-1- ACOATED MEMBER FOR MOVEMENT RELATIVE TO A SURFACE AND METHOD FOR
MAKING THE COATED MEMBER BACKGROUND [0001]The invention pertains to a coated member
for movement relative to a surface, and a method for making the coated member. More specifically,
the invention pertains to a coated member for movement relative to a surface, and a method for
making the coated member wherein the coating sc'f]féme provides resistance against erosion and/or
corrosion in an environment requiring tight tolerances between the coated member and the surface. By
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[0002] Certain components used in various linear sliding applications such as, for
example, a plunger in a reciprocating pump, and rotating applications such as, for example,
an impeller used to generate differential pressure in a pump, are subjected to abrasive, erosive
and corrosive solid particles, fluids, and slurries. As one can appreciate, excessive abrasion,
erosion, and/or corrosion is detrimental to the performance of the article-in-question, e.g.,
reciprocating pump and centrifugal pump. A condition common to many of these linear
sliding and rotating applications is a requirement for tight tolerances between the parts that
move relative to one another. For example, tight tolerances are necessary to maintain an
adequate seal between sliding mating parts such as, for example, the plunger and its adjacent,
corresponding seal in a reciprocating pump or the impeller and its adjacent housing in a
centrifugal pump. While the specific magnitudes can vary with the specific application, in
general, a typical tight tolerance is as tight as £ 0.0005 inches (x 12.7 micrometers) on a part
with a diameter equal to at least 6.5 millimeters and with a surface finish requirement equal

to between about 4 and about 16 microinches (0.1-0.4 micrometers) Ra.

[0003] Heretofore, a typical process to make such a coated part with a tight tolerance
has been to: undersize the component, deposit an oversized coating scheme thereon to

accommodate for any distortion or non-concentricity conditions, and then remove material



from the oversized coating using established machining techniques until the component meets the
tolerance specifications. Due to the hardness and low toughness of the coating, one drawback with
this earlier typical process is the need to use expensive machining techniques to bring the component
into compliance with tolerance specifications. Becayse of these expensive machining techniques,
current practice attempts to minimize the extent of grinding necessary to meet the dimensional
requirements. [0004]One way to minimize the extent of grinding is to undersize the component to a
depth compargble to the tolerance requirement Qior example, abaut 10 micrometers) and then deposit
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However, there are applications (e.g., handling abrasive slurries) in which the components do
not experience relatively uniform wear. For a component (or part) used in such a non-
uniform wear application, a part with a coating thickness equal to between about 3
micrometers and about 10 micrometers would most likely experience premature and
unpredictable failure. An examination of premature failures in handling of abrasive slurries

revealed an unexpected cause of these premature failures.

[0006] It is known that slurries comprise abrasive hard particles carried in a fluid.
The hard particles vary in size from sub-micrometer to nearly about 100 micrometers in size,
and even greater in some instances. Under normal operating conditions, these hard particles
flow over the surface of the part thereby causing erosive and/or corrosive damage. The
purpose of the coating on the part is to resist the erosive and/or corrosive damage caused by

the flow of the hard particles. Further, it is known that during operation, some hard particles



Bhushan, CRC Press Ltd., (1999), contact mechanics principles show that when a particle is in contact
with a surface, it can cause sub-surface failure because the maximum shear stress due to the contact
is below the surface. The depth to which the maximum shear stress can extend is termed the “critical
depth". In elastic contact conditions, the maximum ghear stress can extend to a critical depth equal to
about one-tenth of the particle size. Thus, for example, in a situation in which the hard particles are of
a size equal to 25 micrometers, the critical depth on the coated member can be about 2.5
micrometers. What hag peen found is even though the critical depth remains within the coating,
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clearance distance between the coated member and the adjoining surface when mapped into the
coated niBAMdYstipRgedhegatic deptiticarheglibhicss theatoatste perticliBrgadhaemBBE-The coated
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has a substrate, which has an undersized substrate region of a minimum undersizing depth wherein
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on the undersized substrate region wherein the finished coating scheme is the result of the treatment
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member {s.@f e fished sleedRgRaieriifakiagieny the coated members. It thus becomes
apparent that it would be highly desirable to provide a coated member for movement relative
to a surface that has a coating scheme with sufficient thickness so that the sub-surface shear
stresses do not extend into the coating-substrate interface or into the substrate itself. It would
be highly desirable to provide a method for making such a coated member. In other words, it
would be highly desirable to provide a coated member for movement relative to a surface that

has a coating with sufficient thickness so that the sub-surface shear stresses extend to such a



[0011]In yet another form thereof, the invention is a method for making a coated member adapted for
movement relative to a surface wherein a clearance distance between the coated member and the
surface exists in a critical region of the coated member and wherein -5- the coated member having a
finished size in the critical region. The method comprising the steps of: providing a substrate with an
undersized substrate region having a minimum undersizing depth; the undersized region
corresponding to the critical region of the coated member, and wherein the minimum undersizing

depth bei ual to about 7 % f the clearance GDOSI'[I an overs zed coating scheme to
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OF THE DRAWINGS [0012]The following is a brief description of the drawings that form a part of this
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highly desirable to ensure that spalling of the coating does not occur since spalling can
expose the substrate to the erosive and/or corrosive environment. There would be an
advantage to using a coating scheme (or coating architecture) that optimizes the ductility and
erosion/corrosion-resistance properties of various coating materials. One approach would be
to use a multi-layer coating architecture in which ductile, corrosion-resistant metal interlayers
are between hard ceramic layers. Such an approach would provide both ductility and
resistance to the detrimental effects (e.g., erosion and/or corrosion) of a medium like an
abrasive slurry. Therefore, it would be highly desirable to provide a coated member for
movement relative to a surface that has a coating scheme that comprises a multi-layer coating
architecture wherein ductile, corrosion-resistant metal interlayers are between hard ceramic

layers so as to provide both ductility and erosion-resistance and corrosion-resistance. It

would be highly desirable to provide a method for making such a coated member.
SUMMARY

