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W TH AN ELASTOVER SEAL HAVI NG GRADED PROPERTI ES Cross-Reference to Rel ated
Application: This application clains priority to provisional application

60/ 586, 7880hidemtb1dul y 9, 2004. Field of the Inventi oPCTHISRVUSHA4R i on
relates in general to manufacturing a seal for an earth- boring bit that has
a property gradient portion fornmed on at |east a portion of the seal.
Background of the Invention One type of earth boring bit has a bit body with

three rotatabl e [ ' t r.di sintegrating
earth formati ons“#ﬁiODclﬁé&m@%ﬁﬁB&gm‘&EW%mg\"{rﬁaf‘ﬂdepend from
the bit body. A | ubr ELASTOMERISBALVHAWING GRADED PROBERTIES i es | ubricant to
t he bearing spaces between the cones and bearing pins. A seal or seal.
assenbly is |ocated at the nmouth of the cone to prevent |oss of the

| ubricant. One type of seal is an elastoneric annul ar nenber having an inner
di aneter and an outer dianeter. The cross-sectional configuration is
rounded, suchCrossedRefergnge to Reddted Appligatiortne of the di aneter portions forns
a dynamc seal. The dynam c seal portion is in sliding engagenent and
normal |y the ft | ol : 1 ' Jypponmet i mes
bot h di anet erﬁ%%rg??l%%g&eﬂélgﬁgn ermﬁ{%@ﬁ?'glbgﬂa%ppﬂ?lgﬁggg?%ﬁﬁé}dhémgl I di ng
engagenent gehe08¢es heat due to friction, thus causing wear over time. Some

drill bit seals are forned of a single honbgeneous el astoneric material.
The hardness ghid éahehfidndien’ i ¢ material is uniformthroughout, including
at both the inner and outer dianeter portions. Another type of drill WO

20061010104 PCT/ U%%qg\//eon igﬁi?'glatezs in general to manufacturing a seal for an earth-

boring bit that has a property gradient portion formed on at least a portion of
the seal. '

Background of the Invention

“One type of earth boring bit has a bit body with three rotatable cones.
Each cone has cutting implements for disintegrating earth formations. The
cones are mounted on bearing pins that depend from the bit body. A lubricant
cavity within the bit body supplies lubricant to the bearing spaces between the
cones and bearing pins. A seal or seal assembly is located at the mouth of
the cone to prevent foss of the lubricant.
One type of seal is an elastomeric annular member having an inner
+ diameter and an outér diameter. The cross-sectional configuration is
rounded, such as circular or elliptical. One of the diameter portions forms a
dynamic seal. The dynamic seal portion is in sliding engagement and
normally the other side of diameter portion forms a static seal. Sometimes
both diameter portions encounter dynamic sealing engagement. The sliding
engagément generates heat due to friction, thus causing wear over time.
Some drill bit seals are formed of a single homogeneous elastomeric
material. The hardness of the elastomeric material is uniform throughout,
including at both the inner and outer diameter portions. Another type of drill



bit seal is fornmed of two or nore different types of elastonmer that are co-
cured. One type has a greater hardness than the other type for serving as
the dynam c seal portion. The softer portion provides the desired anmount of
force duaveeoos/hmisqueeze on the seal when installed. PETHAYOHIHHSpheen
proposed to plasma treat the surface of the seal with an inert gas
containing a reactive gas species suchyas chlorine or fluorine. This

treat ment provides a chlorinated or fluorinated nolecules at the surface.

Vari ous ot her ues change t rfac of,_an th boring bit seal
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essentially chemcally e sane as the remaining portion of the seal.
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fromthe ext eéurf-Hcefd#éﬁ%ﬁﬂhE@ﬁn@bnﬁ@éa@ﬁﬁeecﬂsél@%hn thd RAsAtb@Briof the exterior
surface maybe free of any property gradient. Brief Description of the

Drawings Figure 1 is a sectional view of an earth-boring bit having a seal
constructed iBuifFﬁl?gdﬁ'ﬂ?@lﬁ%hﬁoﬁ his invention. Figure 2 is an enlarged
sectional vieWwo € seal o rgure 1, shown renoved fromthe bit. Figure
3 is a further enlarged sectional view of a portion of the seal of Figure

