WO 2007/ 052027 PCT/ GB2006/ 004084 CUTTI NG HEADS The present invention
relates to cutting heads that generate abrasive waterjets using abrasive
parti cl eswoanii/@bdod70 a cutting head in a gas, or in a vVaReuEBR6HEH08H
liquid. Prior art abrasive waterjet cutting heads, known as AW cutting
heads, discharge ultra high-pressure water at 4000 bar (400 MPa) or so
through an orifice to forma waterjet travelling at over twi ce the speed
of sound in air. A waterjet is projected 40 to 80 waterjet jet dianeters
across a chanber to enter a focus tube bore. Abrasive particles suspended
in air are induced into a chanber by a waterjet dragging air with abrasive
particles into a focus tube entryway and bore. Monentumis transferred from
a waterjet to abrasive particles in a focus tube to produce a cutting jet
at a tube outlet. Transient events during closing of a shut off valve to
stop a high velocity waterjet cause a nonentary reversal of water/air flow
in a waterjet orifice that can carry abrasive particles through an
orifice. On restating water f|CUTIING HWADS| es pass through an orifice at
hi gh speed and can erode an orifice and a particle inpacting on WO

2007/ 052027 2 PCT/ GB2006/ 004084 an orifice edge can cause an orifice to
fail. Catastrophic edge danage al so occurs fromparticles reaching an
orifice in pressurised water. Wat is particularly troublesone is that
failures are unpredictable and cause serious financial and production

| osses. A waterjet orifice is located in the front face of a substanti al
carrier that can wthstand

The present invention relates to cutting heads that generate abrasive waterjets using

abrasive particles carried to a cutting head in a gas, or in a vapour or in a liquid.

Prior art abrasive waterjet cutting heads, known as AWJ cutting heads, discharge ulira
high-pressure water at 4000 bar (400 MPa) or so through an orifice to form a waterjet
travelling at over twice the speed of sound in air. A waterjet is projected 40 to 80
waterjet jet diameters across a chamber to enter a focus tube boré. Abrasive particles
suspended in air are induced into a chamber by a waterjet dragging ai; with abrasive
particles into a focus tube entryway and bore. Momentum is transferred from a

waterjet to abrasive particles in a focus tube to produce a cutting jet at a tube outlet.

Transient events during closing of a shut off valve to stop a high velocity waterjet
cause a momentary reversal of water/air flow in a waterjet orifice that can carry
abrasive particles through an orifice. On restating water flow such particles pass

through an orifice at high speed and can erode an orifice and a particle impacting on



ultra high water pressures. Water pressure acts to force an orifice onto a
carrier and seal an orifice to a carrier. The nunber of abrasive particles
reachi ng {Jeprowt/gs2087ty of a waterjetsorifice can be gregidrycERed/60a6840Y
projecting a waterjet for ten or so jet diameters along a narrow
passageway in a carrier before a jet enters a chanber. The risk of abrasive
parti cl egy daRBO el San\eduBE jaBlorffidef toCRill eataétmfpmos Piarhagenald obérs an
abrasive flowto a cutting head sone tinme before stopping a waterjet so as
Lo cl ear poADLASIKS FBflhd EHLdiAG BPendiOA SRl hal li5 Chlrabiigly Of alr
and abrasive*wthin a cutting hea anber a signiftican I me ay iIs
needed t cglear abrgﬁi v%.}f roma cp_t(ﬁ.i n%hea . This ti mef.del ay, c&)nbi ned
with a t FREPIEROMS, 1§ L8k SPLBYSE s nP RIBHEEP e 20 | BUPeasERus, TRaRAT] 89 s t ur ned
on, prevents prior .art abrasive waterjets being used for nachining

oper at i oPEOduEHON 10SS6%4i res a cutting jet to be turned on and off rapidly and
this excludes their use for many applications. US Patent Application

2005/ 0017091 describes an AW cutting head in which air is drawn from

at nosphere to the passageway downstream of an orifice in order to avoid

ai r carryiwagegdogificy 8 Ipeutdd il the fivrafabs otn subsahiljcatried thdt icae withktaldugh
providing such airflow can prevent abrasive particles reaching and
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by
conplicates the design of a cutting head and adversely affects the anount
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diameters along a narrow passageway in a carrier before a jet enters a chamber.

The risk of abrasive particles damaging a waterjet orifice is minimised by turning off
an abrasive flow to a cutting head some time before stopping a waterjet so as to clear
abrasive from a cutting head. Because of re-circulation of air and abrasive within a
cutting head chamber a significant time delay is needed to clear abrasive from a
cutting head. This time delay, combined with a time delay to establishing abrasive
flow after a waterjet is turned on, prevents prior art abrasive waterjets beil‘lg used for
machining operations that requires a cutting jet to be turned on and off rapidly and

this excludes their use for many applications.

US Patent Application 2005/0017091 describes an AWJ cutting head in which air is
drawn from atmosphere to the passageway downstream of an orifice in order to avoid
air carrying abrasive particles reaching a watetjet orifice. Although providing such

airflow can prevent abrasive particles reaching and damaging an orifice and its holder



head for the steamto be condensed in a focus tube. Condensing steam prior
to a focus tube inlet, my need to be mnimsed in such cutting heads and

t hi s requydesydsahocus tube inlet tosbe within 20 or so pegi€sioedodiganet ers
of a waterjet generating neans. Abrasive suspended in steamflows over the

outlet face of a waterjet generating neans. Because abrasive particles are

i n diredt coppliagts et desiznVeit £Ehthg head eh@ bR sdIP af%clahs lagloaat of gircarri ed
upstream of the waterjet generating neans during flow transients on ‘

st oppi NGWRLKE 1d EW %gimi&%@&ﬁ%%% abrasive particles flows to a

cutting head when there no wat er ough a waterjet generating
means. To generate abrasive waterjets with dianeters | ess than 300m or so
by entrainment of abrasive particles into a high-speed waterjet it is

necessary to suspend abrasiy rticles.in water flowng to a cutting head
rat her t%&r}? 3&%&%@‘&?‘1‘?‘ %8@6?4@%6‘%‘?%43&?@?5 g Weﬁpé\ﬂfrgﬁn%ﬂm&@@%’é(ﬁ for AW
cutting heads. Entraining abrasive suspended in water into a high speed
wat er j etwaiegets ghat peesnstesnp p p ccattier dluig raetrimsiport abrashierpantcleetoauiseitiof  poor
cutting head performance. The geonetries of prior art cutting heads that

use wat dreaddot the sitamaso be coadensed if bubehs tubad Comdenbing Steat| yiior eysani c
interactions between a wateijet and dense abrasive/water m xture before

M Xt ur e f8eiselube MlbQ &by el @ BO MninfiséERduch aiingt Rl Oand hié RRafey a 4-
PCT/ GB2006/ 004084 avoi d adverse fluid dynamc interactions is for the

outlet Ghe WREShIeBYo BENGHIZL! FPor gﬁ%elﬁié% AEndetsofa %Qat&ﬁetséén%{iﬁéj et
di ameters of a focus tube inlet. IS causes
means. Abrasive suspended in steam flows over the outlet face of a waterjet
generating means. Because abrasive particles are in direct contact with a waterjet
generating means particles are carried upstream of the waterjet generating means
~ during flow transients on stopping water flow and when steam carrying abrasive

particles flows to a cutting head when there is no water flow through a waterjet

generating means.

To generate abrasive waterjets with diameters less than 300um or so by entrainment
of abrasive particles into a high-speed waterjet it is necessary to suspend abrasive
particles in water flowing to a cutting head rather than dynamically carrying particles
in flowing air as used for AWJ cutting heads. Entraining abrasive suspended in water
into a high speed waterjet has not been exploited for precision machining because of

poor cutting head performance.

The geometries of prior art cutting heads that use water as the abrasive carrier fluid,
induce adverse fluid dynamic interactions between a waterjet and dense

abrasive/water mixture before mixture enters a focus tube bore. A requirement to



abrasive particles to flow over the outlet of a waterjet generating neans
resulting in abrasive particles reaching the inlet side of a waterjet
gener at i ngoRaeseN water flow is,stopped and when alyEshyR0EHbssr €
enters a cutting head without pressurised water flow ng through a waterjet
generating nmeans. It is particularly inportant that a cutting head using

abr asi veswid aivdrse fuieayiasic nte¥Rlibhd R fod GRS LAULNGE FRANSdt %Aeljaﬁn ble to
pass abrasive suspensions w thout undue wear. The abrasl]ve or these

cutting i i gal | I e nnot g_easily cleared
fromt he‘%?%ﬁﬁﬂf@%ﬁ“;%’% é?js‘ga?& %g%(r]%‘% %rsl\é@rfaegor?ggtg@%o a‘st@ﬂ%l‘:ﬁ %f a
water flqw. .lnstead the continuin resence. of abrasive is beneficial
because H'¥Y% P"Hﬁglef iﬁ ﬁegno‘ﬁé%?t @'&F’EB ﬁﬁﬂﬁ%’qe’gﬁﬁgﬂaﬂ%ﬁ piegnsresiliag her second
to carry out dynamic nmchining operations. Wen a cutting head is operated
in a dyngsvecparticlsy reashing the Hg?tr%‘llq elda pafrsict genesefingf madnsawherewhist o a

wat erj et generating neans can be an advantage in that cutting begins

i nst ant afhew isstppead ansl wherr ebragjvevenixinref dndass avonititigrigead dvittont piessurised acki ng
and de-lam nation of thin and fragile workpiece materials. An AW cutting
head pr oystet Sowingah@upkh wtddjes patefingimeldst 0 80 waterjet dianeters across
a chanber to drag air at sub-atnospheric pressure towards a focus tube
inlet. In order to drag sufficient air into a focus tube substantially
nore air is caused to flow towards a focus tube than enters a focus tube.