[0010] In one form thereof, the invention is a coated member adapted for movement
relative to a surface wherein a clearance distance between the coated member and the
adjoining surface when mapped into the coated member surface exists in a critical region of
the coated portion of the member. The coated portion of the member has a finished size that
lies in this critical region. The coated member further has a substrate, which has an
undersized substrate region of a minimum undersizing depth wherein the minimum
undersizing depth is equal to about 75% of the clearance distance. The undersized substrate
region corresponds to the critical region of the coated member. A finished coating scheme is
on the undersized substrate region wherein the finished coating scheme is the result of the
treatment or finishing of an oversized coating scheme to form the finished coating scheme

wherein the coated member is of the finished size in the critical region.

[0011] In yet another form thereof, the invention is a method for making a coated
member adapted for movement relative to a surface wherein a clearance distance between the

coated member and the surface exists in a critical region of the coated member and wherein



[0014]FIG. 2 is a diagrammatic view of the plunger (i.e., coated member) and the seal, which includes
the surface wherein in operation the plunger moves relative to the seal; [0015]FIG. 3Ais a
diagrammatic view of the undersized substrate region of the substrate of the plunger; [0016]FIG. 3B is
a diagrammatic view of the undersized substrate re\gion of the substrate with the oversized coating
layer thereon; [0017]FIG. 3C is a diagrammatic view of the undersized substrate region of the
substrate after the oversized coating layer has been treated to remove some of the coating material to

wherein the lecafgﬁ%\%? fthe c ﬁfte%? ember chieves the finished siz ﬁpd 001 %& .4isa
diagram RIS hHE G EREISASI TR At F1§HB aH?ﬁ’é’%r 3?8 member.
DETAILERp3BE@RIAJIAYN substrate with an undersized substrate region having a minimum

undersizing depth; the undersized region corresponding to the critical region of the coated

member, and wherein the minimum undersizing depth being equal to about 75% of the

clearance distance;  depositing an oversized coating scheme to the undersized substrate

region; and finishing the oversized coating scheme to form a finished coating scheme

whereby the coated member has the finished size in the critical region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The following is a brief description of the drawings that form a part of this

patent application:

[0013] FIG. 1 is a sectional view of a portion of a reciprocating pump showing the
relationship between the pump plunger and the seal wherein the pump plunger is a

component that moves relative to the surface of the seal;

[0014] FIG. 2 is a diagrammatic view of the plunger (i.e., coated member) and the

seal, which includes the surface wherein in operation the plunger moves relative to the seal;

[0015] FIG. 3A is a diagrammatic view of the undersized substrate region of the

substrate of the plunger;

[0016] FIG. 3B is a diagrammatic view of the undersized substrate region of the

substrate with the oversized coating layer thereon;

[0017] FIG. 3C is a diagrammatic view of the undersized substrate region of the
substrate after the oversized coating layer has been treated to remove some of the coating

material to wherein the critical region of the coated member achieves the finished size; and

[0018] FIG. 4 is a diagrammatic view showing the dimensional relationships in the

critical region of the coated member.

DETAILED DESCRIPTION

[0019] Referring to the drawings, FIG. 1 illustrates a portion of a reciprocating pump
generally designated as 20. Reciprocating pump 20 has a structure generally along the lines
of the pump disclosed in U.S. Patent No. 6,212,997 B1 to McCollough et al. wherein the
entirety of U.S. Patent No. 6,212,997 is incorporated by reference herein. FIG. 1 shows a



[0019]Referring to the drawings, FIG. 1 illustrates a portion of a reciprocating pump generally
designated as 20. Reciprocating pump 20 has a structure generally along the lines of the pump
disclosed in U.S. Patent No. 6,212,997 B1 to McCollough et al. wherein the entirety of U.S. Patent No.
6,212,997 is incorporated by reference herein. FIG. 1 shows a -6- coated plunger 22, which has a
plunger shaft, and a seal 24, which has a seal surfa?ce 26. The coated plunger 22 is a coated member
adapted for movement relative to a surface, which is the seal surface 26. The region of the coated
plunger 22 that oves lative tq the seal sur sthec n 30 the coated
Blunger, RS @UTARRS e LI BT ERG EOMREE ATGITERI FRERs v b ABSEiatE et the acual
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[0022]Referring to FIG. 3A, the coated plunger22 has asubstrate 46 w as an undersized

substratggggiqn (see Wagket Ak VhiEfNas Ad eIUEG IRz Der ROMOEBITIARS 22) has a finished

size 36 in the critical region 30. When the relative spatial positions of the coated member 22
and the seal 24 are established, i.e., mapped, there is a clearance distance 40 there between.
In other words, there is a clearance distance 40 between the coated member 22, which has the
finished size 36, and the surface 26 (of the seal 24) in the critical region 30 of the coated
member 22. The drawing of FIG. 2 exaggerates the relative size of the components to be
instructive about the relationship between the components and the clearance distance 40.
There should be an appreciation that the magnitude of the clearance distance 40 can vary
depending upon the nature of the specific application. An exemplary range for the clearance
distance 40 can range between about 2 microns to about 250 microns. Alternate ranges for
the clearance distance 40 are: (1) between about 5 microns and about 125 microns; (2)
between about 10 microns and about 50 microns; (3) and between about 20 microns and

about 30 microns. One exemplary clearance distance 40 is equal to about 25 micrometers.

