
with the invention. The x-aiis of Fig. 28(a) show scales for the applied load, which started at
0.03 N at the starting point of the scratch (i.e., 0.00 mm) and increased to a final load of 15 N

at the end of the scratch length at 3.00 mm, shown as a separate scale along the x-axis. The

penetration depth Pyis shown along the y-axis and ranges from 0.0 pm to 25.0 um. The
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depi cts the m crohardness of the crystalline zone as

709.4 nHV (SD 89.09). The x-axis is scaled for
waoelk@plogserent s between 0 and 4000 nmin Fig. 2BCEHYSZNH005710

is scaled for displacenents between 0 and 2000 nmin

Figs. 25(b) and 25(c). The y-axis is scaled for forces

between 0.0 N and 0.6 N in each of the above figures.

Fig. 26(a) shows tensile strength plots (stress 6

(MPa) vs. strain a (m) for AL -2 (uncoated sanple);

ALWG 1 (sanple with snooth coating); and ALWG 2

(sanple with coarse coating). Fig. 26(b) shows

bending plots (force F (kN)) vs. deflections (mm for
surfa%e Iprofae (Pub siaedlofi@ tHel yeaxig el fngbs £ornCORDGHN SAARD @in. Fig. 28(b) .

Fig. 27(a) shows results for x-ray analysis testing of

shoé%ggfsﬁlge :ﬂggmg PRl 'ﬂji?téérf@;l ?&c@s for {h%rkgﬁart&} t%% c%t/)fcﬁc]lgﬁ chgp R8(a). Along

ereinin 'S represen
vertical Xi S an t he det ector .an n e .. .
the yg¥ip iiag o the it dl?ﬁg@ét sealeqiescalF oy St e Lppticd during

depicted in Figs. - 27(b)-27(e), which respectively
the tegplanging drem 010] m tia@ garloadibg rato A 14.0 5 Wity ﬂm}ypnnal force Fn
crystalline phases of alumna identified in the

(0.0 Do@tI5MEN),Hadwle fictibhe forealFr ¢0.6tto i1 100).i Thex-arid of Fig. 28(b) shows
correspondi ng vertical dashed lines, in a manner

| scalé’ﬁ%f Sh%rég)?l‘e):d Bad RAsieh Stittd 8D 0Nt ehetdrting b6t of the scratch (i e

show results of scratch tests for a

0. Oo.fﬁlg? ﬁncgm%f)e%g%fjt’g%rﬁﬂag g)?d o[i}l g\\fv&; tg% ngﬁs 5{'&1 f‘rﬁfgﬂg&%ﬁﬂ 5’:33 00 mm,
whi ¢ at 003 N at the starting point
andfﬁra]i‘%%’r%t@?[}f‘gﬁ”ﬂeﬁd , 0.00 nm) and increased to a
final load of 15 N at the end of the scratch le g[
at Fig.G8 sheivs 8 Reamiingslestron paiceoseonsd(SFM)dmagg ot wlilé coated layer
Xx-axis. The penetration depth Pd is shown al ong the

strugtuiait 8 nsagdificatigesf T 120m Referendean@ierdl Ruepisent2te\agbstrate (dural),
2004/ 094333 PCT/ US2004/ 005710 surface profile Pis

refefeh6d\iurAéraly réptesertsalié 8mafphid Angeand refofencd Autheral Korepfeséhts the
gm Fig. 28(b shows neasured normal and frictional

crysgﬂ?lgxﬁegz%ng.o hl Qﬁnﬁ‘l‘é i Gt 4t&Sfoe %Qﬂe%& the #hdsk Was &Rt the corner of

the sample to provide view of sample surface as well as underlying layers. As evident in Fig.
29, the coated layer has two zones,‘amorphjc and crystalline.

Figs. 30(a)-30(c) show pictures from a transmission electron microscope (TEM)
respectively showing the structure of the aluminum substrate and amorphic zone at a
magnification of 26,000x (Fig. 30(a)), diffraction from the substrate (Fig. 30(b)), and
diffraction from the substrate and amorphic zone (Fig. 30(c)).