Excess aiT 4 nar re-cincul.ates energetically in a

chanber ail(t:ésr ?%(‘ﬁgg\r}ﬁ ﬁﬁl{ tpca%tﬁtrh g{s)%\l@m[ﬁgﬁ elagluglsn%[ LYY WAl n&lﬁ%ﬁ?‘? a4l |'s and

wat erjet_qrifice hal ders. -circulatin [ contain particles that
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wear. The abrasive for these cutting heads is statically suspended in water so cannot
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be easily cleared from the vicinity of a waterjet generating means before stopping of a
water flow. Insfead the continuing presence of abrasive is beneficial because a cutting
jet can be started and stopped multiple times per second to carry out dynamic
machining operations. When a cutting head is operated in a dynamic cutting mode,
controlled penetration of abrasive into a waterjet generating means can be an
advantage in that cutting begins instantaneously on re-starting water flow avoiding

distortion, cracking and de-lamination of thin and fragile workpiece materials.

An AWJ cutting head projects a waterjet a distance of 40 to 80 waterjet diameters
across a chamber to drag air at sub-atmospheric pressure towards a focus tube inlet.‘ In
order to drag sufficient air into a focus tube substantially more air is caused to flow
towards a focus tube than enters a focus tube. Excess air moving towards a focus tube
re-circulates energetically in a chamber carrying with it abrasive particles that erode
chamber walls and waterjet orifice holders. Re-circulating air may contain particle‘s

that have become wetted by water droplets. Because of particle wetting, abrasive



WO 2007/ 052027 5 PCT/ GB2006/ 004084 particles may attach to the passage
walls within an orifice and its holder and be displaced through an orifice
when wat gyé) adgfoksay reverses on turni g off water flow Poae/dHbéddd%ss
performance of AW cutting heads can be inproved and chanber and focus
tube wear reduced if air, dragging abrasive particles along wwth it, enters
a focus paftitha ﬂéjé\é@tﬁclpkfo Qhé? Rished hallk Qvibfif SRUSEHCH bh® 6 NHdhder ARt i C

pressure of one so above atnobspheric pressure causes air to

accel er e t t Efficient
accel er ?ﬁsﬁ(lz)&r?&é?[ﬂ aléh éﬁ$ r‘glé&v%&g?mﬁi&f Iéegg Iifsﬁ i {‘RFH% P{&ﬁglbﬁ&?eqw res the
di stance between the outlet of a waterjet generating neans and a focus
tube inlet to be the m nimum necessary for abrasive particles to flow

snoot hl nto,a fqcus tube inlet.- This results in abrasive partlcles

f1 owi ngy%Weﬁu ingepesfRrmence pf AWk cuitingtheade pat e imgraved rad chambgemnd r at i ng
upstream of the waterjet generating neans when water flow is stopped.

Di anond ferus tebeswiess rediced iff ajr, Ideagging dbirdsévet praticles #long withet, katers atiates | al s when
used for a waterjet generating neans. A prior art waterjet orifice nmade of
di anond tuteydrixensst a contraliable pressune tidfersvice hArst@ticc presdvgs of Badangr et ween
sintered nmetal and diamond is poor and sintered netal is relatively weak
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tube inlet to be the minimum necessary for abrasive particles to flow smoothly into a
focus tube inlet.. This results in abrasive particles flowing over the outlet of a waterjet
generating means, and penetrating upstream of the waterjet generating means when

water flow is stopped.

Diamond has a substantially longer life than other superhard materials when used for
a waterjet generating means. A prior art watetjet orifice made of diamond may be set
in sintered meta}l within a carrier. Bonding between sintered metal and diamond is
poor and sintered metal is relatively weak in tension so the retention and sealing of a
piece of diamond relies on the support provided to the sintered metal by a carrier
made of steel or other strong metal. Encasin)g diamond or other superhard material in
sintered metal is not sat.isfactory for abrasive waterjet cutting heads describe in this
patent application because there is insufficient space between a waterjet generating

means and a focus tube to adequately support and protect the sintered metal from

erosion.



means and a focus tube to adequately support and protect the sintered netal
from erosion. WO 2007/052027 6 PCT/ GB2006/ 004084 Thus there are several

advant agegg 4 /@gbﬁg able to provide g waterjet generatigpgcERaddbdat can
pass abrasive and other particles w thout damage, the neans being | ocated,

attached and sealed to the outlet of a carrier. In this patent application

it is d?gﬁsr Red a@%\%rﬂﬁatd%ﬁﬁtﬁéesnﬁ’izgﬁg tpad d ggqvgade gamitkyetdgRagHe When

passi ng abrasive particles Is attac and s to the olUtlet of a
carrier so as,to wthstand.wate ressures. .t.hat ,can exceed 40 r.
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carrier such that aprasive particles are prevented from damagi ng . t he
carrier . logaigdy %ﬁaﬁbe‘f%n Seﬁfqutf’t %BB@"E" nga ‘Eaﬁ’éerprlgstgﬁtpaFW@HP%%ﬁ?n I%Hér eis
provided a nozzle -assenbly adapted to generate a jet of water or abrasive
particl edesstibgrbholwch watenst aozzlé that s 8ot easily damaged whenanassipgebresivei ng head,
conprising carrier neans nountable to the cutting head and havi ng el ongate

passage patiokes éx htadhied gint heenlet lto ahgloutladofa canizz|se & enwithstaminpmatesi ng a
superhard material,sealingly nmounted to the carrier means by sol dered or

brazed | gieBduréPRRScaANScERAVA0I0bAN RIBRGRMIS sRIOWAGS S2aERting XieaRdnag )
t heret hrough, so connected to the passage neans that water or a suspension
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passage neans and the bore to generate 'sard jet: passage
means an%esc%h_gerpr ofil ed bore each have substantially the

According to a first aspect of the present invention, there is provided a nozzle
assembly adapted to generate a jet of water or abrasive particles suspended in water
for use in an abrasive waterjet cutting head, comprising carrier means mountable to
the cutting head and having elongate passage means extending therethrough and a
nozzle eiement coniprising a superhard material,sealingly mounted to the carrier
means by soldered or brazed joint means and having an elongate profiled bore
extending therethrough, so connected to the passage means that water or a suspension
of abrasive particles in water may be passed under pressure through the passage

means and the bore to generate said jet.

Preferably, said passage means and said profiled bore each have substantially the

same diameter at a point where they meet.

Advantageously, said profiled bore tapers from a first end connected to the passage

means to a second end adapted to emit the jet.



sanme di aneter at a point where they neet. Advantageously, said profiled
bore tapers froma first end connected to the passage neans to a second
end adaptyed 200082028 the jet. WO 2007/ 952027 7 PCT/ GB200@cansdds/00dbssl east
part of said joint neans may extend substantially nornmally to a

| ongi tudi nal axis of the passage neans. Preferably, an area of the joint

means i s gdlch®3utt FaGM!join® dahiBRy exendSubSeEHdQNRmalP % a WndifiginaRssage
means at a point where 'the passage neans and thé bore neet, optionally at

least t i i oss-sectional area. Preferably the superhard
mat er i a\IA%%gS)sloa {%%g?g%éﬂ%%éss of 9 to 10. Advantageously the superhard

mat eri al conprises dianond, cubic boron nitride, boron carbide, tungsten
carbide, silicon carbide or alum nium oxide. The superhard material may

conprise at | east one of polycrystalline djanond, nonocrystalline.

di amond, Pﬁaﬁe@%éxa agiagsto dbe ol measa & #rletnt abotisn Hmesp CEIssvegtiona!l area
deposition. Preferably, the nozzle elenent conprises a block of dianond or
ot her supértharphssaget means| at Adnaintt adetuthey passagel meeaperandr thebberekmeet, pr ovi ded
with a coating of a material reactively bonded thereto, optionally a netal
such as toptianallynatdeastiweatyetireey daid ebssy®setionsaeda. as | uteti um WO 2007/ 052027
8 PCT/ GB2006/ 004084

Preferably the superhard material has a Mohs hardness of 9 to 10.

Advantageously the superhard material comprises diamond, cubic boron nitride,

boron carbide, tungsten carbide, silicon carbide or aluminium oxide.

The superhard material may comprise at least one of polycrystalline diamond,
monocrystalline diamond, natural diamond or diamond produced by chemical vapour

deposition.

Preferably, the nozzle element comprises a block of diamond or other superhard

material.

Advantageously, said superhard block is provided with a coating of a material
reactivel_y bonded thereto, optionally a metal such as titanium or a rare earth element

such as lutetium.