[0022] Referring to FIG. 3A, the coated plunger 22 has a substrate 46 which has an

undersized substrate region (see bracket 48), which has a reduced size. The undersized



-7- substrate region 48 corresponds to the critical region 30 of the coated member 22 previously noted
in FIG. 2. In other words, the portion of the substrate that forms the critical region 30 of the coated
member 22 is the undersized substrate region 48. [0023]The material for the substrate can vary
depending upon the specific application. The substrate can be any one or the following materials: steel
(including a low carbon steel), tool steel, stainless steel or superalloys manufactured using casting,
machining from rod or sheet, or powder metallurgical techniques. The specific kinds of materials can
be a stainless steel such as, for example, CAGNIVI or.a 300 series or a 400 series stainless steel. The
Substratc A e ELHE LU 4051 A0 oN s B AR e GBIATS may be
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finished size 36 of the coated member 22 tion e undersi substrate region 48
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of the particles in the slurry. The typical average particle size ranges between about 25 micrometers
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scheme
an amount equal to a minimum undersizing depth 50 to achieve the reduced size 52. The

minimum undersizing depth 50 is equal to about seventy-five percent (75%) of the clearance
distance 40. What this means is that the least amount of undersizing of the undersized
substrate region 48 is equal to about seventy-five percent (75%) of the clearance distance 40.
The undersizing is intended to refer to the dimension of the undersized substrate region 48
relative to the finished size 36 of the coated member 22. The location of the undersized
substrate region 48 corresponds to the critical region 30 of the coated member 22. In other
words, the undersized substrate region 48 is undersized such that the sum of the reduced size
52 and two times the minimum undersizing depth 50 is equal to the finished size 36. As
other alternatives, the extent of the undersizing of the undersized substrate region 48 can
equal about eighty percent (80%) or about eighty-five percent (85%), or about ninety percent
(90%) or about ninety-five percent (95%) or about one hundred percent (100%) of the
clearance distance 40. There is the contemplation that the extent of undersizing the
undersized substrate region 48 could exceed one hundred percent (100%) of the clearance
distance 40 depending upon the specific application. Further, the coating thickness of the

finished coating scheme 56 may be about seventy-five percent (75%) of the average particle



on the undersized substrate region 48. Typically, the thickness of the finished coating scheme 56 is
greater than about 20 micrometers. The finished coating scheme 56 is the result of an oversized
coating scheme 60 (see FIG. 3B) being treated to form the finished coating scheme 56 wherein the
coated member 22 is of the finished size 36 in the cyitical region 30. Techniques to treat the oversized
coating scheme 60 to form the finished coating scheme 56 including diamond polishing. Other suitable
techniques to treat the oversized coating scheme 60 include grinding or hard turning. There should be
an apprecijatiop that the finished coating scheme 56 covers all surfaces of the coated mergger 22 that
e i CoNACD WA THE SHES DA AR co TS VB SH A GRRRE Ut PR BSOS ciating
architectuie-efiteefinisied @oadignsichameedt can vary depending upon the specific application to
which the coated member (e.g., plunger) will be a part. In the case of the plunger, the coating scheme
can be a[0@iglayer orRefeariogooiplésiBHthitaotnd siecobecafbiortrifieisirddtanasmeciutemi 66 silicon
carbonitride ot (ngRlendunasien carbidexona meta oxidey cafbide onnikids, 4s.addional exemplary
coating scllllemes, e coating schente can comprise’multilayers wherein he ayers can be one of a
metal, a seltamic) @iseemmpdsiteatioxe Btptaryronetzls .aithtitamished chaonmguohemekd, izitcorasudt,
tungsten, or hafnium. Exemplary, ceramic la are, titanium nitri itaniym alrétijo itride, titanium
ket oy ge e A s e e R R KR
layers incliegentuhgsteerdimgstenacalt bide HaRumositicofirgsitbd nitdd® (nahe compd ség sirdtures),
siicon cafhoniirde: fungsisncabids:aonaliviungsisn earbinenigich ANdrigkeldiamand 4s an
alternative, each one of the above coating schiemes can include a%onglng coating layer on the
substratentludibgddinyrd athghlenge r@gme rcontgrisecahyigms of titanilinonécketdotramiginlensilicon.
[0027]0Ong,suitable techni sit the,coating is,the plasma enha netr uttering
(PEMS) S o L S S,
Publicatiephiloe 5652008/ 0H k47 lofahy/ epetdimant entill thERO 8 KON REGIB TANTOOBGATINGS.

Further, t,ﬂle REMS Reoge: %‘il%ﬁllﬁ% n and described in the article Wei et al., "Deposition of thick
nitrides an(§1 gar%)éon(lst)srlldesaolr sand erosion -9- protection , Surface & Coatings Technology 201 (2006),

Pp. 445316456 Furthersughie, GARHNG PEBGARSER RifSHPWEY fddinishaicdhhity A2 to Holzl et
al. and U.S. Patent No. 6,800,383 to Lakhotkin &t al. In addition, the process carn include other

depos@t@o@ﬂpﬂ%&%ﬁm ﬂi@&féﬁ!ﬂ)?@ﬁﬁ%@@@%@ﬁéﬁﬂé&h@é_ﬁbﬁ Q@@Q@iﬂmm@v@)gornb‘mﬁéhl.vapor
depositiogPyD) ,0f ramdiauidmeia Jie & i mEeRise sauionnIhase.pthier deposition
techniques must satisfy certain process requirements as to a temperature that will not excessively
distort theangsstraesi it sposiiem earsaitideee siampnehsqessn sSTT@, eneoagadiotier option,
not to exgeed 800, Foe SRS HaRSiaRk IBENImES SPHRkRISC Saliahiibrieakdgsigy requirements
to achieve the desired dimensional and performance characteristics. [0028]Other beneficial physical
propertieSo8fifgesahtsrRse B £AAGSCHOSTBTBA LAY ISR HEBIHAYGS NEhRIGEK S| L3 efesrfiaribn Qekength of

greater than 10, K uean LesiSianeiusing BeMpIhN ARRr ORI S aRdaidn] GatMethod for

