WEAR- RESI STANT COATI NG SYSTEM AND METHOD CROSS- REFERENCE TO RELATED

APPLI CATI ONS [ 0001] This application clains priority to United States
Provi si oD 2Pe0iesod68 Appl i cati on No. 61/143, 186, whi ch wagcfiusedoom4dmnuary
8, 2009. TECHNI CAL FI ELD [0002] The present invention generally relates to
wear -resi stant coating systens and net hods of form ng a wear-resistant
coating on a netal substrate. BACKGROUND OF THE | NVENTI ON [ 0003] O fshore
drilling rigs often include direct-acting tensioners to conpensate for

wave-i nduced ”DtiQQEA,-EES ,Qﬁfkﬁiitﬁg§%@%1%5535hjﬁ@@g@@[}enSiOners may

i ncl ude massi ve hydrau cylinders continuous npen wave-i nduced
notion and thereby bal ance the drilling rig. [0004] The hydraulic cylinders
are generally nounted bel ow a deck of the drilling rig, i.e., in a splash

zone, and are therefore often exposed to an extrenely corrosive and
wear - i ndGBOSG-REVER BNEERTO RN BED BdHHdCAJIIONSpr ay, sea water, ice, noving

cabl es, r debrjs. Addi.tionally, th raul i c cyl.i.nder y undergo

t hoysand@%ﬂilomear i i@ﬁ@?@ ah?% Bllaggse%%%tg%%ﬂﬁg?(ﬁ“gtat%gir%’s‘?m Iljtsafeg_? e hydraulic
cyli nderAgﬁl@daﬁo@w 681381186, Gehith Hvas filcaRngasieny Ry2o0euch hydraulic cylinders
nust exhibit excellent hardness, wearresistance, and corrosion-resistance.

SUWARY OF THE | NVENTI ON [ 0005] A nethod of form ng a wear-resistant

coating tal trate includes depositing a netal alloy onto the
nmet al suﬁggﬁgpgAng o?§1a cl addi ng, and rough finishing the cladding to

t her eby [@002] de t hEhepresit igefidhgaprallyaetiags td evghmrsistant ddatin@fystanam about
50 mcro-inches to about 150 m cro-inches. The method further includes work
har deni ngd HethedsefdfPHBINE§ WerETehyaIrt 6PN skl subsiraieant coating and a

har denedzone t hereof, wherein the hardened zone has a hardness greater than
a hardness of the nmetal substrate. [0006] A wear-resistant coating system

i ncl udesBARK GROBINI ObFSTHRIN VEANTIOMN: wear r esi st ant

[0003] Offshore drilling rigs often include direct-acting tensioners to compensate
for wave-induced motion. More specifically, the direct-acting tensioners may include
massive hydraulic cylinders that continuously dampen wave-induced motion and thereby
balance the drilling rig.

[0004] The hydraulic cylinders are generally mounted below a deck of the drilling
rig, i.¢., in a splash zone, and are therefore often exposed to an extremely corrosive and
wear-inducing environment from airborne salt spray, sea water, ice, moving cables,
and/or debris. Additionally, the hydraulic cylinders may undergo thousands of wear-
inducing displacements and rub against multiple hydraulic cylinder seals over a service
life. Consequently, such hydraulic cylinders must exhibit excellent hardness, wear-

resistance, and corrosion-resistance.

SUMMARY OF THE INVENTION

[0005] A method of forming a wear-resistant coating on a metal substrate
includes depositing a metal alloy onto the metal substrate to form a cladding, and rough
finishing the cladding to thereby provide the cladding with an average roughness, R,, of
from about 50 micro-inches to about 150 micro-inches. The method further includes

work hardening the cladding to thereby form the wear-resistant coating and a hardened



coating disposed on the netal substrate. Further, the wear-resistant
coating includes the netal alloy, and has the hardened zone having a

har dness woeatosossBan a hardness of the netal substratepPChdiseeioonsbs y, the
wear-resi stant coating is substantially resistant to corrosion from sea

wat er at an anbient tenperature of from about -40 OC to about 50 OC. [0007]
In another variation, the wear-resistant coating systemincludes a steel
substrate and the wear-resi stant coating di sposed on the steel substrate.
The wear r@gitsdrastt whoin thg hamichetiame abs b daghcwnpecaddr thincKiedrd@ssd ofthcom um and
has a thickness of at |east 0.025 inch. The wear-resistant coating is

subst ant &1 JU0EEst ant to corrosion fromsea water at an ambi ent

temper at ioeCf T 1 oM \ahuLsia AR BlfisQy3BAUhcBeAfe nHidLLLAIR!d hnd e har dened
zone has a thickness of at least 0.005 inch, an average roughness, Ra, of

f r om aboussis@ntiteertiog dspbsed onchatotal sulBtraiec Forthere thesycaamebistatiaoddmgss of from
about 392 30.to ahout 698 HV30 .on,the Vickers hardness scal.e. [0008] The
Sbove 1 el lEst Ry e B Bionss ot TP SOUAACALEE r ¢ he
present hNRRE bPtheM@alls@Bdiaty, KBRSy, fHeQBath&isdial LOMnAgs Sefsaahnlige, _
description of the best nodes for carrying out the invention when taken in
connect i waistant to dolesiac dempsmayvater d rawnbegs! teBRIcEFuDBSGRNPIHOON-40F CTidE  DRAW NG
[0009] Figure 1 is a schematic magnified cross-sectional view of a

wear - r esteUAA? “Coat | ng systemincluding a wear-resistant coating disposed
on a net bstraie; 101 thEiaY - i i r tation of
B S T o s

wear - r essubs@att agd ttei wgps-redfistdnt anpinesdigpoacitior?thanttetdubdditngThofve@onpar at i ve

Exanmples 3. - 5. DETAl SCRI PTI OF THE, EMBCDI MENTS [.0011 ferring to
the Fi gul8stanyRafiae Hl#ﬁgé%gf%%ﬁegﬁﬁwm opuy@Ang fay ?b@aeﬁ#ptgﬁém s, a
met hod Ofcadt @ (PsNAcR MRAKcdr&8dithRthattQAl stk Sy FRIsBInt & HIRhErdredescri bed
herein. The nmethod may be useful for Tormng a Wwear-resistant coating

system shovaterge agrablopt @mptGitim oFifigur boit -4DHE twebbatd 0t Aeditionadlyi st ant
coating ﬁl%ital?d@ng'c? zorrrlae)ilas a thickness of at least 0.005 inch, an average roughness, R,, of

from about 2 micro-inches to about 18 micro-inches, and a hardness of from about 392

HV30 to about 698 HV30 on the Vickers hardness scale.

[0008] The above features and advantages and other features and advantages of
the present invention are readily apparent from the following detailed description of the
best modes for carrying out the invention when taken in connection with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWING

[0009] Figure 1 is a schematic magnified cross-sectional view of a wear-resistant
coating system including a wear-resistant coating disposed on a metal substrate; and
[0010] Figure 2 is a graphical representation of a relationship between a Vickers
hardness and a thickness of the wear-resistant coatings of Examples 1 and 2 and

claddings of Comparative Examples 3 - 5.