Sai d superhard block may be integrally bonded to a support el enent of
tungsten carbide or other superhard material, the support elenent being
mount ed twolHe7653687 €r neans by saidgjoint neans. Sai d psg4ReEIeé6hahgs0Ck may
be provided with casing nmeans of hard netal or a different superhard
material, said joint nmeans connecting both the casing neans and the

super ar dibl Qele 9IS R 16 BARN bIIROUPS ek Bt 3 EREOTDT | S€ o

coating, pre I'ng, supported on a nozzle elenent body,

optional | Lth said coati overin i riQr. rf rofiled
bore and %‘b\ﬁﬁ ?ra%tgeroﬁupﬁﬁ’@“ﬂ%?%%fg}ee%gﬁ&t %ET%REB%I&E?}%?“P%%P‘? Elfée J’:egg‘rﬂ?i er
nmeans. The superhard material coating may be grown by chem cal vapour :
deposi t i dREAFH LY §814 JOHMRERS: havi ng t he desired shape of the profiled bore so
as to forma thick film the former then etched away and superhard
material or netal deposited on the thick film to produce the nozzle

el enrent body. Preferably, said joint nmeans conprises a ductile filler

met al , r Said supethardblodk thaybetrevideb witheashg memahs afithrd etdliov el different
metallically bonded to the carrier neans. Advantageously, the joint means
conpri sesupdthad! iveeraf| S&d jGiaRidats Bndecking - Sdth BE -cabing afiband ald e
optionally doped with other nmetals and/or active rare earth elenents such
as | ut et iy hsaHIsR 8k Sefili4RanYO 2007/ 052027 9 PCT/ GB2006/ 004084 The
joint means may conprise an active sol der conprising a

zi nc-silver-al um ni um

The superhard material may comprise a coating, preferably a diamond coating,
supported on a nozzle element body, optionally with said coating covering an interior
surface of the profiled bore and a surface of the nozzle element facing away from the

catrier means.

The superhard material coating may be grown by chemical vapour deposition on to a
former having the desired shape of the profiled bore so as to form a thick film, the
former then etched away and superhard material or metal deposited on the thick film

to produce the nozzle element body.

Preferably, said joint means comprises a ductile filler metal, reactively bonded to the

nozzle element and reactively or metallically bonded to the carrier means.

Advantageously, the joint means comprises an active solder compfising a tin-silver-
titanium alloy, optionally doped with other metals and/or active rare earth elements

such as lutetium, erbium and cerium.



all oy, optionally doped with other netals and/or active rare earth
el enrents. The joint neans nmay conprise an active braze conprising a

silver-c Qﬁ@‘%{idﬁoﬁ&ﬁ?' um base, optionally doped with ot heer@iRbdoednd/ or

rare eart enents.such as hafnium and zirconium The carrier mnmeans
preferably conprises a material having a thermal expansion coefficient

simlar tgt 21 | . ozzl e
ol erept . RS sftenk 4y L EEREE & %c?*.'vg%%k%“??%?ﬁ&ﬂg elﬁéf% gl

conpri ses | a he no elenent S d or brazed, the
| am na beqlﬁ %"310831:‘%3 Rf;gn‘ﬁ'?}é?ilﬂl ’918tas é’ﬁ'&?th‘ﬁ?errareef T?IH% §'| er nmeans with a
sol der or braze havi ng a higher nelting tenperature than that used to
mount the nozzle elenent thereto. According to a second aspect of the
present invention, there is provided an abrasive water jet cutting head
conpr i si ritheajoird zn¢ass anaye pdrhprisesan etivei reze compiging iar slverneqppet-titaabove.
According to a third aspect of the present invention, there is provided a
met hod ofbas@roptivadllygdepet ozith othes RN ¥nd/or raddeatll elsinéaiswatlebs hefhigat ti ng
head conprising the steps of providing carrier means nountable to the
cutting headirchsigy di ng a nozzle elenent conprising a superhard materi al
such as dianond, and sealingly nounting the nozzle elenent to the carrler
means by neans of a sol dered or brazed joint. WD 2007/052027 10

PCT/ GB2006/ 004084 According to a fourth aspect of the present invention

there is .provided a generall . . . .
The Chrtier meanis pref%rab\fy comprises a material having a thermal expansion

coefficient similar to that of the diamond or other superhard material of the nozzle

element.

Advantageously, said material of similar thermal expansion comprises a lamina to
which the nozzle element is soldered or brazed, the lamina being soldered or brazed to
a remainder of the carrier means with a solder or braze having a higher melting

temperature than that used to mount the nozzle element thereto.

According to a second aspect of the present invention, there is provided an abrasive
water jet cutting head comprising a nozzle assembly as described in the first aspect

above.

According to a third aspect of the present invention, there is provided a method of
producing a nozzle assembly for an abrasive water jet cutting_head comprising the
steps (;f providing carrier means mountable to the cutting head, providing a nozzle
element comprising a superhard material such as diamond, and sealingly mounting the

nozzle element to the carrier means by means of a soldered or brazed joint.



cylindrical carrier wwth a shaped central passageway that connects to a
shaped bore in a piece of superhard material that is attached and sealed to

said carry.er ol dered or a brazed joint in such am
m nim se {vﬁ)ezo Ious?0 | oadi ng on the pi i(ge of superhard mat e(| aof)@%gﬁ

dianeter of the inlet in said superhard material is ideally the sanme as the
mating passage in the said carrier, such that the maximumfluid | oading to
whi ch a nozzle-to- carrier joint is subjected is due to fluid pressure
acting on a nozzle bore inlet area, should.a nozzle bare; beconp,bl ocked.
Sai d | oi Accordingitaveofopathaaspectcafi the DBREE %?%t@é?nfr‘]’?‘f?éssﬁiﬁ‘é‘?‘ﬁda?&eﬁﬁr filler
nmetal and a reactive/nmetallic bond between the filler nmetal and.the

carri er . cjlheritaroaeidrovithod sleped cpntiah passagewayripat coanegpios #&P%g%&’i"él or
isostatic pressure to induce diffusion bonding. The carrier may have a
seal i Ny ARARS of Gupsedidrd infatérinl ahatdsiattached apd esded fossaifl ¢arienby Theldbise in said
pi ece of superhard material is generally contracting froman inlet that

receivesp 5%&@&2&%@ iVBRIcBra hdnAd 4Ub! Binithise thevukhlowding foni the picceltdfr ged as a
high velocity waterjet. WO 2007/052027 11 PCT/ GB2006/ 004084 |f the

pressurise%rwﬁag%ﬁe tains substantial nunber of abrasive particles the jet
| eavi ng PHETHOZZ1e forms an abr asi ve wat erjet. The superhard material is
pref erably di anond, cubic boron carbide, tungsten carbide, silicon carbide
or other superhard material having a hardness greater than or equal to

The diameter of the inlet in said superhard material is ideally the same as the mating
passage in the said carrier, such that the maximum fluid loading to which a nozzle-to-
carrier joint is subjected is due to fluid pressure acting on a nozzle bore inlet area,

should a nozzle bore become blocked.

Said joint may involve a reactive bond between the superhard and a filler metal and a

reactive/metallic bond between the filler metal and the carrier.

The formation of said joint may comprise applying uniaxial or isostatic pressure to

induce diffusion bonding.
The carrier may have a sealing means to seal it to a source of pressurised fluid.
The bore in said piece of superhard material is generally contracting from an inlet that

receives pressutised water to an outlet from which water is discharged as a high

velocity waterjet.



that of alum nium oxide. According to a fifth aspect of the present
invention there is provided a cylindrical <carrier wth a | ongitudinal

passage hegadidsiorem the first end of jthe cylinder to appirRgEo006fo4ssdper hard
material joined and sealed to a surface on the second end of the said

carrier. A longitudinal passage nmachined in said superhard material and
al i gned vk tthe phQSEHikHChAR! cHRADIARLEENGACrbARB: ! & i lo?JSOﬂleCj%

wat erj et or an abrasive wat erjet when pressuri sed water or a pressurl sed

wat er / abr fed to the first end of the carrier.
Advant agé%aa}é %t e%s%%ke %g&gzz&édté ferial is di anond, or optionally

cubi ¢ boron carbide, tungst en carbide, silicon carbide or other nmateri al
wi th a Mohs hardness of 9 or greater. The dianond may be in the form of
polycrystalline diamond (PCD), nonocrystalline dianond, chem cal vapour

deposi ti dre(seneshatdi matgnd is preferablydiampadsomwhic bosery aﬁbvigebmgastyn cybislees of
said superhard material may be pre-coated or netallised, preferably with
. a coat i siiconrcadiidd orgotherrmepedhasiumhtesisl bavimma handoessegree&methmabt bquel &orent
such as lutetiumthat is reactively bonded to the superhard material. WO
2007/ 0520Rat of aluRGIuER26G84/ 004084 Pi eces of said superhard material may be
pre-coated by a chem cal vapour deposition process wth tungsten carbide
or other suitable material that aids in the formation of a joint to a
carrier. A nozzle bore may be formed in a piece of dianond that is

i ntegral |AoBRAYEH bt aspect of the present invention there is provided a cylindrical
carrier with a longitudinal passage leading from the first end of the cylinder to a piece
of superhard material joined and sealed to a surface on the second end of the said
carrier. A longitudinal passage machined in said superhard material and aligned with
longitudinal passage in the carrier so as to produce a waterjet or an abrasive wlaterj et
when pressurised water or a pressurised water/abrasive particle suspension is fed to

the first end of the carrier.

