WD 2004/ 094333 PCTI US2004/ 005710 COWPOSI TE ARTI CLE
COVPRI SING A CERAM C COATING Field of the Invention
. nt invention relates to conposite '
“gﬂ?ﬁ“ﬁ%?g particularly, to conposite artic?é@hgb&&msno
conprising a nmetal 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 ot her
- i NndusCOMBOSHE ARTICLBUCOMPRISING A CERAMIE COAPINGT
coated-articles is for coated valve netals (e.g.,
barrier layer-formng netals or rectifier netals).

andriti@F thednb@tin SUCh as al um num magnesi um _
titaniumand alloys thereof, which are widely wused in

comrEnm AR L Bs s @)ﬂﬁ el BolrentOliiBnte. o

COI’TpO ent, or valve sur wear resi

comgRey TCeo%ﬁﬁfﬁ%ém%%i e SPAFR enga R Bne St theot.
P .ties r a desired application may be fornmed on
| Thegrqsggt&vepw\@?sosraxafea&a Biocesh pF eeEic pORENE 6F metgls 40 deir 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
baBackgynond of thg Invenéibect rol yt e, such as sul furic acid,
and an electric current is passed through the

-al Coutediartiales find spplication in AAMEeed Bieronhefis Bedhkddhg) bixtGaot
oxi dation, a protective alum num oxide |ayer forms on

‘limitel €0 aﬂﬁéﬁé&@ a®ombliPe, Alakifk, rb&l Rabd QleRrical BEpifeinb i onics,
finish is 1 WD 2004/ 094333 CT/ US2004/ 005710

medRie! BB, Bafd m?d"&h&%tﬂmrﬁs ‘gﬂgefﬁmk Bt ﬁmﬁmﬁ%ﬁ%’cﬁtmn of

structure which allows secon ary i nfusions,
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 alloys thereof, which are widely
used in different industries. To improve the valve, valve component or valve surface wear
| resmtance chcmlcal resistance and dielectric strength, for cxample a protective coating
possessing the necessary properties for a desited application may be formed on a respective
surface or surfaces thereof. Various conventional anodizing procésses 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 cunént 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.

woSsAnd8s 4,082,626, and 4, 659,440 which djscl ose
met hods of coating al umi num and ot her val ve PCHAISAPE005710

and their alloys by an anode spark di scharge techni que

using direct current wwth voltages up to 450 V and

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

The properties of the cerami c coatings are dependent

on the conposition of the electrolytic solutions, as

wel | as on other process conditions, such as

tenperature, current voltage and density. Generally,
exfrdmelys hand asd diirgble,Gmfl @xHIbIL TS sEQire RESchMITbtYs SRBHary infusions,
" corrosion and cheni cal resi stance; however, their

sudiR MibitiEphidpr operti es, such as hardness, durabl lity,
and adherence to the substrate,. are not entirely p

SRR DA 8Nl VSR L P et

sl ow an

+ORERAT I BED. L1y S BESRRSE APl ol valve

cu of di,f f erept vvaveforrnsls used, with
me@iﬂaeﬂ@&@ga@ GHRanods sperk dpchmae lepnidusysing dircgdparrapt with

hese ceram c coatings have much, better nechani caI

| VOIBE%W? 2l V and sprrent densitisn 228 A/dmpusually arond  A/dm’ . The

thl_cknesses are limted to about 80 mand 150 m
propestigscd thecetapic oatingsare deffendantion the catepsitioni of thel efecblytic
relatively slow, at best reaching 1.75 gm mn,
soluidus las welhaoemeothér processconditiensanh astehipeﬁfu:@l%uﬂ&t K}b%e and
vol tages and current densities (between 5-20 A/d

densiBk Sondrdlly, RAOFRSEIBIEME FOrmARRIAY coaB RSN RRErrodidiiSid chemical
expensive. In addition, the process described by

;esxéﬁki{céeho@]evéﬂ thﬁ‘r%ﬂ%ﬁé)]&ﬁﬁ%&érﬁ&u Schi 3s Pzﬂfhfﬂbsg 9 %ﬁﬁ} %C?Edherencc

range of -10 to + and only a
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al so not ear
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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'evén up to 2,000 V. These ceramic coatings have much better mechanical

properties, such as hardness. However, their thicknesses are limited to about 80 um and 150

pm, respectively. The rate of coating deposition is also relatively slow, at best reaching 1.75
pm/min, usually around 1 pm/min. The necessity of using high voltages and current densities
(betwcen 5-20 A/dm®) makes the process very energy consuming and, thus, expénsive. 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.
9 , _



In U.S. Patents Nos. 5,616,229 and 6,3 65, 028a hi gh

voltage (at least 700 V) - alternating current is used
WwbShe@dsQf direct current. The thus-formed.ceramc
coati1 ngs have very good nechani cal propert iP€FUSAI0EM5710
har dness exceedi ng 2,000 HV and adhesion to the

substrate up to 380 MPa. The coating deposition rate
isin the range 1-2.5 nimn, which also conpares
favorably with previous nethods. The nethod descri bed
in US. Pat. No. 5,616,229 uses a high voltage
alternating current power source with a special,
nodi fi ed wave form obtained by using a capacitor
bankn &b RachsWds/5,61812129 andEBYEESE L oflbe QL2
source an d netal which is béi n@?%gpé)g&e ottl?flgg’&g\’)ne
alidinatihpagfne g a rAati on. of relatively
thick coatings at a E‘[%ﬁp{ra gggqu%éfb%nge&??raﬂc?@t%have
ve 4 e Mdrh ent.wave form s preserved and -
lg,logﬁ'? roll ed %ﬁ?’?ﬁ%’ﬁ%‘%ﬂ’ﬁﬁ%@e&wﬁ%@ﬁﬂvw apdadherion to the
sihle departure fromthat wave form .
sulifigeldto 38OHRE ﬁ‘"tfé’é’é_'@. deppsitianate 1s nthe b Scum/min, which
al ag&gr atus has a_ conplex design due to the use of .
SQEVBPHFS IByarehly with peeviobngethds Fhenbthell describddih ©1.S. Pat. No.
SGifglaﬂftél onshilgg whi ch conponents are being coated in
; e a high weltagd elmamding ateens bowér syicY with Rndciht
o eLhods (the method described in US. Pat. Ro. ’%&ﬁe‘lm"e
ong, ABSn@DY. usingqueapaeiiorbank Edhnbdthd indkhst ;
_density of 160-180 A/dn2), and It i RffeeR e Hidn{Bitage source
andoeetplovtdeli s bethg beud! AGKMESEe di QU abid SRS 20
component s ofgconpl ex shapeesdlg\ﬁl%ﬁdSn%glyéiﬁg?bé%gmmatmﬂ"f
relafivelg KBk doling3 taf £6 arge. surfage sjzes can be
coa?ed. U. Sl.lg'%Pub gga%c?(gﬁig -S%}"chfﬁ‘EﬁClﬁffﬁl ©erFERbEave form
is priberveitalics 22, 2002, is generally simlar
P T he afcollr&g)?rlg% | o_%sze Q{g{egmrgcemc fengeitian arsbhavig pessiblen ‘
depdfur and.voltage dyring various stages of
P oa‘?#ﬁ’éiﬁ%‘”ﬁ"% folm intlonces e pEtves Meerasniers themebpdssd appdrattls has a
com#‘ﬂerdgi.n &ret ha%s of formng ceramic coatings differ
Foi ore i e efseveral haths eqnsainipp diffsrent cectaite sst@bns in
whic DC or pulse DC or AC), voltage and current density
S Rencnarshring qopied i sequmee. Rover Henarsls arctil €8S 184 M both

_ thagsiﬂr?n a L _ -
methods (the method described in U.S. Pat. No. 6,365,028 requires in its initial stage a current

dgnsity of 160-180 A/dm?), and it is not clear if components of low thickness, €.8.50 pm or
less, and components of complex shapes with uneven residual (locked-up) siresses or of largé'
surface sizeg can be coated. US. qulication Application No. 20020112962 A1, published
August 22, 2002, is generally similar to the aforementioned patents and teaches optimization
of current and voltage &uring various stages of coating.

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

voltage and eurrent density values, or specific current wave forms and generally assign a
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3 WO 2004/ 094333 PCT/ US2004/ 005710 significant role
to the conposition of electrolyte solutions. However,
ific electrolytes are often very simlar and vary
v\?\’??@ﬂ‘;}’%’gsﬁect to only a pair of ingredients. PCI/US2004/005710
Accordingly, there is a need for an inproved process
for formng a ceramc coating on an article that
addr esses -t he di sadvant ages present in the known
processes and for conposite articles conprising an
i nproved ceram c coating. Summary of the Invention The
di scl osed ceranic coatings having inproved properties
heret of ore not attai nable by anodi c spark di scharge
ot ( Aalligc.substrates . ., Al and
sig il SR QullSlion bFciByaR e Rt didisheratocolic cleotrolytes are
ofiefD2d) %ﬁ{li ond%_gce s wherein the el ectrochenical
G (Riet\m teia Withrespaetite eply gpairpbingradientsat e as anode.
and a cat oghic , electrode, formpart of an LC
0s E1FPEIBHY Eeredt p neqd-for gmimpaeed procestfor farming/a cermmprpdonting on
and a variable inductance. in conbination, these
an agicle thataddregsenihg disadantages preseet in shedploym pafessee& b @tposite
_herein, which establishes and naintains the angle
arupbgpmmi\singmmprmdbemtbdohﬁng,vol tage at zero degrees
(cos W 1), thus establishing resonance during the
coating process. The discl osed process deposits
ceram c coatings on a wi de range of conponents of

disﬁ,ﬁﬁﬁpyomE@@nﬁgﬁzes, t hi ckness, and materials
(e.g., nmetals and netal alloys such as, but not

| b tieeloded cerathidEbaHAPY hdvirdodR Mm&qﬁgi um nickel,
cobalt, zirconium halfili uir)n and " all oys thereof) in
plication_thereof.

" her |- | nt.endegd use or a t

heretGlory 5 alhiheb o8 APk olsP e e Romedon Retallissubgimtesde.g., Al
t limt to, valves, -val ve conponents, non-magnetic :

and “’Qﬂ’ﬁ?‘fﬂg‘]%@q’#&ﬂmﬁég trochemicabangidisgiionirptesywhayeintiss |

- t ransf Qr ners,. engi ne conponents 'such as turbine

electrprlnical anedigalion el rampriseof e substratg as amode mel detisidigs,

cookware, food processing )
electrode, form part of an LC oscillator circuit in conjunction with a power supply and a

variable inductance. In combination, these elements form a resonant power suf)ply, as
- described herein, which establishes and maintains the angle between the cﬁrrént and the
_voltagq at zero degrees (cos ¢= 1), thus establishing resonance duringqthe coating piocess.