DETAILED DESCRIPTION OF THE EMBODIMENTS
[0011] Referring to the Figures, wherein like reference numerals refer to like

components, a method of forming a wear-resistant coating on a metal substrate is
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optim ze hardness, wear-resistance, and corrosion-resistance of the netal
substrate 12, as set forth in nore detail below As such, the nethod and
wear - r esiwoanto/semsi ng system 10 nay be useful for appl iPCEIUSOMS/02046H as
hydraul i c systens and conponents, e.g., hydraulic cylinders for drilling
rig tensioners. However, the nethod and wear-resistant coating system 10
may al so be useful for other applications such as, but not limted to,

steel mlls, machine tools, and vehicles. [0012] Referring to Figure 1, the
wear - r esdstabdd loehl Mye smestodmdyObd weful desfotiimgrmet adr-redibsitrcabtenglIstehe net al
substrate 12 may ge ferrous, sucmﬁas theel substrate, .and/ or nmay be
formed f¥omnN g9Frady ahpbt B Figuiedonl hsraethod and weardesigpnt coptinghsystesn &0 B8Y ¢ ool

steel , Cé’lﬁh%iizé H&dﬁ@é@%@%ﬂ@&ﬁ@%&?&?daédﬁf;%ﬁﬁtresiktgn&{}ff i@t 5Miratehe, set al

substrate 12 may be configured as raulic cylinder rod. The hydraulic
cyl i nder sat datthmymdradetadrbglosui Aabldh, Siczectbatorddiveny-reostantdestimgegyseppl @ cat i on.

F le, for. drilling.ri lications, the hydrauli ¥ .rod

be. cont B ba o Ph et oSS By i Ror el Bad W& faet hoderi (ot

shown) aggdinaB fbﬁ&ﬂlia% hgmaistbnefs. AR mé@ofi 88l wed-RbiWh: &Rrhget, and a
u

di amet er ‘of from abo i nches to about 20 inches. Further, the netal
subst r at /st hnakialse bg usefiuf e ethes hpplivagensenah by bat ng limitedgo,, steghenlls,

confi gurr%(aj1 183, B, Solalillﬁve CIliesnder rod, or may have nore than one surface S
(not shovvn?, e.g., en configured as a hollow cylinder rod. [0013]

Ref erri ngoagpi n t oREfe@itigtto Figirb @, ie aFeaf-88iskn@ bdati@@atited 19)isdledasihe al so
i ncludes a wear-resistant coating 14 di sposed on the netal substrate 12.

That i s, metebsubstipterldsTe amptal subtiargl 2 mayhg foup ok as pealisupEréd. one
surface , . th. . re detail
el ow 1SS P TRAb) BURE R B, plt¥or BETRI O el B el RodPLE Vo
har deni nged, elstudeh,agd témbmsti@lssbersel [hont karigtionpthe ntkedlaubstiagd RBunaj 6014] The

wear -resi stant coating 14 inc| udes tal allQy, Sujtable netal.alloys may
i ncl ude eAPfigPEdene @Qra@_lllf st FACk eI SRS FRS L REYC AnoBEHRI and
combi nat éi?@&c%%&gﬁg%fa dNrCKEhp I RAGU L TP QREhpleMRY dRRiIR S SMicAtbnk e et al

alloy to provi
hydraulic cylinder rod may be configured to translate into and out of a sealed cylinder

housing (not shown) and may have a length of from about 40 feet to about 60 feet, and a
diameter of from about 5 inches to about 20 inches. Further, the metal substrate 12 may
have a surface, shown generally at S, .e.g., when configured as a solid cylinder rod, or
may have more than one surface S (not shown), e¢.g., when configured as a hollow
cylinder rod.

[0013] Referring again to Figure 1, the wear-resistant coating system 10 also
includes a wear-resistant coating 14 disposed on the metal substrate 12. That is, the
wear-resistant coating 14 may be formed on at least one surface S of the metal substrate
12, by the method set forth in more detail below. In particular, the wear-resistant coating
14 may be formed by work hardening a cladding 16, as also set forth in more detail
below.

[0014] The wear-resistant coating 14 includes a metal alloy. Suitable metal alloys
may include an element selected from the group including nickel, cobalt, and
combinations thercof. Nickel and/or cobalt may be present in the metal alloy to provide
corrosion-resistance to the wear-resistant coating 14. More specifically, nickel and/or

cobalt may be present in the metal alloy in an amount of from about 1 part to about 90
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corrosion-resistance to the wear-resistant coating 14. Mre specifically,

ni ckel and/or cobalt nmay be present in the netal alloy in an anount of from
about 1 paiot2otosedseut 90parts by wei ght based on 100 parC3/usgomepghs of the
netal alloy. For exanple, a suitable nickel-containing netal alloy may

i ncl ude about 65 parts by wei ght nickel, about 20 parts by weight chrom um
about 8 parts by weight nol ybdenum about 3.5 parts by weight of a

conbi nati on of niobiumand tantalum and about 4.5 parts by weight of iron
based onpdBbypacitist Hayedai o0l paafs byhecigiitodlitheamb@ayallan domayaryglc cosuimbiei al | y
avai |l abl e der the tr (r) 625 from Speci a tal s

. [ N E
Cor por at ?IBEQWHWW%? gﬂ%ﬁ%w@@%ﬁ GodRiits &y V‘é@éﬁi“%%l’ B/gf%@&paﬂs

cobal t - chpkaiahl BfoRhlrm IR bRl HAGaBRONEIBARAL LBpbus MElaN, GabAldr, about

26 parts I chrom um " abo 9 part y wei ght , ut 5 parts
by wei ght corobipbtienefmiotabouind 3anganins aid/abemi §latpaits bp weadiv of ir@n pasetlonby wei ght

t ungst en nd. about. rt b i ght, of conbi natj on qf, .manganese,
S P oon 10 s e gt s et EhE Mo Be MR L o Ty PR Snder ¢ he
trade nagkiddafd MREONELP 60% H@Mﬂ&&claWWtﬂ@bb%tion‘d’f@iew@f{aﬁfﬂf&ﬂ%w| ndi ana.

Further, other suitable non-limting exanples of netal alloys may include
al | oys c¥arkerlokewisg, aaspaiblamatal gabldi-cerieiningadey mayesclMicapup®d pgrts) byCCW al | oy

from Car pent er .Techno rpor.ati on_of Readi Pennsyl.,vani,a n
5 o 1 T FRhELap R DN f O PRA BN MRl ERRU Bhar S AN AR BB, o 1 1o
met al al § gyrtd HEWbigasmbiybdelundndber3 sebalytweihtdrode about € patt Btvedat i ng 14

exhi bits excellent corrosion-resistance. Nore specifically, the

wear - r esfusgsen, asdabeuid Pzt ysweighisafarpombinafiop o menganese, §iliCBRrBEPEH- f r om sea
wat er at [ n < ® C. Stated
i 1 er ont s S b BOES b ool IO SR e ARl U EPRMETORAE,

sur f ace Bawfestifternagbadl, laubstikdkioeno]l bhdianaaiFurthét etheexpablerrentlonisieg wat er. As
used herein, in contrast to fres ter, the termnology "sea water" refers
Lo wat er HERTP IS TRt glam@f%rﬁ\f@%mm@imﬁélwga g BrdsrEc i 98bout 40
par t S bynsAlWTRrbARGHD 00 W all6] hibiiQCarBAiibST R¥ndBLY TBr Bl RADrYQLGhe, | - €
about 3 1 ppt to about 40 ppt” (about 3.1%to about 4%, and a de%5| ty of
about 1.PaBsglvaniaandAStdiitc®FAUY frhmrStelbicaCowmings of Goshedelmddingsol ved sal ts of