1, shown installednyhd fethobibf il hvenlion 29 BRIBAY §RMIAEY tfrddPnldRad8S> 3

a portion of:the elastomeric material. Preferably, the property gradient is
formed by exposing the seal to an environment to create gradual change in at
least one property of the elastomeric material, such as hardness, elastic
mbdulus or bulk modulus. In one embodiment, an electron beam is used to
irradiate the seal, increasing cross-linking of the polymer chains within the
property gradient. The elastomeric material within the property gradient is

- essentially chemically the same as the remaining portion of the seal.
Preferably, one property comprises a decreasing hardness in the gradient
from the exterior surface for a selected depth. A portion of the exterior
surface may be free of any property gradient.

Brief Description of the Drawings

Figure 1 is a sectional view of an earth-boring bit having a seal
constructed in accordance with this invention.

'Figure 2 is an enlarged sectional view of the seal of Figure 1, shown ‘
removed from the bit.

Figure 3 is a further enlarged sectional view of a portion of the seal of
Figure 1, shown installed within the bit.



Figure 4 is a graph illustrating for the seal of Figure 2 the hardness
versus the depth fromthe dynam c surface of the seal. Figure 5is a
sectional view of an alternate enbodi mrent of a seal for an earth-boring bit
of Fi gur e WO 2@e0HI¥4ed Description of the Invention Ref @ET{UsEP06/B24845qure 1,
drill bit 11 has a bit body with at |east one bit leg 13, and typically
three legs. Each bit leg 13 has a depenging bearing pin 15. A cone 17
rotatably mounts over each bearing pin 15. A seal 19 seals lubricant within
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| ubri cant wi t tersinethérdebth Mnftﬂxejdyhahydsw&batofmemeassure on the exterior of
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Gt ms the dri i i fdoUE i3 saelesE PR oY el hFB ertbldmf Rt Heet af S erbod: ment
is an O-ring Bah-berirg bicofrguirer. transverse cross-section. Seal 19 has an

I nner di aneter 23 that engages bearing pin 15 in a dynam c sliding contact
as cone 17 rotates. Seal 19 has an outer dianeter 25 that typically

statical |y enpagiiediDeeceiption bf e Beeetiorl 7. Seal 19 in this enbodi ment thus
typically rotates with cone 17. Seal 19 is preferably forned as a single
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compressed air as the drilling fluid.

Referring to Figure 2, seal 19 in this embodiment is an O-ring having a
circular transverse cross-section. Seal 19 has an inner diametér 23 that
engages bearing pin 15 in a dynamic sliding contact as cone 17 rotates. Seal
19 has an outer diameter 25 that typically statically engages the cavity in cone
17. Seal 19 in this embodiment thus typically rotates with cone 17. Seal 19is
preferably formed as a single piece member of a single homogeneous
polymer material, such as the following: nitrile butadiene rubber (NBR);
hydrogenated nitrile butadiene rubber (HNBRY); carboxylated nitrile butadiene
rubber (XNBR); or hydrogenated carboxylated nitrile butadiene rubber
(XHNBR). The material of seal 19 may also contain reinforcing materials,
such as carbon black, silica or fibers.

Although a single homogenous material, at least one property of at
least a portion of seal 19 differs from the exterior surface of seal 19 to its
interior. A property gradient 27 extends inward a selected distance from the
exteridr of seal 19. By way of example, property gradient 27 is shown in
Figure 4 extending inward from inner diameter region 23, however it could be
alternately or also located on outer diameter region 25 or the entire exterior



alternately or also |ocated on outer dianmeter region 25 or the entire
exterior WD 20061010104 PCT/ US20051024485 4 surface. Property gradient 27
has at | east one property that changes froma first level, at the surface
of seal 1WO02086/¢108dcond | evel within the interior of sBEI/US20/024488 property
may be hardness, el astic nodul us, bul k nodul us, toughness, abrasion
resistance, friction coefficient, strength and other characteristics. For
exanpl e, property gradient 27 is harder at the surface of inner dianeter

