INERT HIGH HARDNESS MATERIAL FOR TOOL LENS PRODUCTION FIELD The present invention
is directed to a densified inert material for use in glass 5molding processes, and more particularly, is a
tungsten carbide material and a method of manufacturing thereof. BACKGROUND Modern
glass-making process requirements have placed a greater demand on the 10performance of materials
used for glass-making molds. For instance, glass quality requirements are greater, process
temperatures are higher, closer control of dimensional tolerances is desired, longer service life is

expected and high productivity has become an economic necessity. All of these requirements have
pushed the dertSRRIGHE STARPRESS MR EOK ORI TENERROPLCIONY Higher
levels. This | gﬂ e 15prevalent in the precision glass making industry as the growth of the lens

u

market in co er electronics, for example camera phones and digital cameras, and industrial optics
has shifted lens prote ptiowfromengditicritaiaionddtnyititg aper atioasalddhigkeviolghms, low cost
molding.operations. In addition to improving the quality of the mpld material, which in turnimproves
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both quality machfacietiife theeetie chemical inertness as well as the machinability of the mold material.
In particular, precision glass lens producers report chemical interaction of the hot mold material with
the molten glass during molding operations as being one of the primary causes of mold failure. The
problem of B26d6GRATIREA in the mold not only decreases mold life but also diminishes the optical

quality of the 9|assh%d@ﬂﬁg%@ﬁl&ff?@#ﬁggesl/%jﬁ'ﬁ%ﬁgmgiQ%W&@Q%wﬁgﬁﬁﬁg & the industry for

addressing the problems of mold life, fabrication costs as well as quality of the molded glass. One
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requirements are greater, process temperatures are higher, closer control of dimensional
tolerances is desired, longer service life is expected and high productivity has become an
economic necessity. All of these requirements have pushed the demands on the
properties and performance of mold materials to increasingly higher levels. This is more

15  prevalent in the precision glass making industry as the growth of the lens market in
consumer electronics, for example camera phones and digital cameras, and industrial
optics has shifted lens production from traditional diamond turning operations to high
volume, low cost molding operations.

In addition to improving the quality of the mold material, which in turn improves

20  the quality of the molded glass, increasing mold life is also desired. Examples of factors
that affect both quality and mold life are the chemical inertness as well as the
machinability of the mold material. In particular, precision glass lens producers report
chemical interaction of the hot mold material with the molten glass during molding
operations as being one of the primary causes of mold failure. The problem of a

25  contaminant in the mold not only decreases mold life but also diminishes the optical
quality of the glass or lens being produced.

Various solutions have been considered in the industry for addressing the
problems of mold life, fabrication costs as well as quality of the molded glass. One
solution includes the use of a high chemical purity silicon carbide material. While the

30  chemical inertness and high hardness of silicon carbide make it a material of interest for

precision glass molds, the brittle nature of silicon carbide can present handling and



30chemical inertness and high hardness of silicon carbide make it a material of interest for precision
glass molds, the brittle nature of silicon carbide can present handling and finishing concerns.
Furthermore, silicon carbide is often an expensive material solution and therefore is not practical.
Another alternative may be the use of ceramics. The relative inertness and high hardness of ceramic
materials, such as silicon nitrides, are beneficial for applications such 5as glass molding. However,
final grinding and polishing can be time consuming and expensive due to the parameters required to
obtain the required surface finish without chipping and/or breaking. More importantly, the co-efficient of
thermal expJASTYASE UkeiRYic TR R Ss LG CATIYS S Ithdh SRR S P h B B‘gmﬁ’?nolded and
introduces meddidesigir chadigiigascalOBinderless tungsten carbide is further option. Binderless

tungsten carbide has heen discussed 1 theindusty,as a dood it for predision. glass molding
applications due to the hi ardhess andf mate ing coefficient 0 thérma expansion oftungsten
carbide. It isharlesstaoctr howeveerthat sachieyangeful indeds i catibenkiithe &ysppbeadioasbinder material
presents asign'ficant anu ﬁcturin (%halfe iIeadi ih' .type ohrqaterial to 15havedporosity and
bther dfects WA In LA TORARre 1 iHLAABIL for HofhirD S ol L S eB Ut Ledge for mold
tooling.  Adverites e Bearuaraderineariyidenabidimderialsirddrabsingpehosithoand densification.

However, miggstruciiahdelarls LriDREHERIANRIeNRAIGd ANTIne SraLRRISBIRGSLA Frrbide mold

material remain and increase costs to the manufacturing 20 process in the form of reduced tooling

yield and ex§sérSisralstads s sEREHAntdnaEHIAMG B A shhekaes e mdsdrad renders the molds

relatively expeRaiv@sRasiicHiaI singry&ry hard and durable mold materials are generally required. In
many cases, defects in the microstructure are induced by small, localized compositional variations in

the mdifl material. BWRrEsHBBEHONSAhitG it cortighvetHadetr s Uns SRl GBI i carbide phases
and/or impusgynainasesdesiitineindefestfosnatiofr pretRisHeesshiiviaddipssihenimeational
requirements of precision glass molds and mitigate t?}?%g?%ﬁi Id loss .from. latent micr?g]s ructural

defects, mat8riafd MBI LEsHY Mg HarrRsdEciehb fEARS L U S8ty to
localized compasitlenalod tiatiensratiearadieslg full densification in the absence of a binder

material presents a significant manufacturing challenge, leading this type of material to
15  have porosity and other defects which in turn renders it unsuitable for finishing as well as
subsequent usage for mold tooling.

Advances have been made in carbide mold materials addressing porosity and
densification. However, microstructural defects or imperfections revealed during final
polishing of a carbide mold material remain and increase costs to the manufacturing

20  process in the form of reduced tooling yield and expenses related to rework. The
machining of aspheric shapes in molds renders the molds relatively expensive,
particularly since very hard and durable mold materials are generally required. In many
cases, defects in the microstructure are induced by small, localized compositional
variations in the mold material. Such compositional fluctuations can give rise to

25  substoichiometric carbide phases and/or impurity phases resulting in defect formation.

To successfully address the functional requirements of precision glass molds and
mitigate tooling yield loss from latent microstructural defects, materials demonstrating
high hardness, chemical inertness and reduced sensitivity to localized compositional

variations are required.