The disclosed process 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, magnesitim, nickel, cobalt, zirconium, halfnium, and |
alloys théreof) in accord with an intendgd use or application thereof. Applications of such
, céa‘ted 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, éookware, food processing

4




4 WO 2004/ 094333 PCT/ US2004/ 005710 equi pnent,

chem cal handling equipnment, jet fuel tanks, magnetic

unps, mssiles, nedical inplants, and even

Wgtz?"d/@?"é?%l conponents for nilitary aircraftpgiidbdiondo
radar absorptive materials to mnimze radar
cross-section. The inventive process can be used to
coat conponents of very |ow thickness (even | ess than
50 m and of conpl ex shapes, preserving both the
quality of the substrate material and of the coating.
The maxi num surface of the coated conponents is

practically limted only by the size of the
nbodl ments of the

. t & An_ai.m
cquifimeft Heinidel S eqtiPin i To et homananoetas b e sl medical
implt qse f@r mat i oﬁ%_?ff ceram ¢ coatings exhibiting superior
By SPE BY Rty gemponsats Syranibiteny awsraft wiflizing sedar abgogfiivas

hi gh hardness, increased tensile strength, wear

v.e
' mate&ﬁ%¥ BiEmizZegader ereetsection. r Breshyentiva moesss ety 19BEH cbit

the substrate, low friction coefficient, high

comppnesteof verclost ﬁl&:kgésh (evan tbsy iy 501k and % sgﬁﬁr%sé I]i')trt:servmg
0

corrosi on resistance. Another almof the

both the: quklity f e @ﬁﬁsuhia\ﬁ%éﬁa@&d oF the aﬁ%%@ faili b S ag.tfrg,gg

coat i ng deposition e at t

o e AR AP LR coa@“%gpgwthegﬁé@cﬁwﬁ? © Bifor i

the sim | ar

Adlalm oM erhﬁbdﬁ}ﬁ Y% (qghegtﬁ?ﬁsteht%nt\% t1|.<? {oh)g'l \évﬁmariﬂcﬁfﬂpérte@bhng the formation

m and nor e. almo
fo provide a.process, which

s nyentlon |s
of cerlunfc thtEJ ‘é e.xhl L"“""F‘él?qﬂ;?f P ys@#épgphamwé g@cbpp@te@tgve:pm;mmsmush as

oniren
r t e eLectronte solution. Accordingly, in a first

e85 fpereasqddt W@Eﬂl wegnsmnt b&tﬁ‘mst&me,mxtrgn&y strong
cerani c coati ng on an electrically conductive

adherepce fothe substeate, revifdeficamoptiicenty high dieiscticMredgth] 4nd very high

el ectrode conprising said electrically conductive.

chemiggl apd¢asrosionaesistdreet r ol yt e conpri sing an aqueous
solution of a metal hydroxide and a netal silicate

Ariathey aim sfitbdreraisodatientd deatld pr&bﬁtllﬁéhﬁ’on WY ifl e B Yhel G f"(%%tmg deposition

but is
while at the same time decreasing the energy consumptmn during the process, compared to

the similar c§ramlc coating processes of the prior art, and to provide coatings with thickness
up to 300 pm and more. | |

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

Accordingly, in a first aspect, there is provided a method for forming a ceramic coéting on an
electrically conductive article, the method comprising immersing a first electrode comprising
said electrically conductive article in an electrolyte comprising an aqueo'us solution of a
metal hydroxide and a metal silicate (e.g., such as an alkali silicate, which may include but is

not hm_lt_ed to 2 sodium silicate or potassium silicate), providing as a second electrode the
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not limted to a sodiumsilicate or potassium
silicate), providing as a second electrode the 5 WO
2%)4/ 094333 PCTI US2004/ 005710 vessel containing the
el

ELIPYPEE or an el ectrode i mmersed in the
el ectrolyte, and passing an alternating currfit/UzH#pesrio

a resonant power source through the first el ectrode
and the second electrode while maintaining the angle
cp between the current and the voltage at zero degree
and the voltage within a predeterm ned range. In a
second aspect, there is provided an alum numarticle-
beari.ng a ceram c coating on a surface thereof, the

b i ng canprising alum num silicon, and :
oo puE e Hhetalionin olctdpmmemed mokerTsetolyt, spd passing an

a éu-m' Eum o&i%es and silicon oxides w t h! n the surface
ay e CangeTiHEons g fesonagt power siceethfough flelfir@ Mcirode and ghg Second

Rl gglthhati on increases in the direction fromsur
. ¢ mantaining war aglenp DU Bk f, the ceramc .
coating surface layer. In a third %@gﬁ%&a,th‘i\fﬁ’z‘?%eﬁtgemdegwe‘ _

angtsvolege withinrd prédeferfiBad e, 2 CETam ¢ coating on a
surface thereof, the ceraffic coating conprising a

it aedecorgliabpec) therea o AUYLE 1 rein a silicon _
concentration incr %gs es(gﬂlﬁlnrhhﬂgg&'a ia'fn@}:etqﬁe?)‘wgfarc@m‘f@ﬁing on a surface

ﬁmoﬁiméwg r.d an oyter surface of the
ceram c coat(iﬁﬁgngts%ﬁﬁgﬁ%g F’]%lwums\admmgd okygen!aud antdtantially

R ) e present jnvention will become nore
sep: e adlliééisﬁs gfp%ﬂé‘tﬁ o ot ARkadlicomionidest withintthesufte bhy@ahd B8 sub-

i ng..description of a specific enbodi nent
Iay%’ﬂ%%%%%é@%@&P% Pigatip dnpreastsein therdinotjr sk ERBclbf o bR

0 nyi draw ngs. Brief Description of the
o %ﬁﬂm&%eﬁm cogting susfaBgRyerrhi ch are
N nﬁcorporated in and forma part of the specification,

: . . ) _ : :

i 3 ﬂ&f@%tﬁb@& previdal *ﬁfaﬂtéf%a@ﬁﬁgﬁzﬁ%ﬂhﬂ&% L on_ S‘S% e
1:herto%gtﬁt her with the

[+ ] : . .
, » HI€ Ceramic coating comprising a metal, silicon, and oxygen, wherein a silicon

1y

con _ . N
centration increases in the direction from the article surface toward an outer surface of the

‘ceramic coating surface Iayer.
Vari j in
ous objects and features of the present invention will become more readily

apparent to those slcilled in the art from the followihg description of a specific embodiment

the.reof, especially when taken in conjunction with the accompaﬁying. draWings |

Brief Description of the Drawings
The accom i 1 i i i
panying 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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description, serve to explain the principles of the
invention. In the drawings: FIG- | illustrates a

s ower supply; 6 WD 2004/ 094333
ﬁﬁ?@g 6’5/ 005710 FIG 2 illustrates anothep %&%&/0{)5710
of a resonant power supply; FIGS. 3-6 show spectrum

anal yzer pictures of alternating conponents in the
resonant circuit of FIG | under various conditions;
FIGS. 7-9 show pictures taken from an oscill oscope
representing different current —waveforns in the
circuit of FIG 1 under various conditions; C FIGS
10-12 show scanni ng el ectron m crographs of the

cer tin rface, FIGS. 13-15 show polished
cr o?sﬂ} s(‘? egﬁf%@ﬁeﬁ%lﬁ PEPeCE AN ona” pomesupply s, 16

| 11 t an- energy dispersive x-ray spectra taken
ﬁéélgcé?b@WaﬁlF%ﬂuw@ﬁb@g@wtmbs fnalicMatihg €honSH ﬁrihé’lfesonant '

the ceram c coating; FIGS 17-18 |IIustrate energ
CIrgE i @@@W@puspmﬁttroastaken at an accel erati on
voltage of 10 kV of regions of the ceram c coating

di fF %r’n’-t9shhwmwtlheﬁtaﬁdmcﬁfhfmm delifes 21,show
digital x-ray maps of the cer ani cc%gre Eésgﬁn ]d%ze&eé’tcmem

warf@msad te it FFIGX PIRIE iffr act | on spectrum
for the ceram c coating; v%f]()gg( %‘% %23-24 show X-ray

di fFIGRC10-PshoRAEAnH R i fferent crystalline -
phases of al um num ox.°§¥e’“?"ﬁ°‘{’$ glﬁ"&"a%%qawsmface

FI G3gs2a( 8 QwW_freasur e nts of the
m cr ohar dnesgléél%? ISh% 8?%?”‘3‘103 @gﬁeﬁm@rﬁ@coa@eg,am c
ggn% gmlt?% |nvent .on under | oadi ng and unl oadi ng. -
26(a { 63611%%’ fpem%@ﬁﬁpqukem etreiak@leration voItage
of Iﬁicﬁfeor}%ne ICE{OgtO th\ésc’:eraxsﬁt:cr c%;trx]ngs and bending |

FIGS. 17-18 illustrate energy dispersive x-ray spectra taken at an acceleration voftage

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 coatiﬁg

; and
FIGS. 23-24 show Xeray diffraction spectrums for two different crystalline phases of

-aluminum oxide in the ceramlc coating.

FIGS. 25(a)25(c) show measurements of the microhardness of an articie'bearing the

ceramic coating of the invention under loading and unloading

FIQS 26(a)-26(b) depict, respectively, tensile strength plots vs. strain & and bending

plots vs. d‘eﬂe_ction for various uncoated and coated articles

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

accord with the invention.



WL

plots vs. deflection for various uncoated and coated

articles. FIGS. 27(a)-27(e) show results for x-ray

anal 4?‘)‘la%ﬁ%estlng of a ceramic coating in accord with
ion.. 7 WD 2004/ 094333 PCT/ US2004/

FIGS 28(a)-28(b) show results of scratch tg‘s%?ys OrRT0

ceram c coated articles in accord wth the invention.

FIG 29 shows a scanning el ectron mcroscope (SEM

i mage of a ceramic coated layer in accord with the

i nvention. FIGS. 30(a)-(c) show pictures froma

transmi ssion electron mcroscope (TEM respectively

showi ng the structure of the al um num substrate and

anor a diffraction fromthe
su bsl:ltq?gf2 ﬁ%@gs ) s@%’( Be)s';] 0)5 AtTataR fopte fena esrantic comtadheticles in accord
w@%@ and ani orphic zone (Fig. ‘30(c)). The
|gures ré‘ferred to herein are presented for clarity
iégzﬁ Elatl on and are not necessarily drawn to
Sca Fagvea Wde@@amﬁwmpﬁ:(m Fé o2V & dnic coated layer

. feature or aspect of the invention di-sclosed here
. nggcaripyithsthe inyertipnt he sane ref erence nuneral s refer to
el enents having sim’lar strueture and function.