region 23 and duc direction the _interior of

seal 19. Prop %P(ﬂ’l aégefﬁﬁ hgs a@ﬁ?ﬂ OQP&H%DQ«S&QM&?EQ‘%W'%H is a
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ne- the total di stance fromi nner

consi der abl y t han, abou

di aneter 23 t&- e'ﬁ}eegrop%ﬁyarﬁ@y P?rggineﬁ,e[aﬁgc PoghiuEy Rk BWBB'H?rrent t he depth of
property gradioggtineds, ab'rélsrdiml%s?étéﬁcéerﬁéﬂdhrbobﬁrcieﬁﬁ%trbﬁ@tﬁ aARQMier 1110t h t he
transverse cross-sectional dianmeter of seal 19 along the X-axis. The depth
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percent of t handrduiRMer RYidh BBandr@aldRRharddesMitdiredtios flard fheal Ong the
X-axis. For exanple, for a seal having a transverse cross-secti.onal

di aneter al on‘@"eﬂﬁre‘)f)%ﬁam% of 0.250", the depth of property gradient 27 is

preferably. only a%ﬁer@@?adlent%%as aTdetrYalgh ﬁ%—% it rs@rtﬁﬁﬂ{etsk’ gr adi ent
27 along the Y-axis, which is perpendicular to the X-axis, be | ess than

the total cro¥&ealet®iraRimer diametas; ﬁoeﬂteééamei@'% Wﬁlj?ht"ﬁﬁmﬁld&kﬂbéy For a

circul ar crosgsspah aBbut o?ﬁ%-lﬂ'ﬂﬂé‘totalrd%?arﬁémﬁrﬁéﬁdl%éfer%rt‘@&ﬁépn of seal 19
in the above exanple is . Y-di mension 28 of prop ert%b%radl ent 27

in its naturadiametgr é5.( i @grpéefgr)req)emb@drmgnt thesdepth at ﬁ’féﬁe%aﬁlé uf fi ci ent
to present thgyps ?—Bﬁéét}bngé féib%n a?DZ)uPiM éteﬁ‘lg t?&gv&@el%?&rsléé%dﬂap 15 when

I nstall ed. Flgﬁure hows seal I nst a typical operational
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diameter of seal 19 along the X-axis. For example, for a seal having a
transverse cross-sectional diameter along the X-axis of 0.250", the depth of
property gradient 27 is preferably only about .010 - .040".

The Y-dimension 28 of property gradient 27 along the Y-axis, which is
perpendicular to the X-axis, may be less than the total cross-sectional
dimension of seal 19 along the Y-axis. For a circular cross-section, as shown,
the cross-sectional dimension of seal 19 in the above example is .250". The

\ Y-dimension 28 of property gradient 27 in its natural state (Figure 2) prior to
installation should be sufficient to present the property gradient 27 of seal 19
to bearing pin 15 when installed. Figure 3 shows seal 19 installed under a
‘typical operational squeeze along the X-axis. Squeezing seal 19 along the X-
axis increases the surface contact between inner diameter 23 and bearing pin
15. The bulk of seal 19 will remain at a different property value than the
property values in property gradient 27, as indicated in Figure 4 for hardness.
The surface area of property gradient 27 is less than the remaining portion of
the exterior surface of seal 19 in this example. ‘

In one embodiment, property gradient 27 has a hardness measured in
terms of IRHD (International Rubber Hardness Degrees) utilizing a micro-



15. The bulk of seal 19 will remain at a different property value than the
property values in property gradient 27, as indicated in Figure 4 for
hardness. The surface area of property gradient 27 is |ess than the

remai ni ng WOPWEBt  the exterior surface of seal 19 iRFHHPYS@ DI e. In
one enbodi nent, property gradient 27 has a hardness neasured in terns of

| RHD (I nt er nat i onal Rubber Hardness Degkees) utilizing a mcro WO

2006/ 010104 PCT/ 1152005/ 024485 5 hardness tester The first IeveI at the

exterior surface of se efer | past ab ent greater
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One additional advantage of retaining the majority of seal 19 at a |ower