Measuring Abrasion Using the Dry Sand/Rubber Whéel Apparatus”] test wherein the wear resistance
is greateFHEQATTOMITHRE BatBhafiine o ATsenyR] Bateaenal CHIYSSi OFF reSistenda tEIgeh tHANMAR it is

resistant {0-fGiHSi RUIIAGRANH RHAR RPHERRS R RISSIAMBRISIANRR A eiR8R e A T AfBos @4
['Standard Test Method for Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets"]

test suchcibitdesiisAiday 2amnesitrdayess iRl vsitinaterofRg el saHed Steeniypsikearor a
Ceme”tGGa%%HREthghgﬁ%&ﬁ%&i@@s%Qﬁlfééﬁis@i@éﬁ%?@én%ﬁ‘ﬁé,thﬁ{gt&&c@ﬁﬁﬂﬁ-%%@ave a hardness

greater than about 0 HV; the hardness of the substrate must not have been reduced by more than

4 HRC tHig§iraRisiaighsh antha Cehihynnd fridtion tbamnitidp @ghane 96 42etARYO.4 in ASTM
099 [ASTMLAR9- PR Damitrngard Pesiieroadfoean trstngswith. affinsendiskARRgratus”]

pin-on-disc wear testing against an alumina (aluminum oxide) ball at 1 GPa stress; and a consistency
where thERERFEThEPTEBIe AW BisIBIEMaRifkElorHEIEMIeS ek d surfaces, and a consistency

of the color gver the coated member. [0.029]Referrir19 to the series of drawings FIGS. 3A through 3C,
this serie@8lvs the One suitable technique'to deposit'the coating is the plasma enhanced

magnetron sputtering (PEMS) process. The PEMS process is shown and described in United
States Patent Application Publication No. US2009/0214787A1 to Wei et al. and entitled
EROSION RESISTANT COATINGS. Further, the PEMS process is shown and described in

the article Wei et al., “Deposition of thick nitrides and carbonitrides for sand erosion



basic steps in the method for making a coated member 22 adapted for movement relative to a surface
26 wherein a clearance distance 40 between the coated member 22 and the surface 26 exists in a
critical region 30 of the coated member 22 and wherein the coated member 22 having a finished size
36 in the critical region 30. The method comprises the following steps. -10- [0030]The first step is to
provide a substrate. As mentioned hereinabove, thé substrate can be any one or the materials listed
hereinabove. [0031]The next step is undersizing the substrate 46 to a minimum undersizing depth 50

to form an underste e region 48 T e mi dersizing de consistent glong the
axial Ienéﬁﬁ) SFHR LS rate Ty ’%@e@h@%@%é%fﬁﬁ%ﬁ %8%%5@&? esponds to
the crmcebmgl@pr36e@§dhere@ab®d1mem5er>ﬂ2nﬂme Aiimuss wBielsizingl deptiv ) Begualdo about
75% of t C ce. As o lterna ives, the exten nd rsizin he undersized
paibs e G S e i A e A o
percent (8090 Xiay mpenpiﬁm pegqmﬁie(ﬁﬁ%)vep@rt&tmmdﬁed(pvmem phO6iva) ohpoe dﬂpamme distance
40. Ther(ﬁlliellil%e co mlE)Iat ??jd e ex ent of un erS|z| e und S|zedt}s1 gtrate reI(T:uon 48 could

exceed 0 per Sfatﬁ 8'Credfdhe® Ct%m dep %S&ﬁ erP e 1gpecn‘lc
appl|cat|oacl{ﬁialaﬂykmansatteﬁynamm@tbeeﬁss’et}mamw distussadmibaves et wrh\ndtng the substrate
and undersmng} (f,gtbstrt%e ok Set %lgt ﬁ?q roc\fs'fjﬁ) at%trJrPstrattuer é/wglgee}lrg) tutrédee(rsaggfélpétrate region
having a Mimimum U ersizing [ p 2P ep05| ing an oversized coating scheme
60 to theamddarsizglkr option, not to exceed 500 °C. These other deposition techniques must also

satisfy the tool design requirements to achieve the desired dimensional and performance

characteristics.

[0028] Other beneficial physical properties of the finished coating scheme 56 are: an
adhesion using Rockwell indentation strength of greater than 100 Kg; wear resistance using
the ASTM G65 - 04(2010) [“Standard Test Method for Measuring Abrasion Using the Dry
Sand/Rubber Wheel Apparatus’] test wherein the wear resistance is greater than 10 times that
of an uncoated substrate; a corrosion resistance such as that it is resistant to acids, sulfides
and brine solutions; an erosion resistance using the ASTM G76 - 07 [“Standard Test Method
for Conducting Erosion Tests by Solid Particle Impingement Using Gas Jets™] test such that
resistance is 2 times the erosion resistance of an uncoated steel substrate or a cemented
(cobalt) tungsten carbide substrate; a hardness such that the coating must have a hardness
greater than about 1000 HV; the hardness of the substrate must not have been reduced by
more than 4 HRC through the application of the coating; the friction coefficient equal to less
than 0.4 in ASTM G99 [ASTM G99-05(2010) “Standard Test Method for Wear Testing with
a Pin-on-Disk Apparatus”] pin-on-disc wear testing against an alumina (aluminum oxide) ball
at 1 GPa stress; and a consistency where there are no visible flaws, no visible flaking, or no

visible exposed surfaces, and a consistency of the color over the coated member.