Det BiGSe 30@L63 stiqut picres okt i4 B b ot A hf?séoﬁ’?lﬁ A
S

description, for the purposes of expla

respaotivdly stmwded thé kisuchidé 6F tﬁ@ﬁluﬁﬁﬁﬁﬂku\ea%ea% aq‘ar ! o ({ﬁ%\{lle ?Eelg a30(a))

t hor ough under standi ng of the pr
diffinictibn Bem tRAMBSHRR (Fig OB @aﬁ ,ﬁk' the Sahstrate A hic

that the present |nve
zoné (F§.80 cific details. I n ot her instances, well-known

‘ structures and entities are

The figures referred to’ herein are presented for clarity of illustration and are not
necessanly drawn to scale and are not necessarily inclusive of every feature or aspect of the

in
vention disclosed herein, Elements having the same reference numerals refer to elements

having similar structure and function,

Detailed Description of the Invention

Inthe 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 w111 be

| apparent, however to one skilled in the art that the present invention may be practlced

without these specific detaﬂs In other instances, well-known structures and entities are
shown in schematic form in order to avoid unnecessarily obscunng the present invention.

The present invention provides methodology for forming a ceramic coatmg on an

article, such as, but not limited to, valve components formed from a metal (e. g., metal, metals,

or alloy), in an alkelme electrolyte at a temperature of between about 15-40°C. The process
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R Sl

shown in schematic formin order to avoid
unnecessarily obscuring the present invention. The

E)vr esent invention provides nethodol ogy for formng a.
A/ E438dat i ng on an article, such as, but p@t

limted to, valve components formed froma netal 2004005710
(e.g., netal, netals, or alloy), in an alkaline

el ectrolyte at a tenperature of between about 15-40C.
The process 8 WD 2004/ 094333 PCT/ US2004/ 005710

includes imrersing the article as an electrode in an .
el ectrolytic bath, conprising an aqueous solution of

an-al kali netal hydroxide and a netal silicate (e.qg.
silicate, which.may include but is

. g kal.l
. mﬁg‘%@ frﬁ%e%g’g%%élg W@P‘ﬂq isanglestrolytic bak) ddffiprising an acylleous
d ma

@hl i.ciiate . /A second electrode may be provided an
SOUBR T wtlalippetal hydrexide s metahgikidan 0%, 506 RlaB GO LS.
whg{h a .colgé/(f&i onal el ectrode, such as a stainless ?
aray ine ot limitet wadoditm ieat! & i icate
I rreoglgod utilizes a special r esonant pg’&’%%‘%g%@g- A second
elegiogle Ingy d pravided ap@ iy BempdisS eitRB RN li.cat i,on. No.
10/ 123,517, titled "Uni vlglrsgll Varié’ﬁf"@?‘%fﬂé'aﬂ%h’&ﬁl.wfomeora
conReionalrelecRode kuchub Rbiinlesd & ril 17, 2002, the
entire di sg?%sure of V\hﬁs{:#ei?gleg%? EbRGSedip dieplesolyte. The
methed @186 £spebfl Rl lternating . current fromthis
r esonant Sppg wer ﬁgﬁﬁt@%@%&g}rg s@&l?i%ﬁ Suempending 1.5 Ratent
ApdliB&iAnNd, ment and the second el ectrode. The
pp:rhe sonant 1 B@%g’:jﬁs: ﬁggcf) 5‘? %ﬁﬁ#ﬁéﬂﬂ%ﬁ* equeman BesaphintPower Supply”
g wer factor coefficient
e rh isdwereby reorhprusad WSefefence
the spectrum of -

h h d, e.g,
here%]o %%&%ﬁfqg}&%@%éﬁgg&sgeg%ngé peeerf upply Is pastedhrb @ hlDsurface of

spect r um of

' the kk—(lzﬁﬁ.p The formatjon of such a wide | _.
LA A FOmPoRgnt anskihe sesendienerads. Tl neﬁaﬁaﬁtt]ﬁw@yﬁ,?,?lg pormits

. spreading of mcro-arc discharges on the, sur
ma (0 @despraanee potidisioniatiha p@wat ey &Bﬁﬁi&ﬂfeéqaarﬁ[, oM.
p&gdor%}ii on and burning out of the edges.” The
aViehdeniitd dongitioh, thddyinamies 6f fhb Prodk Q% e
synchroni zat i on. B éﬁﬁeéela, ©-g., the spectrum of
component frequencies is widened 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 the surface and preserves materials with VCI'Y'](;W thickness from perforation
and burning out of the edges. The availability of that spectrum provides fhe 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

d » . . > .
epending upon, inter alia, the technical requirements. For example, a coating deposition
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'

of the separate stages of the process, such as the
appearance of a barrier |ayer (passive condition),

the formation of a thin dielectric ceramic film and
Vo038t ri c breakdown, as well as the fQidmish@DoosTio
and size of mcro-arcs, heating, nelting, which :
i nfl uence the formation of the coating structure. The
opti mum deposition conditions can be determned in a
particul ar situation depending upon, inter alia, the

techni cal requirenents. For exanple, a coating
deposition 9 WD 2004/094333 PCT/ US2004/ 005710

possessing a high dielectric strength and corrosion
resistance W th good rechani cal properties can be

PO%?%&@H%@%@“‘SWWW?‘ SPRRSONBATICA Wil gand mieklmhical properties
metal hydroxide and a netal silicate (e.g., such as

cambe elttaiadd usiigian clerteolyiptsputhining ypn inlkeli nutal hytirokide alta metal silicate
limted to a sodiumsilicate or potassiumsilicate).

(e.g.nsueh st arcaikadissilidates which atay gl bud ib ubtdinitdeo FEdiRY sBicate or
coating thickness of about 50 mcrons.. For

potagpini siiéat€)n $n ibst WhbeS thesd WatipaitiBole S0 Wefb S Ed it ckness of
exhi bit special nechanical properties, such as“a very

abdit ShmitasAness and i ncreased wear resistance, a netal
or mxed conplexes of netals may be introduced into

e

Q

A | i I f .
ol BBl B BRLE Bl M ERRB St rtpuig
profisR-hich 552 VAL B 1t ST R as e R B eed
). and with am nes

cont%%%%ﬁﬁ% PF}%%%E g{“%a?qggﬁéﬁgle!?ﬁﬁrﬂ&e- Stieh metgkoreiked coniplexes

is preferred to select netals fromthe group
. of l%eéq.}gfxllbéq fqgu@p,n of  coating with sughedesitsd praperticahdving e thitknkss.of

For exanple, introduction of m xed conpl exes such as
greatgy thanpBoyt 30 mierpes: Mo most mefals form complex compounds with
Zn2+- P30j 05- - nonoet hanol anl i ne- NHaH2P04, | eads to the

polyphesphiter(nes-10bendivith anringdmbheshanslamieyeihhhdl b tc ) as well,
. basic electrolyte due to inclusion of metals (Cu, Zn)

1t is greferet] o pbat #stalslffom the group comprising Cu, Zn, Cd, Cr, Fe, Ti, Co, and the
like. For example, introduction of mixed complexes such as Cu+2-P30195'-nicﬂ1anolamine or

Zp”—PgO105'—monoeﬂ1anolamine-NH4HzP04, leads to the changing of coating properties

recetved .ﬁom the basic_: electrolyte due to inchision of metals (Cu, Zn) 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
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such a case, the conductivity of both the electrolyte

and the deposited coating is being increased which
hi gh current density to.be maintained for an

a
ﬁﬁ%ﬁ%@@%ﬂsduration during the coating processT/uIhigunsrio
in turn, significantly increases the rate of
deposition and the coating thickness. The conpl ex
conmpounds are stable in the electrolyte but are
deconposed under high tenperatures (i.e. during
surface mcro-arc discharge). Including netals and
- phosphates in the coating permts alteration of the
coating properties in a rmanner known to 10 WO

/.00 0 h Killed. i h
e TR
al s _used are al so

| at but th terl .
miﬂp&ﬁ r%%sglsﬁﬁ%xpﬁ‘ﬁ&elaﬁr}?ﬁgé{h%ll@le-The af or ement i oned

Aexpen
resqpa ower supply itself advantageously decreases ‘
t he ‘fﬂ? *ﬁlﬁm Bfiened resopantpeve supry itsalfrelanntageonslp dsemsdshies time

deposition rate up to about 1.5-2 tines relative to -
 belogiepHorOREE apreah drbscasenrthe deppsibaaiatet dpto QU@L 52 Bhes relative to

coating by keeping cos y = 1. during the .:% -
comtentamiitmetiods) arkinproves the qhalEof ohn @b kéBink th&F = 1 duri

di agram of a power suppI;} 100, havigabgysaé‘épiggggsg t L during the

depbigiﬁambrbcesg_m electrically connected thereto ,
(collectively a resonant power supply), for the

depgsiitd . b i ngs by micro-arc | )
ox Qr s depiSas smbRA Y eriR B4 Aefor Soly 1001587  reponant cireit
101°8: | . Pat Appl i cati on No. 10/123, 517, '
TR Ohoedt il Pl filte Ejomet ervencenis o feidepositon of
| 1.s entirety.. The resgnant power supply provides :
cerdei® eFlbigs 5 hisiorart midia)om Auchia8 devciibgd Incmtsa el i orpending
Uspgarffr@r m %gm cro-arc oxidation. The resonant circuit
S107%e éﬁ{i‘:‘]‘i 88 Net 10/8633:31 7onatedabpvmsandiihenrporetow by ref@énce herein in
e tyning the circuitry to resonance during a coating
1S eflietyatiae frsoment pawershpnlp prvides pdvas eo 5 kiati] ieshelyant i trltic bath,
‘the circuitry may be configured to provide resonance B
A for perforraing minsb-ert exiddtion Eksvesonant circuit 101 comprises at least one

* adjustable element for tuning the circuitry to resonance during a coating operation. As
undetstood to those skilled in the art, the circuitry may‘be configured to providerresonance at
any selected frequency.