30



30 SUMMARY In one aspect, tungsten carbide material systems are described herein which, in
some embodiments, can provide desirable characteristics including chemical inertness, high hardness,
reduced sensitivity to local compositional fluctuations and/or enhanced 5machining properties. In some
embodiments, a tungsten carbide material described herein comprises 5.85-6.13 wt. % carbon,
0.85-1.05 wt. % chromium, less than 0.3 wt. % binder, less than 0.3 wt. % impurities and a balance
being tungsten. Tungsten carbide materials described herein, in some embodiments, have a nominal
grain size of less than 0.5 gm. In one embodiment, for example, a tungsten carbide material has a
nominal 10g$ MMARYF 0.25 t0 0.4 m. Further, in some embodiments, the binder is cobalt in an
amount ranging framdaelaspedd, Amystefcarbidbinsnenalsyratimenissaibedgsiem catlicldmaterial

described herein copsisls.cxsentialy elmenoiugsien carbide (G, In ge embediment. for example
a tungsten carbide matenal described hersin is free o substantia y fee o?lgftcungs en carbide
15(W2C). Abigitibaalhessheedunegdtenstavbide atkriahpas thansd BudensitysatléastcOBcod theoretical

density and g YGic YOG ATIESH A a0 AQUNSL SRS MOlS [or PiECisin olass molding

. macniji .
appllcatlons are des erein. In some embodiments,”a mold for precision glass moldlng

comprises sagsie.qurwri% é&b@dﬁm%‘fq.c{?@m, @@éhk@mmm%leés)mmolesv\m%(bﬁwWér%ess than
0.3 wt. % 2Q,jpRHrles iRt %!%Q&fj’lﬁﬁ%@st%@ﬁ@&laﬂ&%%ﬂ&&@@%ﬁ@%ﬂ'@&%@ has a nominal

grain size of less than 0.5 um. Binder of the mold, in some odiments, is cobalt in an amount
ranging fron@tauiaty desihedherpisoimeostn BBMPAERES LYHE YA Gl A U Esds sEapAllgss BN otungsten

carbide, whereintha mpldAamenstrates: @x%ﬁgﬁé%% Jeast.Aire haerriical depsiiyand a void
volume less than 2%. Further, in some embodiments, 25the mold is free or substantially free of W2C.

In anofifer a8PRELEIZH &b B iaHuratiling L tees sBPabRAL dhiinder foebiled Alrein. In some

embodimengsn@meghgmg)fmmyfgqmmg wh egticle for molding glass comprises compacting a
material, debinde:T'Tg the mag%r'al and thermally denlsé'%ig%the materijal, The materijal, in some

embodiments, compriSt¥ 58 élT?Wt BRSPS epal diseR O BF R TR han 0.3 wt. %

binder, less éh@ntBywt. :onotungsten carbide (WC). In one embodiment, for example, a tungsten
carbide material described herein is free or substantially free of ditungsten carbide
15 (W;C). Additionally, the tungsten carbide material can have a density at least 98% of
theoretical density and a void volume of less than 2%.

In another aspect, molds for precision glass molding applications are described
herein. In some embodiments, a mold for precision glass molding comprises 5.85-6.13
wt. % carbon, 0.85-1.05 wt. % chromium, less than 0.3 wt. % binder, less than 0.3 wt. %

20  impurities and a balance being tungsten. The mold, in some embodiments, has a nominal
grain size of less than 0.5 um. Binder of the mold, in some embodiments, is cobalt in an
amount ranging from 0.15 to 0.25 wt%. In some embodiments, the mold consists
essentially of monotungsten carbide, wherein the mold demonstrates a density of at least
98% theoretical density and a void volume less than 2%. Further, in some embodiments,

25  the mold is free or substantially free of W,C.

In another aspect, methods of manufacturing articles for molding glass are
described herein. In some embodiments, a method of manufacturing an article for
molding glass comprises compacting a material, debindering the material and thermally
densifying the material. The material, in some embodiments, comprises 5.85-6.13 wt. %

30 carbon, 0.85-1.05 wt. % chromium, less than 0.3 wt. % binder, less than 0.3 wt. %

impurities and a balance being tungsten. Thermally densifying the material, in some



impurities and a balance being tungsten. Thermally densifying the material, in some embodiments,
comprises thermal sintering, pressure-assisted sintering, rapid omnidirectional compaction, microwave
sintering or spark plasma sintering or combinations thereof. Articles produced according to methods
described herein can be a mold, blank, 5semi-finished component or the like. The article, in some
embodiments, has a density of at least 98% theoretical and a void volume less than 2%. These
and other embodiments are described in greater detail in the detailed description which follows. 10
BRIEF DESCRIPTION OF THE DRAWINGS . Figure 1 illustrates a defect of a tungsten carbide
mold materis"RRABRSINY (8BRE SSHBOIHSRCrngBigs B b S ¥sHae W ilometry of a tungsten
carbide materniaidieaoishiagctonpactien bodinentcdeseringdhgraiaphnaampasan sith a prior tungsten

carbide 15mate{)ial. . Figure f3 illustrates normalized surface defects of a tungsten carbide material
. combinatipns thereqf. . . . . . . .
according to'one em odiment described herein in comparison with a prior tungsten carbide material.

20 DETAILED DE2@RIBsTpONuced Bpebotitg émtsetlesty s drivedcinreanche hendexdtbddanmkore readily by

reference to (s folowipg deialed deseriponand.aamplesAnd el Risyions and falowing
descriptions. Elements, appgratus an met%o S ciiescrlbed erein, however, are notrllm?lted to the
specific emBblipnedi8opheseaited mdhevdutaidengdserikor? @nd examples. 251t should be recognized

that these embodirpgls A JREFSMBSHaHYE A JIL RGP 63 ALINE ATGSRR HavgRen. Numerous

modifications and adaptations will be readily apparent to those of skill in the art without departing from
the scope ofiseripi@htidich follpys.also to be understood that the terminology used in the description is
for the purpose of describing the particular versions or embodiments only, and is not intended to

30limit the scope. For example, as used herein and in the appended claims, the singular
10  BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a defect of a tungsten carbide mold material according to one
embodiment.
Figure 2 illustrates surface profilometry of a tungsten carbide material according
to one embodiment described herein in comparison with a prior tungsten carbide
15  material.
Figure 3 illustrates normalized surface defects of a tungsten carbide material
according to one embodiment described herein in comparison with a prior tungsten

carbide material.

