WEAR-RESISTANT COATING SYSTEM AND METHOD CROSS-REFERENCE TO RELATED
APPLICATIONS 100011This application claims priority to United States Provisional Patent Application
No. 61/143,186, which was filed on January 8, 2009. TECHNICAL FIELD [0002]The present invention
generally relates to wear-resistant coating systems and methods of forming a wear-resistant coating
on a metal substrate. BYARGHSFNBNTFCOAT NG EXSTEN 400033 EHBYe 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 drillia§OSS-REFERENCE TO RELATED APPLICATIONS

j0601] This application claims priority to United States Provisional Patent
Application No. 61/143,186, which was filed on January 8, 2009.

TECHNICAL FIELD

[0062] The present invention generally relates to wear-resistant coating systems

and methods of forming a wear-resistant coating on a metal substrate.

BACKGROUND OF THE INVENTION

10003} 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 drifling rig.

[0004] The hydraulic cylinders are generally mounted below a deck of the drilling
rig, i.e., in a splash zone, and are therefore often exposed o 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

[G005] According to an aspect of the present invention, there is provided a
method of forming a wear-resistant coating on a metal substrate, the method including
depositing a metal alloy onto the metal substrate to form a cladding, rough finishing the
cladding to thereby provide the cladding with an average roughness, Ry, of from about 50
micro-inches to about 150 micro-inches and work hardening the cladding to thereby form

the wear-resistant coating and a hardened



rig, i.e., 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 exhibif,excellentHRAIdReRS NYBRIERIAANGS: REhEQ RSIRN 1R S BAARS UMIMARY OF THE
INVENTION 10005]According to an aspect of the present invention, there is provided a method of

fonning a Wela-veEaint coating on a metal substrate, the method including depositing a metal alloy

onto the m@gadjsubstratetecfirwlsa eladeioga eeghdiniahingdhe claddinadadherenpravide the cladding
with an averagg roug%:uess, Ru,.of from abogt 50 g&icro-incheatog%) t 150 micg%inches and work
hardening"tha RO BT B B R AR P P G O S G R RS i Fe

zone thereof,
wherein thechardened zenm hasladearttnessadiate atiddrathandrnizssbichehmata substrate.
[0006]There is also disclased a wear-resj [ Syste m) Iédf!'!ng Ihe.metal sybstrate and the
Wear-resiikf%rr??‘ ?:sosa%ﬁ%%i%slolge%rﬁ% ?ﬁeor?}%%a %%E%%%%e Furt%iér,%e Wgar-reesistar?t coating includes
the metal ediingindubatntialivardishotito saadsavidipn brardiats SigreaerenbisansEgreRs of the metal
substrate. fdditipnally; the Wgatresistant coating is substantially resistant to corrosion from sea water
at an ambient temperature of from about -40 C to about 50 C. [0007]There is also disclosed a

wear-resisififlcoating 3ystens mendindpscdte sisuBeTiBtaathe e iaciutipg £8%thg disposed on
the steel sybstrate.thaveat-resisiantaantingsnekibesat kastaparaknitkeland chromium and has a

thickness of at least 0.025 inch. TBe Wear-aislsé%gt c&a%g is sub ts%nstial / esista%Jttto corrosion from
sea water SESHRH GSEH REHAET A UFa LI ABL P24 GHECTB A ¢ @6‘&?’ iohally/, the hardened
zone has &tickoESmot dHe ast0:0605tnchyain gisendgantuihressaR & afrfremeafbout 2 micro-inches
to about 18 micro-inches, and a hardness offrom.abouf 392 Hy30 t yt 598 HY.30 on the Vickers
hardness ss?:%iwe?ti’i)ﬁ&gﬁh%e%%%w 5%1%5?32%%18 %E%P\}lgn%agest%%{) ggf?er eatu relsoar% advantages of

the hardened zone has a thickness of at least 0.005 inch, an average ronghness, 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.

10008] The above features and advantages and other features and advantages of

the present invention are feadily 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
[6610] 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 3-35.

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



the present’invention are readily appareht 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 'IE;I—!)ESDRAWING [0009]Figure 1 is a schematic magnli)fieT%g:SE%%?/-%e“cstional view of a
Wear-re'sista‘ﬁf)c,zgéwﬁ gystem including a wear-resistant coating disposedon a meta su%strate; 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 nismeitzié refen td likenedmponerits i sefnkefivatofifor minguarwearatesigiaptegdating on a metal

substrate ig, described herein.. tho | ful for formi ) -resist ating system,
chonn gentIoT A B e T pme
hardness, Weispirsdistarrse, Birrl-coirtaion-Tedistansebfabistimetaf sibstetabs 1bstededa: frth in more

detail below. A 8HsNnthe Methas AN dAVe AT QRISIANE SORUNG SYSIEMHAY Bayheussiul for applications

such as hydraulic systems and components, e.g., hydraulic cylinders for drilling rig tensioners.
However, iR hsthesduh T sreberiersrhasdigulic systems and components, e.g., hydraulic

cylinders for drilling rig tensioners. However, the method and wear-resistant coating
system 10 may also be useful for other applications such as, but not limited to, steel mills,
machine tools, and vehicles.