The ceramic oxide coatings of the invention can also be formed at a substantially
reduced thickness, such as about 10 microns to about 25 microns, e.g., about 15-20 microns

up to any desired thickness, such as about 150 microns. The ceramic coating also exhibits
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the y-axis, starting fromthe outer or |eftnost scale,
are scales for the load L applied during the test,
wo asvgiopg3srom 0.0 Nto 15.0 N at a | oadi ng r at BCD1S2004/005710
14.97 NNmn, the normal force FN (0.0 Nto 15.0 N),
and the frictional force FF (0.0 to 1.00). The x-axis
of Fig. 28(b) shows scales for the applied |oad,
which started at 0.03 N at the starting point of the
scratch (i.e., 0.00 mm and increased to a final |oad
of 15 N at the end of the scratch length at 3.00 mm
and for the scratch length itself. Fig. 29 shows a
scanni ng el ectron mcroscope (SEM inage of the coated
highl iay@ativeropeeties shdatan avitheignd flegradaton, sichlab2kiting or decomposition, at
Ref erence nuneral P represents the substrate (dural),

temﬁe@étﬁfe@ﬁﬁ%@m“@l B represents the anorphic zone, and
reference nuneral K represents the crystalline zone.

The. s I t ' :
{ iRty B gt s et & W chroBRntcac IR Gy W nigye
saml e surface wel |, as underlying.l ayers. As . .
emplayRA<ht Draperie of tregoayngare Stemely Hptfor d i seTipig goatings in
anorphic and crystalline. Figs. 30(a)-30(c) show .
accapd wilvthe inveutioraexhibinkigh suiform eleticitotn thptthe slastiety ofithg aluminum
respectively showi ng the structure of the al um num
subssiaksériahirginancal ysupdtiate corte iatreased negfiilfli The caamif coatings in
26, 000x (Fig. 30(a)), diffraction fromthe substrate
accdrll wWith tROpRkent iRAtiosl bisb bt UAifhind BLANG, hidkAEEsAtETaidh resistance
anor phi ¢ zone (Fig. 30(c)). The ceram c oxi de coatings
and B QS% i nvention can also be fornmed at a substantially
reduced thickness, such as about 10 microns to about
25 _microns, e.g.,. about 15-20 microns .up_to_any. .
do Shecareniy exiflistn R B e pifect 4 entic g Mt superior
. ceramic coating also exhibits 24 WD 2004/ 094333
insufagve DSHEUESGOS Pan bR Rsed 1 Highrismperatye SPEFAmEntsEheutn
W t hst and degradati on, such as nelting or ) o
decotapusitpmsortmelting.aSucht deqtiead insutative prapertizs fod Qarticularly utility in

various industrial applications.

| Further, the uniformity of thickness of the coatings formed in accordance with the
present invention is superior to that obtainable by conventional techniques. In accord with the
conventional techniques, the thickness of a ceramic coating can vary by as much as about
20%. In contrast, the present invention yields a ceramic coating having a thickness that varies
by less than about 5%.

The superior properties in accord with the present invention lends the process to
numerous industrial applications. For example, articles containing ceramic coatings in accord
with the present invention can be used to form non-magnetic substrates for magnetic
recording, particﬁlarly those employing an aluminum or aluminum alloy layer with ceramic
oxide coating on each surface thereof.
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Significantly, because of the particul ar

el ectrochem cal deposition technique enployed, the
w@e@por43BEs of the coating are extrenely unif OPOT/US2004/005710