20 DETAILED DESCRIPTION
Embodiments described herein can be understood more readily by reference to the
following detailed description and examples and their previous and following
descriptions. Elements, apparatus and methods described herein, however, are not
limited to the specific embodiments presented in the detailed description and examples.
25 It should be recognized that these embodiments are merely illustrative of the principles of
the present invention. Numerous modifications and adaptations will be readily apparent
to those of skill in the art without departing from the scope of the invention.
It is also to be understood that the terminology used in the description is for the
purpose of describing the particular versions or embodiments only, and is not intended to
30  limit the scope. For example, as used herein and in the appended claims, the singular
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forms “a”, “an”, and “the” include plural references unless the context clearly dictates



forms "a", "an", and "the" include plural references unless the context clearly dictates otherwise. In
addition, the word "comprising" as used herein is intended to mean "including but not limited to."
Unless defined otherwise, all technical and scientific terms used herein have the same meanings as
commonly understood by one of ordinary skill in the art. 5In one aspect, tungsten carbide material
systems are described herein which, in some embodiments, can provide desirable characteristics
including chemical inertness, high hardness, reduced sensitivity to local compositional fluctuations
and/or enhanced machining properties. In some _embodiments, such tungsten carbide material
systems are’ ASNEtIndS s Lamhiths By FUBRSISUSH AR RERDAER ISEUPPECHS B nple, in some 10
embodimentspdlingsienoasbinei mbierialsysiedes sieisetibad e wi ncimlisdeaadramatior near

stoichiometrl)é a Iowg)'ﬁlder ?‘nd irtﬂgurit content and a subs ntia(l%/gmit%m and grr&inal grain size

less than abour%%egm.erem i 'Some embodimen s?sac?ﬁrrllrélgflte@] ‘Carvinematerial described herein

comprises BH-611witt. % carbon, 0.85-1.05 wt. % chromium, less than 0.3 wt. % binder, less than
150.3 . % impurifies and a teqlancgebein fungsten. Thsg fungsten g%):i(gﬁemater{lal in some
. 0

. 1 One aspect, tungsten car T1al S rem which, 1l
embodiments, has a nomina grairt size less than 0.5 g% n one embodiment, for example, the

tungsten carbide enxtinlchiss @mpmmé# g¢aimlslifzehqngmgﬂﬁmrindm§rgmhm®a1 gmrtmi@ljtionqlly, in
some embogimanisie 1AGSIERLR maseHal SRR A HELEIN 7 5aBbOSh.at theoretical

density and a void volume of less than 2%. In some 20embodiments, the tungsten carbide material is

at least 9998IEREEAL tPFOBPER Y| HcTosng cbAtiBICHHe THySes ER HItids BrEFER! ity s6Measnbodiments,
is fully densgl&ﬁg&‘%{gmqrﬁ@ﬁ?é B8RSIRYe or shSsHBBaNDeRbsraNCa naieRrarkidenpaterial

comprises 5.85-6.13 wt.% carbon. In.some embodiments, the tungsten carbide material comprises

5.92-6104 wiPRLPSERMALN tRgsten AT de et RonRIFRSIs AR I RTLIRC BIdh e FREREH &Y in some

embodimentgaisssithcianiio, pnecudeder inbibitpheyaisnaie araf Wstandhnynhasem asavell as lower
than full carbon saturation. Addititﬁnall : thﬁépper limit of the carbon content is controlled to allow for

the desired SGIRALHALL ARSI SROM ok carbide, without the formation of carbon porosity.
30Ditungsten carbidesdsnpe@hdesiieenss, hheinzateriedrbild isanan deacibed Hearimeonpitivegsten carbide in

acid and OXiéj.%[]g 1%trVQE%BQg{ gn%dgpp{}? I\Izyt’. %ect?r%(rar{-ﬂfriri%s%fthan 0.3 wt. % binder, less than
15 0.3 wt. % impurities and a balance being tungsten. The tungsten carbide material, in
some embodiments, has a nominal grain size less than 0.5 um. In one embodiment, for
example, the tungsten carbide material has a nominal grain size ranging from 0.25 um to
0.4 um. Additionally, in some embodiments, the tungsten carbide material can have a
density at least 98% of theoretical density and a void volume of less than 2%. In some
20  embodiments, the tungsten carbide material is at least 99% percent theoretical density.
Further, the tungsten carbide material, in some embodiments, is fully dense (>99%
theoretical density).
As described herein, a tungsten carbide material comprises 5.85-6.13 wt.%
carbon. In some embodiments, the tungsten carbide material comprises 5.92-6.04 wt%
25  carbon. The carbon level in conjunction with chromium of the material, in some
embodiments, is sufficient to preclude or inhibit the formation of W>C and n-phases as
well as lower than full carbon saturation. Additionally, the upper limit of the carbon
content is controlled to allow for the desired single-phase material, monotungsten
carbide, without the formation of carbon porosity.
30 Ditungsten carbide is not desired in the material as it is more reactive than

monotungsten carbide in acid and oxidizing atmospheres. Additionally, the coefficient of



thermal expansion of monotungsten carbide is more isotropic than that of ditungsten carbide, making it
a more desirable phase for dimensional consistency in applications such as glass molding operations.
Further, the two phases (i.e. WC and W2C) have different hardnesses and therefore present problems
if coexistent in a surface requiring 5Snanometer finishes. The tungsten carbide material herein, in some
embodiments, is monotungsten carbide with less than 2% being of a phase with substoichiometric
carbon. In some embodiments, the tungsten carbide material herein is monotungsten carbide with less
than 1% being of a phase with, substoichiometric carbon. The tungsten carbide material also
comprises ISPl RANSIPRAIJTRRYH BN £8 215 N Ys KOHER ISR HiNG&HT carbide

material, asdiscdssaakivpther hereissalabdaphivedan dim@idvide dasiclkremitapphchitassuch as
Cr3C2.1In s%cqlem odimeﬁw&s the tartget cartbon range desgribe .hew@lg tlw Eéar sten carbide

. . uch.as glass moldig operatrqns. cr WO aSCeS,(1.€. & . .
material is Maintaired. 1N some #moo |men?s, & combination of ¢hiromidin and on level is provided

in the tungstéffaanbldedmatesiahguffittciémnt tprenénbitroblerecitidecthadormatonfafohCiangl i- 15phases
as well as lwer 10 il Gatbon sanaian. Addlignall i.rame.enibedimentde lungsten carbide
material does not comprise grain grO\%/t mqhalrbltor ofavana lum carbide, niobium carbide,

zirconium-niobiwtitgstbiderbitdmivith tasoite, Anteingmodarbidecorido sbiteitiblosntitrewibPhe tungsten

carbide matgyigl,can AlROGARRIISR {ﬁﬁ%@ﬁ‘@aﬂ’b@d}é\’h%&ﬁ%ﬁaﬂ&&g%rn%%{h%é%i@q%ﬂﬁ‘amﬁ? or aids in

the full densification of the tungsten carbide material and is relatively inert to the glass being molded.