In one aspect, the resonant power supply circuitry 101 may comprise an automatic
circuit-breaker SFE, connectil.mg the resonant ciicuit 101 to the main power supply 100 and al'so
serving as an overload and short-circuit pr_otectioh. A LC low-pass filter biock, consisting of
inductance L, and capacitance Cy, lowers the level of current and higher voltage harmonics
and substantially, if not entirely, eliminates noise. Master feed relay K serves as an
operéttional on/off switch of the power supply 100 both in a manual aﬁd an automatic regimen

of a coating process. Isolation transformer T implements galvanic isolation of the bath E and
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In one aspect, the resonant power supply circuitry 101

may conprise an automatic circuit-breaker SF,
connecting the resonant circuit 101 to the main power

Bi@ABP4094089 and al so serving as an overl oad 1%)
short-circuit protection. A LC |ow pass fil t€$ 12801005710
consi sting of inductance Ln and capacitance:C,,,

| owers the |l evel of current and:higher voltage
harnmoni cs and substantially, if not entirely,
el i m nates noise. Master reed relay K serves as an
.operational on/off switch of the power supply 100 both
in a mnhual and an automatic reginen of a coating
. Fr esa. | solation transformer T inplenents galvanic
15 %&CE&'F Brpegmitichenging of the carrent parawelePORW X425 the load. An
PCT/.US2004/ 005710 is configured to permit changi ng of
adglifjgnal iplpetence fatogriberewith thceducddingRtRB: bHee b8t/ indings of
maddig}gi onal inductance L, together with the reduced
4 treggfotmann dandfeapdeitave CO1RGafiN RiREs - :
transformer T and capacitance C, i gg&ﬁg%{ﬁgdﬁqcﬁrdmgtoﬂns
cordfigutation, thd durleat dhd woltdde 00 it 19 S SR pUr ati on, :
~ the current and vol tti%e on t%‘einlgcﬂelsgﬂzeﬁrom%@(?ﬂ%"’lg% gpend on the
parfirdéters of the RabaG : rageters of the
resonant circuit an %rgfé]“’@g{%ﬂq’& CPIOnRH &onta SyFhe an
ut . g%wt ; ut omat.i c requl ator ‘A is provided:
: (tzlgﬁ%é? nt a(?rn%gsﬁjtr ?ﬁn%?(ﬂﬁg}ab 1R aptunat parameters Iy andyg i the oasawatt
.G (i 101 i ndependent |y determ ning active and .
cirsfit 101y indepepdetity el imiBie Astive end tagive et sompenttsalirough
me 1rl1re C r&&gt and the voltage, théreby maintaining a
EREH Shie craent gpd theyeliage thesnby seinirfing ahikh pofvertiidor
ower supply al ong throughout the coating process.
cOoe: = %
REigHY (a5 Lbof thepowersnply alosy thisghell o Rboess.
|nEL§lér$pt e(tj_ﬂllbmlous rrggers I ncl udi ng, but not .
[ i ko 1L @, b1of the St Sy BL § - i.cl.ency o
lthe transformer T, changing ?Ee r?bg?rgﬁ]tgtg{udéngs qpaers
incluapabit nanikigitéd B ¢hah s irBRESLARG ! upll-ng w th the
bath E seni conduct%ﬁ%curr%ﬁgﬁlﬁﬂg\‘g%} 08?1%5&B?Wr3f
changing heROMPFalBHRabAHNe Y Sha M in Bl " IoubllS with the bath B

semiconductor current regulators ;)r a block of high power rating resistors and switching their
total resistance vatue, 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 cirenit for conducting déposiﬁon of
ceramic coatings by micro-arc oxidization under DC or pulse ¢uﬁent. 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 prow}ides direct availability of the positive potential

- on the components that are being coatéd and of the negative potential on the electrolyte in

bath E.
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total resistance value, or controlling the surface of

a conponent that is being coated in the bath (e.qg.
"ysing a jigging device). A very simlar diagramcan be

 dYQR98#33t he circuit for conducting depositi f
ceram ¢ coatings by mcro-arc oxidization unggfm%@%qnsm
pul se 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 conponents that are being

coated and of the negative potential on the
e in bath E. 12 WD 2004/ 094333

L by e b
PCT. FEBWHYYY shovespectzug anabmpepitiues loY alf@Ming components in
pi ctures of alternating corrponent%

o2 S0 leicbrscatotins RDIFS DB, SUhLL
ho%@%ﬁ@i%g , ig’nde;hgz ﬁo'ri i “Vﬁmefﬁi the

is 0.5 kHz. As Hs}:een in F%@%’gﬁé?&r@{}&’@e{%m 0.5 kHz. As
seeg tmé\ElGSE 2?%) gf:stiri{g\cltg'é {}é@(ﬁari'_fjacgﬁrgg(%s (9? & @%ﬁfq&fg&ﬁzh& F}:(IiSC.;%.-S,
) res{a@ﬁ@e‘li) Wb e fo?#v%&ée{qg:lagt | %M&Zﬁré&g%gmigmdupltg around 10

Hz at power
ictures representing different current

Wé@gﬁ%&sﬁ@&f’@@ & Lsame circuit (U= 310V, | = 25A),

on different values of cos p including cos $

de in
. %S&gg-?w @spillos@pe PR {ur@nebraSstina iifferdnt chESR SEVLbEYin the

The resonant circuit (e.g., 101) supports a mc
ti,c_bath E.

o Vo e AL kbl coh i SUESL TS bty -
-0.75; es granbyx; iaﬁd:bﬂst(p d Q,]reSpectively.
_The resonant circyit (e.g., 101) supports a micro-are oxidation process carried out in.
electrolytic bath E. For example, the power supply 100 and aséociated resone;nt circuit 101
" supports a micro-are oxidation process for producing an articie co-mprising a metal with a |
ceramic coating on at Jeast one surface theredf, 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 coéting is formed by electrochemical depositioﬂ inan
electrolytic bath on metals selected from the group including, -but not limited to, Al, Tj Mg
Zr, V, W, Zn and their alloys. | o
During micro-are oxi@ation, a metal article is subject to a high electrical current
density while submerged as an anode in the eIectronﬁc bath E, which contains an electrolytic

soluti i ization re . .
ution. Due to electrochemical anodization reaction between the metal and the electrolytic

Solutn ) » . . - .
utton, an anodic oxide coating is formed on fhe surface of the metal. In one embodiment of
' 3 |



supports a mcro-arc oxidation process for producing
an article conprising a netal wwth a ceramc coating
on at |east one surface thereof, typically a conposite
WeaMPaI3ng a metal or nmetal alloy |ayer W R YRRSE
surface and a | ower surface and a ceram c coating on
the upper and | ower surfaces. The ceram c coating is

formed by el ectrochem cal deposition in an

el ectrolytic bath on netals selected fromthe group
including, but not limted to, A, Ti, M, Zr, V, W
Zn and their alloys. During mcro-arc oxidation, a
netal article is subject to a high electrical current

. Ity while subnerged as an anode in the
the “@%@@% g‘l‘% ‘{33- ﬂ%&m@msﬁ ideppsitign ohiha oxida cedtingt amitigielectrical
sg{luti on. Due to el ectrochem cal anodization reaction
curregbHlFPIR Fraonest eifcus Bl through aactlectbget (anoded 6 whick the cdMponent
anodi c oxide coating is formed on the surface of the
or artiglg tg|be cogiedsin attashish ﬂhumhth@éle&&jlyf&ﬂﬂ@é%élﬂﬂﬁﬁﬁnaﬂx E, and
- PCTI US2004/ 005710 the invention, during the ’
through e cathaulihelerhans | suctesasiAibion sebl ddtfo@ wdGhGR b Wnnected o

anodi c el ectrical current flows fromresonant CiIrcCui

groundi(ds, shéviai DUTG. BNnGkesl Watlend ARgHe) ie%ikcﬁg@enﬁcal

conponent or article to be coatéd I's”attac
depositioh OHOEirduft nBi iy elegctrolytic bath E .
and t hrough acgigéa‘%lﬁlg%lago@ﬁcegﬁgﬁ? ,a“cﬁtﬁ%ﬁ” Loiguiti 1] isduned to
2 rode ich may connected to ground, as
r_es"“agﬁ%%%l‘q‘ t@nr%i%‘ﬁ?“f?n*ﬁ"ﬂa@wd fherviflese sneptnem of eempatenti ng
the el ec hem cal ... deposition, the circuit
-+ frequepnpiey @E?%&dﬁﬁ@ inthe bathsirpyit eanhwohtatbednRetonenceemyita b termined
. circuit 101 is tuned to resonance. |In the resonance
USINE 3 BREFERSIstueent, spchas pp atmimeten alesvltsipest r um of
- conponent ' frequencies (up to 10 kHz)- in the bath
o example e vabreolf vagiavient C RelnAAiA ecoRaRY RN KA taeected
using a nmeasuring instrunment, such as an anmmeter, or a

to tune\thg eirenit eomprising teteF R @sodah@:. vl deficRl i PRAQ! h@lictSrL and

‘ included in resonant circuit 101 nay be selecte
capacitou ef thi eesoin titduit OBt BhCAH Lriks b1 &ESHUEG 10 8ivor a
an -

| depicted in FIG 1, "inductor
resonant voltage several times greater than the input voltage of resonant circuit 101, Ina -
resonant circuit including the electrolytic bath E, a change in the eleci:roéhemica]_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

i_ncluding electrolytic bath E and the resonant circiit 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-are 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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capacitor C of the resonant circuit 101 are connected

in series and are configured to deliver a resonant

vol tage several times greater than the input voltage

Vo 20e9mant circuit 101. In a resonant cCir Gidhius2004/005710

including the electrolytic bath E, a change in the

el ectrochem cal deposition condition or electrica

paraneters of the coating during the micro-arc

oxidation requires the elenents 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 .
Thg&ssengues Brintaned;duripgthe mige-arcoxidatian prosess fn acperd pith dhasinvention

circuit 101 may be varied during the el ectrochem ca
makeqid possibiartoprodugaxshiingsihavng high dawdness goad adhesién torsebstrate, high

m cro-arc oxidation process in order to obtain '
eledemairand gpodgaerotioe sesvfandehe coati ngs such as, but not

limted to, mcro-hardness, thickness, porosity,

adhpgiiggite elebtdhbmiilRlepssRinlih Ge@lctrollyti bICE, tREpar@idlers of the
el ectrical and corrosion resistance. 14 WD 2004/ 094333

resbitaht REHAHM 9@@%& _deus-mﬁo ﬁﬁiﬁﬁﬁlﬁ[ﬂ‘fegpg%i; %Et\;%\}' l{ﬁﬁﬂet ]gdei'&e'r Qxﬂ:p'iyh-ﬁ)() at

m Cro- farc oxl dat | pn procgesls In !
o AR 3, TR OSSO PPANES 0B gyt
I ' d d ' ' . I he
o 950 B o S s bl

th araneters of the .resqgnant circuit 101 may be
ad] U SERUSIREMICE-BFE SXIRIZPHERD tpRipelosy alctoliages of abut 29¥ e greater,
.supply 100 at Cl; a level close to 1. As a result,
migrgrarce penernts tasboypdarnketwesndhe efeqsialyfe sagionand th exide and between
' ef ficiency of the electrochem cal deposition inprove,
the gride abthareahstratndn gffent, s rodltitude of dedtiinigreikdowessfale filthemur,
using mcro-arc oxidization technol ogy at voltages of
cavgibpen in2®8M afitengpreeditre in, breakilown chanasls pehwtrowidingtdies. As a result,
boundary between the el ectrolyte solution and the :
the thidkaless @fi thelRohtigaicreas ISt g8 RAMISIIS IR, o R®mpbRture
effect, a multitude of electric breakdowns of the film

plas@fGsiformed. In this plasma, reactions take place which include components of the

electrolyte solution into the formed oxide. At the sﬁme time, the alreédy 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 propgrties of the received

E coating. Therefore, crystalline inclusions and high temperature modifications of oxides are
.formed in place of émorphous oxides.'A result of this processisa thin; tough, and durable

. coating which has properties (chemical, phase compositiéns and mechanical) very similar to
ordinary ceramic (i.e., high adhesion to substrate combined with hardness, high témperaﬁlr_e,

- high voltage, and corrosion resistance).