Advantageously the superhard nozzle material is diamond, or optionally cubic boron
carbide, tungsten carbide, silicon carbide or other material with a Mohs hardness of 9

or greater.

The diamond may be in the form of polycrystalline diamond (PCD), monocrystalline

diamond, chemical vapour deposition (CVD) diamond or natural diamond.

Advantageously, pieces of said superhard material may be pre-coated or metallised,
preferably with a coating containing a metal such as titanium or a rare earth element

such as lutetium that is reactively bonded to the superhard material.



tungsten carbi de support or other superhard material support so that the
joint is made to the carrier via the superhard material. A nozzle nmay be a
formed pige2opfnsdhamond that is suppojted by a hard net gcr@aEproaéiangiar d
mat eri al case grown or deposited on to the dianond with the dianond and/or
case joined to the nozzle carrier with a reactive joint. D anond or other
superhard material nmay be encased in a support conprising nmetal or another
superhard material and a joint made to a carrier via the dianond or other
super har d,.mat er.i al, and/or. it.s.sU t el bet we . Jmt eri al
and nozzIdPe“%(ie i isgifi slﬁgg%?rgfIg?tglﬁéy&%géen%rg&t%%ﬁ;B%aan&eglé%]\Y%H @%I ggér;ﬁ%(lrﬁ?br' aze
material that reacts wth the surface of syperhard.material to forma '
ful l'y borRIBEPss MARSIREH Hetie epbeiehls el nEqidar & Brmien o e 1 o
metallic filler material. A nmetallic bond is forned between ductile
met al | i c Jpitkeecarfigterial and a netallic or superhard carrier. Active
sol ders may consist of Sn-Ag-Ti base alloys doped with other netal s and/ or
with active rare earth elenents such as lutetium (Lu), erbium (Er) and
cerium (Ce). WO 2007/052027 13 PCT/ GB2006/ 004084 Active sol ders nmay
consi st OA néRzI8Gofd nRISR Flrhed $n dqRe’t ¥ diBmohd €lat rmhﬁlga@@b@ded tidh active
-Ti

rare earth elenments. Active brazes may consi st of Ag- base netal s
doped wi tihy bRE Soc e Rher LWYE hALS Y Ip i ncl ude
Hf and Zr.n%lt%}gﬁgarrlt %gn%p ar ea&tli%sg %ﬂén@argeouasl%?bg%gt g{raggﬁjﬁfnt Zstrlmtg?y?res t he

area of ttg%hé gallnelet:r vqg %.‘nzeI s%perhard material.

A nozzle may be a formed piece of diamond that is supported by a hard metal or
superhard material case grown or deposited on to the diamond with the diamond

and/or case joined to the nozzle carrier with a reactive joint.

Diamond or other superhard material may be encased in a support comprising metal
or another superhard material and a joint made to a carrier via the diamond or other

superhard material and/or its support.

A joint between superhard material and nozzle carrier is preferably formed using an
active solder or braze material that reacts with the surface of superhard material to
form a fully bonded transition zone between the superhard material and a ductile
metallic filler material. A metallic bond is formed between ductile metallic filler

material and a metallic or superhard carrier.

Active solders may consist of Sn-Ag-Ti base alloys doped with other metals and/or

with active rare earth elements such as lutetium (Lu), erbium (Er) and cerium (Ce).



subjected to water pressure. A nozzle carrier may be provided with neans
for it to be sealed to a flow conduit connected to a carrier inlet.

Accor di ngv(t_,go@,,og&&t,h aspect of the prgsent invention thegcg/dofdaMbgded a
cutting head assenbly conprising: a cylindrical nozzle carrier with an

i nternal passage connecting an inlet to a piece of superhard materi al
attached and sealed by joining neans to carrier on the opposite end to the
inlet; said nozzle carrier normally having a precision dianeter on the

t; said | ameter on the
Chaped bard e Rl Eail < bRsr foA8 a PR AR Y bl BerlE oL o

precision dianeter on _outside surface of orifice body; a nmeans to effect a
fluid sedl ’\Xﬁééﬁeﬁa‘iﬂb%]@mleéﬁdi ng pressurised water or suspension of
abrasive in water to the nozzle carrier and the carrier inlet; WO

2007/ 052027 14 PCT/ GB2006/ 004084 a cutting head body with a precision bore
into which said nozzle carrier body can be |located; said cutting head body
provi ded Asitivh brazes mregyceansist nb Ae-Cu-Ti bese metairedatieduvidlt otheo meteds bodfgr t udi nal
axis of cutting head body for entry of carrier fluid carrying abrasive
parti cl egctive tp@ithaldndms that iah endidetHf 4ddsZd nto t he opposite end of a

cutting head bore to a
A joint bond area is advantageously greater than ten times the area of the inlet nozzle

subjected to water pressure.

A nozzle carrier may be provided with means for it to be sealed to a flow conduit

connected to a carrier inlet.

According to a sixth aspect of the present invention there is provided a cutting head
assembly comprising:
a cylindrical nozzle carrier with an internal passage connecting an inlet to a
piece of superhard mat;:rial attached and sealed by joining means to carrier on
the opposite end to the inlet;
said nozgle carrier normally having a precision diameter on the outside surface
at the end to which the superhard material is joined,;
a shaped bore in said superhard material accurately located on centreline of
precision diameter on outside surface of orifice body;
a means to effect a fluid seal between a tube feeding pressurised water or

suspension of abrasive in water to the nozzle carrier and the carrier inlet;



nozzle carrier; an insert that sits in cutting head body bore between -a
nozzl e and a focus tube, wth a passageway to connect the outlet of said
nozzl e tay W tube inlet and g passageway to ConNRRGi: 06/004084
abraswe/carrl er uid entry connection in the cutting head body t
passageway between the nozzle and the focus tube inlet; and nmeans to

di vidually | , th
:c SCIU\S“ ¢ ﬂge ?/n ?ﬁﬁng B.?aeﬁj lﬁ yc&ftg adﬂgci}gigﬁﬁln% in@ Whigh safﬁ%z!zl@&@frler% e

hea he superhard nozzle material is
preferably di am)nd A |armnd nozzle is preferably attached to a nozzle
body by sol de?qnnt& gfal¥bazing in a vacuumor inert gas furnace u5| ng a
netal alloy containi ng titanium or other active el em;nts t hat act with
P

di anond and neai¢ Petting headcbodsiiprevidat &ith emnseton RN Qafss H%W(’J‘g form

between the netal alloy and dianond and carrier. The carrier may, be a
material suchtoathe buigjtbdiealanis Kboutting hmﬂdwdarfoheléﬁ’p‘?fé‘raﬁ“ﬂrﬁ}%@ EHIYBE| oy t hat
has a simlar thermal expansion to di‘anond or other superhard material used
for the nozzl gblamg&ﬁabQSZON 15 PCT/ GB2006/ 004084 A thin section of

mat eri al having a conpatible thermal expansion to a nozzle material my be

sol dered or bﬁ%ﬁ%&@f&u%weltﬁétmhﬂ&ﬂﬁ dppediRentRIf bicagingdrpdbatus e sol der
or braze than that used to solder or braze a nozzle to the nateri al .

According to a 3% cea%gr aspect of the present invention there is prOV| ded a
cutting head

an insert that sits in cutting head body bore between a nozzle and a focus tube,
with a passageway to connect the outlet of said nozzle to the focus tube inlet
and a passageway to connect an abrasive/carrier fluid entry connection in the
cutting head body to a passageway between the nozzle and the focus tube
inlet; and

means to individually locate and secure the nozzle carrier, the insert and the

focus tube in the cutting head body.
The superhard nozzle material is preferably diamond.

A diamond nozzle is preferably attached to a nozzle body by soldering or brazing in a
vacuum or inert gas furnace using a metal alloy containing titanium or other active
elements that react with diamond and nozzle carrier substrate to enable chemical

bonds to form between the metal alloy and diamond and carrier.

The carrier may be a material such as molybdenum, Kovar, Invar or a copper/tungsten
alloy that has a similar thermal expansion to diamond or other superhard material used

for the nozzle.



with a body into which an exchangeabl e waterjet nozzle assenbly and a focus
tube are assenbled to configure a cutting head to operate with abrasive
particl esy§a§drjo8sh2y "N @ gas, or in gsvapour or in a vapegifdERsodiodssyr €. Or
inaliquid. If abrasive particles flowto a cutting head as a suspension
in a pressurised liquid the cutting head body, the insert and the focus
tube can be renpved to allow the nozzle assenbly to act as a cutting head.
Exanpl es of nozzles and cutting heads enbodyi ng the present invention wll
now be descri bed f .ex ' el apnpanyi ng
dr awi ng<* ﬁ?’ﬁ se%p@?%‘xa%arébﬁ%\gng E%P%%F@ﬂg rtl%gv{/ﬁl E%‘Ez@agglglggg%% |Zg‘é's11;%aé|%iﬁgur es 2
and 3 show entrai nnpent cutting heads, F'h l.ll_ll’e 4 shotws a ﬁﬂa%a?ér g{ gure 5
shows amaibbaselgered 98 Beared &9 acarisr i fed YrEheEPglineseRPSIRYTS STSEL

entrai nment cutting heads; and Figure 8 shows a _prior art cutting head. WO
2007/ 05202zp the hasabrosddacs beze apordete g mateddl t o Figure 8, for

under standi ng of the prior AW art, a waterjet orifice 101 is |located and
sealed in the font face of a substantial carrier 102 that is |ocated
within a cutting head body 103. A seat 104 on the carrier 102 mates and

forns a Adeetdihg t0a §BRbiath aSt ofvht présehtibeentidh theed movided nauttinghepd essur e
water to orifice 101. Water flow ng through the orifice contracts to form

a jet 110w Iheayah® wiRth 2t QxBR2EEsble waterjet nozzle assembly and a focus tube

are assembled to configure a cutting head to operate with abrasive particles carried in
a gas, or in a vapour or in a vapour/gas mixture, or in a liquid. If abrasive particles
flow to a cutting head as a suspension in a pressurised liquid the cutting head body,
the insert and the focus tube can be removed to allow the nozzle assembly to act as a

cutting head.

