
Annual Review 2005


DEVELOPMENT OF
DEVELOPMENT OF
BULK NANOCRYSTALLINE WCBULK NANOCRYSTALLINE WC--Co
Co
FOR INDUSTRIAL APPLICATIONS
FOR INDUSTRIAL APPLICATIONS

A Industrial Materials of the Future Program

by the Office of Industrial Technology of the


US Department of Energy




Professor 

Professor 

Dr. 

Dr. 

Dr. 

Dr. 

The Team


Z. Zak Fang University of Utah 

H. Y. Sohn University of Utah 

Peter Kong Idaho National Lab 
Technical Lead, Plasma processing 
Marty Sorensen Idaho National Lab 
Manager, Industrial and Materials Technology 

Anthony Griffo Smith International, Inc.

Manager, Materials R&D,

Shivanand Majagi Kennametal Inc.,

Director, R&D, AMSG,




BulkBulk NanocrystallineNanocrystalline WCWC--Co for
Co for
Industrial Applications (CPS# 16949)
Industrial Applications (CPS# 16949)

Goal: Develop bulk nanocrystalline WC-Co materials for industrial 
manufacturing tools and wear resistant applications. 

Challenge: Nanocrystalline bulk materials shows promising superior 
mechanical properties. However, there is no commercially viable processes 
for sintering nanoscaled powders without sacrificing nanoscale 
characteristics. 

Benefits: Prolonged tool life saves energy and improves productivity of all 
manufacturing operations. 

Potential End-User Applications: Machining, oil exploration, mining, 
electronics manufacturing, and wear components. Technology will also be 
applied to the synthesis and consolidation of other nano powders. 

FY05 Activities: a) Design and build a chemical vapor synthesis reactor 
system, b) Design and build a ultrahigh pressure rapid hot consolidation 
press system, and c) Comprehensive study of densification and grain 
growth mechanisms during sintering of nanoscaled WC-Co powders. 



Product and technology


This is an “incremental”  (not radical) 
nano technology that will

�	� DDrraammaatticaically imlly impprroovvee inindduussttrriiaall ttoooollss aanndd
�	� BBrriningg eeccoonnoommicic bbeenneeffiitt inin sshhoorrtteerr tteerrmm
�	� NNaanono tteecchnohnollooggiieess ffoor mr maanufnufaaccttuurriingng 

industries are more sustainableindustries are more sustainable



Market and Applications 

Metal machining 

Oil and gas drilling 

Mining and 
construction 

Electronics 
manufacturing 

Wear parts 



Barriers

�	� LLaacckk of mof meetthodhod iinn kekeeeppiinngg ggrraaiinn ssiizzee ofof 

bulk materials below 100 nm after sinteringbulk materials below 100 nm after sintering
�	� LLaacckk ofof kknnoowwlleeddggee aaboutbout tthhee fefeaassiibbiilliittyy ofof 

producingproducing nanosizednanosized Co coated WCCo coated WC
powderspowders

�	� LLaacckk ofof iinnforformmaattiion on ton on thhee mmeecchhaanniiccaall
properties of bulk structures withproperties of bulk structures with nanoscalenanoscale
grain size.grain size.



Background


Regarding mechanical properties 

¾¾ Encouraging deviations from the norm, but, not enoughEncouraging deviations from the norm, but, not enough
¾¾ Grains size the materials that these properties are measured onGrains size the materials that these properties are measured on

are > 100 nmare > 100 nm
¾¾ MechanicalMechanical properteisproperteis of WCof WC--Co with trueCo with true nanoscalednanoscaled graingrain 

sizes remain unexp lored.sizes remain unexplored.



Background


Questions / motivations


¾¾ Is properties ofIs properties of nanocrystallinenanocrystalline WCWC--CoCo
better?better?

¾¾ What would be the properties of WCWhat would be the properties of WC--CoCo
if grain sizes are <30 nm?if grain sizes are <30 nm?

¾¾ How do we make WCHow do we make WC--Co with <30 nmCo with <30 nm
grain sizes?grain sizes?