15



causi ng an increase of tenperature in breakdown
channel s and surrounding areas. As a result, the
t hi ckness of the coating increases. Inside the
Woekgboyyds channel s, | owtenperature plasma j Qr ned.
In this plasma, reactions take place which iéﬁ? q4/005710
conponents of the electrolyte solution into the '
formed oxide. At the sanme tine, the al ready deposited
coating is being nelted around plasma craters. Thus,
the consequence of breakdowns is an increase in the
rate of oxide formation and a change in chem cal and
physi cal properties of the received coating.
Therefore, crystalline inclusions and high tenperature
modiThe atatve propertits @xibe efflvaniced by @haiRthgl dlecRbBSIS c6iditions, the
anmor phous oxides. A result of this process is a thin,
cofinporition ot cliétraltesiolnGom lahd the Whing b KifSnP l\ﬁ’feﬁz%rbiﬁ%on the anode
(chem cal, phase conpositions and nmechanical) very
i oo . : o Condo ..
(R pRAL BeuIiEho Rt SEEABohelon S MR ITO R ey i
i I , i on. resi stance), 15 . .
oo AT 8 s o AR SR ARB FBRe R Bt e tarricr
;can .be. i nf.l.yenced hapngi ng el ectrol ysis_conditions,
wof o8 Bl S et e B Ao g1 b ociecalps. pResesses
Lornlaf rg@gt. M.cro-arcing on the anode (which,
such PEPETFs.y1 e g fbe Cielaeiria Avaliey of by fie, thechigher thorvolbgeghauired
the ceramic is to be fornmed) is possible if the
for thgrejeste-deprosition prsicess: wiickeloadstto thecnérease irndielelctiit tull tansile strength
dielectric film A thin, barrier- type oxide film
propetiestof ihe resoiting doatingt Hee riahird bfthe fiikg oxidé filh & 18ROUORE C
: el ectrolysis, possesses such properties. The higher
chatatiter off the eleimiéat intpaadtion Yet@bord the mietdl Bd thb BleBidRe THR8n the
voltage required for the el ectro-deposition process, °
prosdkd SfinibRAMES cdating, ik ibﬂ@&ﬁ?%gésrbag beFembilated (&Y%gﬁl% i‘éi)! e
- strength properties of the resulting coating.” The
appéudnidé FoPhi i itidn. ! ; € s
PRt Sohing SRt of e pRi ol rmlai BB B difGoic fim,
ocess,. of

and BREEdowA U e MmShg %ﬁﬁég’ %ﬂg‘fff"g{?ﬁ%ﬁﬂ“%{] cg%ngegneézgsﬁarg &onditions for the

mcro-arc coating, tl
fomfa%w I%B?o%agnqc' csota Hng Bhrsn%e %?3 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 breékdown.

Although the electrochemical process can be controlied by changing current and
voltage, during its initial stage the necessary current is direcﬁy proportional fo the surface size |
- of the component to be coated (abbut 20A/dﬁﬁj, and the necessary voltage is establ.ished in
; dependence of the dielectric properties of the resﬁlﬁng film, Taking into considerﬁtion the fact
that the parameters of the process change in time, in the present case it is necessary tC-J provide
a.high poiver factor value of nearly 1, ensuﬁng the forming of the alternating components o.f
spectrum of 10,000 Hz, which exerts great influence on the quality of tﬂe coating {the highest
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appearance (formng, creating) of the passive .
condition, formation of a thin dielectric film and
breakdown of the filmand resulting mcro-arcs which
Wogad938cessary conditions for the format il‘?:”f/l%%mmosno :
non- organi c. coating. During the breakdown, together
wWth a sharp increase inion mgration, the electron
part of the current is also significantly increased,
whi ch plays the main role in the initial phase of the
breakdown. Al though the el ectrochem cal process can be
controll ed by changi ng current and - vol tage, during
its initial stage the necessary current is directly
pfoportional to the surface size of the conponent to
haggiuesspand sepxinaa) aueduptivitycfthe pragess. Theeamlitedesafithe altliatge
is established in dependence of the dielectric .
copposeistforesd dirivdithe paweds tepegd bi thelcoakitl cBaditiohsO The composition of
consideration the fact. that the paraneters of the
thepslmtrelytic sohativgieah be thaBed ih vﬁiﬂ&a@ée?&fp@ﬁdiﬁ?%ﬁ tl*etredug’r d qualities
necessary to provide a high power factor value of
of fhe@bdtig. In b rhi | ' .
1 TR a1 0,05 Do 08 o 1

_conponents of  spectrum ofI 1 oo _ h _
B Sl 1050 o S B et b Bl nblethoaye
iy A o bbbl Pl romaly e o st

racess..depend on the coating conditions. The ,
stofl A HER O BF proces deneas oruhg e shiaknesion ctsting in o

changed in a w de range. depending on the required
majariy) cages WR to HhowrneAs aatle, Afer confingine sperind tohtnmhtivneesaanor

its alloys, a solution consisting of NaOH 1-5 g/liter
exagple, ,@®.)1-500 g/liter can be used. The tenperature

of the electrolyte should be maintained in range of

15 Spech@enietcleseonyaiiigghmttum fibeiaea fesissing atiSidolphcally

made of stainless steel. The duration of the process
depolifpderatgnio nodting forewditliepsbntinhkaenth 1aé aldve- %ﬁb@ﬁo&és@ whre

majority cases up to 2 hours). As a rule, arter® '
prepaed ahd@hal}@ed PShmbg EIe@(?Jﬂ‘Hfb‘iosbcﬁay'@ﬁﬁﬁfﬂ{er\{g)( ﬁﬁﬁersive

exanpl e, thermal, etc. _
Spectroscopy (EDS), Digital X-ray dot mapping, X-ray Diffraction (XRD), micro-hardness,

corrosion, and 4-point probe electrical measnrements were performed to ascertain properties |
~of the ceramic coating. The specimen ceramic coating thicknesses ranged ﬁ‘oﬁ:x about 2-3 um
to about 60 um. The majority of these experiments were performed on a specimen beari.ng a
ceramic éoating having a thickness between aboﬁt'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 ;a ceramic coating thickness ranging from about 10-12 um.
FIGS. 10-12 show scanning electron micrographs of the ceramic coating surface taken

at gvariety of magnifications (x250, XSOO, and x8500, respectively). They reveal that the
 ceramic film's surface has a somewhat mottled and porous appearance, the pores ranging ix;
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Speci men articles conprising alum num substrates
possessing an electrolytically deposited ceramc
coating formed thereon in accord with the
Wibowasdesscr i bed process were prepared and I (
Scanni ng El ectron M croscopy (SEM, Energy gﬁ?ﬂéﬁ@%@?"”
Spectroscopy (EDS), Digital X-ray dot mapping, X-ray
Diffraction (XRl')), mcro-hardness, corrosion, and
4- poi nt probe el ectri.cal nmeasurenments were perforned
to ascertain properties. of the ceramc coating. The
speci nen ceram c coating thicknesses ranged from about
2-3 pm to about 60 pm The majority of these
.experinments were perfornmed on a specinmen bearing a
sizg @rrhers feara tanthy thtons obmivrdnsi There s RaibHALS BP0 seifbt: fha
60 pm so as to negate the effects of the alum num _

facstefl struchtres mixeld fogeihbi thiughdx BRifRAt al anal ysi s.
Corrosi on testing was performed on another sanple

havPslishell G6dsa8ttons OFthé BGarhidl i.n bout

10-12 pm FI GS. 10-12 Shg@vﬁgggtg]ﬁegghgpgag@qmlaWhmh
displhE perel vl tiff ' ti rface taken at a
T D PR R cob i, AR et B3 At Stios sobsate. These
ahrf lyel. The eveal. that the ceramc filnms
sur &S&&oég{é&)ggr 338%9\,\,{1 i COTRONE PoRling Rrgssyesetions vepsp taliemat oarariety of

ace

- S ngi-ng i.n WO 2004/ 094333
mega R TRAT80S 08 unada 90, mpechiunis i mnstiatzons betweasne
met?lf L,crons. .There is ‘a conmbi nation of both snooth and
FeRHEFORNE R te5t tean shoub ] povtbicke Somb paighdtytis Vis®le in the sub-
-, surface, Polished cross-sections of the ceram c -

OB AR THREOIIBES Heagesting aFle@Spartidl-cifwallddiiych  di spl ay pores
within the coating, in sonme cases connecting from

suFneeedispergubs rayapectratilenat a 6@RANMBcRRR Wiages (5KV 1025
m crographs of the ceram c coating cross-secti ohe et &

kV) shareeed that the ovagriap é&m@ﬁtallﬁ‘%[lﬂrfsés%ﬂxﬁ{ﬁ éifféo%ogxéfg?élg%)@&?ces of

and x1800, respectively) he transition zbn

magtidsinen, sRlidh, HEdabbe BAGK 19%V He &(g]l?rzbuﬁiﬁg antgg g]ﬁ%m-?un?]\'p%l( &rgm

thick. Sonme granularity I's visi .

“the stél?gg? gf(fblfihnelﬁ tﬁg@/@?glblé uﬂﬂ %ﬁﬁf@oﬁt 10 BRE8eBA iéplegslive X-ray spectra is
shown in FIG. 16. The gold peak is present due to the thermally evaporated conducti-{fe
coating, n.ecessitafed by the insulating nature of the film. In some regions there appears to be
more silicon than aluminum (FIGS. 17-1 8), and in others the reverse is true (FIG. 16). ..

FIGS. 19-21 show digital X-ray maps of the ceramic coating, which reveal ; 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 si‘ngle. alumino—silicéte
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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Energy dispersive x-ray spectra taken at a variety of
accel eration voltages (3 kV to 25 kV) showed that the
material elenmentally conprises alum num silicon,
woQu@en3s W th traces of rmagnesi um sodi ump(}rnxszuoanubm.
Bel ow 15 kV the contribution to the al um num peak from
the substrate becones negligi ble. An exanple of a 10
kV energy dispersive x-ray spectra is shown in FIG

It
Bl

16. The gold peak is present due to the thermally
evapor at ed conductive

appears to be
17-18),

coati ng,
insulating nature of the film

necessitated by the

In sonme regions there
nmore silicon than al um num (FIGS.
and in others the reverse is true (FIG 16).