' | d f t h i ncl udi | oride, .sodi
Curt at e, TEShes: uns e e 4oy AS ek o bbbt s 38 af b

stronti UgBating 14 exhibits excellent corrosion-resistance. More specifically, the wear-resistant

coating 14 is substantially resistant to corrosion from sea water at an ambient temperature
of from about -40 °C to about 50 °C. Stated differently, the wear-resistant coating 14
minimizes oxidation of the surface S of the metal substrate 12 in air after exposure to sea
water. As used herein, in contrast to fresh water, the terminology “sea water” refers to
water having a salinity of from about 31 parts by volume to about 40 parts by volume
based on 1 trillion parts by volume of sea water, i.e., about 31 ppt to about 40 ppt (about
3.1% to about 4%), and a density of about 1.025 g/ml at 4 °C. Further, sea water includes
dissolved salts of one or more ions selected from the group including chloride, sodium,
sulfate, magnesium, calcium, potassium, bicarbonate, bromide, borate, strontium,
fluoride, and combinations thereof. Sea water may include brackish, saline water, and
brine.

[0016] Additionally, the wear-resistant coating 14 exhibits a free corrosion
potential, Ecr, of less than or equal to -0.200. As used herein, the terminology “free

corrosion potential” refers to the absence of net electrical current flowing to or from the
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fluoride, and conbi nations thereof. Sea water may include brackish, saline
wat er, and brine. [0016] Additionally, the wear-resistant coating 14

exhi bi t s wof20®#8e®Br 0osi on potential, Ecorr, of |ess tharCoUSequak4sd
-0.200. As used herein, the term nology "free corrosion potential" refers
to the absence of net electrical current flowng to or fromthenetal
substrate 12 in sea water relative to a reference el ectrode. Further, the
wearresi stant coating 14 exhibits a corrosion rate of less than or equal to
about 0. 6l ibssatpdr iy sar witedrettive T HrdBkniandbgtrodds Fusied, themehn, the

t ermi nol ogy "corrosi rate” refers to change in the netal su strate 12
and/ or m@aﬁsta%%qaélp&ﬁg @gt%@m?{%% By thay orsgralio gheut d) O 18 PsTne and

i's expr efiaggl %1 29,00 PHIBRSKs h&d%%&%h@{énqg%ﬁégyp%nxﬁ@ﬂ ratdefe{ e, the

wear - r es nt coating 14 exhibits mnimz susceptibility to localized
cor r osi ochahgom the metaéxabquiae 1 2pdntdt arrvgeaainabistant coztig Igraapsugldtyi @mosiod @7 |
Referring g&@lnto %ure t he wear-resistan oatln il,4l cIu es a
har dened"? “E%a%\% BreaSeH4s AR ILCagr BLTBTOStoR Hfr‘éP’ esSCSIOTPHES net al

subst r at §edrdesibtnti@ating W thibkdQiMAIAe @@Qeﬁt‘i’d]ﬁty]tg 166RYiZOBMRrRioRSFSH, es S of
from about 392 HV30 to about 698 HV30 on a Vickers hardness scal e,

measur edfor gxzmpeler pitimgendior krackorapegationet hod 6507-1 : 2005. For exarrple t he

har dened have a. ha nes f froma 12 HV3 o about 577
HvV30 on @??fﬁ cke?ggfsecal}geaggmdto %/urBe %8 Wrﬁaéw'mSlstt)ant%l OaL%rlrlétml % >%orth bel ow.

Accor di nigdriiencdizo6€ 1 9B@fing € HiuSthaRGRedtdtChaPS Rer didst bfth@eﬁ@a%luagralﬂ@m ness, the
wear -resi stant coating 14 exhibits excell ent wear-resistance

appl i cat PBHE e Eigi hardrged seicalctt My baveamrdnass eblipmbaet, 392 1Y 30 5) %Wa? aulic
cylinder %Eﬁ&eﬁl\/%%g%l\gl]c é61‘§ h§ﬂ&8¥§3 sbzﬂe Fa's%agur%d ik Q:%o%gﬁgeg\?ﬁﬁ 148%& ﬁl%tlﬁgso has a

surface ave an aver age roughness, roma out
m cr o- i n6¥0sl TZOOfatEmtexélﬁp]m mechamahaiszomgz%mshuved Hardmsg:@frfmwoumm I SO

test method 4287: 1997. used herein, the ter nol ver age roughness,
Ra" ref eﬁéfqpéo ab%ézaﬁeWronaiﬁ@é&gﬁrsescaﬁe aleénaé/Lhef e aéffe pRGOfastdened zone

18 and 1 Rf@M1dv ﬁ@ccﬁ‘é{ﬁg@gﬁn% %ﬁ%ﬁs@ﬁée%@ﬂéa&@%ﬁl 1ﬁ&€as‘ﬁ?§ h¥ifes( AL Shown)

of the surface Sh - specifically, mcroscopic valleys on the surface
Sh of t heciracsisheicoatme 14 8xlubity &splband wear-sesptinnt faapplhmtisny fegeieingh2 t hat

i | ow an
es be Contset withEhadGr component, €.g., a hydraulic cylinder seal.

[0018] As shown in Figure 1, the hardened zone 18 also has a surface Sy,, and
may have an average roughness, R,, of from about 2 micro-inches to about 18 micro-
inches, as measured in accordance with ISO test method 4287:1997.  As used herein, the
terminology “average roughness, R,” refers to a measure of a texture of the surface Sy, of
the hardened zone 18 and refers to an average distance between peaks and valleys (not
shown) of the surface Sy,. More specifically, microscopic valleys on the surface Sy, of
the hardened zone 18 correspond to a point on the surface Sp, that lies below an average
line. Similarly, microscopic peaks on the surface Sy, of the hardened zone 18 correspond
to a point on the surface Sy, that lies above an average line. Thus, measurements of
distances between such peaks and valleys determine the average roughness, R,, of the
hardened zone 18. The average roughness, R,, of the hardened zone 18 may be provided
by polishing the hardened zone 18, as set forth in more detail below.

[0019] Comparatively rougher surfaces generally exhibit less wear-resistance and
wear more quickly as compared to relatively smoother surfaces, since irregularities such

as peaks and valleys in surfaces may form initiation sites for cracks, stress zones, and/or
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line. Simlarly, mcroscopic peaks on the surface Sh2 of the hardened zone
18 correspond to a point on the surface Sh2 that |ies above an average

i ne. Thuwo 2nmzsm68nent s of di stances between such peak®Carus2:alob@ys
determ ne the average roughness, Ra, of the hardened zone 18. The average
roughness, Ra, of the hardened zone 18 may be provided by polishing the
har dened zone 18, as set forth in nore detail below [0019] Conparatively
rougher surfaces generally exhibit | ess wear-resistance and wear nore

qui ckl y esros@mparhectfome, sintcathe wehiyresivnnt buating unhmy@ve an ae@agd regul arities
such as peaks and é/t? l eys in surfaces may forminiti on sites for cracks,

stress ziowganess Ry QR MICTPrEchpHI0AbOYY %@lcfr%én th wegrdesistentc oat i ng
14 may h@aa%ngm%3&%&9&Jeﬁ&%ﬁﬁ)%ﬁme&aand%suﬁﬁm@éw&ﬁd c?orlrgsﬁ)h(}e% psﬁt%.s to about