[0012] Referring to Figure 1, the wear-resistant coating system 10 includes the
metal substrate 12. The metal substrate 12 may be ferrous, such as a steel substrate,
and/or may be formed from, for example, carbon steel, alloy steel, stainless steel, tool
steel, cast iron, and combinations thereof. In one variation, the metal substrate 12 may be
configured as a hydraulic cyiindér rod. The hydraulic cylinder rod may have any suitable
size according to a desired application. For example, for drilling rig applications, the
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), ¢.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 1s, the
wear-resistant coating 14 may be formed on at lcast 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.

[0614] The wear-resistant coating 14 includes a metal alloy. Suitable metal alloys
may include an element selected from the group including nickel, cobalit, and
combiaati.oné thereof. 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 frem about 1 part to about 90

3



system 10 may also be useful for other applications such as, but not limited to, steel mills, machine
tools, and vehicles. 100121Referring to Figure 1, the wear-resistant coating system 10 includes the
metal substra{s %gw‘gg[sl Jpetal substrate 12 may be ferrous, such as a steel substrate, and/or may be
formed from, for'example, carbon steel, alloy steel, stainless steel, tool stggF,/ E%{P%ﬁ{!"gﬁd
combinations thereof. In one variation, the metal substrate 12 may be configured as a hydraulic
cylinder rod. The hydraulic cylinder rod may have any suitable size according to a desired application.
For example, for drilling rig applications, the hydraulic cylinder rod may be configured to translate into
and out of asealedveylihderstdusiiy) (rotsdhowniand tinaynbave layle figtheoffrtn abotabi0 feet to about
00 feet, and 2 JAMEIER AR AR RPENFRCBBNALRINNCR FHINCLING BIPHA) Sbstrate 12 may
red éas%ldncyl

have a surface, shown generally at S, .€.g., when config a hder 10 : é)ramsay have more
than one sutfaveig(sBrosHEwng beug s Dore heoisfigirmdlgdantol ahooy frtiperroty [06EBIHeferring again
to Figure 1..taenwaniitasistant caaing:sysiem, 1Alsaineidasa yealshesisiantieoating 14 disposed

on the metal substrate 12. That is, the wear-resistant coating 14 may be formed on at least one

surface S of NOHELY Bl atdbeme pilomanbaedissrmmeirialy seiabemdenthparticular, the

wear-resistanticaatingNaonmt be forfred dpesarkibardeningraielngeing. 1. @ @lsQeset forth in more
detail belo 0141The wear-resistant coating 14 includes a metal allgy. Suitable metal alloys may
include anve\ﬁ?(eggr)%'elr%t1 Seledtey® r%%?h%e&f) %%‘%‘fﬁ&?ﬁlﬁlﬁ& 9Y SBBAIPCAHE BMHbMRBHSthereof. Nickel
and/or cobalterghiychbafirebent 1h theshgtakalloyimpriovideboor sion e sisighceithethsbaigar-resistant
coating 14. Mare. lfigally..nickel and balt. may be present jn the metal alloy jn an amount of
from about | part t%eg‘g%%% 9o°§§§%‘{%§%‘v\?{§%‘ﬁ? bpaiaété[ﬂjgr‘;v T@%Eﬁ%)rl%s%’?uv?/giﬁ%l%sg?}f%e}r%%tal alloy. For
example, atsuiasle #iélkéPebhtainiby wiath] eflogombinitio déabaunes. pditombynitreight nickel, about

20 parts by wgighbehraminm, RouhS Rars by Weidhtmelyhienum, AROUT 3R ABFshyweight of a

combination of niobium and tantalum, and about 4.5 parts by weight of iron based on 100 parts by
weight of tHeSsSIABVIARY - gy Heebamneledinrafantise Uhercitibly age-HEWiBINCONEL(r) 625
frol;n lspeCi&kMﬁiﬁiﬁc@@l@t@raﬂaﬁs%d}l@ﬁ\élﬁ@ém]@s%@ﬂnb %%ﬁilkikfé?lhﬁﬁg@xﬂé%@%ﬁﬁ%tal )
cobalt-containin 0 i oyt 54 parts by weight cobalt, about 26 parts by weight
chromium, 3%%?3 gﬁﬁé@%ﬁﬁ%ﬁfﬁ@?ﬁ“’% amgrg;g{r{geg iht ARSIk a8t 3 parts by
weight iron Pabmeyi-@uparts:1 b P uiéight 20igstefedind Ghoingl @atblyeweighimaf a combination of
manganeseg,giligon, nitr nd carbon. and may be commercially gvailable under the trade name
ULTlMET(er[? riq'k’ﬁn Haynggﬁﬁ%éﬁﬁgﬁ%%{a@?ﬁ 1@“@%%%%? A |8‘h%‘?%%{rt &1 other SUitable non-limiting
examples dfqiﬁétﬁllélWéhhﬁﬁavﬁ‘?@mﬂéfan@%}@ltmﬁimﬁﬂawcava_ﬂaﬁfémhdeﬁt_ethr@arads'&trwhe_s
Micro-Melt(g) £ WM 2oy oM AR el e RO, @8{}99@%&9&38%19%&%%%}%\’ Jia, and