conpr essi ve nﬁG‘EHrﬁf@Wtrﬁ&‘PiVQ ﬂ@tdlﬁqﬁerﬂﬁedbéatdyeaﬁwahlamopzﬁvlggac{w@ the force

devel oped by-the sgg enfgadféhmqaﬁe&a@@naﬁgfcbﬁta& ¥ehfs 1685 dlieto jlgonpr essed
position is less than iT the seal were of a uniform higher stiffness. The

| ower. conpr es $rapertigsdoanié inngr dinmetasredion 33 weresefdhe $ame Rippertiss @sthe i n
reduced cont agltefdrof8sal3nd mﬂHﬁﬂtddVaﬁtE%ab\;rgfhllﬂﬁg tHeemae 0¢¥é@m c

interface. Seal 19 could be of different s exan%) , gure 5 shows
a seal 55 thdP atalewss ceapressivedoraulusihan th@hmupgoreﬂrtvq;@qilea 27 Iséfwt 55 has a

greater  CrosesSRfds dalopbd by ieseal ﬁhé’rﬂgorhér'ésgéodélégﬁé‘&'e%ah? fitd £ S

Y-di mensi on, creating a major axis ng direction and a ninor
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di ameter 63. RH@R&HdrtofprelisRBIm&Rilus in the majority of seal 19 thus results in
reduced contact stress and consequently friction at the seal dynamic
interface. '

Seal 19 could be of different shapes. For example, Figure 5 shows a
seal 55 that in its natural configuration is elliptical. Seal 55 has a greater
cross-sectional thickness along its X-dimension than its Y-dimension, creating
a major axis along in the X-direction and a minor axis in the Y-direction. Seal
55 has an inner diameter 61 and an outer diameter 63. Property gradient 65
is shown located on the inner diameter region 61 in this embodiment, but
could be on the outer diameter region 63 or the entire exterior surface.

There are a number of ways to achieve the desired property gradient
27. Inone method,‘ seal 19 (or seal 55) is molded conventionally to form a
rubber compound with generally uniform properties throughout. During the
conventional molding process, which utilizes pressure and temperature, cross
links are formed between the polymer chains. The cross linking occurring in

the conventional precess is self-limiting and utilizes a cross-linking agent,
such as an organic perdxide. The cross-linking stops when the cross-linking
agent is consumed. Typically, a co-agent is employed along with the cross-
finking agent.



I's shown | ocated on the inner dianeter region 61 in this enbodi nent, but
could be on the outer dianeter region 63 or the entire exterior surface.
There are a nunber of ways to achieve the desired property gradient 27. In
one et hodo meadioh® (or seal 55) is nol ded conventi onardTyus2005foe448% a r ubber
conpound with generally uniform properties throughout. During the
conventional nolding process, which utilizes pressure and tenperature, cross
| inks are forned between the pol yner chains. The cross |inking occurring in
t he conventional process is self-limting and utilizes a cross-1linking
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chai ns occur $rohp7TKe & Z50\0 PEtd padiagomdosadelRéred by the electron beam is in
the range from 10 kGy to 300 kGy. During the electron beam process,

additional cross-linking of the polymer chains occurs to create property
gradient 27.

in a second method, a radiation cross-link promoter (prorad) is utilized
to enhance the further cross-linking. The prorad is included into the polymeric
formulation prior to mélding. The prorad survives the molding process and |
may serve to facilitate the cross-linking of the elastomer during the electron
beam irradiation process. Suitable prorads are commercially available for
electron beam curing of polymers. The following lists the prorad by chemical
name and in some instances, by trademark and manufacturer:
diallyl maleate, ’
triallyl cyanurate (TAC)
triallyl isocyanurate (TAIC)
n,n’ — (m-phenylene bismaleimide (HVA-2)

polyacrylates and polymethacrylates
trifunctional acrylate, e.g. Saret SR.519
trifunctional methacrylate, e.g. Saret SR-517
pentacrythritol tetraacrylate, e.g. Saret SR-295