By producini§s HeRder Reanarfala fassordidispbiteheh ipm@risictdereased, thereby allowing for better

machinability whichrjig firBsalipvisoiar mRRRAMAEEdRYShsutarsfinishoiihssateia).gFhe upper limit is
established to reduce the chemical potential so as to eliminate or substantially decrease, such as

25deciésasé By 9bdk: AYROIATBHREIN LHRFRTH A Rl grakssiab,agisrusser bmdsF As&iEhials include
cobalt, iron gheiarinickel et enhoinaniscifiedingden matei@l mayube dglssualyrnert to the

glass being molded. In some emb.%%i ents, for example, the Ii[)'nder material is cobalt. Cobalt

binder, in o8¢ ANBTERRRHE 10 Hr 4R RE TR Stn AR B R RIS 4H SBNE8F0.05-0.3 30w,
%. In anothén emnizodithediimeabadtdoindaratsoprebSaiibiniam andauriof 18vEQs3rwid8ad. ihntHerther

embodiments, coRalL IS REERERI NFAUagSIS h ARG, RARA N AN MU REC and n-

15  phases as well as lower than full carbon saturation. Additionally, in some embodiments,
the tungsten carbide material does not comprise grain growth inhibitor of vanadium
carbide, niobium carbide, zirconium-niobium carbide, titanium carbide, tantalum carbide
or combinations thereof.

The tungsten carbide material can also comprise less than 0.3 wt. % total binder.

20  The binder promotes or aids in the full densification of the tungsten carbide material and
is relatively inert to the glass being molded. By producing a denser material, the porosity
of the material is decreased, thereby allowing for better machinability which in turn
allows for a nanometer level surface finish of the material. The upper limit is established
to reduce the chemical potential so as to eliminate or substantially decrease, such as

25  decresase by 90%, diffusion of the material into the glass. Examples of binder materials
include cobalt, iron and/or nickel. In some embodiments, the binder material may be
relatively inert to the glass being molded.

In some embodiments, for example, the binder material is cobalt. Cobalt binder,
in one embodiment, is present in the tungsten carbide material in an amount of 0.05-0.3

30  wt. %. In another embodiment, cobalt binder is present in an amount of 0.1-0.25 wt. %.

In further embodiments, cobalt is present in the tungsten carbide material in an amount of



0.15-0.25 wt. %. In some embodiments, the binder is cobalt and iron or cobalt and nickel. In some
embodiments, the total impurity level of the tungsten carbide material, including for example, iron, is
less than 0.60 wt. %. In some embodiments, the total 5impurity level is 0.10-0.60 wt. %. In addition to
iron, impurities include but are not limited to titanium, tantalum, copper, molybdenum and/or nickel. By
controlling the amount of impurities, uniform phase compositions can be achieved and thermodynamic
instabilities that can lead to the formation of porosity are reduced. As iron has higher chemical activity
than cobalt, the amount of iron that may cause contamination of the 10glass is much smaller than an

amount of cOHa 1 cahisE: alRSHPRrAMRILRERES: [Fsn ORI Gh et aHi AR HIhe CoRMd components are

also minimizecktd. preclude the formation of additional phases in the finished microstructure. In some

embodiments, iron.is present in.the tungsten carbide te i%‘%i an amount less than 0.3 wt%. In one
embodiment.for ol B B BB R o Mg
the impuritiesdfdhe: fioatenalie.dilovwikless, thnifOr6d mictosiusture eabodsittesstiréaogabnd controlled
grain S'ﬁe A BT %19'% f%’srd%?ﬁ.%@@!!tbﬁme éﬁﬂﬂﬁ}%‘ cabide material dg ng%ee%*?‘)d'mem& has a
nominal grain Size"o 0 gm or less, such as less than g.fgm, Such as 0.28-0.3 gm as measured by
a linear intetuajitdrietifodion. fravtlverscrface at@ghdooxmaadmifisilich. Micwostalingrdle

20inconsistengigs [GSWHIHBEMIRRGHEY HRUAUGRSQR SR AU e SHERL uf MR-SIAIhTRIN size

provides a more uniform polished surface and less chance of variances due to single grain pull out.

The tungstelt¢abBidesiateiaallaridenhs EMBYimehererdmarssivduseda Yickershakigsds of at least

about 2500 {fdgiclrachivin sRme synbadinmeimdbei iungsien catkide ZrmaletabAemapstrates a
Vickers hardness ranging from 2500 to 3000 (1 kg. load). The hardness of the material is preferably

high adlt is 2AShiHBRARS FRRieF thradmiaMAY haherhaleP Sarsch IMTEREL §sT kAR 2ithen used in
glass moldinghepesationsonbinehdiatenabigssiessaln Sameismbedin atsiige R osrmacsass the surface

such that the rate of material remgval is consistent during grinding, as localized areas of softer
et o B G DD SHAEL: (B ST SaRP HEH SRty tncalized

areas of handle tmasestial anbéde reatdiiin peakaniniing Syiaced ofte Winarherab®ndlmemoiaal is less than
in surrogndiggaar gs.r(')l'nhluss rtekggn?%{dg%srg 31;1{31 %';\B%n ' IS g%qr_\ctipn of compositipn, grair_l size, and
processing. mﬁé %ungsl%n carbide ma?erlanescn@ec}Vhereln, in some embodiments, is free or
substalttially free dhpoibsity endiordéfectscobgenatleftthirougieoptical miedesebpyifirBsome
embodimen(s, for EXAMP % HIE dNIFISA SAPIG DAL RLNAT PR ASS ASRE
machinability. The tungsten carbide material, in some embodiments, has a nominal grain
size of 0.5 um or less, such as less than 0.4 um, such as 0.28-0.31 pm as measured by a
linear intercept method on fracture surface at 20,000x magnification. Microstructural
20  inconsistencies result in profilometry deviations on a polished surface. A very small
grain size provides a more uniform polished surface and less chance of variances due to
single grain pull out.
The tungsten carbide material, in some embodiments, demonstrates a Vickers
hardness of at least about 2500 (1 kg. load). In some embodiments, the tungsten carbide
25  material demonstrates a Vickers hardness ranging from 2500 to 3000 (1 kg. load). The
hardness of the material is preferably high as it is an important factor in achieving
nanometer surface finishes, for example, when used in glass molding operations. The
material hardness, in some embodiments, is uniform across the surface such that the rate
of material removal is consistent during grinding, as localized areas of softer material, for