clu

Stellite0 21 from Stellite Coatings of Goshen, Indiana. [0015]Since the metal alloy In es nickel

and/or cob&, TRB R rdQistaintabeutith) {4 SitimsitdiEsesatientheoressitnivasistarites More specifically,
the wear-resistant-coating:ib i aubsiantialy resistant Q. caresion fram sea-waleral AR ambient

temperature of from about -40 C to about 50 C. Stated differently, the wear-resistant coating 14

minimizes S%tAtioH SFHE L alcansprthe feth ragsthas i iamaier sapdsitETeea water. As

- used hercinyarceamtagtiafigshonaien dbauteminelagy seadvattioreferste watelhaying a salinity of
from abouté%l é%artsibt}/. Yolum%t% abolut 40 Pgrts bgyvolur&g} baséed onl Bé{gillion gparts by volume of sea
water, i.e., Ao SOt ABEE A0 YB P otV QELh PRIAR e EPEFRBBLL 1.025 g/ml

B tb
at 4 C. Furthéb; seabwatetipciudleddisspbedealtsiabanalon mare ionsseleateddiom the.group
including ¢ I{gb[i(g\eiéfgaégo Os%lgartrerl,ogga%SeSSGiH%g%jgiu%’ﬂ, potassiLéEn ,bica% onate, hromide, borate,
strontium, fluoride, and combinations therdof, Sea Water maying b SRIGEACE ater, and brine.

sulfate, magnesium, calcium, potassium, bicarbonate, bromide, borate, strontium,

flyoride, and combinations thereof. Sea water may include brackish, saline water, and

brine.

{6016] Additionally, the wear-resistant coating 14 exhibits a free corrosion

potential, Ecorr, 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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[0016]Additionally, the wear-resistant coating 14 exhibits a free corrosion potential, Ecom 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 metal substrate 12 in sea 'vater relative to a reference
electrode. Fﬁﬁ@?,]?ﬁ’gwgar-resistant coating 14 exhibits a corrosion rate & TEsE#HURH5Equal to about
0.010 mils per year (1 mu = 0.001 inch). As used herein, the teiminology "corrosion rate" refers to a
change in the metal substrate 12 and/or wear-resistant coating 14 caused by corrosion per unit of time
and is expressed as an increase in corrosion depth per year. Therefore, the wear-resistant coating 14
exhibits minimizedisustepiibilitydodegatizes carmwsitnfanidaraxampligcpiting and/or crack

propagation, [0017]Referring again to Figure 1, the wear;resistant coating 14 includes a hardened
zone 18 ha\l;Fr‘%lgsqg fan gwué E%Er’é%?%?stﬁgﬁgg 13?&%%5%%%3% ar%@%‘%@@?@‘{é& Ilrd HH?TiEEﬂar, the
hardened zopw (Bmilay héeiachirdwessdlidrom tiscandsaléty Sococabaut B8O on a Vickers
hardness sealg, @%TRASALINAGEOIaNGR WIDISQ:LRSE Method, §907:1,2005, For example, the
hardened zone 18 may have a hardness of from de.lbou]t 31_2%—?\%5 %g about 577 V30 ditthe Vickers
scale and Y&t BEiBhTed igesre s furtertbemnsine derdinglyy sincEhwedorcetiistance increases

with increasigrhasdgssoti@venizissintanheoating.id sbibils excslient wearissisianee for

applications requiringer(l:o,ntact with another component, e.g., a hydraulic cylinder seal. [0018]As shown
in Figure 1, e BN 8 HRG IS4 4ce Shz, and may have an average roughness, Ra,

of from abolt02 Thicro-indhefsrimgbgiih 18MYcroinGles R daas Ess b aacardange with 1SO test
method 422}17&](1997 As u§§a herein thde terminolo%}/ "average roughness, Ra" refers to a measure of a
o]

texture of the SUNACA Bhy ol THaeHardEhEE SO Bahy TRt SSFAGY SRR LS dBtween peaks
and valleysn@ticslowis) lofdeecdindacéShay Mo Spetifisaly fraticabscopie valiays.amdhe surface Sh,

f the hardengd ARk, 13 SOUERPARGRAPAIN O S UTAGR Bl AL ISR REIN apaverage line.
Similarly, microscopic peaks on the surface Shz o %ﬁe ardened zone 18 correSpond to a point on the
surface Sh2t4t1ie8%bdins artapksdbrhifderrr genmfavascmentshaiddistetisebweehi 3uch peaks

and valleysigeterming he AvaRaR.FPMINIesSs (e ok e Dardensd.2e08 48 1O average roughness,
Ra., of the har Ffined zone 18 may be provided by polishing the hardened zone 18, as set forth in more