Examples of nozzles and cutting heads embodying the present invention will now be
described by way of example and with reference to the accompanying drawings, in

which:

Figures 1a to 1e show nozzle assemblies;

Figures 2 and 3 show entrainment cutting heads;
Figure 4 shows a spacer;

Fighre 5 shows an abrasive suspension cutting head,;
Figures 6 and 7 show entrainment cutting heads; and

Figure 8 shows a prior art cutting head.



t hrough a central passageway 106 in carrier 102 before traversing a chanber
107 and entering a bore ' 109 of a focus tube 108. The drag caused by

wat erj et t hrough chanber, 07 causes air Ve
particleg%éﬁ?ﬁ E&?o enter through passageway 111 and to Be acceﬁerated
towards and enter the focus tube 108. The quantity of air noving towards

focus tutzeefea%ngtﬁl Higud' €At eimd R DALE §03HoP AP B L walcPoRfide and L he

excess alr Ircu In cn carryi ng a raS| e partlcles

in an un ner, W S n oqus t be bore
100" o eSeg %%ﬁfﬁ@dnﬁe ﬂgfeﬁfé”%ﬁ%ﬂq%? AR i) (o Bgl Friplnk

roduce a .cuttin et Oifice 10 made, of sapphlr r uby or
fi amond. GBI Fgting hesd éwgl él%néné?aérl@& oBdbF SBiey 103 metpuendhfrmsia 1t e,
so an orifice's edge can be danaged by particles noving at high velocity.
Locat i ng moetalf focmetaDgeat with a tube 195 eeding vltratkigh presswrs waerdaghifica 194y r ow
passage 106 substantially reduces the risk of abrasive particles reaching
the vi ciWatey floWimpntheouighitheomdfiek donaueth ko fogmupiet | Bamhefwaterjedl 1O passesiur i ng
transi ent events when water flow is stopped. An advantageous feature of

prior artthich Fﬁlﬁ%eh@ﬁﬁiah fBeRhy 1TEINGHES 19D RENE HabiRRe FEMmbed 947 1y t he
front face of a carrier 02 so t hat water pressure acts to hold and seal

cut i ng naseRe LoRI RS fzao&%‘%?%z?’s HEBRLE0NT D OO e Tho Batfe Itecedof
o that 1 Dgh et A el ckefilidth N BtraPlT S R BB Feotona.

passageway 111 and to be accelerated towards and enter the focus tube 108. The

quantity of air moving towards focus tube inlet 112 is greater than that that can enter
bore 109 and the excess air re-circulates within chamber 107, carrying abrasive
particles, in an unstable manner with strong swirl components. In the focus tube bore
109 momentum is transferred from the waterjet to abrasive particles to produce a

cutting jet 113.

Orifice 101 is made of sapphire, ruby or diamond. Sapphire, ruby and diamond are
extremely hard'but also brittle, so an orifice’s edge can be damaged by particles
~moving at high velocity. Locating orifice 101 such that a waterjet 110 passes through
a narrow passage 106 substantially reduces the risk of abrasive partieles reaching the
vicinity of an orifice and travelling upstream of an orifice during transient events

when water flow is stopped.

An advantageous feature of prior art is the location of the waterjet generating means
101 on the front face of a carrier 102 so that water pressure acts to hold and seal the

means to the carrier. A further advantageous feature of prior art cutting heads is the



However, with a waterjet generating neans on the front face of a carrier it
is not possible to prevent adverse fluid dynam c processes in cutting
heads or ' 8) .desirable fluid dynam c processes. @g {/

dynami c a&‘g&@s} gg(’%?are SO severe tha?%prl or art entrain ﬁﬁ“?ﬁ? 4ozégsqheads
do not function effectively wi th abrasive carried |n water or in steam It

is nowd r teljet ner, nozzl from di anond or

ot her sg%groﬁg%g ﬁgﬁmﬁ% e\f}it y9§ %8““‘%8 gny%attmlgreﬁgfe ?Oé%ﬁsipndanaged
by abr asi rticles, is atta and sealed to the oytlet of a carrier to
mthstanEO%%éﬁ@ﬁ%#é%wegncW%barﬂ‘@k caipalmathelic dismandg of 400Mpa i s
ten or so times the tensile strength of joining nmethods for dianond to
nmetal or other superhard mmaterials. Taking account of the extrene fatigue
| oads fromcyclic water pressures a joint area twenty or so tines the
nozzl e abeavesehjvatt edvaterjetegenerating saeane onsthe eont ddeeof @rdatrierdt fisy nott 0
prevent pressurised water entering a joint and t hereby increasing the

fluid | opoisitde @ previedi Blversd Aaid Tml Sdebdds Lkt headsadrab inARQS Vi ous
seal between a carrier and a nozz oi ni ng superhard materials to a

metal or jedihele AWBEIYAMmSL Bﬁ;c%ée?e AP%a Ql #G8 | fyladic {}@é?&%é@grehl g%fleqlgf’gn in the

art. However, the extrene'tensi I Nng cause wat er

pressure atasklop crease in rates into a
j oi nt rreglngq)?lh exXper w%’%t%.‘ Ehea &% %%d’iofggmtt%n elgh&'gg %’éa}sfvr?g and
brazi ng ﬁtlmds for ea h conbl nat| on of waterjet nozzl e material wth
carrier RHDOEP{vatcpsy 52027 18 PCT/ GB2006/ 004084 Diarmond is preferred
for its wear characteristics but stronger joints can be nmade with

It is now described how a waterjet generating nozzle made from diamond or other
* superhard material, with a shaped bore that is not readily damaged by abrasive
particles, is attach and sealed to the outlet of a carrier to withstand water pressures
that can exceed 400MPa. A loading of 400Mpa is ten or so times the tensile strength
of joining methods for diamond to metal or other superhard materials. Taking
account of the extreme fatigue loads from cyclic water pressures a joint area twenty' or
so times the nozzle area subjected to water pressure is desirable. Critically, to prevent
pressurised water entering a joint and thereby increasing the fluid loading on a joint,

the joint material must form water impervious seal between a carrier and a nozzle.

Joining superhard materials to a metal or other superhard material by soldering or
brazing is known in the art. However, the extreme tensile loading caused by ultra
high water pressures and catastrophic increases in loading if water penetrates into a
joint means that experimentation is required to establish soldering and brazing

methods for each combination of waterjet nozzle material with carrier material.



tungsten carbide and other superhard materials and these materials can be

easi er to machi ne to produce nozzle bores as well as easier to solder or

br aze. is desirable to,select a superharq, IHO 86 Pﬁri al
; . /

based on ﬁéﬁ%}ﬁl %)7?5 For |IIustrat|%)8?1 j oi ning of diano 3 %o nme or to

anot her superhard material using soldering and brazing is described but it

|5 under shagget12 b ofld B b Yl DR AEE NG SO RARHSEH ol

super hard " nozz er| For .
clarity superhard ter| s are he def s rraterlals avi n har dness
of 9 or Wgﬁﬁ%“r C*HHIE?’ ?%ﬁqhﬁrdrﬁé Pﬂ“ﬂg o Tekply &P’é%a?as’ghg‘?m ng a
nozzl e assembly enmbodyi ng the present invention, a mate et nozzle 1 has a
carrier 2maphipe Qrprpdicemozzle bopsss vl 25 aapist tocanldar 96 brazey hgreforgptds bore 7
in a piece of dianond material in the foamof a blank that forns a nozzle
5. The nodesirabldta sel§cdn mapmbriard nezdé¢ pateriol amed oematly ffactarsj oint 6. In order to
mnimse the fluid loading on a joint 6 the outlet dianeter of the flow
passage 4 in the <carrier 2 will usually be chosen to be the snall est
practical consistent with water velocities being below the erosion

velocity g ﬂlti&ra‘ﬂi%{a ‘:jéfnﬁl Of diafiend ab rnh&&l & B HhotlRe suﬁ@‘?gdtxﬂatﬁﬂéilr Yige out

drilling and polishing operatlonsto formthe nozzl'e bore he joint 6

col der o™ HH ”ﬂﬂﬁ f’%@?ﬁ% REBLOTLR IR i’m{a hi%I B © o
i ant um PR be b h%wq(o@ saﬁ%rhe%r%% Irstsdy 0)5eBES enpbocrnieh

material.

For clarity superhard materials are here defined as materials having a hardness of 9 or

higher on the Mohs scale.