30 example, due to composition, phase or defects, will relief polish. Conversely, localized

areas of harder material may result in peaks in the surface profile when material removal



anomalous microstructural features or defects larger than 0.5 gm in size. In one embodiment, the
tungsten carbide material has a void volume of less than 2%. The tungsten carbide material
described herein can have a density of at least about 98% theoretical or at least about 98.5%
theoretical. In some embodiments, the tungsten 10carbide material has a density at least about 99%
theoretical. The theoretical density of monotungsten carbide is 15.7 g/cm3. The theoretical density of
the tungsten carbide material described herein, in some embodiments, varies from about 15.43 to
about 15.50 g/cm3, such as 15.47 g/cm3. The tungsten carbide material described herein, in some
embodimentS SSSiHER TS YBRBIUIT At DY iNRHn difYy Shty BBEERIAE 8 BELGRALe reactivity.
Additionally cthepineiibilrgsiesieannidprozaieiiigl when observed by optical metallography, can have
less than two occ ences fsubgtgichiotmecﬂiri tungs(ﬁan carbideé such as dWZCf perfBOOO mm2 of view
at 200 x magnificatloﬁ. FLthers ag easuret eﬁcﬂrgy iffraction ?ﬁeee{ﬁn%s]flelﬁnc%ir]ﬁic{gen%terial, in
some emboshibsentsalihyaferoofiane thanlorcfeseistdistriomletticda2@tuogsstelnoarbidepin Bome
embodiments, e (asiEn cHQIde mate AL iase, TaiRd0An & sHRsIREhiomlg tungsten carbide.
The machinabi ity of the tungsten carbide materfal is measured tﬁrougTﬁ metallographic examination
and surfacedprofiidrnemycadserugingst ifvsirigretive daterii daeop hereRaminatiorzof thenmangsten carbide
material desgried hareind etz ARl MRRRIRJeSH I3 AR s REMalized to a 3000 mm2

surface area of the tungsten carbide material. In some embodiments, the metallographic examination

results in less thanP&eResisherrhisie sdesid dogohetirisiterharsa dpmbnghasierichvile material.

Further, in someRpRediMenis1dhe peiaieganhicemingtiomdemsnsirias, ar defsatsnormalized
to a 3000 mm2 surface area of the machined tungsten carbide material. 30Defects include

substolhiorffatitetingatahheafigassmiisnet ap A /O pRistF St JaBEST HisH T2 41 of at least 5
jim. Substoighiasagiiaduugsirie carbive/ehd dafasbdreameeibodimenissieV\abide some
embodiments, a defect is formed of. closely spaced regions of substoichiometric tungsten carbide
Sclor impuPHIES BhAEFRSE 5Hg AT ST S et Or FEBN AN i SOt Tt 5 g
Figure 1 illugteaiésaciafers.¢f a/tumgsten carbide mold material according to one embodiment. As
illustrated 5in Figure 1. the defecii);%.1 eformed fclo?t%!%é figaced regions qgosdestoichiomettgsp tungsten

. . tungsten car; aterial.desc, 111, 1N S C. ments,.1S 1ner
carbide. Add|t|onaﬁly,l}ﬁe prozfllome ry pro |fle of ungsten carbide ma erlaﬁ, in some

em bodiﬁrlenm?ztxasea R@m‘rtess thatimg ahdwberriessthdnurfBoameating tprofitbhetmyl jyrafite of the
tungsten cafpide, Matgial AR A BN ORI ARG R AR CuSYED RS RRHLE tess

than two occurrences of substoichiometric tungsten carbide, such as W,C, per 3000 mm?>
of view at 200 x magnification. Further, as measured by x-ray diffraction, the tungsten
carbide material, in some embodiments, has no more than 2% of substoichiometric

20  tungsten carbide. In some embodiments, the tungsten carbide material has no more than
1% substoichiometric tungsten carbide.

The machinability of the tungsten carbide material is measured through
metallographic examination and surface profilometry after machining. The
metallographic examination of the tungsten carbide material described herein results in,

25  for example, less than 3 defects normalized to a 3000 mm? surface area of the tungsten
carbide material. In some embodiments, the metallographic examination results in less
than 2 defects normalized to a 3000 mm? surface area of the tungsten carbide material.
Further, in some embodiments, the metallographic examination demonstrates no defects
normalized to a 3000 mm” surface area of the machined tungsten carbide material.

30 Defects include substoichiometric tungsten carbide structure(s) and/or impurity

structure(s) having a size of at least 5 um. Substoichiometric tungsten carbide of a



10about 1.5. The tungsten carbide material described herein can be used in a number of
applications. An example of an application is the use of the tungsten carbide material as tooling for
molding precision glass lenses. Glass molding temperatures for example may vary with the type of
glass being molded. The tungsten carbide material described herein 15has the ability to withstand a
working temperature of at least 650C and can provide oxidation resistance under molding conditions of
vacuum or inert gas at such temperatures. Accordingly, molds comprising the tungsten carbide
material described herein are provided, In some embodiments, for example, a mold fqr precision glass
molding 20c5iT5HdBSBSSBOPIDEYS: A5 MWeh, He8mMeEE IR THP ARG ESIOTSH 813 wt. % binder,
less than 0.31uvék1 Y pagedritigsanst aubsleioheirig tungsiararbide vl iongsienkarisieimaterial of a

mold for precision.glase. molding can have any compositional. chemical andlor physigal propertes
described h&r&lRabove 101a ungsten calbside material I moidin 36Me embs imen%s, fas a
nominal graindsizet of kegsthham 250i8ecunnl Binakerialf theniolg torosomebediipedimanidiuigre@dalt in an
amountgan%rﬁ fro Oﬂ}Sdth,tz fvvt%.#n qmglemb d'mentsstr}e rp)otld onsists ess qtially of
MONOLUAGSaN SArbIde SIS T Mgl A MBRLCS A GnSit of Bt Isant BEYR (hIeeatal density
and a void waitmde. less than 2%. In some embodiments, for example, the mold is free or substantially

free of W2C. The 'Rﬁtﬂtﬁ%@?fgqggmﬁﬂﬁﬁé} YR olamaHYsRiPlle ARG RHIRed hesRinabove,

including the values provide a, Rqg and/or defect occurrence. In some embodiments, the

r
tungsten cafidedivstatimbss fuRhef Inei tern d-doating lett BandnbrBurfaceretdamplesmeilch coating
layers includg putaresnat dimvied iR dirmandliks Fameat-GNR AN NIAkand thg like, p another

aspect, methods of manufacturing articles for molding glass are described herein. In some
embo 'Pnen??,o&trﬁéthod of manufacturing an article for 5molding glass comprises compacting a

material, debindermgeths so@ietiabarchilvermadbscribed herein can be used in a number of
applications. An example of an application is the use of the tungsten carbide material as
tooling for molding precision glass lenses. Glass molding temperatures for example may
vary with the type of glass being molded. The tungsten carbide material described herein
15  has the ability to withstand a working temperature of at least 650°C and can provide
oxidation resistance under molding conditions of vacuum or inert gas at such
temperatures.

Accordingly, molds comprising the tungsten carbide material described herein are
provided. In some embodiments, for example, a mold for precision glass molding

20  comprises 5.85-6.13 wt. % carbon, 0.85-1.05 wt. % chromium, less than 0.3 wt. %
binder, less than 0.3 wt. % impurities and a balance being tungsten.

The tungsten carbide material of a mold for precision glass molding can have any
compositional, chemical and/or physical properties described hereinabove for a tungsten
carbide material. The mold, in some embodiments, has a nominal grain size of less than

25 0.5 um. Binder of the mold, in some embodiments, is cobalt in an amount ranging from
0.15 t0 0.25 wt%. In some embodiments, the mold consists essentially of monotungsten
carbide, wherein the mold demonstrates a density of at least 98% theoretical density and
a void volume less than 2%. In some embodiments, for example, the mold is free or
substantially free of W>C. The mold can also demonstrate any profilometry profile

30  described hereinabove, including the values provided for R,, Rq and/or defect occurrence.