detail below TR ForMSEPEHvEN, rHfGHE S rritaRc dMarARSS ity Wi deassttisce and wear
more quicklyas-ceinpareskim gelatveaiyisraeine suiReas SReeJF pgulaniias 4ahias peaks and

valleys In syiaces MAY% oH, Miliation Sites 1on SIACkS: STesR.2ongs. andlor
[GO18] As shown in Figure 1, the hardened zone 18 also has a surface S, and
may have an average roughness, R,, of from about 2 micro-inches to about 18 micro-
inches, ag measufed in accordance with 1SO test method 4287:1997.  As used herein, the
terminology “average roughness, R, refers to & 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 Sy, 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.
10019} Comparatively rougher surfaces generally exhibit less wear-resistance and
wear more quickly as compdred 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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corrosion. Therefore, since the wear-resistant coating 14 may have an average roughness, R., of from
about 2 micro-inches to about 18 micro-inches, the wear-resistant coating 14 exhibits excellent
smoothness‘gg%rlesﬂlélf;(irﬁ? wear- and corrosion-resistance. [00201Referrin% aaain to Fi(%ure_l, the
wear-resistant coa%/ng b may have a thickness, te, of from about 0.025 el W6XBE G 07 inch, e.g.,
about 0.05 inch. Further, the hardened zone 18 may have a thickness, thz, of from about 0.001 inch to
about 0.07 inch, e.g., about 0.005 inch. That is, although not shown in Figure 1, it is to be appreciated
that the thickness, thz, of the hardened zone 18 may be equal to the thickness, t", of the wear-resistant
coating 14.cAttesnativEhgrefoshowe thdiguredkisthet thickne $4,thyz haf the hestdgaed zone 18 may be
less than t iIckness, 1, r-resistant coati nd may be spaced apart from the surface
S of the mgtgéfgsﬂl%gst’rz%é E%Zi? %8%@31 ?ﬁoﬁqu %/%??%8%%%%%%%@%%&%? €6a |ng%a§§%esﬁ%ti includes the
steel substrging khexinathemelesistapeboetirmpd Zdilpusedeonthestasiaubisisatecd 2 and including
the hardeneghzgpe 18. %E&%fm%*&%a‘ﬂ%%@ﬁ%%‘ﬁ%g%&E‘Qe%ﬂﬂﬁ'&%ﬁé‘iJt%% ARG nickel and

chromium and has a thickness, te, of at least 0.025 inch. The wear-resistant ¢oating 14 is substantially

resistant toté&l?%"s%ﬁfﬁrﬁf@@é‘b@&f@rOgtsdﬁcgﬁ?di@ﬁ‘ﬁtt@&b%ﬁé@ﬁ?%ﬁpﬁdi}?M@@%%bout 50 C.
Further, thethargased zene Bhasavhicknasesihg,, of aleasiodAdfinsn an Avaragerroughness, R.,
of from about micro-incl?%eﬁs %o.ai\(?ui 18 .mi‘j}r%in%hes, nd a,h%r,dness of from about 392 HV30 to
about 698 M3 SR IRErS HRrahRES ahe e PRLIRBR RS dehétiBhe 18 may have a
hardness offfroeniatbdtitat 1t KU do, ahoof #8h4risaeloniha Mckebs baraness-shalend@)22]The

method of foilgy the wear- eiista thgtig\q 14 on the metal substrate ]]2 t.%] escribed with general

1z, O1 te WEAr-resisigng co Hn ernatly ; . g
reference to Figure 1. The met od inGludes ée%]gslﬁ?r%j fRé metal alley 'onto the 1r%etf%ﬁsé,Ei’[?strate 12 to

form the claddindardemideronethd alkyybmiass tead dpoditddientd.thétheotahsubstratecd2ipy any known
process. Fauexample, e mefipgdmavningudedasercladding o plasima ransfer arc cladding the

metal substrate 12 with the metal alloy. In particular, the metal alloy may bﬁﬁ{;rovided in powder form

and may bd%%&Hr clad of prasHE aHOBIF Srrs-tRESHBESPaImS taem 3 Gorrdndrtieccisaiing 16. Laser

cladding maybiteliede meltingane ransalidatingothe metakalpwoniedha.metal sphstrate 12 via a laser.
Plasma transfer arcggleag%i%g may include hié:]h energy, inert gas-welding the metal allo%/ onto the metal
e

substrate 12°AftE YAHEes Padiisraherdrdreesisaningtne Mebslufsyntiybe deposited

onto the metal siisketend 2 isorthaithel matalalbbydandsfaithasreiabsutstrate 42:40 form the

cladding 16, LO 2§1Tq1enm]eihod {Juphgrﬁnclud(%sn{?ggh finiship&%h&,claqdinga%G toﬁghereby provide the
' u

cladding 16 Wi a%nc%%/el%gelrsofﬁlgﬁ%gs%, FLU6t fom &Bout 50 micro-nenes to aBout Th0 micro-inches,

e.g., from dboptt@micfdromehbsutc-Hbdltd @B unithSindhetheT hbediadiding 16nis®bghefinished to the
o ementoneh 1C105 RTYS o REMISUE AoEing 1 adisgrppigrocessn. o s
example, reudtssieishing Hayitre-suleatcndro hufregrolivancibding M dtidding algrindify, polishing, and
combinatiops HiLsaeh-AS &9 RHILNG GxamBle LR Hadling: 16,0308 oMep fiished by a grinding
apparatus, such as a lathe. .