[0029] Referring to the series of drawings FIGS. 3A through 3C, this series shows the
basic steps in the method for making a coated member 22 adapted for movement relative to a
surface 26 wherein a clearance distance 40 between the coated member 22 and the surface 26
exists in a critical region 30 of the coated member 22 and wherein the coated member 22

having a finished size 36 in the critical region 30. The method comprises the following steps.



substrate region 48. The oversized coating scheme 60 has an oversized size 61 (see FIG. 3B). The
oversized coating scheme 60 can comprise multilayers wherein the layers can be one of a metal, a
ceramic, or a composite. Exemplary metals are titanium, chromium, nickel, zirconium, tungsten, or
hafnium. Exemplary ceramic layers are titanium nityide, titanium carbonitride, titanium aluminum
nitride, titanium aluminum silicon carbonitride, and tlngsten carbide. Exemplary composite layers
include tungsten-tungsten carbide, titanium silicon carbonitride (nanocomposite structures), silicon
carboni'g\'@ ngsten carbide-cobalt, tungsten carpide-nickel, and nickel-diamond. It is typical that the
coated AT with LU SSGIB BLATEN R AP BEHE OBl BEBHBPSEN (S conted
member Abwithetbanfishedaoatitg: sahemesIoiey Acsaalbamount such as, for example, a few
micrometers. In other words, the difference between oversized size 61 and finished size 36 is on the
order of f003Ihes a felWhmicrameters nQleessimagheyssbthmee difal amomunuminmiézegitiredeptent of
grinding, lispinﬁ or the like necessary to the %%at%% member to red';\ch the f'ni§ ed size. It i
. O Iorm an ﬁderm ed supstra %re 10N .1ne miﬂlmllkm ltln erﬁ.zmgaﬁ 1S %on 1Sten

beneficial to minimize the extent or grinding, polishing or the like to achiev Inished size.
[0034]Spdoiiig throcasken gthugalio apleisiteel sobsingearezlisield hdteinademsezad dubgladertgeRPEMS
process igsfioun and.esgrioenin Wniied Siaies Catent Aplicalion PUBIICAOn NOunersiz
U52009/0212787A1 16 Wei et a y %e%} process as described in the article Wel'e a?., uf:geposition
of thick nitejlb s Qmdegarth omithdes/fl sdrbeariesiancprditeation” AS wtlace BeDoatiag shiteciteslofy 201
(2006), pp..4453-4459, the coating processes are shwn in U.S. Patent No. 4,427 d U.S. Patent
R L T D SO SRS S L K el
coating sclgbmdi56 penenahy ife) coatew tyh eanbat 220Hasothe inishied pezecB6(RP thparitival region 30.
For this sigpa06.siaPIsdeaNIAHE BdAmand palishing- fhersteralind dreaiment i dlamond
polishing can reduce the residual tensile stresses in the coating. Typically, s ch a reduction is

eneficiatxtethe® (V] Rti it ishiegy solkrcetideooe es122 into
beneficiatxteth @ coadi nepbrties]dimebsb golishieg) cahlalsol b Bncetideono dietirae pever2 2
dimensiongipraage spaiicaions.andswians b aReeicainns, fne,gaaied member 22 can

possess beneficial mechanical and friction properties, as well'as the ensional tolerances along the

compongggxhibiting af\ agcariahle, coRRRERO L tigKNESS, Qihehsyitahle fesbnigesinclude

diamond grinding, electropolishing or grinding. It is typical that the treating sfep‘ results in a finished
coating st thandopibng thelsieetrpésitdisankthelesrpenadeanbyisateiy itheabyersized coating

scheme @HdLQQ§9d’%ﬁ&ﬁé%9?9§l&ft§£\99§‘ﬂﬁﬂﬁ&%tBﬁd%?s%’ﬁl%ﬁ@{;ﬁg process, the coated member can

be subjected to an energy deliver system that impacts the coating surface with enough force to

produce fygagPressiveslrass 240G A ISAMY htherQatingJaYEs RRERRYCD RVIHINEhaMBRAS to
prevent crack propagation. Exemplary energy delivery sgstems include shot peening or swaging.

[0037]Ord RS IRE[ShSpId 9 VEE Hesst caUEi SRR BB AR srateAalZohiciiss BlGne&ated AISI
Grade 42fi( striRless slaghSRAMIR H0CAMPHSRA R SHPsAIS-NaNNgia ratiDe-SeheRederpsited

thereon. The coating scheme comprised a substrate and a WCNV coating layer applied by chemical
vapor deptéition@EmIT 181tAEUNBRtHste B¥CTRBII S5 By peHsal Bb st ke WERN coating had a

thickness, geptaliif, aRutah) MikiaREnt L R/PRIE AethiBisURRIIIG MYARSRE hidMet (iRl wnemperature

CVD techniqgue comprised the basic steps of: applying a few microns of nickel metal to the iron-based
SubStratep,aﬁlé%mﬁédﬁﬁ élﬁgﬂl% aémum nitride, titanium aluminum silicon carbonitride, and tungsten

carbide. Exemplary composite layers include tungsten-tungsten carbide, titanium silicon
carbonitride (nanocomposite structures), silicon carbonitride, tungsten carbide-cobalt,
tungsten carbide-nickel, and nickel-diamond. It is typical that the coated member with the
oversized coating scheme 60 is oversized as compared to the coated member 22 with the
finished coating scheme 56 by a small amount such as, for example, a few micrometers. In
other words, the difference between oversized size 61 and finished size 36 is on the order of
two times a few micrometers. Oversizing by such a small amount minimizes the extent of
grinding, polishing or the like necessary to the coated member to reach the finished size. It is
beneficial to minimize the extent of grinding, polishing or the like to achieve the finished

size.