In a second nethod, a radiation cross-link pronoter (prorad) is utilized to
enhance the further cross-linking. The prorad is included into the polyneric
formulation prior to nolding. The prorad survives the nolding process and
may serve W82¢04€10104 at e the cross-1inking of the el ast AEFUSAWSNHYST he

el ectron beamirradiation process. Suitable prorads are comrercially

avail able for electron beam curing of Jpol ymers. The following lists the
prorad by chemical nane and in sone instances, by trademark and

manuf acturer: diallyl maleate, triallyl cyanurate (TAG triallyl

i socyanur at e {irgntegryihritp! pe”téﬁ‘ﬂb‘ﬁ'@m?igeééreé %i ni de (HVA-2) pol yacryl ates

and pol ymet hagififidhsropand fiebidchlat, a§rgdraf SR-3809. Saret SR 519
trifunctional nmethacrylate, e.g. Saret SR-517 pentacrythritol

tetraacrylate, e.g. Saret SR-295 WO 2006/010104 PCT1US2005/024485 7
di pent aer yt hrjjd o bd%%lérgé%i%ﬂ g@R_Q,n Occhltérﬁq_ﬂ‘;% oroR-399 trinet hyl ol propane

trinethacrylate, e.g. Sare _ é I qui d butadienes with 1,2-vinyl content
45% or  hi ghetighes.(g.9. Ricenri08,00corrl b Ria®B154Ri con 154, Krasvl LB 2000, Krasvl

LB 3000, Lit hﬁﬂ%@w‘t’ézo{?eirak%gom%ﬁodye&rﬁ%gmat ed pol ybut adi ene (e.g. Ricacryl

3100) Saret, Ricon an cryl aret emarks of Sartoner Conpany, |nc.
Krasvl LB is ldthepadedrark of Kancrik A'S. Lithene is a trademark of Synthomer
Ltd. The elastoneric fornulation nay contain any of the above prorads al one

or as a conbination of two or nore. The anobunt of prorad to be added
Methacrylated polybutadiene (e.g. Ricacryl 3100)

Saret, Ricon and Ricacryl are trademarks of Sartomer Company, Inc.
Krasvl LB is a trademark of Kancrik A.S.
Lithene is a trademark of Synthomer Ltd.

The elastomeric formulation may contain any of the above prorads
alone or as a combination of two or more. The amount of prorad to be added
to the elastomeric formulation is about 2 to 20 phr (parts per hundred parts of
rubber). In some cases, the co-agent used during the conventional molding
process can also function as a prorad during radiation cross-linking.

In some applications, the outer diameter region of a seal may be in
dynamic, sliding engagement while the inner diameter region is in static
engagement. Inthose cases, the property gradient may be only on the outer
diameter region, if desired. In other cases, the inner and outer diameter
regions could be alternatively in sliding contact, in which case, both the inner
diameter and the outer diameter regions would have a property gradient.
Another embodiment would be for a property gradient to exist completely
around the surface of the seal such that any seal surface in sliding contact
would have the property gradient. '

Another embodiment would allow for the formation of a property
gradient in non-axisymmetric areas of the seal. Such areas could comprise
selected regions on a sector or multiple discontinuous regions or sectors of
the seal.



to the elastoneric fornmulation is about 2 to 20 phr (parts per hundred parts
of rubber). In sone cases, the co-agent used during the conventional
nol di ng process can al so function as a prorad during radiation

cross- | i nkVRgW6{0H18ne applications, the outer di anet elPCTAFR@NV0DKHST seal may
be in dynamc, sliding engagenent while the inner dianeter regionis in

- static engagenent. In those cases, thegproperty gradient may be only on the
outer dianeter region, if desired. In other cases, the inner and outer
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areas of the seal. Such areas could conprise selected regions on a sector

or multiple dPedyprorAREN SlastaeinsansiiugEcabs/ PHIPYIaNgLORBMEr WO 20061010104
PCT/ US2005/ 024d8fmedis.! N addition to seals for drill bits, seals for other
subt erranean applications are feasible, particularl for downhol e wel |l and
mning tools. In Binvensiantes sigeifisant@dvantagesorThegnethad pravisies @ned above,
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di fferent pro%{aﬂ) lt§s in the interior or bulk portion of the seal avoid

excessi ve force being generated due to deformation when
While the invention has been described in only a few of its forms, it