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

)



[0024]lt.is to be appreciated that the terminology "cladding 16" refers to the precursor to the
wear-resistant coating 14, i.e., to a layer deposited onto the metal substrate 12 prior to formation of the
hardened zqQpe %8. /‘(I)’Qg%gés, in contrast to the wear-resistant coating 14 incluﬂ}gﬁg the hardened zone
18, the cladaYng 18"8 comparatively softer and less wear-resistant than thé PG M EH coating 14.
[0025]Referring again to Figure 1, the method also includes work hardening the cladding 16 to thereby
folio 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 hardnesSofrfrommidinguthdgzetdM 3 orap batdsfesittd 30 @ the, fram mbeouitd 12 H\RA to about 577

HV30, on t e\é{%@ s% d a}é)r S8 %%q%%tJ}Q% éfmé’é’cig(tg' 5%%%%%{5‘@( Il1<%Ir?gtically deform the cladding 16

to thereby form the ned zone he cladding 16 may be work hardened by any suitable

process thdfptdbuces aldsrnehed fmtourndndrasviect dfowhiatcheinlad diegalfdingh@shyithout cracking
the claddingra\@id?g{eeafmﬂg 10@iaddRg.LE HBLREWRIK aIRNedRY PIARESSASSURD as, but not
0

limited to, roller burnishing, low plasticity burnishing, (LE§_P), flow forming, draw foiming, shot peening,
polymer lagBftty, | eqaairEnHisher sriguiprbeuhil treamchae krdin RISHYEIERSFmMIng, extrusion,
cold formingheelediaing frawinos askkeambinatenstiorallR0268] Bynwayef Rpesnon-limiting
example, work hardenjng may include roller burnishing the cladding 16 with at least one non-ferrous
ol to theTEBF oA RS R RO IHALE. FF SRS B SFR S AL P AL ol
burnishing tieldiag ding 46 witngnénmdrdéyrang soliglopa@hality et aoridetrogis fiollaisg The
hardened ZI%erJQSSé?&%/e%( Ve | aﬂparldor&eslsC 11; Ibout,%g% .II-1|V30 on the icﬁl%rs s¢ le, and the hardened
zone 18 may have a thickness, teh§ of about 05005 mch.gAﬁ[érneﬁ%’/gR/,St Sthardened zone 18 may have
a thicknesssmpidgaas tbosetistantialignthiordingrextigkndbs cled difithis chagd ding g Srgshabout 0.05 inch.

The cladding, 16 manbegolier.ournighed Ry,fwo or more ceramic rollers to thereby plastically deform
the cladding 16, without cracking the cladding 16, to form the hardened zone 18. The cladding 16 may

be roller buffi2Akd by ndhisérbrierrsnerscthiprelerieirtnoeercidaditm ¥mpdemiitghs the cladding 16

and degrading:ihe:cermsionnesinancaofine £ladding -I0A3EMaNkRsuklening may also provide the
hardened zone 18 with an average.roughness, R., of from abgut 2 micro-inches to about 18
micro-inch&¥P5H&E i< %W%E?Hg?ﬁﬁa ?%:%? BrodredARrhdtiehi SoleceaariintifeXraasistant coating
14 with a smeetinswiseg Bhincindiexdellentswiace eanngdatioag 16 is comparatively '

softer and less wear-resistant than the wear-resistant coating 14.
[0025] Referring again to Figure 1, fhe 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
H_V30 to about 698 HV30, e.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.

-10026] 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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[0028]Alternatively, the method may further include polishing the wear-resistant coating 14 after work
hardening to provide the hardened zone 18 with an average roughness, 12", of from about 2
micro-inche micro-inches. The wear-resistant coating 14 m Al y, for
example, a %?ﬁ%ﬁ?gg&(}'e}e?ce or polisher. [0029]lt is to be appreciated that%t?&%%ii %}%égand 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 claddiegd orEhe claa hydraldicwylindetorodgmay thdndveroHoubtadsinig tthe. After the lathe
nas foudh Tisied APRHh e Haatsiat RAieR: A" HeAIRYMRG eHIRSLRUNITRING may begin on e

rough finished portion of the cladding 16. Likewise, after the 2 linear-foot portion of the cladding 16 has
been work baesasberpy dmepbiurrashintingse e ddSBie 4 iy, Hekseistdd BPrsvide the

hardened zZopg-With.#ae final.3VRRROCHAUIBASES, dfaLehf oM PheH! A MiganRENeR.t0 about 18
micro-inches. [0030]In this variation, the hardened zone 18 of the wear-resistant coating 14 may be