In some embodiments, the tungsten carbide mold may further include a coating on



densifying the material. The material, in some embodiments, comprises 5.85-6.13 wt. % carbon,
0.85-1.05 wt. % chromium, less than 0.3 wt. % binder, less than 0.3 wt. % impurities and a balance
being tungsten. Thermally densifying the material, in some embodiments, comprises thermal sintering,
pressure-assisted sintering, rapid 10omnidirectional compaction, microwave sintering or spark plasma
sintering or combinations thereof. Turning now to specific steps, a method described herein
comprises preparing a powder composition of 0.85-1.05 wt. % chromium, less than 0.3 wt. % binder,
less than 0.3 wt. % impurities and the balance monotungsten carbide. In some embodiments, 15
chromium iSPrOURISH S CaHTRICAH SHETh IS BRBYHE 6‘?C€Hﬁ18r]ﬁ'i‘|5ﬁ’fec‘é?HHE"ﬁE&Ofﬂlﬁ%‘fﬂﬂgsten
carbide in th&kpowber, MARPAIHN satisfiesdthe desired carbon range of 5.85-6.13 wt. %. The powder
composition, in some e tbodimertltc;:l,lt% s@ minatl Btarticle stiz 0 aboultd0.4 m. The powder
composition is then consolidated of gor%psa% &dints auﬁlr%%oarrrﬁ(f hear 20net’ %Ses,asff’ug forms or the
like. Compadtienimdrdreipe Hosonedelpodimgrdsrectdthodindchandiorusgembigiviprgssure pressing
methods. Other.examples of compaction.may include uniaxial pressing, multi-platen pressing, dry bag
sostatc pra A B L R W R L RS EOTS wp o
removing a Bémeiéyiog thebinalerirlg e pretfoiah is seinsinistmdcerBDebindisang &2 icidémicrowave
sintering and,sparkoplasim sinteringdmiamays grapsis Dindersand densify the masprial. Binder
removal usually entails heating the compact preform from ambient temperature to a temperature
sufficient to YRBIRS Bd RipHetaheiBeiaesilgHihesmmpbrisns iy HBlgonatiiifoies@hsple, is used as
part of the bindeifrrmilatipny e BRRAIAHIS SYiFRRl A RYIQZE e Nighesi molecular weight 30
component commonly occurs from 500C to about 600C. An esEeciaIIy suitable temperature for the

burn-otfl step eI SOPROELIRS RIS GBS GG HRA 5 WK iRlanEEY SKRIFEIRE Which the reduction of
carbon by oxigatiantioan taleqplace and carbon monoxide and/or carbon dioxide may be evolved.

Binder bum-out processes may be performed in vacuum or.jn inert atmosphere. Altematively or
subsequent to binddF BT HE LR BROURA TSy B GBI ISIBR DM SHEMCAl methods.

5After debinstevig apepatioios, ¢he.8eibinslere dopreiaiiuuntesghasR3thermaidénsiksation step. The

step may mit)lgdetp .-5|nterln(szjm%<?§enba achining, reiso re55|}yj‘(:}%eanlgl tsr(l)e Ilke.bF%ri exa,[rsnple, the preform

. mpurit ance monotungsien car, . me € (6} (& . .
may be smtereéivat %Ilev% edetemperatures ) pressufge-asss or pressur(ral}ess {Iéclhrilques. Typlcal

sinterin§ termperatunes footutgsien catbitte wherfiorthaboot AGANG oo B8O @ydnore typically, from
about 1600%5?10tungsten carbide in the powder composition satisfies the desired carbon range of
5.85-6.13 wt. %. The powder composition, in some embodiments, has a nominal particle
size of about 0.4 pm.
The powder composition is then consolidated or compacted into a preform, near

20 net shape, slug forms or the like. Compaction may be performed by using direct, in-
direct and/or super-high pressure pressing methods. Other examples of compaction may
include uniaxial pressing, multi-platen pressing, dry bag isostatic pressing, cold isostatic
pressing and/or super high pressure (SHP) compaction.

A step of removing a binder or debindering the preform is administered.

25  Debindering can include microwave sintering and spark plasma sintering to remove
organic binders and densify the material. Binder removal usually entails heating the
compact preform from ambient temperature to a temperature sufficient to pyrolyze the
highest molecular weight component. If a polyolefin, for example, is used as part of the
binder formulation, the temperature sufficient to pyrolyze the highest molecular weight

30  component commonly occurs from 500°C to about 600°C. An especially suitable

temperature for the burn-out step may be about 750°C to about 900° C, which is the

10



10 about 1700C. A temperature hold between 800C and 1200C can be administered either in the
debindering step or in the sintering step to allow the release of carbon monoxide and/or carbon dioxide
before it is trapped in the material by densification. In some embodiments, the preform is subjected to
pressureless sintering techniques, which are sintering techniques performed at or below atmospheric
pressure. The sintering 15atmosphere may be, for example, inert gas, such as argon. Depending
on additives and the sintering temperatures employed, the sintering may be liquid-phase sintering or
non-liquid-phase sintering. Liquid-phase sintering is sintering which occurs at a temperature at or

above the IETRGEE BEPASERT TRAU RS AR HRAT DY SHLTHLATLF RS RIRSE ANEHRY such as
"sintering aig®nxhichmyer2Qasdedidgienhante sinteeabiBinddoorliquitppbhasessintsring is sintering

which occurs at a temperature below the liquidus t mgetglture ?.f afl of th comép?neg.ts of the material
. . PET 0{5116(1 VaCl%HI]{:l or 1n aIrl_?f 1nec tmos CIcC. ternative HOI‘ Su ectunn to 1nder . .
being densified; Usta y, WIth tungstery carbide and pressureless sintering techniques, non-liquid

phase sintetingriswenipiepedacted OiHertexanpeldsbiddectiavimg densifichtiethidslude thermal

processes such as,goyacuum sintering21 process gas int ringf ressure ginte in l,anapid
Omni-dsﬁraectional Cozfrr%rgagﬁbnn,e%lllgrSWa\}eogfhte?ir(% and/or gﬁar(ig%lgsrﬁagsﬁt%%eg. *The method may
further includenstiegrsiof hepisdbtaticppressingud¢l Pie-mngitaraageeambudimaeatseigoprdingmenay be

performed o, biapkR PriRkLe.SeMPId R AGHINENNE ARRIRNRSILTRE SURPLRGFAIRPS, profilometry