Thus, ceramic coatings in accord with the invention

exhibit high uniformelasticity, in that the

elasticity of the alum num substrate or al um num

all oy substrate can be increased ten-fold. The ceramc

coatings in accord with the present invention also

exhi bit uniformdensity, thickness, corrosion

resi stance and hardness. The ceram c coating in

accord with the present invention also exhibits

s ufteihigh stiengthl cottings qfitippresdng énvantior emderthe ggitldsrsuitable for use
, hi gh-tenperature environments w thout deconposition

in pRindTETHel 18€k ofFieHorehfThigh hatdnessofiti ¢et@midy daeAdd i@Scédrighce with

particularly utility in various industri al '
the @ﬁ@n‘t ﬁ%ﬁt@&ﬁey&éfrtﬁ@%enﬁ%earﬂﬂbg inﬁbfeyfﬁpfl%et iH'p’ﬁh‘leb‘é‘,Sﬁaxﬁformers,
the “present

e coatings torned i n accordance wt en

lnvention is superj.or t hat . abt ai nabl e . . .
engiag foBRYRGHR Ak 5 A 06 bladed. JEicBBh 1 RnSitffurine, engine housings,
_.conventional techni qlues, the thickness of a ceramc . .
pipipgsatings; abresives shipdipildingsmenicakimpias, foodpgoces§ing, chemical handling
contrast, the present invention yields a ceramnic
equipoeht gl doakivay. hetsignidiems usenftthe/attickes prasipcedinsaccordance with the
about 5% The superior properties in accord with the
presBhtSfGttion W RIjei 6l theladwhich @adboadetddrto ahipkdrPustreat temperature
i ndustrial applications. For exanple, articles

witHog W@gtheféb %ammde&gﬁfueﬂc&ﬁ Ahon Wi th the

pres I"hventfon c e used to formnon-nmagnetic.
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coatings of the present invention render the articles
requixgi iglblubrigaston i, because of the reduced friction of the ceramic coatings of the

present invention, such articles can be employed with minimum lubrication.

Articles produced in accordance with the present invention also exhibit reduced
coefficients of friction, which render such articles suitable in applications sensitive to
coefficients of frictions, such as aeronautical applications.

The high hardness and wear resistance of the ceramic coatings render the inventive
article suitable for use in magnetic pumps, the articles typically having a ceramic coating with
a thickness of about 150 microns.

While the foregoing has described what are considered to be preferred embodiments
of the invention it is understood that various modifications may be made therein and that the
invention may be implemented in various forms and embodiments, and that it may be applied

in numerous applications, only some of which have been described herein. It is intended by
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in piping. The lack of friction and high hardness of
the ceram c coatings in accordance with the present
w0 pooei94380 render the inventive articles suitapdEUS®N4/005710
use in punps, transforners, engine .conponents such
as turbine bl ades, sem conductor manufacturing, engine
housi ngs, pipings, rings, abrasives, ship building,
medi cal inplants, food processing, chem cal handling
equi pnent and cookware. The significant use of the
articles produced in accordance with the present
invention is in jet fuel tanks which can be subjected
to a higher pre-treat tenperature wthout rupturing, .
the fpliovang %Eeaa& qi@xrbalbmmn%) Brations andrisiasions Wlhg’hcféu a%ﬂ%n the true
coatings in accordance with the present invention
scopentfithe investiomnposite articles suitable for use in
aut onoti ve engi nes, particularly in conponents which
woul d require high lubrication but, because of the
reduced friction of the ceram c coatings of the
present invention, such articles can be enployed with
m ni mum | ubrication. Articles produced in accordance
with the present invention also exhibit reduced
coefficients of friction, which render such articles
suitable in applications sensitive to coefficients of
frictions, such as aeronautical applications. The high
har dness and wear resistance of the ceram c coatings
render the inventive article suitable for use in
magneti c punps, the articles typically having a
ceramc coating with a thickness of about 150
m crons. Wile the foregoing has described what are
considered to be preferred enbodi nents of the
invention it is understood that various nodifications
may be nade therein and that the invention nay be
i mpl emented in various fornms and enbodi nents, and that
it may be applied in numerous applications, only sone
of which have been described herein. It is intended by
26 WD 2004/ 094333 PCT/ US2004/ 005710
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the followng clains to claimall such nodifications
and variations which fall within the true scope of