polished by fSPstiRtel PRl PAT “Of bHer tRat B M SBYHERRAIRT LR i Hdén resistant
coating 14.0Aise cfaddig medindiibe byiirawic aylindatdiad maydyesteddiedisiseppptisoconfigured to
dampen vibrations and ther. »br)é pr teer%%th a%@coﬂg] Fli%r%wfac Shy durin rourg%h f;[nlshkg% and work

hardening Stth r%%aéa&pﬁ%r ?and unnﬁ%ny p% |8n5]f e Wear-resistal Ogog{flr?g 4. The

aforementidmed adibtigod far fommihg thdwedraesistaihesdtintpid omave oot Substled 12 is
cost-effecti ' i W immedis | i (1OF - h finished
¥ gﬁgy%mmwmm , G ﬁ%ﬁ%&é@&%@%ﬁl@g%m%m;g%om rough finishe

portions of t draulic cylinderrod. [0031 ardening the cladding 16 after rough finishing to
form the walgersisisthnceaatint eaigpavidsthe kdliggetr-resistant coating 14. Further, work

hardening thgelpdding 1p.2te8Quah: fRishiRg W&Qﬁéﬂﬁr&%@&'%ﬁ@ﬁé%ﬁﬁ)%'agclégc\!\/ith excellent
corrosion-resistance since the contraolled plastic deformation of work hardening scats, i.e., smears

over, any staRBsisRortiinieaboyth BEabadEH oA \WHReRabAIn g A& pidiides the
wear-resistpsrdeniatinga 4roitiacompiensiveinniduaistessdhalsshibitpiniationand propagation of
surface defects and incrgases a tol fance f the wear-resistant coating system 10 to tensile loads.
Moreover, t‘ﬁ%%ﬁﬁbﬁ‘%%% ?ggi%ﬁfg? Sty P e weai Tesistant coating 14 increases fatigue
strength of [h2&ietal sulddteateti2igibdmthieothimmizeationiofldisgmitshiitidscandusteessnisers in the

Wear'resiSt@&‘ét&‘%afﬂ_‘%%#w%%%%M;H%g;t SSRISIANLGRANNG RyRIemE 10, And Jelated methods provide

. i
wear- resistant coatings 14 having ex ﬁ)j):lt hardness and corrosion-resistance. Therefore, the

wear-resistEnteboatin§.s 95 feons abouw rersisitedelies lexqvostité wigedwhter, e wesrapplications
requiring cqaleemetalisuhatiesd golmepsiaianwitina.spiaghzans /@ aftsgere drilling rig. The

wear-resistant coatings 14 are smooth and exhibit excellent compressive residual stress. Therefore,

the wear-rei883ht coatiflisetsmerieristiieirsre Saishtnsu dry gk drelith S tsile stress, and
reduced infdiratignnane s epagatiencaldatiguaetags shsinksracksprng athemilaws. Further, the
methods are cost-effective, g0 minimize dis%ontir}kjities in the (Xvealr-rei%istant C tingns 14 such as

ot iately after rough Hinish

cracks and /3P PSR TG AT RAEL Y08 &g be performed imme g

the cladding 16, That is, a hydraulic cylinder rod having a length of 50 fect 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. '

- [0836] 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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[00331The 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 Example 1 [00341In preparation for forming

a wear-resista tz(?%%té{,l of Example 1 on a steel hydraulic cylinder rod havin 8:[2|e'n th of 50 feet and a
diameter of 10"iAC es, INCONEL(r) 625 metal alloy in powder form is loab&l 16814 F‘ﬁadding

apparatus. The laser cladding apparatus deposits the INCONEL(r) 625 metal alloy onto the steel
hydraulic cylinder rod to form a cladding having a thickness of 0.05 inch. 100351 The cladding is then
rough finished by a grinding apparatus to thereby provide the cladding with an average roughness, R,
of 100 micredmetresi40086lAfdr rotigh, finishengs thel clacbijdenidicaljéindur nishesly iy two ceramic rollers

to thereby f&é%i‘é&%f’%&ﬁz{ﬁ%%‘%&% ;i %9&?‘%%8&5&&rﬁgﬂ%&lﬁ%ﬂﬁ&%ﬂ%&%@% £3fing,gf Example 1

includes a hardened zore having a thickness'o 0. mch. :
surface Sy, during rough finishing and work hardening of the cladding 16, and during any
polishing of the wear-resistant coating 14. The aforementioned method for forming the
wear-resistant coating 14 on the metal substrate 12 is cost-effective since throughput may
be increased by immediately work hardening prior-rough finished portions of the
hydraulic cylinder rod.
0031] Work hardening the cladding 16 after rough finishing to form the wear-
resistant coating 14 provides a hard, wear-resistant coating 14. Further, work hardening
the cladding 16 after rough finishing provides the wear-resistant coating 14 with excellent
corrosion-resistance since the controlled plastic deformation of work hardening scals, i.c.,
smears over, any surface discontinuitics such as pores or cracks. Work hardening also
provides the wear-resistant coating 14 with compressive residual stress that inhibits
initiation and propagation of surface defects and increases a tolerance of the wear-
resistant coating system 10 to tensile loads. Moreover, the compressive residual strength
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,
{00321 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, e.g., for
apphications 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
mmproved 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