-12- 500-520C in a vacuum, flowing heated gaseous reaction products over the part, then cooling to
room temperature in an inert atmosphere. [0038]Sample A was tested for resistance to acids by
immersing it in HC1, H2SO4 and HFin a standard chemical immersion test with the reactivity
measured by weight change and visual appearance, The friction coefficient was tested using a
alumina ball with a - 1 GPa stress using the ASTM'099-05(2010) ["Standard Test Method for Wear
Testing with a Pin-on-Disk Apparatus”] test method. The coating resisted delamination and exhibited

low fricti e wear resistance was determined using the ASTM 065 - 04(2010) ['Standard Test
Mothod (M ctring SBSL A OR THE Fy SATDrIBERI A KU CUHTRES Ailnad. The
results aiageddahihPEVSHeocbsldvshbablant dsstitedulisfoit¢deS unsordessiggllanddhe Sample A
Coating /W).[0039] t ujts in Table 1 ab e coating on S le A showed a
Gond e N e A A R R e e B e Sore
specificalyti¢theWesistahceDepasidsifai théck eadiitg 0md annpbaifidas edtard thaditor jheddrioadted
article since a "ggod" rating.is better th "acceptable’ rating. The friction coefficient shows a lower
BN 7 8 Al SR e R R A K o
for the caatlng drusaniibe AdiB7MdS ke, PetcieNso @), H8%s better, than the wear resistance for

the uncoated article. -13- [0040]lt is apparent that the present invention provides an improved coated
member [8030dbvementlisiding scep surtace gahe avensttedd daringaldngnth 6 Coafedmadmibdedvherein the

B AR A o ALY 50 U
region 30. For this step, one suitable technique is diamond polishing. A post-coating
treatment like diamond polishing can reduce the residual tensile stresses in the coating.
Typically, such a reduction is beneficial to the coating properties. Diamond polishing can
also bring the coated member 22 into dimensional tolerance specifications and surface finish
specifications. The coated member 22 can possess beneficial mechanical and friction
properties, as well as the dimensional tolerances along the component exhibiting an
acceptable consistency in thickness. Other suitable techniques include diamond grinding,
electropolishing or grinding. It is typical that the treating step results in a finished coating

scheme 56 that exhibits reduced residual tensile stresses than were in the oversized coating

scheme 60.

[0036] As an option after completion of the above coating process, the coated
member can be subjected to an energy deliver system that impacts the coating surface with
enough force to produce a compressive stress zone to a depth in the coating layer thereby
providing a means to prevent crack propagation. Exemplary energy delivery systems include

shot peening or swaging.

[0037] One example (Sample A) was tested against the benchmark material, which is
a uncoated AISI Grade 420C stainless steel. Sample A comprised a substrate having a coating
scheme deposited thereon. The coating scheme comprised a substrate and a WC/W coating
layer applied by chemical vapor deposition (CVD) to the substrate so that it is a CVD-based
coating. The WC/W coating had a thickness equal to about 50 microns. For Sample A, the
substrate was steel, and the low temperature CVD technique comprised the basic steps of:

applying a few microns of nickel metal to the iron-based substrate, heating the part to about



[0041]lt is apparent that the present invention provides an improved coated member for movement
relative to a surface, and a method for making the coated member, wherein there is a reduction, if not
elimination, of expensive grinding procedures necessary to meet the dimensional requirements.
[0042]It is apparent that the present invention provi%es an improved coated member for movement
relative to a surface, and a method for making the tOated member, wherein the coated member
provides erosion and corrosion resistance even when small hard particles become trapped between
the coatesgth ber. and the surface.it moves relative to. [Q043]It |s apparent that the present invention
provides 1TVl CHH T RABE RSSOV RH: FETSTVR B RIRRAE” D A triFbe R aking
the coatad roembanpethearaiinie teatingispiadsufficient thickness so that the sub-surface shear
stresses do not extend into the coating-substrate interface or the substrate itself. Further, it is apparent
that the pf@838ik inventmmploidessanstaipforedisoated areidbby ionmeosiement fdAtIHe $©a surface,
and a mefhofor makdng (he coated memper, wheteln the cosina.nas.a suffident ihickgess so that
the sub-sUitace SRear stresses extend to sucﬂ a depth as to remain Within 1 e%oa%ﬁlg.cﬁfdﬁ]lt is
apparentaindv theljprpsenrtinree ritlenipeovidescéincimprove ttsed ted mpermbariforbmbvarhent delative to a
surface, a method for maki C er,.wherei caating, sch .compyises a
oy e R ) T B e TR e
ceramic [Biyrers 42 ssAppmanide] bathntubtdtyl be detogionsigsistioniandooomdsishirgsistance.
[0045]The .patents and other.documents identified hereip ar g:ii\r/ﬁ;%g inc f:n reference herein.
Other e e S e e A R L evacion o
the specilicsitidietbod fordditasuoih & hmyent drsoig chesBdy HeralR ibisemténcta d\iiratr thes ' Spesification and
example%l%[ﬁ(égusltﬁ%tirvg ‘i’trs“XrQQQt e nat (jpatglré % 1t(g)wbe limiting on the scope of the invention. The
true scope and spirit oft e invention Is Indicated by the following claims.