may be used to assess the surface 30roughness after grinding and polishing of the sintered article. In
some emboBiRiEHEsafosEdamplesstHelainterbel Gieic] el YRS A SHSHOE AtE BRI BFeTifoRTBRgHsFofile

described hesainpbeverdpchsding 10e-¢alyapioMsedionfiaRaand/ebdefesiawwarense. Further,
the sintered tungsten carbide material forming the article can have any compositional, chemical and/or

physichf proiRiiels’ Pctte o HerRRREASHG oY BRtMERTLRRarcarditi hitsrabertenédisislied article may
be a mold, kiamk; iseneJinislhied R disishad adigkeirinalpes amhodimenrtiscidaess method of forming

a blank, semi-finished oy finished tungsten carbjde mold. Qther embodjments include single cavity or
licaviy dPEE SHHREELRY CIPCH SO hErESEiis e PSSR Yoy non- g
examples. EXAMPLIRGi HOnfqlhe freform is subjected to pressureless sintering techniques, which
are sintering techniques performed at or below atmospheric pressure. The sintering
15  atmosphere may be, for example, inert gas, such as argon.
Depending on additives and the sintering temperatures employed, the sintering
may be liquid-phase sintering or non-liquid-phase sintering. Liquid-phase sintering is
sintering which occurs at a temperature at or above the liquidus temperature of the
material being densified or any added materials, such as “sintering aids” (which are
20  added to enhance sinterability). Non-liquid-phase sintering is sintering which occurs at a
temperature below the liquidus temperature of all of the components of the material being
densified. Usually, with tungsten carbide and pressureless sintering techniques, non-
liquid phase sintering is employed.
Other examples of achieving densification include thermal processes such as
25  vacuum sintering, process gas sintering, pressure sintering, Rapid Omni-directional
Compaction, microwave sintering and/or spark plasma sintering.
The method may further include steps of hot isostatic pressing (HIP). In alternate
embodiments, grinding may be performed on blanks prior to semi-finish and finishing
operations. After such operations, profilometry may be used to assess the surface
30  roughness after grinding and polishing of the sintered article. In some embodiments, for

example, the sintered article can demonstrate any profilometry profile described

11



Comparativelnventive WC-0.12%C0-0.3%VCWC-0.16%C0-0.95%Cr Carbon6.06-6.13%5.85-6.13%
RMS1.84 nm1.54 nm Hardness HVN2500-27502650-2900 Grain Size<0.5 p.m<0.5 pm Table 1
sets forth compositions (in wt. %) and several properties of a comparative tungsten carbide material
and an inventive tungsten carbide material according to one non-limiting embodiment described
herein. Rods of each tungsten carbide material 15(Comparative and Inventive) were prepared by
debindering and thermal densification by Rapid Omni-directional Compaction. Sections were cut from
each rod, ground and polished. The grinding and polishing parameters were as follows: Grinding
Wheel SpedifitdlithP¥o BrRE&MG M %ﬂﬂﬂ%‘ﬁ%ﬁm, AT EEHARY " FasH RBiives -
diamonds, atasantiat amsion vaesidd bRAMINA0rADIR angerfl P asamste s yldepiostioutt, 0.1 to 2.01.1m
Feed rate -O.& t0.20m /m'g\ Cuttin veloci% -itleﬁ fl%rgglgg/s G(i)trﬁilze - #1500 %3 00 Finﬁl lapping

was conductBi US4 S 6/ G SRARIORS adks 001 T tunfoten hibide maler
The compacted article may be a mold, blank, semi-finished or finished article.

5 Another embodiment includes a method of forming a blank, semi-finished or finished
tungsten carbide mold. Other embodiments include single cavity or multicavity arrays.

These and other embodiments are further illustrated in the following non-limiting

examples.
EXAMPLES
10 Table 1
Comparative Inventive
WC-0.12%C0-0.3%VC WC-0.16%C0-0.95%Cr
Carbon 6.06-6.13% 5.85-6.13%
RMS 1.84 nm 1.54 nm
Hardness HVN 2500-2750 2650-2900
Grain Size <0.5 um <0.5 um

Table 1 sets forth compositions (in wt. %) and several properties of a comparative
tungsten carbide material and an inventive tungsten carbide material according to one
non-limiting embodiment described herein. Rods of each tungsten carbide material

15  (Comparative and Inventive) were prepared by debindering and thermal densification by
Rapid Omni-directional Compaction. Sections were cut from each rod, ground and

polished. The grinding and polishing parameters were as follows:

Grinding Wheel Specification

20  Diameter — 20 mm
Shape — conic, 30° angle
Bonding — resin
Abrasives — diamonds, concentration 150, mesh 1500/3000

25 Range of Parameters

Depth of cut — 0.1 to 2.0um
Feed rate — 0.1 to 2.0 mm/min
Cutting velocity — 15 to 30 m/s
Grit size - #1500, #3000

12



At least 3,000 mm2 of machined surface area were analyzed for each of the Comparative and
Inventive tungsten carbide materials using optical microscopy at 200x magnification. The
microstructural uniformity, as measured by metallographic 5examination and surface profilometry after
machining, was obtained for each sample. Figure 2 illustrates surface profilometry of the Inventive
tungsten carbide material according to the present embodiment and the Comparative tungsten carbide
material. The Inventive tungsten carbide material of Figure 2(a) demonstrated more uniform surface
characteristics than the Comparative tungsten carbide material of Figure 2(b). 10Further, Figure 3
illustrates odAlHEFRIASY &R dEf O hid WU EHE T RYEen carbide material and the
Comparative materaledhe namber of defadisdouefach ivngstensnaride fnaiarinbfivas normalized to

the 3,000 mm2 of surface area analyzed. As iIILés(tirated in i%ure 3, 1'the Inventive tuntgfésn carbide
. . omgaratlv.e nvte[ntive tungsten carbi eniga eli:la% sSIng o B:al n&crosoogga X
material displayed a signiticantly lower accurrence of defects over a broader carbon range than the

Comparativenagaténaioh5 Abamesulirthentaventnenigngstenasardide matatigdriplperable to better

toleratedocal composiional ialuationtlhouter aauaing assacialed deieeiadial agdncrease
evaluation an& qualification time of the tunggten carbide material for precision glass }Fnoldlng
operations. VariouSigiibadlmsintisofurfecmpenitlométay efbe mdestyibed dpiduitimdatafienel 20various

objects of the. [BERERR 1t PRAUIA BERARAZER tRRICBERG SRRCMITE NS AR D ARl l|ustrative of the

principles of the present invention. Numerous modifications and adaptations will be readily apparent to

those skilled fit et YRithoLR egaPidty ek thel JpFradthseoperstaedimaaisHoTRat which is

claimed is: 25 {GlAMMadeAdbNgRiEMERRidRMAE HiRl SAMRHNG: Ha8RialbPPiWIRe BFOMIUM; 5.85