18 mcro-inc the wear-resistant coating 14 exhibits excellent
snoot hned¥28ihd r esRefeimgy agearto Fagldedonhmmaomsrs%nt stoaingd 4 11[1@01213']3 aRef erri ng

again to, Fiqure wear.-resi stant co n ness, tc,
07 F rom IE o gtthahon 8- GG § ot ik e e b S atys TuRbRS

Fur t her, khardeaédgned SZrﬁzWi'ha]v% arfﬁﬁekﬁ@yet Loft ﬂ%rﬁlﬁﬁ&%ﬂ 061Naeh @f abt)ﬁmmabout
0.001 inch to about 0.07 i nc yout 0. 005 i nch. That is, although

not showmchre.&i ghoue0.905 jnchj & hablswgthapgir eafishowd in Figura hét is b bkness, thz, of
t he hardened 70 tp t.he thickpess,
Lo, " O RER Rt TR RNTE it R A KRR v S G B

t hi ckness, oﬂthezweatreglb@mrwadﬂ@w AQB@aﬁ&lj‘ff&% sheéwh @sBighian tﬁdwmlou(hmkt@gss tc,
of the wear-resistant coatl ng 14 and may be spaced apart fromthe surface S

of the nefithf haideagdzone 1 §2naY[®d2%]th4mth§ﬁ1@cw|S$ &t Phie BTSN FRAINgt ant
coating i&’&%&ﬁh}ge %La*&i[ﬁa% @géﬁé {gcg%ﬂﬁ &a%%xb?@ﬂf g_e wear - r esi st ant

coating spose rat e I'nc i ng the hardened
zone 18. [0Batk her, Memaﬁmmshes\t/mtremﬁamucngtldglsysmm Ldlasluats theaskl one of

ni ckel chrom um.and has .a thickness ast 0.025 inch. The
arres.%{db fhte d g 3pd iy woprs r@l@%@%ﬁ}%%ﬁ@w%%f@rﬁe wbésﬁtﬁdiaaﬁ from sea

wat er at 1n@ﬂ1dmr?%h§ Rirdb&rPRhAY §T Fuﬂﬁerf e WeaR AUt ant Qoangg 119 ;A4S PR QC.

Further, the rdened zone 18 has a’thi ckness, at least 0.005 inch,
an aver age ofouckeheskchr&ajunofind haym thivtuess 2 rmifat bastcﬂh@é inch. abouwedts

m cr o-i nche har dness,. from about 392.HV30 to, about 6 HV30 on
The Ui e St fiad L APSER Gl S SR oot rh e s A0 Ryl have

temperature of from about -40 °C to about 50 °C. Further, the hardened zone 18 has a
thickness, ty,, of at least 0.005 inch, an average roughness, R,, of from about 2 micro-
inches to about 18 micro-inches, and a hardness of from about 392 HV30 to about 698
HV30 on the Vickers hardness scale. For example, the hardened zone 18 may have a
hardness of from about 415 HV30 to about 485 HV30 on the Vickers hardness scale.
[0022] The method of forming the wear-resistant coating 14 on the metal
substrate 12 is described with general reference to Figure 1. The method includes
depositing the metal alloy onto the metal substrate 12 to form the cladding 16. The metal
alloy may be deposited onto the metal substrate 12 by any known process. For example,
the method may include laser cladding or plasma transfer arc cladding the metal substrate
12 with the metal alloy. In particular, the metal alloy may be provided in powder form
and may be laser clad or plasma arc clad onto the metal substrate 12 to form the cladding
16. Laser cladding may include melting and consolidating the metal alloy onto the metal
substrate 12 via a laser. Plasma transfer arc cladding may include high energy, inert gas-

welding the metal alloy onto the metal substrate 12. After laser cladding or plasma
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hardness of from about 415 HV30 to about 485 HV30 on the Vickers hardness
scale. [0022] The nethod of formng the wear-resistant coating 14 on the
met al subworatsi®wsi s descri bed with general reference POTRiISQUO®2MWS5 The
met hod i ncl udes depositing the netal alloy onto the nmetal substrate 12 to
formthe cladding 16. The netal alloy nmay be deposited onto the netal
substrate 12 by any known process. For exanple, the nethod may include

| aser cl adding or plasnma transfer arc cladding the netal substrate 12 with
t he net atramffdrayc clhddip@rthé eulahilloyt mey betelosadd anto trymbel ubstvitel @@l sd thapowder
formand may be | aser clad or Plasna arc clad ontq .the netal substrate 12

to form te&taaday hgndsgo theymetal ybstiedg t the FladdingdPti ng and
consol i dgjohpg the gl ﬁ'ethghlf&%e‘?%c@u&eF‘goc}[e@tﬁﬁ% b %rc?atdain§216vtb%@emt}fser-

Plasma transfer arc cladding may inc hi g ergy, Inert gaswelding the
met al al poyidehocladbngreé alithsnhstrgt eoupBnessf R.gof framerbout Hddiongrirwhes to

| t f ‘¢ cladding, .th tal all ited onto th

et ol st 1o i teh A e ARG OBy MBS AP 18 EarEibet r ate 12

to form’m@clﬁwﬂgm&ﬂaﬁgh FRQR to theafoRinQfiohst HRedocirfede@sRI,aigh i ni shing
(0]

the cladding 16 t hereby provide the gladdin%)l W th an average
r oughnesprep®Ra thatladdiegr @ fssspbBouent orasessih es sat dordbwunore3igtai befav. hehes,

g, f bout 60 .1 cro-inch bout 125 i cro- ] . The .cl.addi ng 16
< ougrARE R S DRI, Ry B PET FolilIE oud AT Coale

is rough tini ore

the cl adglap@e 8ecdted frombe graptindidieesRbhgingasrisdig, fpolithing,Angor e det ai |

bel ow. The cladding 16 may be rough finished by any suitable process. For
exanpl e, ceeRigiians fienfndiseRpnplami g expagles thewladdmggioony phough figiphed

machi ni n 1 | i.Shi d conbinations thereof. As a non-limting
exanple,ggﬁgﬁ%@gggﬁ%gaﬁéSﬁ@gggéb?%UQh finished by a grinding apparatus,
such as HOR4&f he. [DER#]beldppicsiataal thet thp pi@diobdgyd ctadddingt 168 refersio tiad ogy
"cladding 16" refers to the precuri rr to the ar-resi stant coating 14,
i.e., toPEYEP RNBUTTFEHIRTOB M & St 4 2 SYBSEPRPEHPIQ IRl f or mat i on
of the hafndenedszeReiol@rmditd oftBe hdrBeRAYohASE. TRatli)8n VERFAESIRL &84 COat i Ng

14 including the hardened zone 18, the cladding 16 is conparatively softer
and | essregptnt caasing tl dmcludegmtheherdesed zoresli8s tharmiaddoet itng codpafaiodH]
Ret er i NG, R02 M1el OwEh ALt thir e TRGNOL Bk Qodefhg 14des work hardening the
[0025] Referring again to Figure 1, the method also includes work hardening the
cladding 16 to thereby form the wear-resistant coating 14 and the hardened zone 18
thereof, wherein the hardened zone 18 has a hardness greater than a hardness of the metal
substrate 12. That is, the hardened zone 18 may have a hardness of from about 392
HV30 to about 698 HV30, ¢.g., from about 412 HV30 to about 577 HV30, on the Vickers
hardness scale. That is, work hardening may plastically deform the cladding 16 to
thereby form the hardened zone 18. The cladding 16 may be work hardened by any
suitable process that produces a controlled amount of plastic deformation in the cladding
16 without cracking the cladding 16. For example, the cladding 16 may be work
hardened by processes such as, but not limited to, roller burnishing, low plasticity
burnishing (LBP), flow forming, draw forming, shot peening, polymer lapping, equal
channel angular pressing (ECAP), electromagnetic shock forming, extrusion, cold
forming, cold rolling, drawing, and combinations thereof.