should be apparent to those skilled in the art that it is not so limited but is
susceptible to various changes without departing from the scope of the
invention. For example, the method of forming the property gradient may be
by gamma ray or x-ray processes. |



installed. Wile the invention has been described in only a few of its
forms, it should be apparent to those skilled in the art that it is not so
limted but is susceptible to various changes w thout departing fromthe
scope of the invention, For exanple, tvhe nmethod of formng the property
gradient may be by gamm ray or x-ray processes. 9 Cdains 1. A nethod of
seal i ngtlBiMS\een a rotating and a static conponent of a subterranean drilling
tool, conprising: (a) nolding an annul ar seal having an inner dianeter
surface and an outer dianmeter surface and being froman el astoneric
material- of awdodiof ealing bsvernEGABERT 1 Gritabindompanentiy 2 sHEcTEEEAn ddingrienli de a
propert&mhggh is at a substantially uniformselected | evel throughout the
seal ; then (bf exposing the seal to an environment to forma property

gradi ent on @ | emeldingras wmulahecal dayingeesnest d@%ﬁ@t@e?arfa%h@}deamowﬁedlﬂﬁ@ﬁer ty

changes pr 09'&&?3%& ‘éﬁh ybefl{gof}bxﬂ SUEL ?c&ﬁeri }{ﬁierlﬁt oﬁ@&&rall?“&ld%ntéaﬁxp%é{ﬁ(fnagﬁﬁ to

the selected level without essentially changing the Conposition of the
el astoneri c merngr thal seal( &) progidai mgranciediiat gb ahd Hdsiartealy t unomptsalested level

conmponent an t onents of the tool; and (d) placing the seal
in the seal %&%ﬁo%ﬁ}%ﬁ'@%h@gﬁ) the surfaces in contact with the rotati ng

conponent an@) t hecxpbduey the seaf focan dnmirgornttotion 4 bropérty maditrit on golpoometi the2. The
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| east one of ~ suUffaces cordi airm
wher ei n t he owirdfnig sulnfaedse@ t}(eas)eleciam;:rvelseﬁlour ossiibliyndtiangjng He comperstionndthec

mat eri al of ths?omerlcnia The nmet hod according to claim3, wherein step (b)
conpri ses ut|7|2| ng r |at|on energy to further increase a density of the

cross- i nki n@) w t forming heea) gadd Beitvednahameditiofn cdnnae ahd thb stalihenipehdnobf the
according to _claim1, wherein:

tool; and

(d) placing the seal in the seal gland with one of the surfaces in contact with the rotating

component and the other surface in contact with the static component.

2. The method according to claim 1, wherein step (b) comprises irradiating said at least one of

surfaces of the seal.

3. The method according to claim 1, wherein the curing in step (a) comprises cross-linking the

elastomeric material of the seal.

4, The method according to claim 3, wherein step (b) comprises utilizing radiation energy to

further increase a density of the cross-linking within the gradient formed on the seal.

5. The method according to claim 1, wherein:
step (a) further comprises including a radiation cross-linking promoter in the elastomeric
material prior to the curing; and
step (b) comprises directing an electron beam against said at least one of the surfaces of the

seal.

6. The method according to claim 1, wherein the property of step (b) comprises a selected one of

the group consisting of hardness, elastic modulus, and bulk modulus.

7. The method according to claim 1, wherein step (b) comprises controlling the exposure to the
environment to create a depth for the property gradient that is less than about one-half of a cross-

sectional thickness of the seal between the inner diameter surface and the outer diameter surface.



step (a) further conprises including a radiation cross-1linking pronoter in
the elastoneric nmaterial prior to the curing; and step (b) conprises
directing an el ectron beam agai nst sai dOat | east one of the surfaces of the
seal. 6. The nethod accordi ng to claim1l1, wherein the property of step (b)