Goals of sintering nanocrystalline powder 
is not only to achieve full densification, but 
also to retain nanoscaled grain sizes. 

Challenge:  How? 



-Challenges-

Availability ofAvailability of nanoscalednanoscaled powders raisespowders raises
possibility of superior properties, but sintering atpossibility of superior properties, but sintering at
high temperatures causes grain growth andhigh temperatures causes grain growth and 
coarsening,coarsening, -- lostlost nanonano characteristics.characteristics.

�� HHooww ttoo prpreevveenntt ccoaroarsseenininngg?
?
�� HHooww ttoo prproducoducee bubullkk nnaannooccrryyssttaallinllinee

materialsmaterials cost effectivelycost effectively??



Technical Approach


h e g
Meet the c all n es

¾¾ Understand mechanisms and interplays ofUnderstand mechanisms and interplays of 

grain growth and densificationgrain growth and densification
¾¾ Vapor phase synthesisVapor phase synthesis -- produceproduce nanonano

cobalt coated WC composite powderscobalt coated WC composite powders ––
minimizing grain growthminimizing grain growth

¾¾ Rapid heating + Ultrahigh pressureRapid heating + Ultrahigh pressure
fullyfully densifydensify nanonano powders with minimumpowders with minimum 
grain growthgrain growth



Critical Metrics


�	� PPaarrtticiclele // ggrraaiinn ssiizzee ooff nnaannooccrryystastallinllinee WWCC//CCo mo muustst
be below 50 nm, with chemical compositionsbe below 50 nm, with chemical compositions 
within commercial tolerable range,within commercial tolerable range,

�	� CCoonnssoolliiddatateded bbuullkk WCWC--CCoo ccoompmpoossiteite mumusstt hhaavvee
grain size below 100 nm,grain size below 100 nm,

�	� TheThe powpowdederr syntsynthehessiis as and cnd consoonsolliiddaattiion pron prococeessessess 
must be at least 20% more energy efficient than themust be at least 20% more energy efficient than the 
corresponding conventional processes.corresponding conventional processes.



FY04-05 FY05-06 
FY06-07PathwayPathway

CVS

Powder

synthesis High energy Eva luate 

milling mechanical 
properties 

Pressureless

Powder sintering


Commerc ia lizationConsolidation 
Ultrahigh ROC 
pressure 
consolidation Lab high 

pressure 
cell 



FY 04-05 Plan Activities


�	� DDeessiign agn and bund buiilldd aa ccuussttoommiizzeedd CVCVSS ssyysstteemm,
,
�	� IIddeenntitiffyy ccrriittiicalcal pprroocescesssiinngg vvaarriiaabblleess ooff CCVVS
S
�	� DDeessiign agn and bund buiilldd aa rarappiid hed heaattiinngg ssyysstteemm
�	� DDeessiign agn and bund buiilldd aa llaaborboraattororyy uullttrraahhiighgh 

pressure cell: 500MPapressure cell: 500MPa –– 1GPa1GPa
�	� SSttudyudy fundfundaammeennttaallss of deof dennssiiffiiccaattiion aon and gnd grraaiinn 

growthgrowth



Major Milestones to date
Major Milestones to date

1.	1. PPoowwddeerr sysyntnthehesisis:
s:
CVS experimental systemsCVS experimental systems -- established
established
Initial results including high energy milling
Initial results including high energy milling

2.	2. UUllttrraahhiigghh prepressssuurere rarapipidd hhoott ccoonnssoolliiddaattiioon
n
Ultrahigh pressure cellUltrahigh pressure cell -- complete
complete
Rapid plasma heatingRapid plasma heating -- complete
complete

3.	3. UnUnddeerrssttaannddiningg memechchaannisismsms ooff ddeennssifificaicattiioonn
and grain growth ofand grain growth of nanonano powderpowder
More inMore in--depth understandingdepth understanding –– more chance for success!more chance for success!