Table 1: Test results for the uncoated steel and the Sample A Coating (WC/W)

Benchmark Sample A with
Uncoated AISI WC/W Coating
SS420

Resistance to Acids acceptable Good

Friction Coefficient 0.7 03-04

(ASTM G99)

Processing -NA- 480 — 520 °C

Temperature

Wear Resistance Base line (1X) > 10 - 40X over

(ASTM G65) uncoated 400

series SS
[0039] Based on the results in Table 1 above, the coating on Sample A showed a good

combination of low temperature deposition, low friction, and good wear resistance. More
specifically, the resistance to acids for the coating on Sample A was better than for the
uncoated article since a “good” rating is better than an “acceptable” rating. The friction
coefficient shows a lower friction for the coating on Sample A as compared to the uncoated
article. Finally, the wear resistance for the coating on Sample A is much better, i.e., ten to

forty times better, than the wear resistance for the uncoated article.



-14- WHAT IS CLAIMED IS: 1. A coated member (22) adapted for movement relative to a
surface (26) wherein a clearance distance (40) between the coated member (22) and the surface (26)
exists in a critical region (30) of the coated member (22), the coated member (22) comprising: the
coated member (22) having a finished size (36) in i e critical region (30); a substrate (46)
having an undersized substrate region (48) of a minimum undersizing depth (50) wherein the minimum
undersizing depth (50) being equal to about 75% of the clearance distance (40), and the undersized
nd a

substrat iqn (48) corresponding to the critical.region (30) of the coated member (22);

fnisnea J0RG scher bl B Bh S e 5 SLSGHARS FEGENEL A VR e i A Ebating
scheme (o6 his b destdtadiamnoayeisized aahiing:delitfoeniakinbeitgcraatet dmbernwihedinigled
coating schemeé%\).c\{vherejn the coated member (g/%bein%.of the finished size (36) in the. critical
region (302118 PrOVAAPHELEARSE TRAMBEF U7 ABESTUY 16 QI Whet i e SOAtHEB8Y s at
least as thikekaasdl.B&wEthelaverage panticte sidatwharéioethe average particle size ranges between
about 25 and about 200 micrometers. 3. The coated member (22) according to claim 1 wherein
the substi@d41(16) combriseppanmofitiiato powsiyg isteetjdopiretedts stainipssvstealatasniromsy or
superalloys using casting, machining.from rod or sheet, or powder metallurgical techpiques. 4.
The coatt TR BT EE R R R ReEh L RO SRS NS 2 o
plunger (&R)e is a redistibheitoatetimeanber ¢2 2x pacovdiggntd gginectduher e ¢heugoatetenember (22)

is an impt%lle&.used.to l]andle erosive and/or corrosive slurries.
€ dimensiona requlrements.

[0042] It is apparent that the present invention provides an improved coated member
for movement relative to a surface, and a method for making the coated member, wherein the
coated member provides erosion and corrosion resistance even when small hard particles

become trapped between the coated member and the surface it moves relative to.

[0043] It is apparent that the present invention provides an improved coated member
for movement relative to a surface, and a method for making the coated member, wherein the
coating is of a sufficient thickness so that the sub-surface shear stresses do not extend into the
coating-substrate interface or the substrate itself. Further, it is apparent that the present
invention provides an improved coated member for movement relative to a surface, and a
method for making the coated member, wherein the coating has a sufficient thickness so that

the sub-surface shear stresses extend to such a depth as to remain within the coating.

[0044] It is apparent that the present invention provides an improved coated member
for movement relative to a surface, and a method for making the coated member, wherein the
coating scheme comprises a multi-layer coating architecture wherein ductile, corrosion-
resistant metal interlayers are between hard ceramic layers so as to provide both ductility and

erosion-resistance and corrosion-resistance.

[0045] The patents and other documents identified herein are hereby incorporated by
reference herein. Other embodiments of the invention will be apparent to those skilled in the
art from a consideration of the specification or a practice of the invention disclosed herein. It
is intended that the specification and examples are illustrative only and are not intended to be
limiting on the scope of the invention. The true scope and spirit of the invention is indicated

by the following claims.



-15- 6. The coated member (22) according to claim 1 wherein the coating (56) covers all
surfaces of the coated member (22) in contact with the erosive and/or corrosive environment.

7. The coated member (22) according to claim 1 wherein the thickness of the coating (56) is greater
than 20 micrometers. 8. The coated membir (22) according to claim 1 wherein the minimum
undersizing depth (50) being equal to one of the G %wmg about 80% of the clearance distance (40);
about 85% of the clearance distance (40); about 90% of the clearance distance (40); about 95% of the

clearanc 4 )H\%E%u S100% of the clearance distance (40); or greater than about 100% of the
clearanczmg%i 9. The coated member (22) according to claim 1 wherein the
clearance distance (40) rgnges b twe n \%h ns and about 250 mjcrons. 10. The
coated member (22) agcc?? Gai de e agrel#}ﬁ(e{%: earance d ?:;%%tclée(ifb? rsélﬁféle% et)ween about
10 mlcrondlmedmbdamﬁﬁcmchmn&e (40) betbkeA theetboet donendiin(@2) codtdet mefake2@Dxadapted for

movement rela ive,toa s %;5 6) wherein a cle dista 4 en the.coated member
(22) and thé surlf%lclere(%lg}]g tg%ha cht mal“r‘SS%%n% ?P the %%%%é nr%Dem% EQB and Wherein the

coated member (22) h@’érl%aq ratee?4 wn% dﬁwﬁ%%l g@gl [)(iglg))chéhc% %ﬁ%%%88%5'5'ng the

steps of: providing a su ersize ate region (48)“having @ minimum

undersizing depth (50), the4nAersizatiagion (R RoRSRRRgIng e QA TS2IAmRP) of the

coated member (22), and wherein the minimum undersizing depth (50) being equal to about 75% of

the cleargnéertimnendera 6y0)- vhewan duiting Brvovepsivestr tradeniiscHb rheins Oyt teabadersized