[0026] By way of one non-limiting example, work hardening may include roller

burnishing the cladding 16 with at least one non-ferrous roller to thereby form the
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cladding 16 to thereby formthe wear-resistant coating 14 and the hardened
zone 18 thereof, wherein the hardened zone 18 has a hardness greater than a
har dness wb 20tv8msB8al substrate 12. That is, the hardenedTasneohI4sny have
a hardness of from about 392 HvV30 to about 698 HV30, e.g., from about 412
HV30 to about 577 HV30, on the Vickers hardness scale. That is, work

har deni ng may plastically deformthe cladding 16 to thereby formthe

har dened zone 18. The cladding 16 may be work hardened by any suitable
process hdrdéncdrzoaet&SFer axanipicoWoeldhadeting maf imjha&tﬂoﬁerdﬁfrmismg tlen in the
cladding 16 w thout cracki ng t he cl addi ng .16. For exarrple, e cl addi ng 16
may be wWIRKIIRG[QRAEPIEPOPriBEQsIaLTQ P! %@ lityfmopderreyspliers. 8 rol | er

bur ni shi H&deﬂeﬁ%ﬁ’é 88 IaGinhVe Qﬁéﬁhés@'o@gbi 1 B53 H\fjoodﬁtBQWk%Qs scgfeaMYuf @M ng,
shot peening, polyner Tapping, equal annel angul ar pressing (ECAP),

el ectr onhegdeteldozoaénb&ma&dmm mguclel)cssr, tisiodrabouws @l.@)Sfinehni Alggrmatolety, tid | i ng,

drawi ng, onbi nations th 0026 on- I m ting
et i AN A N i R e R O e R A RS
at | east ofoRe cREIM %r@glsal'icﬁit beys ihéh. tﬁ%&&&dlﬁg)fff@nh %Q@Jlf&%@ﬁu%@ﬂ]@y%ﬁo For
exanpl e, work hardening may include roller burnis %t e cladding 16 with

one non- $EnpissTADE rdlerpio thengbyplabtiqally df:fommﬁhef elﬂddmg ovithaus crathisghar dened
zone 18 12 %la}aa 1% %af}rgdn(%ﬁesha?{%enaea%gﬁe f’SSB'E cP Ié% {ena%fb%ggﬁer bilﬁl%hed and the

har dened ZG0He ave a

Al t er nat byﬂéxyferfohg r(ﬁl&?ﬁt@r}ﬁéveﬁﬂﬁsn B tioRy ﬁbﬁi/@nl&edtdhigclh niesdaddifiz 16 ggbial to
substantially the entire thickness, tc, of the cladding 16, e.g., about

0.05 i ncfeerahieg ticsauPHEN-TEiRIpEe 96 thealaddingolfr ni shed by two or more ceranic

rollers ereb cking the
cl addi ng O?ét”ht o] f)c/)\r)%lﬂtgﬁgllng1 éﬁ%ﬁ%&&@%@%@ﬁ&@p é%‘% VUX%I?QHEWE&E% ol | gr
bur ni shedubnasaR.f eff fr@uabow! A @icso-irrhps vabdotit 18mibr@atdhescl ‘Bt i, msrle nmbeddi ng

inthe c di.ng 16 and degradi ng, t he corrosion-resi stance of the cladding
16. [oozlﬁ g%?&mﬁ&pa%ql% ¢ hatengdszong ! ISt Yo rﬁ%i't%}ér?@@l%]ﬁ{ewltg i th an

average {HUGhY&GTRe S??an&éxc@l‘iéﬁ@‘s&?&%tbegnﬂ’g Gfigs | nches to about 18

m cro-inches. That Is, dening may provide the hardened zone 18 of
t he wear [0028] st ant Atietamilmjy 1146 methmdan@nﬁutthtr iscnflapdisBmgahd wexrerebisnt

surface goea 151!(; qg a%ter wori hardening to provide the hardened zone 18 with an average

roughness, R,, of from about 2 micro-inches to about 18 micro-inches. The wear-
resistant coating 14 may be polished by, for example, a grinding device or polisher.
[0029] It is to be appreciated that rough finishing and work hardening, e.g., roller
burnishing, may be performed on the same apparatus. For example, to minimize
production time, roller burnishing may be performed immediately after rough finishing
the cladding 16. That is, a hydraulic cylinder rod having a length of 50 feet may be laser
clad with the metal alloy to form the cladding 16. The clad hydraulic cylinder rod may
then be mounted in a lathe. After the lathe has rough finished about a 2 linear-foot
portion of the cladding 16, roller burnishing may begin on the rough finished portion of
the cladding 16. Likewise, after the 2 linear-foot portion of the cladding 16 has been
work hardened by roller burnishing, the hardened zone 18 may be polished to provide the
hardened zone with the final average roughness, R,, of from about 2 micro-inches to
about 18 micro-inches.

[0030] In this variation, the hardened zone 18 of the wear-resistant coating 14

may be polished by, for example, a plurality of polishers that operate sequentially on the
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[0028] Alternatively, the nmethod may further include polishing the

wear -resi stant coating 14 after work hardening to provide the hardened zone
18 with amoavsvme®sr oughness, Ra, of from about 2 m croPChaisesono4about 18
m cro-inches. The wearresistant coating 14 may be polished by, for exanple,
a grinding device or polisher. [0029] It is to be appreciated that rough
finishing and work hardening, e.g., roller burnishing, may be perforned on
t he sane apparatus. For exanple, to mnimze production time, roller

bur ni shi wgarnmayistast qatif® t 4redisonfoe thearhethyd,ahé Bydrawicgdylinder iwbinag tehe cl addi ng
16. That is, hydraulic cylinder rod having a |l ength of 50 feet may be

| aser cl %{ea(imalw SupeoHBeoNigdraddg dpgrenyibratieas andigiely Pigect sty hydraul i c

cyl i nder gjod. @P%du%iﬁg Rol® R Shd Rok ﬂa?@elaﬁ% ﬁtﬁiglawﬁg hg,ta!ara gplﬁgg LRygh

fini shed about i near-foot” portion o e cladding 1

bur ni shi pgisheng df ¢l weayrresistentrooagig 4. nTlshadrepontipoed rofthod éordboaidg tiye 16.