F1 Aasexangploaf anhewy ditfactian spectram froapihe opatingdés hevmin G 22.

coating, which reveal

a rat her

uni formdi stribution

Compdrisox yfyibiy datagmidr the JCRIAPFgmbPhimitédefoadosiier IiffavtionStaedads)

silicon on the

presence
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alum@Nindiide. Ahe %ﬁﬁ &i2Sactioh datSioR BleSe AloPHaNR issghbwﬁ # BIGS. 23-24,
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coating is shown in FlG

22, _Comparison of this data with the JCPDS (.Joint
@W% in deBhddr 165 f{r &ct] ok S{andar §is) 2-Iheladel
- di fReflestipmon fil es |suggests the presencelof at | east

two differe¢nd.5600/4t 40l i he lphpsds o¢f - al m ABAPDXI de.
The x-Zay dqi2.800cti i data for 2t hesedt wp pBases | $
shiown 31 FIGH3960342230 flaBa [forf Wi ci 1§ pResented in
Ta‘gl espl a 032500 §SPRCTTVErypABIE 3 No. @b 49 A) |1 (f)
h kt2-Thetsoro | 100 | 4 | 0 0 45860 |

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 (I), and Miller indices (h, k, 1) results for

fixed-slit intensities over a 2-Theta range of 17.45 to 147.76 degiees with a step size of 0.02

degrees, CuK radiation was used having a wavelength of 1.5418 A. Table 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 yradiation was used having a wavelength of 1.54056 A
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Reflection 1.4.5600 40 1 1 1 19.450 2 2.8000 20 2 2 O
31.936 3 2.3900 80 3 1 1 37.603 4 2.2800 50 2 2 2
%g)g}g% 5 1.9770 100 4 0 0 45.862 6 1.5200 30 51 1

» 070943831, 3950 100 4 4 0.67.032 8 1.1400 .
85 015 © 10270 107 3 107 186 10 0. 9890 5vgsHefbesro
102.310 11 0.8840 10 8 4 0 121.234 12 0.8060 20 8 4
4 145.757 - Table | shows spacing (d A)), intensity
(1), and MIler 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 ation was used having a wavel ength of 1.5418
A. Table 2 shows simlar results for fixed-slit
intensities over a 2-Thet dAMAG2 of 17.28 to 98.81
degrees with_a step size of 0.02 degrees. CuK ]

radi ati on wap WNeedf havidid) a [wa@l enopiTela 1.154056 A.
19 WO 2004/ OpRefatimC]| US2004/ 005710 TABLE 4 No. of - dO
1(f) 2-Theta RefTeciisdio | 40 19370
2 2.8000 20 31.936
3 24000 60 - 37441
& 732700 | 30 39673
-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 ont due to the lack of a nitrogen peak in fhe 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 éompounds matched the diffraction data. However, the broad
and diffuse background inténsity in the 20 to 40 degree range suggests the presence of an
- amorphous phase. Given the silicon content of the material and its spatial proximity with
oxygen, this phasé may be vitreous silica, |

F il_m hardness testing vsing superficial IRO(-:kwe_H hardness measurements (15N scale)
and micro-hardness experiments ﬁsing a Vickers diamond indenter revealed either no
indentation at loads less than about 100 gms or over penetration at high loads between abont
100 gms and 2100 gmls, indicating that ﬁxe surface layer is a relatively hard, tﬁjn 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
20
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4. 6000 40 19.279 2 2.8000 20 31.936 3 2.4000 60
é7.441 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
WO207W438 1. 2100 20 85.015 10 1.0300 10 96?@@%5;;5'6"5005710
presence of an additional crystalline conpoun
al um num oxide nitride, was ruled out due to the |ack
of a nitrogen peak in the energy dispersive x-ray
spectra. The sharpness of the dlffractlon peaks is
al so suggestive of grain sizes in the sub-micron to
mcron range. No crystalline silicon conpounds

diffraction data. However, the broad
T Efpea bocia t he 20 to 40 degree

' rownd intensity i
a‘“?%‘*fﬁfg‘*é ﬁ‘? agi%@snif ﬁ‘&rep"r’eég B tféél%‘f?q'&?# emangtingfem thsteamers of the
eS|I|con tent of the material and its ‘
md%'ﬁ%tfo H}’ﬁrsﬂgﬁeﬁtﬁ 590 Fﬁ“’"ﬁﬁi‘?@@ﬂe limifed dytiditye ey be
VI t eous silica. Film hardness testing using
THE PRMIRBIER REFITORAR Bripeticspasparfrmed by 4@5&}&@@5@)&5 of
and m cr o- hardness experinents using a Vickers dianond
varipysifs apd basoser e swfachef the ceramivd Rkl PRe @kanki0 AESrbESS |
t han about 100 gns or over penetration at high | oads

exapedeismlyfaueverd0finges for edaL OF myriéacgbﬂ.dg&ﬁfe}a&h%&l& s tested

the surface layer is a relatively har I'n g}atle;e
Idede37% hidiechtorica96% sl fdi] 708) Rbspfiod Aelnd
mc%le. .,ot%e subgtrate) At T ow 6ad°pE Ocﬂggﬁ%? eﬁ?&“

49% 13 drdIRGES, O3 lﬂeﬁga%ﬁéaﬁﬁ‘g@cgegf %@}6 ?}%@PgegtpA}oxP eg%% gl%g:l%nium

above about 100 o
hydroxide, and 40% ammonium fluoride. Only the hydroﬂuoric.acid produced any visible

and

;eaction and etching of the coating.

| Finally, electrical measurements employing a four-point probe and picoammeter show
the coating to be hi ghly resistively electrically, beyond the range of the instrumentation, .
placing the sheet resmtmty at a value above 100 billion Q/square meter.

The oxide coating formed on a metal (e.g., alumimun or aluminum alloj(s) iﬁ accord
with the present invenﬁon exhibits properties ﬁramaticaﬂy superior to the properties of oxide
coatings formed on a metal employing conventional electrochemical depoéition 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
propertieé and high wear resistance. Typically, the hardness of the ceramic oxide coating of

the invention formed on ahiminum and aluminum alloys is about 1.5 to about 2 times that of

- the hardness of conventional ceramic oxide coatings formed on alominum or aluminurm

alloys. The significant advahtages of the present invention include ceramic coatings having

21




27N

gave way and crushed the ceram c coati ng. However,
even when crushed, the coating 20 WO 2004/ 094333
PCT/ US2004/ 005710 adhered to the substrate and there

We R RQshr acture lines emanating fromthe coners of
the indentation. This suggests good adhesi BRAI/HE¥A04465720

[imted ductility. Cursory exam nation of corrosion
properties was performed by depositing droplets of
various acids and bases on the surface of the ceramc
material. The ceramic material was exam ned visually
for several mnutes for evidence of any reaction.
Concentrated acids tested included: 37% hydrochlori c,
96% sul furic, 70%nitri c, 85% phosphoric, gl aci al
an extremely highvhd vASSEdivEa:06d, wehias hgd%% PR 2
i ncl uded: 30% hydr ogen per oxi ge, &Oanngﬁ%’%@%%gml{g/m=
e.g.[WBHranek 6 abaitd A% Aemeni um fluoride. Only the
hydrof | uori c acid produced any visible -reaction and
et ¢heRg bog. Ei nal | el.ectri cal .. .
measur e I? IS)P%W%‘Q %%/ ?’%%“’% ﬁ}egﬁﬁﬁ{%%?%fm%\&ﬁﬁ‘ébeé dgrein is shown in
- b £08 ter..sh t he ing to be highly resistively
Fiesp RPN, i "o o g Sepsdabuimstrone esacoops
h‘avigéad n%bt he. sheej resistivity at a value above 100
it 2 Dezsy foreed therpid( U6 17Hfealwningms).c Bl testgoimnsereke procassed
. metal, (e.d.,- alumnumor alum numalloys) in accord
n ac\ﬁﬁ’qiﬁwme %Cé( éﬁt’loi’ﬁw Biilizingrsietihe bidaatsplutpg e c68ing process: (1)
: pqumat.l cal ly superior to the properties of oxide
nomggh{3)1§% Iessithanchooring; [@B203% leenhhiOGnigale Iy Y 6%trhGs nominal;
el ectrocheni cal deposition techniques. ~For exanple,
(°) 20%eanare farinominal; dad (5) 30%1Gore thah REmirAY %ttﬁé%_@stfd?&j{ﬁgg Phinal®
al um num or al um num alloys exhibits a highly unitorm
valud Wascseleetsd to eRvetly Rt bf Qhliak s ylatin
properties and hi}ghrﬁ%ear resi@gﬂ%@?&ﬁnﬁg#‘%%eﬁ“l{flﬁ‘&Y @ts
to peligit BRESiSatn JONR: FERLGM Lgle. seating, of, the. .
i nventi %n formed on a %%%“gﬁﬁwmﬁﬁmcqa@g
ropeQ Wuci adb 1, es t hat . of he hardness of
propediiuctbos ok ol o WhiMTES and Birigs, Tnciwe ot th tnprioak

conventional "ceramc o
ﬁm‘? PiueHelll Silfhs 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”)

thiclmess_rthroughont all test coupons with the test coupo_ris subjected to longer coating
processes (e.g., 'ti_me variant (6)) having expectedly thicker ceramic coatings than those test
coupons having shorter coating processes (¢.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 OFN/min to a max load of O.SN. Fi;gs. 25(a)-25(c) show the displacement (nin) (x-
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al l oys. The significant advantages of the present
i nvention include ceram c coatings having 21 WO
2004/ 094333 PCTI US20041005710 an extrenely high and
WpdogpmIsnar dness, such as a hardness of aboy
2,400 Kg/ M2, e.g., a hardness of about 1,7 6%&%}?%&
One exanple of an article bearing the ceram c coating
descri bed herein is shown in Figs. 25(a)-30(c), which
set forth test data for a ring-shaped al um num coat ed
test coupons having an axial bore formed therein (a .
6061-T6 al um num. The test coupons were processed in
accord with the above disclosure utilizing six tine
.variants during the coating process: (1) nonminal; (2)
axis) 994 fuastion:afan applisdmermal f@ye QO Yy-heisk Rigid5(d)dopicatte (4)
10% more than nomnal; (5) 20% nore than nom nal; and
mict@yrdaesofithe sutistrate (dual) mel 23.64mn RV EStadubd Dtition 8B) 4.97). Fig,
"nom nal" value was selected to serve only as a point
25(Wfdepioytemaciohardnek of §8 efofphlc 2dhd 787 Iﬁﬂgv?' gt
_ to pernmit investigation oﬁlﬂt’ he relation bet %Z‘%’@Eeﬁg'%@
depie@alid migrohhrdBes3 0f tHeltBstaRRE L b LI (s U Seaxis i
such .as but not Iims’t ed to teﬁgé?}gss aﬁsoﬁﬁg'feg,:ﬁe Xaps
scal@ BES; { . ' il e serves only as
a1 esfﬂgg ?%Irltgkgtg‘fwgg g}‘v\d/c}g}lﬂg nBIemrSrellﬁj é?&a"yﬁ‘ﬁfn‘s B‘if‘?‘?dffg’s‘i‘gplacemems
' iR the art n s..hot relate directly to
bers264 2000 st 2500 28088 b eiedfop Guees bevieen 0.
r0cess. JIh cgramg ¢ coating thickness was determ ned
N‘"’t%g"’;@é‘}%?ﬁ’é"g@&ﬂg%"ﬁ t 13-64 pm (.0005-.0025")
thickness throughout all test coupons with the test
c otﬂgo?&éa) shoyeicasls strenatioplgte (stresat (MBa) vor tass@s) foe AJ. 2
time variant (6)) having expectedly thicker ceramc"
(uncendest sample); AN G b ¢senpteasith sngotP@RSNd)Faid L WO D (REnple with
coating processes (e.g., tinme variant (3)). 1n all
coarseesdting]d Ui I5(b)3hoWOBBREIRE PLbts RREAF NS 98 LA VRS E‘P%l-) for

fornmed, the ceramc coating having a general m

Sal_Dunesiet YarhPePat@bs of @&t , but not all owing
exposure tg t he base (?rateri a I%“?As shown in Figs.