Major Milestones to date
Major Milestones to date

1.1. PPoowwddeerr ssyyntnthehessiiss:: CChheemmiiccaall VaVappoor Syr Syntnthehessiis
s

ChemistryChemistry

WClWCl66(g) + xCoCl(g) + xCoCl22(g) + CH(g) + CH44(g) + (x+1)H(g) + (x+1)H22(g)
(g)

= WC(s) + xCo + (2x+6)HCl(g)
= WC(s) + xCo + (2x+6)HCl(g)

∆∆GGoo == –– (151+13x) kcal at 1200(151+13x) kcal at 1200 ooC;C; ∆∆HHoo == –– (10.5+20.2x) kcal
(10.5+20.2x) kcal

■■ UUnnififoorrmm mmiixtuxturree ofof WWCC aannd Cd Coo popowdwdeerrss

■■ EnEneerrggyy--efefffiicicienentt pprroocescesss ((ffasastt,, exexootthheerrmmiicc rreacteactiioonn))



Experimental SetExperimental Set--upup
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Continuous FeedingContinuous Feeding

Slurry FeedingSlurry Feeding

(Ground WCl(Ground WCl66 and CoCland CoCl22 powder in heptane)	powder in heptane) CloggingClogging
Low yieldLow yield

Solution FeedingSolution Feeding

(Solution of WCl(Solution of WCl66 and CoCland CoCl22 in methanol)in methanol)
Low yieldLow yield

Aerosol FeedingAerosol Feeding

(Atomized solution using a nebulizer)(Atomized solution using a nebulizer)



WC ProductionWC Production
WClWCl66(g) + CH(g) + CH44(g) + H(g) + H22(g) =(g) = WCWC + 6HCl(g) at 1400+ 6HCl(g) at 1400ooCC

2θ [degree] 
10 20 30 40 50 60 70 80 90 100 

WC 
W2C 

15 nm 
(Scherrer formula) 



CoCo--Content EffectsContent Effects
WClWCl66 + xCoCl+ xCoCl22 at 1150at 1150ooCC

100% CoCl2 

25% CoCl2 

15% CoCl2 

10% CoCl 2 

0% CoCl2 

Co 

Co3W3C 

W2C 

W2C 

Co3W3C, W2C 
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2θ [degree] 



Plasma Reactor System Plasma Reactor System 
(65 kW (65 kW DC NonDC Non--transferred Thermaltransferred Thermal--plasma System)plasma System)
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Plasma Reactor SystemPlasma Reactor System
(65 kW(65 kW DC NonDC Non--transferred Thermaltransferred Thermal--plasma System)plasma System)

■■ MMuucchh hhiighgheerr tteemmppeerratatuurreess anandd rreeaaccttiivivittyy
-- Rapid chemical reaction,
Rapid chemical reaction,

heat and mass transport
heat and mass transport

■■ RRaapipid qud queenncchhiinngg ffrroomm hihigghh tteemmppeerraattururee
-- Fine particlesFine particles

■■ PPoossssiibbiilliittyy ofof uussiinngg otothheerr pprreeccuurrssororss

►► IInn tthhee pprroocescesss ooff ffaabbrriicatcatiinngg tthhee ssyyssttemem



Future PlansFuture Plans

�� EEvvalaluuaattiionon ofof pprroodduucceedd ppoowwddeerrss
-- effect of T and reactant concentrationseffect of T and reactant concentrations

�� OOrrigigininaall oobbjjeeccttivivee
-- oneone--step synthesis of uniformly mixed powderstep synthesis of uniformly mixed powder

�� BaBacckk--upup aapprpprooaacchh
-- separate synthesis ofseparate synthesis of ““WC and CoWC and Co”” oror ““WW22C and
C and 
CoCo33WW33CC”” nanopowder
nanopowder
→→ cocompmpoossiitte pe poowwddeerr bbyy mimixxiinngg

�� PPrrododuuccttiioonn ofof ccoommppoossiittee WWCC--CoCo ppoowwddeerr
using a flameusing a flame--reactor system and a plasmareactor system and a plasma--reactor systemreactor system