WO b@diopmsant i on. 27 WD 2004/ 094333 PCT/ US2004/ 0PST182004/005710
What is claimed is: 1. A nmethod for formng a ceramc
coating on an electrically conductive article, the
nmet hod conprising: imersing a first el ectrode
conprising said electrically conductive. article in an
el ectrol yte conprising an aqueous solution of a netal
hydroxi de and a netal silicate; providing a second
el ectrode conprising one of the vessel containing the
el ectrolyte or an electrode imrersed in the
el eWhatas ylaimedaassi ng an alternating current froma
resonant power source through the first electrode as

an 1anode; gighddofol RRMHQLH Cetaicaiating 6n as eRceRulP denductive article,
whil e maintaining the angle cp between the current

{age at zero degrees, and whil e naintaining
1hc?%gmggﬁ¥§§g&%étmeen the first and second el ectrodes

wi t.hin a pr term ned range 2..The .method for for.mn
o gl s SteTs e somaiig S lbfyRby findpPlve AHicle'td an
article according to claiml, wherejn said v

electobie eamprisiegiany squeayesalufinpeotiamefal kpxide and a metal silicate;
220-1,000V. 3. The nethod for formng a ceramc
cogtrovidingra seoorsl eedtrade gbmprisiog due vf the vassel congaining the electrolyte or
according to claim 2, wherein said aqueous sol ution of

an dledioieim¥RE@ 1 the effloBtdyet al silicate conprises
about 0.5 - 5 g/liter of alkali netal hydroxide and

1- . . , CLicata:

oA 4 g R B e it e
conductiyve articl ccording.,tq claim1. further

as ag s g ipnenn HeRitecs agribeds Shie rttiaiiig P rygig o between
5. The nmethod for forming a ceram c coating on_an

the eymeent end thel vpltegmaetizerd dagrenss ang| while maintaining the voltage between the

first and second electrodes within a predetermined range

2. The method for forming a ceramic coating on an electrically conductive article
according to claim 1, wherein said predetermined voltage range is between about 220-1,000V.

3. The method for forming a ceramic coating on an electrically conductive article
according to claim 2, wherein said aqueous solution of a metal hydroxide and a metal silicate
comprises about 0.5 - 5 g/liter of alkali metal hydroxide and 1-500 g/liter sodium silicate;

4. The method for forming a ceramic coating on an electrically conductive article
according to claim 1, further comprising adding mixed complexes to the electrolyte.

5. The method for forming a ceramic coating on an electrically conductive article
according to claim 4, wherein said mixed complexes include at least one metal selected from
the group comprising Cu, Zn, Cd, Cr, Fe, Ti, Co, and the like to serve as central atoms in the

mixed complexes.
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according to claim4, wherein said m xed conpl exes

i nclude at | east one netal selected from the group
w@ormndsshg Cu, zZn, Cd, Cr, Fe, Ti, Co, and theCT/UR®04/605710

serve as central atonms in the m xed conplexes. 28 WD

2004/ 094333 PCT/ US2004/ 005710 6. The nmet hod ' for

formng a ceram c coating on an electrically

conductive article according to claim4, further

conpri sing adding at | east one phosphate to the

electrolyte. 7. The nethod for formng a ceramc

coating on an electrically conductive article

according to claim6, wherein said at | east one

phds phat Bheanathod $eformingrareeramimcpatogpdraareelectBcal ljhenductive article

method for form ng a ceram c coating on an

accOdafEith ictainl 4/ fierg ¢6inbMSind bldifk at lea®t ©AE PhogHhhR 16 i dlclrolyte.
wherein said st ep of passing an alternating current

froma reson VYSfmﬁlglérc.‘éFar&H ch%tﬁ{é % o?lé&ﬁﬁally conductive article

charigi ng sal ang e cp Guring sal passi’ng an

al t ernat i, n rrent | east. one o

oo 14HBS. STEETSS SR ﬂapﬂ?ﬁa’hafﬁgﬁemwmomum phosphate.
addi tional inductance in a resonant circuit or
chahgi nglle weibad ferdaening? ceranic SO AN ) ?1€QH19311Y930n¢F@1V3 article
met hod for formng a ceram c coating on an

acceddengt to ictadin| Iy wherein sdid step af passirg anzdienrating gutrentdian ar@ponant
wherein said el ectrolyte conprises salts of netals

pox@'s@&b@ﬁrﬂfe@%ﬁlﬁﬁse}sgfoulo conprising B, A, Ge, Sn, Pb,
As, Sb Te, P, Ti, V, Nb, Ta, C, M, W M