Referring now to Figure la, showing a nozzle assembly embodying the present
invention, a waterjet nozzle 1 has a carrier 2 with an inlet 3 to passage 4 that contracts
to a shaped bqre 7 in a piece of diamond material in the form of a blank that forms a
nozzle 5. The nozzle 5 is joined and sealed to carrier 2 by a joint 6. In order to
minimise the fluid loading on a joint 6 the outlet diameter of the flow passage 4 in the
carrier 2 will usually be chosen to be the smallest practical consistent with water
velocities ‘being below the erosion velocity of the material of the carrier 2 and the

need to carrying out drilling and polishing operations to form the nozzle bore 7.

The joint 6 between a diamond blank 5 and a nozzle carrier 2 is effected using a
solder or braze alloy that is doped with active elements. An example of such a solder

is a tin (Sn)-silver (Ag) alloy with active elements titanium (Ti), gallium (Ga) and



cerium (Ce). An exanple of active braze is a silver (Ag)-copper (Cu) alloy
with titanium (Ti) and other active elenents. The active el enents react

Wi th oXi qeohgyfissny7and surfaces to gl ow wetting. A gooq.dl-gr]l_-' t¥Yood)dR0s4
extensive chem cal bondi ng between solder or braze material, dianond and
carrier material, with mnimal formation of undesirable interfacial

conpoun gg f@ﬁg(%@} ;[ ‘%é %X%g O Ekivk Odlléﬁe WeR kg r(ggl)_@gﬁgeg . (03? taeygtitis ol der s

are genera aving nelting points bel ow abo 450C, it can be

advant ageoys tg.carry. out .parf of a S (g eratures.
- sucieund oy S AnEE el SERAE SnfRlls Raflulh oRRe e
wetting, before reducing . the tenperature to forma.jgpjnt,that | ower

r esi dualangd isavinees tg allewy g sérg@gg gung ﬁ%ﬁ"%ﬂ’é‘:"%@?f&ﬁ&f@%’%@g et%@%? ed j oi nt
(brazing of superhard materials generally involves soliduys tenperatures
above 7GOMer offreazsameiedel, Ziapaondyand grigr matariabeith dpigiaal lﬁB‘g‘gP 5 bl ank
is attached, with the joint face on a carrier having a machi ned surface

t ext ur e ndesimbidineefabial cdmsdunds gndbrittiBraad othyr fointheeakprisg dyerfozzl es s
normally carried out in a vacuumor inert gas furnace. A solder, or braze
preformcut fromfoil is positioned between a holder 2 and di anond bl ank
5. A soldering or brazing tenperature/time cycle is used that ensures good

oLt oPABEICh BioRd e Wl A5 Sl:hitingSE RRB GR11bEIBR dobit BEG Yl anond,

Br azi ng Stro s and 1s pre d for joining dianond that

is thermall t abl brazi 800.. U tr [ h
Vi br at | GhCAU ARSI GATY BRSSO ERB TR g: bRy FURRERR) H ot -

Sol der and braze materials have poor capillary and wetting characteristics
on di anmomdh cases, temperatures up to 850°C or so may be used to bring about wetting, before

reducing the temperature to form a joint that has lower residual thermally induced
stresses than that generated by a brazed joint (brazing of superhard materials generally

involves solidus temperatures above 700°C).

The carrier 2 can be fully machined before the nozzle 5 blank is attached, with the
joint face on a carrier having a machined surface texture to maximise joint strength.
Brazing of batches of nozzles is normally carried out in a vacuum or inert gas furnace.
A solder or braze preform cut from foil is positioned between a holder 2 and diamond
blank 5. A soldering or brazing temperature/time cycle is used that ensures good joint
properties and minimises residual stresses in the brittle diamond. Brazing provides
stronger joints and is preferred for joining diamond that is thermally stable at brazing
temperatures above 800°. Ultrasonic or other vibration means may be used to help in

achieving a satisfactory joint.

Solder and braze materials have poor capillary and wetting characteristics on diamond

and wetting is time dependent. The poor wetting characteristic may be used as an



and wetting is tinme dependent. The poor wetting characteristic may be used
as an WO 2007/052027 20 PCT/ GB2006/ 004084 i ndi cator of successful joint

formatio T. ral hole in a solﬂ,er or braze resi st chs‘rG 6 i
mar gi nal Pg/vqég%%?%han the outlet of passage 4. After a so(dllgegr3 g(g?(ﬂgér;laze

cycle the successful flow of joint material to formthe critical seal

et meen RalsRoRbr SBRe1 S8Rt KiinaB3 AREAREPhdle §F ARICP BP BV dosis s |

0 pori’s growt h side of CVD dianond and to use the
rough growth surface of the dianond ol k. b3az0k to
i ncr easanpehipad xgglgglaﬁyiadr_ger @6’? h’&l?é‘ﬂ?’i%sp@%%??%l Aggrt\e&%tgc())f(?ﬁyﬁf ir)n)“lage %kgést sitis
desirable to have only one operation in_  producing,a joint.t n
wi t hst arflie sxeqessial Hpwsefiirmd materigl 4p ir}‘@fﬁéﬂ}eo%f&f%g ?eef(imgl\’/egp,ajoﬂ&a%ra% | ens
arise in making joints with particul ar dianond nozzl e bl anks 5, the bl anks
may be praesieqmbsge hotert canthietabs¢rued-based or ot her coating that forns a
reacted chem cal bond with the blank and is wetted during sol dering or

brazing. Alternatively, a blank nmay be pre-coated by a chem cal vapour
deposition process wth tungsten carbide or other suitable material that

ai ds in fhe,{anfBEdRMoPlo ﬁolisﬁitﬁetgbrbmh adeaf CVEr diamond gehenat itegrowgh er j et's up
to 400mor so In dianeter, and abrasive suspension waterjets under about

200m or %%ﬁﬁs&%a%%%ﬂ‘%’c{i%h@x@%h@ iR DAL SRR S ﬂlc?@%f%@_{déﬁ'bon@ lhasiaks of 1 to

3mmin thirckness and mmin dianeter are appropria The shape of the
bore 7 machined in a nozzle blank 5 depends on the application. A bore 7
for a nozzle that passes a suspension of abrasive in pressurised water wl|

For quality control and to minimise costs it is desirable to have only one operation in
producing a joint that can withstand extreme pressures and fatigue loading. However,
if problems arise in making joints with particular diamond nozzle blanks 5, the blanks
may be pre-coated with a titanjum-based or other coating that forms a reacted
chemical bond with the blaﬁk and is wetted during soldering or brazing.
Alternatively, a blank may be pre-coated by a chemical vapour deposition process
with tungsten carbide or other suitable material that aids in the formation of a joint to

a carrier.

For generating waterjets up to 400um or so in diameter, and abrasive suspension
waterjets under about 200pum or so in diameter, diamond or other superhard material

blanks of 1 to 3mm in thickness and 3 to 6mm in diameter are appropriate.

The shape of the bore 7 machined in a nozzle blank 5 depends on the application. A
bore 7 for a nozzle that passes a suspension of abrasive in pressurised water will

typically have a simple rounded or conical inlet, with a length equivalent to four or so



typically have a sinple rounded or conical inlet, with a | ength equival ent
to four or so WO 2007/ 052027 21 PCT/ GB2006/ 004084 bore dianeters, foll owed

by a nearwag@?s{t, I, di ameter bore ten 0 twenty di aneter§.CT}&}g06/df)[“?8gti on
| osses in eac Ilameter of bore in the approach to a waterjet nozzle outlet

are 2%or so of the waterpower at a cutting head inlet. The aimis to

bal ance 486 GbhElOTonSRE BY o S5F Sondtiht HifBEE! Hord93h 15 lewEhi§ UibGepat €1 et
at are ertec entr rerc

characterlstlcs{ rve in arning abrasive-pa es into a
focus tube and transferring kinetic energy fromthe waterjet to the
particl es®n a focus tube bore. For a cutting head that entrains abrasive
as a suspension.in water, the distance between a nozzle outlet and a focus
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as a suspension.in water, the distance between a nozzle outlet and a focus tube may

only be a few waterjet diameters, making it desirable to maximise the entrainment

capability of a jet on exit from a nozzle. This is achieved using a conical contraction

of 15° or so, followed by a parallel section of two or so diameters before a waterjet

nozzle outlet. This geometry generates a jet with a turbulent surface due to cavitation

and friction.

For abrasive particles carried in air to a cutting head, a waterjet may travel ten or more
jet diameters before entering a focus tube. In this situation the near parallel outlet
length of a nozzle needs to be just sufficient for the nozzle outlet to withstand water

pressure loads and particle impacts.
Figures 1b, 1c, 1d and le show alternative carrier and nozzle arrangements.

Figure 1b shows a nozzle 80 made from diamond formed as an integral layer 81 on a

tungsten carbide or other substrate 82 that is brazed 6 onto carrier/holder 2.



tungsten carbide or other substrate 82 that is brazed 6 onto carrier/hol der
2. WD 2007/ 052027 22 PCT/ GB2006/ 004084 Figure 1 ¢ shows a nozzle
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tungsten carbide 84. The exterior 88 of the tungsten carbide case 84 can be
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6 may be SHAUY supethpd MaAlRard material 90 as well as to the body 91.