Li kewi se, after the | i near.- f oot rtion,of the.cl.adding.16 has been work
e denedv-EarEErOatinnd L6f s Mot LIS S o hsy LT TR t o

pr ovi de bdicRasdREthrAQRRCN i H hBRIchind MrioAYSIATRIIRUGBARSS of 3, Of from

about 2 micro-inches to about 18 m cro-inches. [0030] In this variation,
t he har deydsepliconyéindg red. t he wear-resistant coating 14 may be polished by,

for exa a plugali of. | i shers operat e .sequentially on
tnewenr- TSI aht DRtk Mgl flg QAR |0 Bles MBI SEER BRI MNP oy § nater

rod may hsissheasiiag 19yre iR ariasd, oaaf-rgistee cdAindanp enrtibh hailk badedng t her eby
protect the snpoth surface Sh during rough finishing and work hardeni ng of
t he cl adticstpddimg 1qrdter trugh dinaingodpyidps thg Werr-tasestané apatingditsrifthexceleti ng 14.
The af or giRitdC t F 1) . Mﬁﬁ{- i [ on the
nmet al sugstrgkégggﬁg?%ﬁﬁ%®§??@§%¥§§g§§€§% t ﬁghgﬁgﬁ%gﬁévgﬁgéF%g%éééed by

i mredi at @hgarswovde, hngrsdefacadjsqpntioniticosigh ak ipofes bedraplay. t Workshandertitgealby dr aul i ¢
cylinder rod. [0031] Work hardeni ng the cladding 16 after r.ough finishing
to form PI}‘?&‘\%L{MV&%*‘F%?%%M EoAtEnd ish gorptesfiee YA G TCRdBr PBITS t ant

coating fhikiatioHahll BropaRidh JFALARIY REFNIGhALNCRT tdi€rafild &thé QUGD i ni shing
provi des the wear-resistant coating 14 wth excellent corrosion-resistance
si nce t hesctnt cakihgdysirad?ite teded oloads. | Moreof erwthelcompratent ngpidebhstsength. e. |
of the wear-resistant coating 14 increases fatigue strength of the metal substrate 12 due to
the minimization of discontinuities and stress risers in the wear-resistant coating 14.
[0032] The wear-resistant coating systems 10 and related methods provide wear-
resistant coatings 14 having excellent hardness and corrosion-resistance. Therefore, the
wear-resistant coating systems 10 are suitable for exposure to sea water, ¢.g., for
applications requiring coated metal substrates 12 for operation within a splash-zone of an
offshore drilling rig. The wear-resistant coatings 14 are smooth and exhibit excellent
compressive residual stress. Therefore, the wear-resistant coating systems 10 exhibit
improved fatigue life and resistance to tensile stress, and reduced infiltration and
propagation of fatigue cracks, shrink cracks, and other flaws. Further, the methods are
cost-effective, and minimize discontinuities in the wear-resistant coatings 14 such as
cracks and/or pores in the hardened zone 18.

[0033] The following examples are meant to illustrate the invention and are not to

be viewed in any way as limiting to the scope of the invention.

EXAMPLES



snears over, any surface discontinuities such as pores or cracks. Wrk

har deni ng al so provides the wear-resistant coating 14 with conpressive

resi dual woressvdsat i nhibits initiation and propagati orCofUSsuofoamss def ect s
and increases a tolerance of the wearresistant coating system 10 to tensile
| oads. Mbreover, the conpressive residual strength of the wear-resistant
coating 14 increases fatigue strength of the netal substrate 12 due to the
m ni m zation of discontinuities and stress risers in the wear-resistant
coating 14. [0032] The wear-resistant coating systens 10 and rel ated

met hods provi de wearresi stant coatings 14 having excellent hardness and
corrosion-resi stance. Therefore, tRhe2RB%Lresistant coating systens 10 are

sui t abl e ek eXPOSYY b RuRRRfoMRIRling £ylarrclifunPRALLE B EANAIETY 4 g coat ed

met al strates 12 oper ati on hin a splash-zone of an of ore
dril | i nghydraulicidyénderand hegngs b dmigtlcaai0 flegsanti4 dazreetsnofolthinalmd, exhi bi t

| i dual fo - i st
coati no DYCOSRL e TR T H e R0 0P i e Bt IS LB et B e 1
stress, pod c'la?l@ﬂfg@%lphﬂafdﬁdk it Y ATORELP 0852 aﬁBy Bﬁ‘tb'tgélﬁe&r}@ﬁlﬁ%hc shrink
er

cracks, and oth rther the methods are cost-effective, and
m ni m zecxdinﬁerowmnmﬁirm eeladding hevingathielessseh0S teht i ngs 14 such as cracks

ST S A F R A e R

meant to'lPrustrate en Y way as

i m ti ngprodideliee SeddiRg Gfithtah @vémyerdughitess, BXAMPLIES A cBest [ 0034] In
preparatlon for formng a wear-resistant coatlng of Exanple 1 on a steel
13

hydr aul i 0891 | nderAftéHroﬁﬁk}'iﬁﬁﬁh@gl bagltaddee istlkeBernasead hy Y apEeBic of 10
i nches, Il N%E%Jrgby%ﬁmqﬁéagaraﬂe%lﬁ c%a{i)ﬁ) énl' %hé %glel%ﬁfsﬂlflﬁl | aser
parat

claddlng appar at us s deposits ICONEL(r)
625 mnet atoadhp oy Eeahpletiheclat el hdﬁ&meaubma:hawﬂg athérknesd 0D 2Af5aneh.a ¢l addi ng
havi ng a thickness of 0.05 inch. [0035] The cladding is then rough finished
by a grinding apparatus to thereby provide the cladding with an average
roughness, Ra, of 100 m cro- |nchesEXwg?§Qj After rough finishing, the
cladding is roller burnished by two ceramc

[0037] In preparation for forming a wear-resistant coating of Example 2 on a steel
hydraulic cylinder rod having a length of 50 feet and a diameter of 10 inches,
INCONEL® 625 metal alloy in powder form is loaded to a laser cladding apparatus. The
laser cladding apparatus deposits the INCONEL® 625 metal alloy onto the steel hydraulic
cylinder rod to form a cladding having a thickness of 0.05 inch.

[0038] The cladding is then rough finished by a grinding apparatus to thereby
provide the cladding with an average roughness, R,, of 100 micro-inches.

[0039] After rough finishing, the cladding is roller burnished by two ceramic
rollers to thereby form the wear-resistant coating of Example 2. The wear-resistant

coating of Example 2 includes a hardened zone having a thickness of 0.015 inch.

Comparative Examples 3 — 5

[0040] In preparation for forming a cladding of each of Comparative Examples 3
- 5, INCONEL® 625 metal alloy in powder form is loaded to a laser cladding apparatus.
The laser cladding apparatus deposits the INCONEL® 625 metal alloy onto each of three

steel hydraulic cylinder rods, each having a length of 50 feet and a diameter of 10 inches,
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rollers to thereby formthe wear-resistant coating of Exanple 1. The

wear -resi stant coating of Exanple 1 includes a hardened zone having a

t hi cknesswof200/82%8i nch. Exanpl e 2 [0037] | n preparati orCirars2610/000488 a

wear -resi stant coating of Exanple 2 on a steel hydraulic cylinder rod
having a length of 50 feet and a diameter of 10 inches, I NCONEL(r) 625
nmetal alloy in powder formis | oaded to a | aser cl addi ng apparatus. The

| aser cl addi ng apparatus deposits the I NCONEL(r) 625 netal alloy onto the
st eel hytrfatthitle dyddimgert caddoft Corhparativa Extaaghdésiy— Bawacigoftht bladdingssf of 0. 05
inch. [0038] The cladqin i S theﬂ, ough_fini shed by a grinding apparatus to
t her eby HPBHVMGEVE kheamplatdi-manithickiesagb? d9&doughness, Ra, of 100