, Bi,
il BB P
leasg :08 frﬂbsLl‘” : he:sgq%g Idxsr’llpn g?d eas(gc&t?&}e% inductance in a

alum num article conprising:
resonant circuit or by changing a capacitance in the resonant circuit.

9. The method for forming a ceramic coating on an electrically conductive article
according to claim 8, wherein said electrolyte comprises salts of metals selected from the
group comprising B, Al, Ge, Sn, Pb, As, Sb, Bi, Se, Te, P, Ti, V, Nb, Ta, Cr, Mo, W, Mn and
Fe.

10.  The method for forming a ceramic coating on an electrically conductive article
according to claim 8, further comprising adding at least one pigmenting substance to the
electrolyte.

11.  An aluminum article comprising:

a ceramic coating on a surface of said aluminum article, said ceramic coating
comprising aluminum, silicon, and oxygen, and substantially separate regions of aluminum

oxides and silicon oxides,
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a ceramc coating on a surface of said al um num
article, said ceramc coating conprising alum num
W@ R00oso1333 and oxygen, and substantially separ aP@I/US2004/005710

regi ons of alum num oxides and silicon oxides, 29 WD
2004/ 094333 PCT/ US2004/ 005710 wherein a silicon
concentration increases in the direction fromthe
article surface toward an outer surface of the
ceram c coating surface layer. 12. The al um num
article according to claim11l, wherein the ceramc
coating further conprises at |east one of nagnesium
and sod|un1 13. The alum numarticle according t
cl ai m 1Whergifen siligon penceniatipndnerggass ithihe direction from the article
m cr o- hardness of between about 1,000 - 2,400 kg/ m®.

surfdbd towdrd aalouter surfacerdfitied @ranxcmodﬁmgsmface Ilaylem 11,
wherein the al uni num oxi des conprise at |east two

di fiper emhe ghivsihathlari@e MRS toX)EnP] 1, SMeteif iiSéeththict@ating
phases including an anorphous phase. 15. The al um num

furttfé gérlﬁkﬁse‘?%ﬁéﬁ&'oﬂg o}“ﬁl ghc%'uiﬂl%&d sdfighel n said ceramc

i Ses ransition zone adjacent the

Abbt 0 e lunfing % Sadeilic b han ] Doty T ub A ayer has a

to claim1l, the ceram c coating further having a
microthagdusassef betwers aheahl 8002400 kg/mmo m 17, The

alum numarticle according to claim11l, the ceramc
- cod4i ngThe elundnum hasidlegecardifg thalass] bfwltmtimﬂhmalamhunn oxides
60 m- 120 gm 18. The alum num article according to
comptisd dlehit twiod fleRhbfyStalling phikgs fdhe o edid cbfﬂdlﬁﬂe phases including an

t hi ckness of between about 120 m - 300
amorphous phase.

15.  The aluminum article according to claim 11, wherein said ceramic coating
comprises a transition zone adjacent the aluminum article which transition zone is less than
about 0.1 um thick.

16.  The aluminum article according to claim 11, the ceramic coating further
having a thickness of between about 2 pm - 60 pm.

17.  The aluminum article according to claim 11, the ceramic coating further
having a thickness of between about 60 pm - 120 pm.

18.  The aluminum article according to claim 11, the ceramic coating further
having a thickness of between about 120 um - 300 pm.

)

19.  The aluminum article according to claim 11, wherein the ceramic coating has a

micro-porosity between about 15-60%.