Figure 1d shows a nozzle arrangement that is particularly appropriate for miniature
cutting heads in which it is difficult to provide an adequate flow passage for abrasive
in water mixtures to reach a nozzle outlet. A piece of diamond 86 is brazed on its
inlet face to provide a water seal with the majority of fluid loads carried by brazed
joint 87 on the sides of the diamond. The diamond may be of rectangular or other

cross-section.

Figure le shows a nozzle formed by the deposition or growth of a CVD diamond or
other superhard material layer 90 in a bore 7 within a body 91 that is joined and sealed
to carrier 2 by joint 6. The layer of superhard material 90 may extend over the outlet
face of the body 91 to protect the carrier 2 from erosion by abrasive particles. The

joint 6 may be made to the superhard material 90 as well as to the body 91.

Instead of growing CVD diamond or other superhard material within the bore 7, a

thick film may be grown on a former having a desired shape of bore 7, the former



I nstead of growi ng CVD di anond or other superhard material within the bore
7, a thick filmmy be grown on a fornmer having a desired shape of bore 7,
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superhard material case deposited or grown on the outside of the thick
filmto formthe body, 91. PCD and other dianond or superhard materi al
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particularly suitable form is the corrposite carbi de sold under the :
Regi stered Trade Mark ROCTEC, as used in abrasive vvaterj et focus tubes by

Kennanetal Inc of Traverse Gt M nneso a, USA. ure ég%h 3’;1 cutting
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wat erjet nozzle 1 as shown in any of ures la to le is |locat dlnthe
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12 by loading applied in attaching body 10 to collimation tube by thread
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of waterjet nozzle 1 and into which a spacer 15 and focus tube 16 are
assenblq%llgﬁ CQ§VICG 17 sealed to body 10 by seal 19 positions the
spacer ativ to a passageway 18 in body 10. A gland nut 21 with
thread 22 | oads sealing and retaining ring 23 to hold and to seal focus
tube 16 in bore 14 of body 10.

Where tungsten carbide is used as the superhard material, a particularly suitable form
is the composite carbide sold under the Registered Trade Mark ROCTEC, as used in

abrasive waterjet focus tubes by Kennametal Inc of Traverse City, Minnesota, USA.

Figure 2 shows a cutting'head for entraining abrasive particles carried in a carrier
fluid. A waterjét nozzle 1 as shown in any of Figures la to le is located in the body
10 of a cuiting head and sealed against seat 11 on collimation tube 12 by loading
applied in attaching body 10 to collimation tube by thread 13. The cutting head body
10 has a bore 14 that locates outside diameter 8 of waterjet nozzle 1 and into which a
spacer 15 and focus tube 16 are assembled. Locating device 17 sealed to body 10 by
seal 19 positions the spacer 15 relative to a passageway 18 in body 10. A gland nut
21 with thread 22 loads séaling and retaining ring 23 to hold and to seal focus tube 16

in bore 14 of body 10.

Pressurised water source 25 to collimation tube 12 flows via passageways 3 and 4 to
the nozzle bore 7 to generate a waterjet 9. The waterjet 9 passes through chamber 29

formed in spacer 15 and enters inlet 20 and bore 24 of focus tube 16. Abrasive



Pressuri sed water source 25 to collimation tube 12 flows via paSsageways 3
and 4 to the nozzle bore 7 to generate a waterjet 9. The waterjet 9
passes t GPggyber 29 fornmed ingpacer 15 and ent erspq@hRbedfo@nd bore
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tolerance in the bore 14 of body 10. Connection 27 is sealed to the body 10
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carrier 30 directly attached to a collimation tube 12 feeding pressurised
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basically the sane as for the cutting head of Figure 2. The nozzle carrier
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to a contracting bore in the “carrrer ting i'S attached
to nozzl g carrier 30 by a thread. 31 in the arrangenment show. The focus
tube 35 i'S"fixed in a carrier 34. Screwing body 33 onto nozzle carrier 30
with thread 31 holds focus tube carrier 34 and spacer 36 in place.

Figure 3 shows a compact cutting head that has a nozzle carrier 30 directly attached to
a collimation tube 12 feeding pressurised wate;r toa cuttiﬂg head. The fluid dynamics
of the cutting head are basically ‘the same as for the cutting head of Figure 2. The
nozzle carrier 30 is extended on its inlet end relative to the carrier 2 of Figure 1 and
has internal threaded 32 and external threaded 31 sections. The metal to metal seal 39
between the carrier 30 and the collimation tube 12 is made to a contracting bore in the
carrier 30. Cutting head body 33 is attached to nozzle carrier 30 by a thread 31 in the
arrangement show. The focus tube 35 is fixed in a carrier 34. Screwing ‘t;ody 33 onto

nozzle carrier 30 with thread 31 holds focus tube carrier 34 and spacer 36 in place.

A flow of abrasive particles in a carrier fluid 26 enters passage 37 at an angle to keep
the connection to the body 33 away from abrasive reflected from workpieces. The

nozzle carrier is sealed to the cutting head body 33 by seal 46.

Figure 4 shows a spacer 40 suitable for the cutting head shown in Figure 3. Spacer 40

has an inlet contraction 41 that connects to passageway 37 in cutting head body 33



A flow of abrasive particles in a carrier fluid 26 enters passage 37 at an
angle to keep the connection to the body 33 away from abrasive refl ected
from wor kphee@sosobhe nozzle carrie?5 is sealed to the cwitiigsrobeadogdaody 33
by seal 46. Figure 4 shows a spacer 40 suitable for the cutting head shown
in Figure 3. Spacer 40 has an inlet contraction 41 _ that connglgts to
passagesdya JftéringCsdctivn gidh e MtdrigysesSom@420umeds 10 rhambeptd Hagsgde/ 004084
and a netering section 44. Metering section 44 connects to chanber 43
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or other tfeature on spacer 40 may match with a feature in cutting head
body 33 to l@c agulbl tiex@ bbay BB o hRasAe passady 41

Al ternaﬁﬂa\cleerléé %%ig%gbg‘ @ﬁgnd cﬁgﬁggﬁi%&eégn g% machi ned ;yﬁ%sogfocus t ube
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source 50 of pressurised abrasjve ter.flows through passageway 53 in
col i namﬁ%lﬁn‘t‘ﬁﬁ@ @iuwg%lc?}‘gg"si‘b%“%%ﬁ’%“‘??S% e holder 52 to a nozzle 5.
Nozzl e carrier 52 is retained on collimtion tube 51 by thread 54 and
sealed to collimtion tube 51 by seal 55. The interface between
passageways 53 and 56 is such that abrasive particles cannot acgunulate in
dead sprigate 5 SHoavst movetecnrrangzembmg 59cthatris pertishlanly suBedito 2aneigRg SBa8 can be
chosen to protect holder 52 from abrasive when abrasive waterjet 58 is

r ef | ect gglmbic Abasive WaRirRee . A Fb@ids 60 6f prevwmisad abrasivaiwaterfloveubtaugh head with
a nozzle assenbly 59 as shown in Figure 5 and a spacer 61 suitable for use

when t he, AlN-a3Y 48 iRRbHintlifondabd 5 Fo 4 palistod $6 @ fozzle holder 52 to a nozzle

5. Nozzle carrier 52 is retained on collimation tube 51 by thread 54 and sealed to
collimation tube 51 by seal 55. The intérface between passageways 53 and 56 is such
that abrasive particles cannot accumulate in dead spaces. The diameter of the
diamond blank used for nozzle 5 can be chosen to protect holder 52 from abrasive

when abrasive waterjet 58 is reflected from a workpiece.

Figure 6 shows an entrainment cutting head with a nozzle assembly 59 as shown in
Figure 5 and a spacer 61 suitable for use when the abrasive particle carrier fluid is air.
Diameter 57 on nozzle carrier 52 is concentric with the bore of nozzle 5 and locates
within bore 65 of cutting head body 60 into which spacer 61 and focus tube 16 fit.
Spacer 61 has passage 62 that is aligned with passage 66 in body 60. Passage 66 is

connected to a source 26 of abrasive particles suspended in a carrier fluid.

One or more passages 67 in body 60 connected to passage 66 may be used to bleed off
carrier fluid flow 26 when the carrier fluid flow required into focus tube 16 is

insufficient to transport abrasive particles from a source to passage 66. Passage 66



D anmeter 57 on nozzle carrier 52 is concentric with the bore of nozzle 5
and | ocates wthin bore 65 of cutting head body 60 into which spacer 61
and focusylgagrdboed7i t- Spacer 61 hass passage 62 that i El&eRssoiiid
passage 66 in body 60. Passage 66 is connected to a source 26 o? abr asi ve
particles suspended in a carrier fluid. One or nore passages 67 in body 60
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when the carrier fluid flow required into focus tube 16 is insufficient to
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al i gnnment of the bores of a nozzle and a focus tube need to be held to 5m
or so. Figure 7 shows an arrangenent that is particularly suited to

achi eving good alignnent of nozzle and focus tube bores. A focus tube 35

i s | ocat Belowrfocusr tube borgdligmetarseof E0penciow, sbgrimen of she beres pa aozdlose fit on
the outside dianeter 77 of nozzle carrier 1. By referencing the |oc¢ation of
the nozzim a footietube nedd 1oitdeheldliofyah @f so 7Figneb T siwwds dnldtanerenitibattie i nner
bore of the extended section 75 alignnent to better than 5m can be
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col | ar by thread 71. Collar 70 is attached to collimation tube 12 by

thread 71%011 {{5{,@ §51 1S ﬂ)c&t&'.l ﬂl Ebgna%’wﬁﬁ an extended section 75 that is a close fit on

the outside diameter 77 of nozzle carrier 1. By referencing the location of the nozzle
bore to outside -diameter 77 and focus tube bore to the inner bore of the extended

section 75 alignment to better than 5um can be achieved.