conprises a | ec one..of ar S el ast i
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outer dianeter surface. 10 8. The met hod according to claim1, wherein step
(b) conmprises. contrqlling the exp retot envi ron t to create dept h
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sect i On&:hwfd’mhﬁkm&seaféfa Eéib@n e dle Ibeﬁéﬁ?%ﬁ’adﬁdﬁethhﬂiaaf leagtaamiteme e oea afds-t he
outer di anet surf e nmet hod according to claim 1, wherein_step
(b) conpF{ioB gkt | hﬁ@eﬁl wgtve&pé%weertcﬁamﬁe UEASH FEHE MU dagF i patage. dept h
for the property gradient that is at | east about one percent of a cross-
sectional thickness of the seal between the inner diameter surface and the
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Degree) value, and the surface level differs fromthe selected |evel by

appr oxi AEPEKYNaLElY 9t dasidennsirepler cent . 11. A nethod of of sealing between
rotating and static conponents of a subterranean drilling tool; conprising:
(a) nolding an annul ar seal having an inner dianeter surface and an outer

di anet erll. sur’t Be@od plorhseelipg byiveen ©taag a1d stic spmpragels af # jubipviapsA FTILBEERSSI ti on
and curigg, g}legseal with a peroxide to create a generally uniform sel ected
har dness tﬁroughout the seal; then (b) exposing at | east one of the surfaces
of the seal t® a recifiag proanngleuseelhaviog ﬁpmmredldmt@ erése aghadivendiapeicat | east

one of the I
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in seallng cont act
gradient on at least one of the surfaces of the seal wherein the hardness progressively

decreases from said one of the surfaces to the selected hardness;
() forming a seal gland between the rotating and the static components of the tool; and
(d) placing the seal in the seal gland with one of the surfaces in sealing contact with the

rotating component and the other surface in sealing contact with the static component.

12. The method according to claim 11, wherein the radiation source of step (b) comprises an

electron beam.

13, The method according to claim 12, wherein the electron beam has an accelerating voltage in

the range from 70 kV to 250 kV.

14.  The method according to claim 11, wherein step (b) comprises applying an electron beam dose

in the range from 10 kGy to 300 kGy.

15.  The method according to claim 11, wherein: step (a) further comprises including a radiation

cross-linking promoter in the polymer material.



rotating conponent and the other surface in sealing contact with the static
conponent. 12. The nmethod according to claim11l, wherein the radiation
source of step (b) conprises an electrbn beam 13. The nethod according to
claim12, wherein the el ectron beam has an accelerating voltage in the
range from70 kV to 250 W 14. The nethod according to claim 11, wherein
step (b) conprises applying an el ectron beam dose in the range from 10 kGy
to 300 kGp. 1Bhe Metbodretchwlthgatocdaimi Iig whereinl stepn(2) komphiges énatudingt @pss{liaking wot her
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conpr i sespolymet udiengl durios e hioldigrypddle-cusgent s in the pol ymer material prior
to molding the seal to cause an initial cross-linking of the polyner

material during the nolding and the curing. 17. The method according to
cl ai m 16, 1wheTied metaodadcbidong tofcldihd 6cwhasinlal pokiichgofabe ageslirtkingerveagents adagr t he

nol ding and the curing to enhance further cross-|inkin ring step (b). 18.
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subterranean drilling tool, conprising: (a) nolding an annul ar nmenber from
an el ast oneri teri.al ..of generally uniform conposition and cross-|inking
the el ast Brer K& et Feafing BATEFRATERHRE T 28¥05 A HPGHE £y HATRG BmgdPlct od
first |evemptifiag: i s generally uniformthroughout the annular menber; and (b)

exposing at |least a portion of the exterior surface of the nmenber to
radi ation soute tBOIIEr A ARG PEFERET fFuR ;2B ntlatBreRC SBHEA e %Fé\ﬁftaﬁy WP t he

annul ar menbegompoki8sLiaid $roQ-1KRR Kl dlastoRlecRd HBREAIME bikate BABLESnef frépB R hadpaNd
| evel at the surface to the first level without essentially changing the
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between the rotating and static conponents of the tool; and placing the
annul ar menbeforijatprensrty Badisaip agplgeier depth within the annular member, wherein the property

progressively changes from a second level at the surface to the first level without essentially
changing the composition of the elastomeric material or changing the first level of the property
within a core portion of the member; then

forming a seal gland between the rotating and static components of the tool; and

placing the annular member within the seal gland.