m cro-i NERg§} [003%eréjﬁe@,realerl?eﬁhdﬁgm§ SrHh firlléhed! 'rﬁmgsaé@%k&[

[
burni shed by two ceramc rollers to there formthe ar-resi stant coating
of Exanpiml @ch Thddmweas notesirk hamenablat fotlgr bdrniskengpl e 2 i ncl udes a har dened
zone having a thickness of 0.015 inch. Conparative Exanples 3 - 5 [0040] In
preparation for formng a cladding of each of Conparative Exanples 3 - 5,

| NCONEL ( mmgjﬁS et fhe RbaroisikbanAWHEEs IR bSEARAAEM Ll RadP@BlclalRdEi Ng
appar at us. e laser cladding apparatus deposits the I NCONEL(r) 625 netal

al | oy onelcaghehCompetstiee Esaraples By dratakvduatgd farderdnessdy vaveustihicandspe a

| engt h of 50Q feet and i_anet er Qnhbches, to f.or he,cl.addi ngs of each
of Conpalatrvtieafffisd E\ANENSL o8 TPopREN e Pk OEaRr S, Ve
Exanpl esH¥39, & hasckars hirdiedescale0fTHR . r%ults € the HaBBktdd evhhatieaf d&rer, each
cladding is not rough finished by a grinding apparatus, and each cl addi ng

i s not mﬂmwnﬁﬁﬁééﬁgﬂﬂ%szoller bur ni shing. [0042] The wear-resi st ant

coat i ngs;fafjxeach o : e i ) f
Compar ot 1083 Exanpi a8 BRERgE Dy dn S0 e A R EIA I8P, BENAE
t hi cknessestanthcaatiagy afdfrcenphest hardSCethalsit ingeiakalcha6d®ds 4s codiidbed tardclassi gned a

Vi ckers hargress, 30, on a Vichgrg har dness cake. The results of _the
har dnessthe¢Rddmes shsomparatynhatToled’ - Angarticusr, hopgayresistaalsybngel by t he

conpar at ;¥ gnslat a$ §hafdbdsriaBs FNI & aZurth8€oMRAREASIRIIARE, and the wear-
resistant coating of Example 2 has a hardness of 415 HV30 at a surface of the hardened

zone. In contrast, the claddings of each of Comparative Examples 3 — 5 have a hardness
of 335 HV30, 334 HV30, and 265 HV30, respectively, and do not include a hardened
zone.

[0044] Therefore, with reference to Figure 2, work hardening the claddings of
cach of Examples 1 and 2 forms the respective hardened zones. As shown in Figure 2,
the work hardening of Examples 1 and 2 forms a hardened zone having a thickness of at
least 0.015 inch. By comparison, the claddings of Comparative Examples 3 — 5 do not
include a hardened zone, and the hardness of the claddings sharply decreases at a
cladding thickness of about 0.005 inch.

[0045] Additionally, the wear-resistant coatings of each of Examples 1 and 2 and
the claddings of each of Comparative Examples 3 — 5 are also evaluated for free
corrosion potential by subjecting the coated and/or clad hydraulic cylinder rods to sea
water and measuring the presence or absence of net electrical current flowing to or from
cach of the hydraulic cylinder rods relative to a reference electrode. Each of the wear-
resistant coatings of Examples 1 and 2 and each of the claddings of Comparative

Examples 3 — 5 has a free corrosion potential, Ecor, 0f less than or equal to -0.200.
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coatings of Exanples 1 and 2 exhibit increased hardness as conpared to each
of the cl addi ngs of Conparative Exanples 3 - 5. In particular, the

wear - r esiwoanto/semsi ng of Exanple 1 has a hardness of 4®&B6THS3@0AR0485 surface
of the hardened zone, and the wearresistant coating of Exanple 2 has a

har dness of 415 HV30 at a surface of the hardened zone. In contrast, the

cl addi ngs of each of Conparative Exanples 3 - 5 have a hardness of 335
Hv30, 334 HV30, and 265 HV30, respectively, and do not include a hardened
zone. [ O0@84%] Ther eFatieyr, the ear-eketaancatings &i @uli of Rxantlek 1 had dend thg t he

cl addi ngs of each of anples 1 and 2 forns the respective hardened zones.
As shownclpdfipgypfrcachot ¢ommpiighive FxaeRles hig Sofe éﬁ%ﬁ‘fﬁ? e(ﬁ%oaﬁarr%l%%%bsa

har denedg,g, %1(1%%@ Qe ahlof Kl@@%gdﬁﬁli@éyﬂr@@isltodgtcpsje% WGt aBYmbRAPari son, the
cl addi ngs of Examplés 3 - 5 | ud

nparative o not 1 nclude a hardened zone, and
t he har dregsraddre bfié0 EC deidihigsairs nal prasudeg neasesgain the by dddiingylindeckness of
about 0.005 inch. [0045] Additionally, the wear-resistant coatings of each
of Exanplods WeuHepigany caatings, aéadéa&?aﬁi&glgéf Cegptiopfatepepgraisitia fks 3 - 5
are al Sofo?\ég‘ﬁf%%hg;‘ii?.f]@a{chforf% S &%@tdf@xaﬁglé 4ogotdnAQaliner oAt ed
and/or clad hydraulic cylinder rods to sea water and neasuring the presence
or absendeddhgrEiCeh@eitnicdaamplasrlend hhd ovdmapidroratgroffless thaawteqodl to he

hydr aul ié %I i.nder rods relative to a reference el ectrode. Each of the
wear r esi SPEAMISHSE YHREs of Exanples 1 and 2 and each of the claddings of

Conpar at jpog7Exanpl €Berdfore, thdWRearde{isie SMRRIrPRaRPl8Ntandl2, cxbfR r, of |ess
than or equal to -0.200.[0046] Further, the wear-resistant coatings of each

of Exanp®wsllantgadosiontesistanec.cdvantihilgdavhg exeshlcof haghepar And.veorkxanmpl es 3 - 5

are al so,_eyal.uated for corraosion rate by subjecting the ted and/or clad

nyar aut DIVl df PG RO B e Y e B ERS 2B 10 o€ o
24 hour sd@ishsereassbiom@sidfiyics NRABE, Work e ddieh plelvides el waadessidtads,

wear -resi stant coatings, and/or claddings. Corrosion rate per year is then

cal cul at exptipgy ofeleampdesand 2 withy combinpdioneh exqedgntdrpiess 985 FRgistasee. Exanpl es

1 and 2 gnd.£Ra%R %si&t@r?ced addi ngs of Conparative Exanples 3 - 5 has a
corrosion rate of 1ess than or equal to 0.010 mls per year.