The nozzle carrie.r 1 is retained by body 72 that is attached to a collar 70 by thread 71.
Collar 70 is attached to collimation tube 12 by thread 73. Thread 71 joining body 72
and collar 70 may be replaced by a quick release interrupted thread or other quick
release mechanism so that by unscrewing collar 70 slightly, to release loading
between nozzle carrier 1 and collimation tube 12, the body 72 can be rotated a part

turn and released.

Focus tube 35 inay be retained in focus tube carrier 74 by a shrink fit, adhesive,
brazing or other joining and sealing means. Seal 76 seals the focus tube carrier 72 to
the body 72. Location screw 78 holds a focus tube carrier 74 so that the passage 79 in

focus tube carrier is aligned with passage 80. Passage 80 in body 72 connected to a



and collar 70 may be replaced by a quick release interrupted thread or

ot her quick release nmechanismso that by unscrew ng collar 70 slightly, to
rel ease | i tween nozzle carrdzer 1 and col limati he body
72 can be&?gp{g@gz Z part turn and rel eased. Focus tube@gg%?/o%%ﬂ%t ai ned
in focus tube carrier 74 by a shrink fit, adhesive, brazing or other
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abrasive particles in a carrier fluid. The fluid dynam c operation of this
cutting head is generally as described with reference to Figure 2. 28
CLAIMS 1. A nozzle assenbly (1) adapted to generate a jet (9) of water or
abrasive particles suspended in water for use in an abrasive waterjet
cutting head, conprising carrier neans (2, 52) nountable to the cutting
head and havi ng el ongat e passage neans (4) extending therethrough and a
nozzle elenment (5, 80, 84, 86, 91) conprising a superhard material having a
hardness of 9 or higher on the Mhs scale, sealingly nounted to the
carrier neans (2, 52) by soldered or brazed joint neans (6) and having an
el ongate profiled bore (7) extending therethrough, so connected to the
passage neans (4) that water or a suspension of abrasive particles in



wat er may be passed under pressure via and through the passage neans (3, 4)
to the bore (7) to generate said jet (9), characterised in that said
passage neans and said profiled bore 28ach have substantially the same

di aneter at a point where they neet. 2. A nozzle assenbly as clained in
either claim1 or claim?2, wherein said profiled bore tapers froma first
end corffle8IM§ to t he passage neans to a second end adapted to emit the

jet. 3. A nozzle assenbly as clained in any one of the preceding clains,
wherein at |least part of said joint neans extends substantially normally

to a | angiAtnegizieakseably (19fadafted 36i€ a VB B)Df whterdr BPALIVE pagisREDI Y as
clainmed in any one of the preceding clains, wherein an area of the joint
neans i s Sispersdgdn wateyforiuse in amelyagve walsgesadtinghrad, eonentistie t he passage
means at a point where the passage neans and the bore neet, optionally at
| east twenty times said cross-sectional area. 5. A nozzle assenbly as

cl ai med i carficymednst(Re52) henmdibigtothatuting Wl idhating etongeklpassdge hey | al
conpri ses gianond, cubi c boron nitride, boron carbide, tungsten carbide,
silicon aepicadingthesethrpughand oxi de. 29 6. A nozzle assenbly as clained in
any one of the preceding clains, wherein the superhard material conprises
at | east one of polycrystalline dianond, nonocrystalline dianond, natural
di anond oa noizienelemdentr(608(; &d, 864 9¢ hevmpriding a pqerhatld pasdrial baving/a hd&kdnesg oif e
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or brazed joint means (6) and having an elongate profiled bore (7) extending therethrough,
so connected to the passage means (4) that water or a suspension of abrasive particles in
water may be passed under pressure via and through the passage means (3, 4) to the bore
(7) to generate said jet (9), characterised in that said passage means and said profiled bore

each have substantially the same diameter at a point where they meet.

2. A nozzle assembly as claimed in either claim 1 or claim 2, wherein said profiled bore
tapers from a first end connected to the passage means to a second end adapted to emit the

jet.

3. A nozzle assembly as claimed in any one of the preceding claims, wherein at least part of
said joint means extends substantially normally to a longitudinal axis of the passage

means.

4. A nozzle assembly as claimed in any one of the preceding claims, wherein an area of the
joint means is at least about ten times a cross-sectional area of the passage means at a
point where the passage means and the bore meet, optionally at least twenty times said

cross-sectional area.

5. A nozzle assembly as claimed in any of the preceding claims, wherein the superhard
material comprises diamond, cubic boron nitride, boron carbide, tungsten carbide, silicon

carbide or aluminium oxide.



el ement conprises a block of dianond or other superhard material. 8. A
nozzl e assenbly as clainmed in claim7, wherein said superhard block is
provided with a coating of a materiahoreactively bonded thereto,
optionally a netal such as titaniumor a rare earth el enent such as
lutetium 9. A nozzle assenbly as clainmed in claim7, wherein said
super hdr dApiogelk assenibhy agelaimeyd in bon declofi the aresedipg claires, ovientin dfe superfatden
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claim?7, whembdiandaldr S14BREPESHUREPBK chémiBAlOMpsi@depbdition.casi ng neans of
hard nmetal or a different superhard nmaterial, and said joint neans

connects both the casing neans and said superhard block to the carrier
nmeans. 11 e | aj ' ne. of the.preceding clains,
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pr ef er abl glementi cdMpridecOBlotk gf ditmbhd okothet superhatipparctiad on a nozzle el ement
body, optionally with said coating or thick filmcovering or formng an

interior surface of the profiled bore and a surface of the nozzle el enent
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any one of the precedi ng cl al ns, ef el n sal ngnt nmeans ‘Conpri ses a
ducti |l e fdédaling ofretimterial actively bynded niskereto; apticnelly o nadtal sattemsithniamdr a
reactively or %p allically bonded to the carrier neans. 13. An abrasive
wat er j et 3EUFATOFEREE §U Pty a nozzl e assenbly as clained in any one
of the preceding clains. 14. A nethod of producing a nozzle assenbly (1)

for an abrasive water jet cutting head
9. A nozzle assembly as claimed in claim 7, wherein said superhard block is integrally

bonded to a support element of tungsten carbide or other superhard material and the

support element is mounted to the carrier means by said joint means.

10. A nozzle assembly as claimed in claim 7, wherein said superhard block is provided with
casing means of hard metal or a different superhard material, and said joint means

connects both the casing means and said superhard block to the carrier means.

11. A nozzle assembly as claimed in any one of the preceding claims, wherein the superhard
material comprises a coating or a thick film, preferably a diamond coating or thick film,
supported on a nozzle element body, optionally with said coating or thick film covering or
forming an interior surface of the profiled bore and a surface of the nozzle element facing

away from the carrier means.

12. A nozzle assembly as claimed in any one of the preceding claims, wherein said joint
means comprises a ductile filler metal, reactively bonded to the nozzle element and

reactively or metallically bonded to the carrier means.

13. An abrasive water jet cutting head comprising a nozzle assembly as claimed in any one of

the preceding claims.

14. A method of producing a nozzle assembly (1) for an abrasive water jet cutting head

comprising the steps of



conprising the steps of 30 providing carrier neans (2, 52) nountable to
the cutting head, and having el ongate passage neans (4) extending

t her et hrough; providing a nozzle elem8fit (5, 80, 84, 86, 91) conprising a
superhard material having a hardness of 9 or higher on the Mdhs scal e such
as di anond, and having an elongate profiled bore (7) extending
~therethrough, wherein the passage neans (3 4) of the carrier neans (2,

52 dt Y/ t tantiall
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nozzl e el passage rh&ans §40), ex&h,dn&&he&ﬂh)rough t he carrier neans (2, 52) outlet by

nmeans of a soldered or brazed joint (6), such that in use water or a
suspensi on of abrasive particles in water may be passed under pressure via

and t hr ougfyyldigs PRSAAIGemBRABS8d, 34, 80, 919cd £ sipbihdr@ nBERRI Alvingal €1 (9)
of wat er gl?’ a(til;ll?gam ve partlglgtqes d’suspende?clrﬁﬁn% e? .p ga

hardness of 9 or higher on the Mohs scale such as diamond, and having an elongate

profiled bore (7) extending therethrough, wherein the passage means (3, 4) of the carrier

means (2, 52) and the profiled bore (7) of the nozzle element each have substantially the

same diameter at a point where they meet; and

sealingly mounting the nozzle element (5, 80, 84, 86, 91) to the carrier means (2, 52)
outlet by means of a soldered or brazed joint (6), such that in use water or a suspension of
abrasive particles in water may be passed under pressure via and through the passage
means (3, 4) to the bore (7) to generate a jet (9) of water or abrasive particles suspended in

water.