-6.13 wt% carbon; 50 - 0.3 wt% binder; and )
10 Further, Figure 3 illustrates occurrences of surface defects of the Inventive tungsten

carbide material and the Comparative material. The number of defects for each tungsten
carbide material was normalized to the 3,000 mm? of surface area analyzed. As
illustrated in Figure 3, the Inventive tungsten carbide material displayed a significantly
lower occurrence of defects over a broader carbon range than the Comparative material.
15  As aresult, the Inventive tungsten carbide material is operable to better tolerate local
compositional fluctuations without producing associated defects that can increase
evaluation and qualification time of the tungsten carbide material for precision glass
molding operations.
Various embodiments of the invention have been described in fulfillment of the
20  various objects of the invention. It should be recognized that these embodiments are
merely illustrative of the principles of the present invention. Numerous modifications
and adaptations will be readily apparent to those skilled in the art without departing from
the spirit and scope of the invention.
That which is claimed is:

25
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less than 0.3 wt% total impurities. 2. The tungsten carbide material of claim 1, wherein the binder is
present in an amount of 0.15 to 0.25 wt. %. 3. The tungsten carbide material of claim 2, wherein the
binder is cobalt. 4. The tungsten carbide material of claim 1 comprising from 5.92 to 6.04 wt. %
carbon. 5. The tungsten carbide material of claim 1, wherein the tungsten carbide material is free or
substantially free of substoichiometric tungsten carbide. 6. The tungsten carbide material of claim 5,
wherein the substoichiometric tungsten 20carbide comprises ditungsten carbide. 7. The tungsten
carbide material of claim 1, wherein the tungsten carbide is mono-tungsten carbide. 258.The tungsten
carbide material of claim 1, wherein the nomina@%@lﬁ@ze is from 0.25 to 0.5 gm. 9.The tungsten
carbide mategrial of claipsdenvafsRintheflngstescarbide material is a mold used in precision glass
molding. 30 10. The tungsten carbide material of claim 1 having a density of at least 98% of
theoretical density i a VBd &I HEBIBSs than 2%. 11. A mold for precision glass molding
comprising: 50.85 5.8305 ovtyovali @arisom; 5.85 -6.13 wt% carbon

5 0 — 0.3 wt% binder; and

less than 0.3 wt% total impurities.

2. The tungsten carbide material of claim 1, wherein the binder is present in an

amount of 0.15 to 0.25 wt. %.

10
3. The tungsten carbide material of claim 2, wherein the binder is cobalt.
4. The tungsten carbide material of claim 1 comprising from 5.92 to 6.04 wt. %
carbon.
15
5. The tungsten carbide material of claim 1, wherein the tungsten carbide material is

free or substantially free of substoichiometric tungsten carbide.

6. The tungsten carbide material of claim 5, wherein the substoichiometric tungsten

20  carbide comprises ditungsten carbide.

7. The tungsten carbide material of claim 1, wherein the tungsten carbide is mono-

tungsten carbide.

25 8. The tungsten carbide material of claim 1, wherein the nominal grain size is from
0.25t0 0.5 um.
9. The tungsten carbide material of claim 1, wherein the tungsten carbide material is

a mold used in precision glass molding.

30
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0 - 0.3 wt% binder less than 0.3 wt% total impurities; and a balance being tungsten, wherein the
mold has a nominal grain size of less than 100.5 gm. 12. The mold of claim 11, wherein the nominal
grain size is from 0.25 to 0.4 gm. 13. The mold of claim 11, wherein the binder is present in an
amount of 0.15 to 0.25 15wt. %. 14. The mold of claim 13, wherein the binder is cobalt. 15. The mold
of claim 11, wherein the mold comprises from 5.92 to 6.04 wt. % 20carbon. 16. The mold of claim 11
having a density of at least 98% of theoretical density and a void volume of less than 2%. 2517.A
method of manufacturing an article for molding glass comprising: compacting a material; debindering
the materiall%nd TPHEMRSAY ERUR MY HR! AlataHR ! iy iRty Abidiy $°85° 1.05 wive
chromium, 518b6refickd detiétgartiony GdO:wmiiobisskethdeesithan 0.3 wt.% total 30impurities and a
balance being tungsten. 18. The method of claim 17, wherein the densified material has a nominal
grain size of less than 0.5 microns. 19. The method of claim 17, further comprising machining the
material aftarlSthednatiddensibdisgpthg avateriding2@nipheingethod of claim 17, wherein the material
comprisjes from 5%50_61% v“\ﬁ%)/%hcr%r %%_1021.The method of claim 17, wherein the binder is present
0.15to ’

in an amount of
5.85 — 6.13 wt% carbon

0 — 0.3 wt% binder
less than 0.3 wt% total impurities; and

a balance being tungsten, wherein the mold has a nominal grain size of less than

10 0.5 um.
12. The mold of claim 11, wherein the nominal grain size is from 0.25 to 0.4 um.
13. The mold of claim 11, wherein the binder is present in an amount of 0.15 to 0.25
15  wt. %.

14. The mold of claim 13, wherein the binder is cobalt.

15. The mold of claim 11, wherein the mold comprises from 5.92 to 6.04 wt. %

20  carbon.

16. The mold of claim 11 having a density of at least 98% of theoretical density and a

void volume of less than 2%.

25 17. A method of manufacturing an article for molding glass comprising:
compacting a material;
debindering the material; and
thermally densifying the material, the material comprising, 0.85 — 1.05 wt%
chromium, 5.85 — 6.13 wt% carbon, 0 — 0.3 wt% binder, less than 0.3 wt.% total

30 impurities and a balance being tungsten.

15



0.25 wt. %. 22.The mold of claim 21, wherein the binder is cobalt. 1523.The method of claim 17,
wherein thermally densifying comprises thermal sintering, pressure assisted sinter (HIP), rapid
omnidirectional compaction, microwave sintering or spark plasma sintering or combinations thereof.
24.The method of claim 22, wherein the article is selected from the group consisting 20of a mold, a
blank, a semi-finished or a finished component.

18. The method of claim 17, wherein the densified material has a nominal grain size

of less than 0.5 microns.

19. The method of claim 17, further comprising machining the material after

5 thermally densifying the material.

20. The method of claim 17, wherein the material comprises from 5.92 to 6.04 wt. %

carbon.

10 21. The method of claim 17, wherein the binder is present in an amount of 0.15 to

0.25 wt. %.
22. The mold of claim 21, wherein the binder is cobalt.

15 23 The method of claim 17, wherein thermally densifying comprises thermal
sintering, pressure assisted sinter (HIP), rapid omnidirectional compaction, microwave

sintering or spark plasma sintering or combinations thereof.

24, The method of claim 22, wherein the article is selected from the group consisting

20  of amold, a blank, a semi-finished or a finished component.
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