20.  The aluminum article according to claim 11, wherein the ceramic coating has a

density between about 1.5 - 2.2 g/em®.
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19. The alum num article according to claim11,
wherein the ceramc coating has a mcro-porosity
wheimoen3about 15-60% 20. The al um num arti cl BCT/US2004/005710

according to claim 11, wherein the ceram c coating has

a density between about 1.5 - 2.2 g/cnB8. 30 WO

2004/ 094333 PCT/ US2004/ 005710 21. The alum numarticle

according to claim 11, wherein the ceram c coating has

a sheet resistivity of at |east about 100 billion

f2/ square neter. 22. An article bearing a ceramc

coating on a surface thereof conprising: a ceranic

coating _conprising a netal, silicon, and oxy

whekei nThe sluminwn agisle asrording tacl @mblba‘s@gmnﬁg q efsamic coating has a

direction fromthe article surface toward an outer
sheestesistiviey of attiémst almuad0Cbitlhat Qrsquaemiatere | ayer. 23. The

ceram c coated article according to claim 22, wherein

t hgy cer ami c4 EBE t .

mag%'esi ﬁ%ﬁ%@ %ﬂ%rﬁ éégﬁ&ﬁ%&,g cer a?n§§§%%£ érgagérotl C mr%f'

accor di 0 ai,.m 22 c_coating

Fur her = eetigys ey csmlsﬁnstayme D8ESE e

separate regions of an oxide .of said metal and

si | i conVhsiefa FiceR FPQCﬁ@ﬂagmnfla@ea%e&ybﬂlealﬁectﬁ%ﬂom the article

sub-layer. 25. The ceram c coated article according to
surfack sdward 2p ontes swifacetdiéheseardmiceohtingsurfage layar.

m cr o- hardness of between about 1,000 - 2,400 kg/ nmm®R.

2623.The The cadinic coatddedtiele atcréing ¢ Olatth 29, Whereinathécédmic coating

wherein the netal oxide conprises at |east two

ﬂlﬂlféffs&ﬁﬁﬁié&aﬂe)(s‘ifoﬁ%fﬁﬁ RORRRInd SBuAl said crystalline
phases i ncluding an anor phous phase. 27. The ceramc

coghed gyl c&nja&nca&%?édddrﬁae bfedthifl  thim 59 WhérdinWe Beramic coating

transition

further comprises a plurality of substantially separate regions of an oxide of said metal and a
silicon oxide wrchm the surface layer and the sub-layer.

25.  The ceramic coated article according to claim 22, wherein the surface layer has
a micro-hardness of between about 1,000 - 2,400 kg/mm”.

26.  The ceramic coated article accérding to claim 24, wherein the metal oxide
comprises at least two different crystalline phases, one of said crystalline phases including an
amorphous phase.

27.  The ceramic coated article according to claim 22, comprising a transition zone
in the ceramic coating adjacent ‘said article, which transition zone is less than about 0.1 um
thick.

28.  The ceramic coated article according to claim 22, the ceramic coating further

having a thickness of between about 2 um - 300 pm.
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in the ceram c coating adjacent said article, which

transition zone is | ess than about 0.1 m thick. 28.
wab@4oe3331i ¢ coated article according to clai mrPCRUS100€005710

ceram c coating further having a thickness of between

about 2 m- 300 m 31 WO 2004/094333 PCT/ US2004/ 005710

29. The ceram c- coated article according to claim 22,

wherein the ceramc coating has a mcro-porosity

bet ween about 15-60% 30. The ceramic coated article

according to claim 22, wherein the ceram c coating

has a density between about 1.5 - 2.2 g/cnB. 31. The

cerami c coated article according to claim22, wherein

t h@9cer dfiecermit icoged itisleamcsdrdirg toekimtA2y iwhgrehd thetceramic coating

| east about 100 billion a/square neter. 32

has a micro-porosity between about 15-60%.

30.  The ceramic coated article according to claim 22, wherein the ceramic coéting
has a density between about 1.5 - 2.2 g/em’.

31.  The ceramic coated article according to claim 22, wherein the ceramic coating

has a sheet resistivity of at least about 100 billion €)/square meter.
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