2165 bifolws risifts Fr R LAREIRANESr M BSULR Cobh g o

standard 26 fiiffracﬁon specira wherein 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 péak distributions and
- corresponding vertical dashed lineé, in a manner weli-knovm to those skilled in the art.
Figs. 28(a)-28(b) show results of scratch tests for a ceramié coated article in accord
with the invention. The x-a};:is of Fig. 28(a) show scales for the applied load, which started at
0.03 N at the starting point of the scratch (ie., 0.00 rmﬁ) and increased to a final IOE;ld of 15N

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

pegetration depth Py is shown along the y-axis and ranges from 0.0 pmto 25.0 pm. The
23 ‘ |




 showsandasurédnamal 2d ffi@lonslqbResfobRE W&

measurenents in each zone) using a Vickers dianond

i ndentor under a |loading an d unloading rate of
0.5N'minto a nmax | oad of 0.5N. Figs. 25(a)-25(c) show
PCT/ US2004/ 005710 axis) as a function of an applTeg
normal force (N) (y-axis). Fig. 25(a) depicts the

m crohardness of the substrate (dural) as 123.64 nHv
(Standard Deviation (SD) 4.97). Fig. 25(b) depicts
the m crohardness of the anorphic zone as 724.24 nHV
(SD 42.13). Fig. 25(c) depicts the m crohardness of
the crystalline zone as 709.4 nHV (SD 89.09). The
x-axis is scaled for displacenents between 0 and 4000

surfaes prefila Ryis sheymylongiiie jexis aad mogdsdronsi 12/ |26 @81 fm. Fig, 28(b) .
e

between 0 and 2000 nmin Figs. 25(b) and 25(c). Th
818h ResPephiedRFD: B
in each of the above figures. Fig. 26(a)epsﬁows %enégjr éMo-ng

the Ztl_zﬁ{?sgﬂﬁrhnﬁ Fr8m3hd &lidr? lﬁg)ﬁlogt%ﬁ%_axéicg%%ﬁg& V\lﬁ%zttqﬁ%g? auring

(uncoat ed sanp

el A MUl AR b P80 g e,

O8] P T e o oSSR A o

_ . . f h : H H f
sl T AR B B S B

represented by the vertical or y-axis and ( .the
0-”@‘@% aRdincrgage é piinal ined pHHS Matithakndof the soxitsh leflgikestes.00 mm,
results are further depicted in Figs. 27(b)-27(e),
and fgrithehsoratahdenath itsstfy i sol ate and illustrate

contributions fromvarious crystalline phases of
al &g A@shoseratscdringg eleotrohicearedpe(SEMS ot dfhelcbRedRP
di stributions and corresponding vertical dashed

strudtim eta magnification BET120£! Refl@RWhihRrd Pe8festlis ileSHbdhbte!(Brar),
art. Figs. 28(a)-28(b) show results of scratch tests

refe:ifeﬁa:?m ?ri} B% h g@%@ax i's o ﬂi{fc:%‘g‘?’i d;lg ?%gé%o%gg IKE%%FS o Pts the
crystaltife 3RR! TRE sin‘i’;ﬁg wad Wl 1 %xrlgtlg gtz_cﬁhe image was taken at the éorner of
the sample to provide view of sample surface as well as underlying iayers. As evident in Fig,
29-, the coated layer has two zones, amorphic and crystalline.

Figs. 30(a)-30(c) show pictures from a transmission electron microscope (TEM)
respectively shqwing the structure of the aluminum substrate and amorphic zone at ﬁ
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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0.03 N at the starting point of the scratch (i.e.,
0.00 nm and increased to a final load of 15 N at the
end of the scratch length at 3.00 nm shown as a

wepaeiesscal e along the x-axis. The penetration
depth Pd is shown along the y-axis and rangd&TfuSghis/epseio

‘mto 25.0 m The 23 WD 2004/ 094333 PCT/ US2004/ 005710
surface profile P is shown along the y-axis and ranges
from-12.0 mto +6.0 m Fig. 28(b) shows neasured
normal and frictional forces for the scratch test
depicted in Fig. 28(a). Along the y-axis, starting
fromthe outer or leftnost scale, are scales for the
load L applied during the test, ranging from0.0 Nto
high mstlabiveproperti@hid 28n wwilks@indideddd N ' ssition.
force EN P O N o 1575 N),é‘ﬁ‘%%z’?%“@‘f‘??%?‘?@%gﬁ%%%%‘“mﬂ

temipbrafResCiptt8 20080, The x-axis of Fig. 28(b) shows
scales for . the applied | oad, which started at 0.03 N
00 .nun)

at ¢; tii j f. the,scratch (i..e.... O,
and RIS boRhsP OB plicl 1 Eb Bkl torcitien ki
S ch length at. 3.00 nm . and for the scratch
et B Bl O g Syeriehy By g e poatiags in
m, cr.oscope %E%Lﬁng%e of the coated |ayer structure
aceqd Wi Veog exiypit Bigh ynifym elygipity, dmthet the slestisity pf the aluminum
represents the substrate (dural), reference nuneral B
substiayey of alwmigume plloysabRl ean be increaseiden-Giids Ehceramicesaingdin
represents the crystalline zone. The sanple was cut
accosd with ¥®: presghiinvention hiso exhitgtunifosm ek, Aickhds GRS @Eistance
the sanple to provide view of sanple surface as wel | -
and haduogssler | yi ng | ayers. As evident in Fig. 29, the
~ coated layer has two zones, anorphic and crystalline.
- Fi Uhe csaitait)ooRRHghh abcdmIith Gk He@éltfiﬁx&ﬁﬂi-?n AEPRRBIS Sipdflor
y show ng

el ectron m croscope (TEM respective e

ML

 insulstivegioperBestnd CAEhA I %g%%}ab@i& ggﬁ,%g?%@mg,ﬁ zone

at a magnification of 26,

ool A S BN i b i

iffraction

variond ﬁﬁﬂ]gtﬁal applications.

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

The superior properties in aceord 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, pa_rticﬁl arly those employing an aluminum or aluminum alloy layer with ceramic

oxide coating on each surface thereof,
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The ceram c oxide coatings of the invention can also
be fornmed at a substantially reduced thickness, such
as about 10 m crons to about 25 mcrons, e.g., about
WO Oyevsszzons  up to any desired thickness, such as
about 150 microns. The ceram ¢ coating al so' PEXhi2894{085710
24 WD 2004/ 094333 ' PCTI US2004/ 005710 hi gh insul ative
properties and can w thstand degradation, such as
mel ting or deconposition, at tenperatures up :
to2,000C. Significantly, because of the particul ar
el ectrochem cal deposition technique enployed, the
properties of the coating are extrenely uniform.
Thus, ceranmic coatings in accord with the invention
exh {B]_eﬂ:_lgh sghngth cdatings ofitlesiresent Mventibn tadls tﬂéﬁﬁcles suitable for use
. eil asticity. of the alum num substrate or alum num
in pipingy Fhetekoffitctien indIfeh REARAS n-fold.. The ceramic .
coatings in accord wi %1%1 t he p?gtg%eﬁ & ﬁ\?g?ﬂnig%ﬁlag?‘g ance with
theepebdet invetitioh Sndk Ydnts ' or rosi on :
resi stance and har nesg?%feégglgéﬁﬁfg“%&wwsi transformers,
endf€ Qmhotkitd sdcfl &g i.nvention also.exhibits N
supern?b or 5 nsul a@%@éﬁe%‘lridgﬁ’ésrewcé’ggm gy faplaring, enginghousings,
info@ ture enyi.ronnments w thout deconposition
PPy rggn'hg{g?%ars%ﬂ gﬁp@ Rg- imedical implants, fopd pprcesping] chemicl hehdling

in various industri al

-ewgtnit%rg({ar utility,
WO &4t o0 rearer Tt Hgnificant useunf ithecartidlésyprafuct dinaledmc®vith the

- ap

the coatings fornmed in accordance with the present
PIOSEH/ONERtOR 19 18 jef diped tanksy which canclie sobjeetbdvl] gl pre-treat temperature
..conventional techniques. In accord with the ‘

withoghehering ihpreberstving msralithel cohiugipgss of a ceranic
co?ﬁhipng can vary by as nuch as about 20% In |
corfibe seramia dvetingsés aobrdhniearith 08 pékat fSef | &
_coating having a thickness tha_tpva_ri eseﬂ'k?g}?{@gﬂstﬁf Rypposite
artickdsuitabsfor hein SUPRLHRS enBRD Bt} h ARGk ik b0Sa

present invention |ends the.process

‘tequire high lubrication but, because of the reduced friction of the ceramic coatings of thé
present invention, sucﬁ articles can be employed with minimum Jubrication. |

Articles produced in accordance with the pfesqnt invention also exhibit re&uce_d
coefficients of friction, which render such articles suitable in applications:sensitive to
coefficierits 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 émbodiments

of the invention it is Lmde_rstood that various modifications may be made therein and that the
invention may be i_mplemented in various forms and embodiments, and that it may be aéplied

In numerous applications, only some of which have been described herein, It is intended by
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numer ous i ndustrial applications. For exanple,
articles containing ceramc. coatings in accord wth
the present invention can be used to form non-magnetic

wolkh s for magnetic recording, particularly those
errp??)({?‘?&tgg an al um num or al um num al | oy | ay%?T’%)é?Oﬁmosno
ceram ¢ oxide coating on each surface thereof. 25 WO
2004/ 094333 PCT/ US2004/ 005710 The high strength
coatings of the present invention render the articles