SUbStrat@S%iQflthe clearance distance (40), and the undersized substrate region (48) corresponding to

the critical region (30) of the coated member (22); and

a finished coating scheme (56) on the undersized substrate region (48) wherein
the finished coating scheme (56) is the result of an oversized coating scheme (60) being
treated to form the finished coating scheme (56) wherein the coated member (22) being of the

finished size (36) in the critical region (30).

2. The coated member (22) according to claim 1 wherein the coating (56) is at
least as thick as 0.75 of the average particle size wherein the average particle size ranges

between about 25 and about 200 micrometers.

3. The coated member (22) according to claim 1 wherein the substrate (46)
comprises one of the following: steel, tool steel, stainless steel, cast irons, or superalloys

using casting, machining from rod or sheet, or powder metallurgical techniques.

4. The coated member (22) according to claim 1 wherein the coated member

(22) is a shaft of a pump plunger (22).

5. The coated member (22) according to claim 1 wherein the coated member

(22) is an impeller used to handle erosive and/or corrosive slurries.



(48); and finishing the oversized coating scheme (60) to form a finished coating scheme (56)
whereby the coated member (22) has the finished size (36) in the critical region (30). 12. The
method according to claim 11 wherein the minimum undersizing depth (50) being equal to one of the
following: about 80% of the clearance distance (40);,_about 85% of the clearance distance (40); about
90% of the clearance distance (40); about 95% of the clearance distance (40); about 100% of the
clearance distance (40) or greater than about 100% of the clearance distance (40). 13. The
method according to cl 11 whe elnéqlg uc[]dersiz'n d e}}H %5%? IS consiste Iong the
axial length of the und rs %Icé)ﬁE? in ording to ffl?ﬁ?hfe &t cf %ﬂ%g[%g claim 11
treating tbevemeitizedweaifighsrareé ﬁﬁ(i}f)wlo(\ad)aﬁqadint&h@dthaa& rRepsBlremd/ (boyextiNgting reduced
residual tensile stresses 15 The method according to claim 11 further comprising the step of

treating tRAVHoRRERt coating scheme (56) with an energy delivery system that impacts the coating
surface with enough force to produce a compressive stress zone to a depth in the coating layer (56)

thereby providing a prevent crack prevention. 16. The method according to claim 11 wherein
the clearance dlstance7(49}15 B3 gen [CrenS; 9%%% %‘lﬁ‘&?ﬁ% fthe 17- The
method according to claim 1 acr&%ergr?l&% %?ance@ gance ) ranges etween about 1lbemicrons

and aboutoB0nRIYoNnss. greater than 20 rmcrometers.

8. The coated member (22) according to claim 1 wherein the minimum
undersizing depth (50) being equal to one of the following: about 80% of the clearance
distance (40); about 85% of the clearance distance (40); about 90% of the clearance distance
(40); about 95% of the clearance distance (40); about 100% of the clearance distance (40); or

greater than about 100% of the clearance distance (40).

9. The coated member (22) according to claim 1 wherein the clearance

distance (40) ranges between about 2 microns and about 250 microns.

10. The coated member (22) according to claim 1 wherein the clearance

distance (40) ranges between about 10 microns and about 50 microns.

11. A method for making a coated member (22) adapted for movement
relative to a surface (26) wherein a clearance distance (40) between the coated member (22)
and the surface (26) exists in a critical region (30) of the coated member (22) and wherein the
coated member (22) having a finished size (36) in the critical region (30), the method

comprising the steps of:

providing a substrate (46) with an undersized substrate region (48) having a
minimum undersizing depth (50), the undersized region (48) corresponding to the critical
region (30) of the coated member (22), and wherein the minimum undersizing depth (50)

being equal to about 75% of the clearance distance (40);
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depositing an oversized coating scheme (60) to the undersized substrate region

(48); and

finishing the oversized coating scheme (60) to form a finished coating scheme

(56) whereby the coated member (22) has the finished size (36) in the critical region (30).

12. The method according to claim 11 wherein the minimum undersizing
depth (50) being equal to one of the following: about 80% of the clearance distance (40);
about 85% of the clearance distance (40); about 90% of the clearance distance (40); about
95% of the clearance distance (40); about 100% of the clearance distance (40); or greater than

about 100% of the clearance distance (40).

13. The method according to claim 11 wherein the minimum undersizing

depth (50) is consistent along the axial length of the undersized substrate region (48).

14. The method according to claim 11 treating the oversized coating scheme

(60) provides a finished coating scheme (56) exhibiting reduced residual tensile stresses.

15 The method according to claim 11 further comprising the step of treating
the finished coating scheme (56) with an energy delivery system that impacts the coating
surface with enough force to produce a compressive stress zone to a depth in the coating layer

(56) thereby providing a prevent crack prevention.

16. The method according to claim 11 wherein the clearance distance (40)

ranges between about 2 microns and about 250 microns.

17. The method according to claim 11 wherein the clearance distance (40)

ranges between about 10 microns and about 50 microns.