Example 2 100371In 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(r) 625 metal
alloy in powder form is loaded to a laser cladding apparatus. The laser cladding apparatus deposits
the INCONE‘E&)Z%?\@ et alloy onto the steel hydraulic cylinder rod to fcﬁﬁ?’g%%@émﬁﬁ“‘iaving a
thickness of 0.05 inch. 100381The cladding is then rough finished by a grinding apparatus to thereby
provide the cladding with an average roughness, Ra, of 100 micro-inches. 100391After 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 [004Eugn%rlegaration for forming a cladding of each of
Comparative Examples 3 - 5, INCONEL 625 meta a?loy in powder form is loaded to a laser cladding
apparatus. [Pé4bser clabidirepapperdaudaopestsvihe INCAONEL()N 625 Fretatlalloynoniw@ach of three

steel hydrap eYHIBEeh{ad o8RG IR AN BRI ARG ARG R FTRIGLL! 10 inches, 10

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.

[0035] The cladding is then rough finished by a grinding apparatus to thereby
provide the cladding with an average roughness, R,, of 100 micto-inches.

[0036] After rough finishing, the cladding is roller burnished by two ceramic
rollers to thereby form the wear-resistant coating of Example 1. The wear-resistant

coating of Example 1 includes a hardened zone having a thickness of 6.025 inch.

Example 2

[0037] In preparation for forming a Wear—res_istan;c 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, Ry, 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

[0046] 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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to form the claddings of each of Comparative Examples 3 -5. Each of the claddings of Comparative
Examples 3 - 5 has a thickness of 0.05 inch. 100411Thereafter, each cladding is not rough finished by -
a grinding a%paratus and each cladding is not work hardened by roller burnishing. 100421 The

wear-resista Pc%’é?(ﬂ%fgﬁgf each of Examples 1 and 2 and the claddings &%Hgﬁzgiﬂeé%ﬁﬁarative

Examples 3 - 5 are evaluated for hardness at various thicknesses in accordance with ISO test method
6507-1:2005, and assigned a Vickers hardness, HV30, on a Vickers hardness scale. The results of the
hardness evaluations are summarized in Figure 2. [0043]As evidenced by the comparative data set
forth in Figuwea2yiiie: weaddinesistaoh ofd@lingsoftx@xpipted And. 2hexhibitivareddedhdrdness as

compared tg each of the claddings of Co rative les 3 -5. In particular, the wear-resistant
ol claddings of. ¢ XBTRISS

coating of Qé”rﬁ%‘i%l a5 A hardneds of 4 30°at a surface of the hardened zone, and the

wear-resistdiddbating off Exarfipfec2dhadddmg dhessrofgilbnuivglhateyodagapfashardened zone.

In CO”traSt’am?cﬁ@ldé{’é’agﬁlQ{s%‘f%8;18&%9@%@%%@%@%9@&%@5 have a hardness of 335 HV30, 334
HV30, and 265 HV30, respectively, and do notinclude a hardehed zone. 100441Therefore, with

reference to Figure 2, work hardening the claddings of each of Examples 1 and 2 forms the respective

hardened zpas) As shoyw iReHGHR: 2utB:MIKITREIR BINSkaBRa M RIRS ks the daalimashardened
ss of at least 0.015 inch. By ¢ on, the claddings of Comparative

zone having a thick ompayi

Examples $-8%48 ‘?'f(;f?ﬂg?ﬁ‘a&‘ﬁ ﬁé?&&%@ﬁz@ﬁé@aﬁd‘%ﬁg’a REESH tHe PRy HEEURATHly decreases

at a cladding shicktess ofiale 0t 0s0pbthaechs V0043 & ditibnal phcthe Vieksrs éaiskiant coatings of each of

Examples JH%‘&%S‘ Qq/ickers hardness scale. The results of the hardness evaluations are
summarized in Figuore 2.
[0043] As evidenced by the comparative data set forth in Figure 2, the wear-
resistant coatings of Examples 1 and 2 exhibit increased hardness as compared to each of
the claddings of Comparative Examples 3 — 5. In particular, the wear-resistant coating of
Example 1 has a hardness of 465 HV30 at a surface of the hardened zone, 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 cach of Comparative Examples 3 — 5 have a hardness
of 335 HV30, 334 HV30, and 265 HV30, respectively, and do not include a hardened
ZOIC. :
{0044} Therefore, with reference to Figure 2, work hardening the claddings of
each 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 cach of Comparative Examples 3 — 5 are also evaluated for free
corrosion potential by subjecting the coated and/or clad hydraulic cylinder rods to sca
water and measuring the presence or absence of net electrical current flowing to or from
each 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 ¢laddings of Comparative