- suitable for use in piping. The lack of friction and
hi gh hardness of the ceram c coatings in accordance
with the present invention render the inventive
articles suitable for use in punps, transforners,

thedplipwias claismato alam sll susbimcifidationtsiand viRtaidRswhich fall within the true
sem conduct or manuf acturing, engi ne housi ngs,

scopé pf thginvemtiongs, abr asi ves, ship buil ding, nedical
i mpl ants, 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 w thout rupturing,
t hereby reduci ng overall fuel consunption. The ceramc
coatings in accordance with the present invention
render 'the conposite articles suitable for use in
autonotive engines, 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 applicationssensitive to coefficients of
frietions, such as aeronautical applications. The high
har dness and wear resistance of the ceram c coatings
render the inventive
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article suitable for use in magnetic pun'ps, t he
articles typically having a ceramc coating with a
t hi ckness of about 150 microns. Wile the foregoing

wo'aR ribed what are considered to be preferred
(gnbg |§rrjénts of the invention it is under sSPEHHSDHLO5710

various nodifications may be nade therein and that the
i nvention may be inplenented in various fornms and
enbodi nents, and that it may be applied in numerous
applications, only sone of which have been descri bed
herein. It is intended by 26 WO 2004/094333
PCT/ 1JS2004/ 005710 the following clainms to claimal
such nodi fications and.variations which fall within
t hwhiaf Welaingd@pe of the invention. 27 WO 2004/ 094333
PCTI US2004/ 005710 What is claimed is: 1. A nethod for
foymn ey ' trically. . .
conduct (eS8 Bt profife} L Ben B dp Bl By SRl conuatiay el
.mwnﬂﬂ&@ngpggg_trpde conpri sing said elegtrica!ly _
conductrve-article in an electrolyte conprising an
agqueous sohg{ion af a netalwgygroxide and a netal
si PERCLRE 3 TS| QIR AR epraprS g S clsrisisaliorvadectinpmtisleigamne
of the vessel containing the electrolyte or an :
electiolyde tqmpuising anaqusas sofntionef @ metel hskrgrids, and apeealisiligatan
alternating current froma resonant power source
t ireGding e basond eleirodt earomibsite onesf the vesseldentainthgtths dlfErolyte or
second el ectrode as a cathode while maintaining the
- an eleptrgdeimmdpet] iethn eletiasyieyr rent and the vol tage at zero
degrees, and while maintaining the voltage between the
1; g:ﬁggngamdlt&ﬁﬂﬁfgd:uﬁbrﬁ GHohPARSorh i fANer SuRleSRSEAI HE REPelectrode
as an anode and to the second electrode as a cathode while maintaining the angle ¢ between

the current and the voltage at zero degrees, and 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 prédetermined 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 formihg a ceramic coating on an electrically conductive article
according to claim 1, further compri;ing adding mixed complexes to the eIectrdIyte.

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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2. The nethod for formng a ceram c coating on an

el ectrically conductive article according to claiml,

wherein said predeterm ned voltage range i s between
wabun3R0- 1, 000V. 3. The method for forn pgrasheliRds

coating on an electrically conductive article

according to claim2, wherein said aqueous 'sol ution of

a netal hydroxide and a netal silicate conprises

about 0.5 - 5 g/liter of alkali netal hydroxide and .

1-500 g/liter sodiumsilicate; 4. The nethod for

formng a ceram c coating on an electrically

conductive article according to claim1, further

conprising addi ng m xed conpl exes to the electrolyte.

5. 6The Wit mediod &1 foraning swgraanic eoating on eweltétricaliyrominctive article

el ectrically conductive article according to claim4,
accontieg &i dlainad, furthiex esinmizingladdieg atilexst sidehaiphhl asthe RErolyte.

metal selected from the group conprising Cu, Zn, (}dt

Cr 7. Fe, THd metfiod for fstmirpen REOGRELY 6 APl ETALIP ko AR article

in the mxed conplexes. 28 WO 2004/ 094333 -

accdrfirg 1ARRY, Q8GR ar 1EAE osg?%ﬁgglgiafe%o 1y aﬂg]mgmﬁﬁfn%ﬂogphate. :

coating on an electricall uctive arti
di ' s ol i Si ddi t. .
oSt “on hgd £ Mitog BB B LA Bhoftsrg gricte
o] ' ti, .electricgall
scect i ol d P PRI -BT S BT P g g e e aberowat

_at | east onegPhosphat e' conpri ses an anmoni um
POWH G R EYECr COBIPISShe npt hod for forming a ceramic
coating on an electrically conductive article
actEngingepid angly @ dwning saidistepof passiag on siteemtinf cpasisbynehanging at
~alternating current froma resonant power source
leastfone ofretransfdnmeri ssesulang wimtihgig dsotinde SN dAiteRI] iiciSRESh a
step of passing an alternating current by changing at
resoraettouid nEbyofhafgihg 8 BphEifAE in SRGBREAM: Yirvdindi ng
i nductance and an additional inductance in a resonant
Ci9.Cui The ethod FOADEHIAGa Ber & 364336 Gn blRcfBAl BTARAM article

circuit.
according to claim 8, wherein said electrolyte comprises salts of metals selected from the

group comprising B, Al Gé, 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, ﬁlrther comprising adding at least one pigmenting substance to the |
electrolyte,

| 11, Analuminum 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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9. The method for formng a ceram c coating on an
el ectrically conductive article according to claimS8,
wherein said electrolyte conprises salts of netals
s6kek fromthe group conprising B, Al, Ge, Sn, Pb,
As, s}gs%é'i . Se, Te, P, Ti, V, No, Ta, Cr, MECT{RE2004{p05710
and Fe. 10. The nethod for formng a ceram c coating
on an electrically conductive article according
toclaim8, further conprising adding at |east one
pi gnenting substance to the electrolyte. 11. An
al um numarticle conprising: a ceramc coating on a
surface of said alum numarticle, said ceranmi c coating
conprising alum num silicon, and oxygen, and
subst antwherdiy 2 siiparr eoneentretipriinareasts ialthiirdefibn S HeSarids
- silicon oxides, 29 WO 2004/ 094333 PCT/ US2004/ 005710
surfghetosiand an antdriswdive 0 the ertunitidoQihg SHEFERAZRS, | N t he
direction fromthe article surface toward an outer

- surface Thé aluhBmee bARleGeRBhd BT %eréiﬁﬁer Celra%r%f ﬁ(;e%gg

alum numarticle according to clainm wher €

furtBéHcBibfises 8EhdP One éﬁﬁi&éﬂ@%un? %Eggogﬁlﬁms at | east one of

magnesi um and sodium~ 1 Um num article

acgaqr di m:L1. wherein the surface |ayer has a
O Cr e A AU el he Bt 1, hsran the s ayer has a
. . .. The al um ticle,according to claim
mm’ﬁﬂ,%ﬁoﬁﬁt"f a%“m:oﬁ‘ﬂ%@ém@éémz-conpri se at |east two -
- different crystalline phases, one of said crystalline
phdes ﬁ&qﬁ‘&amﬁ@ aaticle ageprding de elaih bs avhereliSthe Flvenimm oxides
al.um num article according to claim 11, wherein said
compiase ahieast &wgfhffqagent crystalline phases, one of said crystalline phases including an

amotrphous phase. .

15.  ‘The aluminum article according to claim 11, wherein said ceraraic coating
comprises a transition zone adjacent the aluminum article which transition zone is less tI;an
about 0.1 um thick. |

16, The aluminum article according to claim‘l 1, the ceramic coating further
having a thickness of between about 2 pm - 60 im, |

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

18, The aluminum article according to claim 11, the ceramie coating further

having a thickness of between about 120 pm - 300 pm.

i

19, The aluminum article according to claim 1 1, wherein the ceramic coating has a
micro-porosity between about 15-60%.
20.  The aluminum article according to claim 1 1, wherein the ceramic coating has a

density between about 1.5 - 2.2 glon’.
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conprises a transition zone adjacent the al um num
article which transition zone is less than about 0.1
gmthick. 16. The alunminumarticle according to claim
wolzoddagssger am ¢ coating further having a thi < f
bet ween about 2 m- 60 m 17. The al um num@r]fﬁt%g[ﬁ%&%%o
according to claim1ll, the ceram c coating further

havi ng a thickness of between about 60 m- 120 m 18.

The alum num article according to claim11l, the

ceram c coating further having a thickness of between
about 120 pm- 300 m 19. The alum num article

according to claim 11, wherein the ceram c coating has

a mcrﬁ%‘){r osity b‘gtween_ about 15-60% 20. The , .
al ahi nu gt e acseripede claimnl hnwhereimthe ceamictchating has a
ceram c coating has a density between about 1.5 -. 2.2

sheed resigivity3d avigast @bent OOUBE BN PISukIS2084/ 005710 21. The

alum numarticle according to claim11l, wherein the
ceRani cAg maicle@artiRg RranfibeRting 854 Sirfaui t
about 100 billion S2/square rrget e%%%\gé%egg?ﬁpgs%&s

oo 'k Rribflc 86ty CORpAG e, o BIBED O]
conprising: a ceramc coatlng conpfisinga’metal,

si | 1 Comneaifla QRYGHEDno ISl oSl LEOD. ot AL T On

increases I1n the direction rrom
£ t r.d.an ter surface of 'tHe ceram c coating
s a?%ﬁ acen O%%rs '.grfﬁ’g .09#'53'3’8‘8}%99? gsBHrcedayst i cl e
acgor di to claim 22, whergin the ceramc coating
£ (Pt herlbE SFFAPIeRated Atils 2eordpgsto i aimmggne e eim i méramic coting
sodium 24, The ceram c coated article according to

furthen camprises at Igps pag of magaesium avd sodivowt i ng

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

furﬂlerh comprises a plurality of substantially separate regions of an oxide of said meta} and a

silicon oxide mthm the surface layer and the sub-layer.”

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

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

Aamorphous 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 {m
thick,

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

having a thickness of between about 2 jim - 300 pm.
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‘further conprises a plurality of substantially
Separate regions of an oxide of said netal and a
silicon oxide within the surface |layer and the

“R#R&Mg¥§5' 25. The ceramc coated article according to
claim22] wherein the surface |ayer has a PCI/U52004/005710
m cr o- hardness of between about 1,000 - 2,400 kg/ m2.
26. The ceram c coated article according to claim 24,

wherein the netal oxide conprises at |east two
different crystalline phases, one of said crystalline
phases including an anorphous phase. 27. The ceram ¢

coated article according to claim?22, conprising a
transition zone in the ceram c coating adjacent said

ar tage! © TGk CARI WeRcARNe hPkiioS: WIBL IO docting

m thick. 28. The ceram c coat

|, 2i.m. ; l c.ceating further having a
h“%r@%@@é“%%@%?%%%ﬁ% 2 m- 300 m 31 WO
2004/ 094333 PCI/ US2004/ 005710 29, The ceram c- coated
ar t%c:l e 88‘?5?‘&}%@3%‘8&%* PRIOBHNG iRl 22, Wheroig dhe-peragnic coating
has S athg has .a mcro-porgsity between about 15-60%
as g gensity, Betmepnphout Lo ate®’@t i ci e according to clai m 22,
wherein the ceram c coating has a density between
- ~ ab@élt 1The ceramip cgatedhaticlg accoiing toetaimiZe, whmdtin theatraintd wating
_Eﬁ* according to claim22, wherein the ceram c coating
has h shecbresibtivity of esleast about J00Milliah O/Ragt napeut 100 billion
S?Jsquare neter. 32
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