[0048] While the best modes for carrying out the invention have been described
in detail, those familiar with the art to which this invention relates will recognize various
alternative designs and embodiments for practicing the invention within the scope of the

appended claims.
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[0047] Therefore, the wear-resistant coatings of Exanples 1 and 2 exhibit
excel l ent corrosion-resistance, even while having excellent hardness. And,
wor k har cwoi2ag/aseeBor m t he wear -resi stant coati ngs of each/uskolmoaups es 1
and 2 does not decrease corrosion-resistance. Rather, work hardening

provi des the wear-resistant coatings of Exanples 1 and 2 with a conbi nation
of excell ent hardness, wear-resistance, and corrosion-resistance. [0048]
Wil e the best nodes for carrying out the invention have been described in
detail, those famliar with the art to which this invention relates w |
recogniz§ various alternative designs and enbodi nents for practicing the

i nventi ohlLAYIRi n t he scope of the appended clains. CLAIMS 1. A nethod of

forning a wear- resistank fasd Bfofrhihl Aok SRR (131 6n L 1)ay the nethod

conprising: depositing a net all oy onto the netal rate (12) to form
a cl addi supsidte)]2)r haghretliaddosiprisqngt he cl addi ng (16) to t her eby provide the

cladding (16) with era r hnes f a t 50, mi.cr o-i nches
Lo about 150 m or odeog ki TibF e anrh el aBa G ¢ PERIEE: hor oy
form thecwggar - resi st ant coatlng (14) and a hardened zone (18) thereof,
wherein the hardened zone (18) has a hardness greater than a hardness of

the metal substrat®ughfinishingt %daﬁﬁnﬁéﬂﬂéﬁﬂ@ﬁ&Wﬁﬂqwd@ﬁ@ﬁtwﬁﬂwdﬂﬁ)w&hden|ng
pl asti cal | %%%%h@%m%&?@?hﬂqp'n%%ﬁés n%&ohﬁq&%gg Q8 T ;ﬁimharqﬁgﬁggéﬁpﬁed

(18). 3.° N Wor ary enln

as roller burnishi wgrﬁﬁhed@lhrggmb@glddﬁ@(lwtbhh@&b;i ﬁaﬁtth@wearn@ﬁstﬁﬁtr rous roller
to thereby formthe harden zone The nmethod of claim 1, wherein

wor k har efefinagl4 enae herlenethzaied &) té@fﬁ@f wheyein thgihgglcachzensr{é8khasf fr om about
392 HV3 Oh&rané%p %{gate@ A MR Qa5 (t)ﬂ'ﬁe }ﬂe?eh @ﬁt?stﬁ?er(qff ss scal e.

2. The method of claim 1, wherein work hardening plastically

deforms the cladding (16) to thereby form the hardened zone (18).

3. The method of claim 2, wherein work hardening is further defined
as roller burnishing the cladding (16) with at least one non-ferrous roller to thereby form

the hardened zone (18).

4. The method of claim 1, wherein work hardening forms the
hardened zone (18) having a hardness of from about 392 HV30 to about 698 HV30 on the

Vickers hardness scale.

5. The method of claim 1, wherein depositing is further defined as
laser cladding the metal substrate (12) with the metal alloy in powder form to form the

cladding (16).

6. The method of claim 1, wherein depositing is further defined as
plasma transfer arc cladding the metal substrate (12) with the metal alloy in powder form

to form the cladding (16).
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5. The method of claim1l, wherein depositing is further defined as |aser
cladding the netal substrate (12) with the netal alloy in powder formto
form t he wDaduvosgeg 16) . 6. The nmethod of claim 1, wherePOTASP@SIOLI48E | S
further defined as plasma transfer arc cladding the netal substrate (12)
with the netal alloy in powder formto formthe cladding (16).7. The nethod
of claim1, wherein rough finishing is selected fromthe group including
machi ni ng, grinding, polishing, and conbinations thereof. 8. The method of
claim1, further imncludThgmptiodsfichgnthehwearoegh fihahingtosddcngl frdmd) after
wor k har eni ng to rovi de, the harde ne (18) with a rage roughness,
Ra, of fS@ARIOelLINginRacainine gaading, I%Qg’éé‘t“gi@drﬁoé}bénquﬁ%g@reog

wear -resi stant coating system (10) conprising: a netal substrate (12); and

a wear-resistant cgati n@hé\%@hoﬂ'o?@%ﬁﬁq Rf?th%pﬁcfr‘aa%tpo‘flk’ﬁﬁé Iﬁ?et‘?ia 12i) and

including a netal all oy; erel € wear -resi st coa
subst ant teaistayit ccasing (B tafttowork apddniny ﬁormmlée&le\/kat@necatomr(l anbitle aﬁ
tenperature of from about. -40 0C %o about 0GC, vvherel n. t he wear-resistant

coati ng {FECiTAREIGEs Ray G dToieploayt @Héroclfsl}%ﬁ%b% 14 THEIOIRERS: great er than a
har dness of the netal substrate (12). 10 The wear-resistant coating system

(10) of claim9, v@erelg&&%&?ﬁm Cga gt%mc(ggi]é&%pf . has a thickness

(tc) of from about 0.025 inchto abou e wear -resi stant
coating system (103 nefal shtairmcX02); whér ei n t he hardened zone (18) has a

t hi ckness (thz) of from about 0.00 nch to ab ut 0.07 inch. 12. The
wear - r esi st ant coat "Gg- %e;?’étta@‘?ﬁo(a%&%b‘ff) diypgissh g t WFaérsﬁbsfrﬁ@ 2k ¥¥ned zone
(18) hasm@&dﬁl\éedrﬁgﬁwl%hness , of fromabout 2 micro-inches to about 18
m cr o-i nches The Wwear-resistant coating system (10) of claim§,

wher ei n wherein the wear-resistant coating (14) is substantially resistant to corrosion from sea

water at an ambient temperature of from about -40 °C to about 50 °C;
wherein the wear-resistant coating (14) includes a hardened zone (18) having a hardness

greater than a hardness of the metal substrate (12).

10.  The wear-resistant coating system (10) of claim 9, wherein the
wear-resistant coating (14) has a thickness (t;) of from about 0.025 inch to about 0.07

inch.

11.  The wear-resistant coating system (10) of claim 10, wherein the

hardened zone (18) has a thickness (tn;) of from about 0.001 inch to about 0.07 inch.

12.  The wear-resistant coating system (10) of claim 9, wherein the
hardened zone (18) has an average roughness, R,, of from about 2 micro-inches to about

18 micro-inches.

13.  The wear-resistant coating system (10) of claim 9, wherein the
metal alloy includes an element selected from the group including nickel, cobalt, and

combinations thereof.
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metal alloy includes an el enent selected fromthe group including nickel,
cobalt, and conbinations thereof.14. The wear-resistant coating system (10)
of cl ai mWO 2odve8e46R t he netal substrate (12) is ferrousPCIAIS2010/020455

wear -resi stant coating system (10) conprising : a steel substrate (12); and
a wear-resistant coating (14) including a hardened zone (18) and di sposed
on the steel substrate (12); wherein the wear-resistant coating (14)

i ncl udes at | east one of nickel and chrom um and has a thickness (tc) of at
| east 0.025 inch; whereThe Wha-resistant @atisg systent Old) ofigla{ 4) wharetithst ant i al |y
resi st ant ttﬁ&corrosi csn fromsea water at an anbient tenperature of from
about - 4BCHESHNSIABALR) IEETHES- wherei n the har dened zone (18) has a thi ckness
(thz) of at least 0.005 inch, an average roughness, Ra, of from about 2

St bTEDSe: B3 P 8 el AR QB Spenudl. Trom about 392

a steel substrate (12); and
a wear-resistant coating (14) including a hardened zone (18) and disposed

on the steel substrate (12);

wherein the wear-resistant coating (14) includes at least one of nickel and chromium and

has a thickness (t.) of at least 0.025 inch;

wherein the wear-resistant coating (14) is substantially resistant to corrosion from sea

water at an ambient temperature of from about -40 °C to about 50 °C;

wherein the hardened zone (18) has a thickness (tn;) of at least 0.005 inch, an average

roughness, R,, of from about 2 micro-inches to about 18 micro-inches, and a hardness of

from about 392 HV30 to about 698 HV30 on a Vickers hardness scale.
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