Examples 3 — 5 has a free corrosion potential, Ec., of less than or equal to -0.200.
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the claddings of each of Comparative Examples 3 i 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 each of the hydraulic cylindgr rods relative to a
reference eletody BEER of the wear-resistant coatings of Examples 1 ah8 DURAMEHHSf the
claddings of Comparative Examples 3 -5 has a free corrosion potential, Ecorr, of fess than or equal to
-0.200. WO 2010/080968PCT/1JS2010/020455 100461 Further, the wear-resistant coatings of each of
Examples | and 2 and the claddings of each of Comparative Examples 3 - 5 are also evaluated for
corrosion rajég}subjectingtite teatedrandioncladdygraplisceyimtiensads fasea watgrat an ambient
temperature of, 10 C for 24 hours and measuring a yuéhan in th nyﬁgr ulic cylinder rqds,
wear-resista(\;ntd_‘((:}én_ fn%?s?agﬁaﬁ)!éoépﬁaﬁ%%i%%? qg?ogn t%r%%f;q(ilgé‘%ﬁ‘s?‘ eﬁrc%%%é?&ﬁ@r ach sample.
Each of thesweiaptregibasnatohiints: of iaidplds: tdnd2 and teach withaicladdibgsiof Comparative
Examples 3 p.0as a.Co11asion. | gﬁ)% | ss§1 n.or equal t0,0.010 mjls pe ar.g, 047]Therefore, the
Wear-resista%rfléoa?%gs of Exar%lg#es ua%ﬁn efﬁft‘)‘ﬁ%‘é’é’ﬁé’lﬁ%“é%’r}%éu‘%rﬁ %r%%llgtlgnc gln g?/l]en while having
excellent hardhessanieoistvarkontirdering wdeddithe Wenrsesistenpeoatingsiaheadtubidxamples 1
and 2 does fa%gapg%affe.cwa?mﬁ@m 2 %ﬁ@&%@ﬁn&g&%m&ﬁ NG RIPYILES NG WeRL resistant

coatings of Examples 1 and 2 with a combination of excellent hardness, wear-resistance, and

corrosion-ré$iSgiRgL 0 DOmBIRNIfEEBISIMoTRYS foPsERfigR GasLR Tirssthesneibriiele been described
in detail, those! temiliareyviathe art to which this invention relates will recognize various alternative

designs an odiments for practicing the invention within the scope of the appended claims.
CL A?M S %%q]ﬂ ﬁerefgre, tltle wgar-resmtant coatings of Exampleg 1and 2 exl?i it

excellent corrosion-resistance, even while having excellent hardness. And, work
hardening to form the wear-resistant coatings of each of Examples 1 and 2 does not
decrease corrosion-resistance. Rather, work hardening provides the wear-resistant
coatings of Examples 1 and 2 with a combination of excellent hardness, wear-resistance,
and corrosion-resistance,

16048] 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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1. A method of forming a wear-resistant coating on a metal substrate, the method comprising:
depositing a metal alloy onto the metal substrate to form a cladding; rough finishing the cladding to
thereby provide the cladding with an average roughness, Ra, of from about 50 micro-inches to about
150 micro-inches; and work hardening the cladding to thereby form the wear-resistant coating and
a hardened zone thereof; wherein the hardened zone has a hardness greater than a hardness of the

metal substrate. 2. The method of claim 1, wherein work hardening plastically deforms the
cladding to 2{ form the hardened zone. 3. The method of claim 2, wherein work hardening is
further defined as roller burnishing the cladding with at least one non-ferrous roller to thereby form the

hardened zone. 1 4. TRe mt%rh%%(;ff claim 1, Wherein%vork hatrdenin%/formsf tklll% harde&%d zone

having a hardness of from about PIVE0S about 658 RIS orete Vilkars Rardrsss'Stale. 5.

The methothethethiwniprisherein depositing is further defined as laser cladding the metal substrate with

the metal alloy in 9%91%%05%5%{9{%@&?@(%%%%1 subséa]t-y?i%qoc A ggﬁlgim 1, wherein depositing

is further defined as plasnia transfer drc cla e metal substrate with the metal alloy in powder
form to form the cladgin§nishing tirheladding dofietathy Dwhideetha slagidifisishithgas sstweted from the

group inclugipgmachiing sringind: pelishingnand omRIRAteNRIE 8ehes; and
work hardening the cladding to thereby form the wear-resistant coating and a
hardened zone thereof, wherein the hardened zone has a hardness greater than a hardness

of the metal substrate.

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

cladding to thereby form the hardened zone.

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

hardened zone.

4. The method of claim [, wherein work hardening forms the hardened zone
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 with the metal alloy in powder form to form the cladding.
6. The method of claim 1, wherein depositing is further defined as plasma

transfer arc cladding the metal substrate with the metal alloy in powder form to form the

cladding.
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8. The method of claim 1, further including polishing the wear-resistant coating after work hardening to
provide the hardened zone with an average roughness, Ra, of from about 2 micro-inches to about 18
micro-inches.

7. The method of claim 1, wherein rough finishing is selected from the group

including machining, grinding, polishing, and combinations thereof,
8. The method of claim 1, further including polishing the wear-resistant

coating after work hardening to provide the hardened zone with an average roughness,

R,, of from about 2 micro-inches to about 18 micro-inches.
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