Major Milestones to date
Major Milestones to date

1b.1b. Powder synthesisPowder synthesis --High energy millingHigh energy milling

The Dual Drive Double Planetary MillThe Dual Drive Double Planetary Mill

�	� 6060--10100g0g foforrccee
�	� 6644%% ccrrititicaicall ssppeeeedd
�	� 00..55 mmmm millinmillingg memeddiiaa
�	� RReedduuccttiioon on off 880000 nmnm ttoo

10 nm in 10 hours10 nm in 10 hours
�	� PPrroodduuccee 400400 ggrraamm

batches regularlybatches regularly



XRD patterns of WC after differernt milling time 
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High resolution TEM image for 
the WC powder after 24 h 
planetary milling



Major Milestones to date
Major Milestones to date

2.2. UUllttrrahiahigghh pprreessssuurree rraapipid hod hott ccoonsnsoolliiddatatiioonn 
press system (UPRC)press system (UPRC)
Ultrahigh pressure cell
Ultrahigh pressure cell
Rapid plasma heating
Rapid plasma heating 

Status:

All major system components have been built. 

The system is ready for making specimens. 



Rapid Heating Rapid hot consolidation 
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Ultrahigh pressure rapid hot consolidationUltrahigh pressure rapid hot consolidation



ROC

50-120 ksi

Ultrahigh Pressure Rapid Heating and Hot Consolidation 

Hot 
pressing 

HIPing 

<10 ksi 
<50 ksi 
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HTHP diamond 
synthesis 
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C eramics, metals<1800ROC 
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ceramics 

<1600HIPi ng 
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<2200Hot press 

ApplicationTypical 
Temp. (oC) 

Processes 

�� Rapid and energy efficient process.Rapid and energy efficient process.
�� A batch processA batch process -- commercially viablecommercially viable

high pressure technology.high pressure technology.

Plasma rapid heating 
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50-200 ksi 



Plasma Heating SystemPlasma Heating System
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Major Milestones to date
Major Milestones to date

3.3. UUnnddeerrsstatannddiningg ddeennssifificicaattionion aannd
d
grain growth
grain growth

Goals of Sintering


•	• AAcchhiieevvee 100%100% dedensnsiiffiiccaattiion won whhiillee rreettaaiinniinng
g
nanocrystallinenanocrystalline grain size
grain size

•	• FFiirrsst stet stepp:: bbuulklk WWCC--CCoo wwiitthh ggrraaiin sn siizzee <<100 nm100 nm
•	• SSeeccond stond steepp:: bubullkk WWCC--CCoo wwiitthh ggrraaiin sn siizzeess <<50 nm50 nm
•	• FFiinnaal gl gooaall: b: buulklk WWCC--CCoo wwiitthh ggrraaiin sn siizzeess <<30 nm30 nm



Major Milestones to date
Major Milestones to date

3.3. UndeUnderrssttaandindinngg dedensinsiffiiccaattiioon an annd grd graaiinn
growth ofgrowth of nanonano powderspowders

Some critical lessons:

�	� GGrraiainn ggrroowwtthh anandd ddeennssiiffiiccatatiioonn momosstt rraappiiddllyy

during heatduring heat--upup
�	� GrGraaiinn ggrroowwtthh byby bebeccoommiinngg fafacceetteedd aanndd

coalescence of grains within aggregate particlescoalescence of grains within aggregate particles

Focus:
 Grain growth during heat-up must be controlled if 
one is to obtain nanoscaled grain sizes in bulk 
state. 



�� HRSEMHRSEM
�� TEMTEM
�� EBSD (OIM)EBSD (OIM)
�� DSCDSC
�� XRDXRD

Extensive and detailed studies were 
carried out using: 



Densification and grain growth asDensification and grain growth as
functions of temperature during heatfunctions of temperature during heat--upup
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Densification and grain growth as functions
Densification and grain growth as functions
of temperature during heatof temperature during heat--up
up
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heat-up: 

•• Rapid densification atRapid densification at
solid statesolid state

•• Large amount ofLarge amount of
densification beforedensification before
liquid forms.liquid forms.

•• Particle s izeParticle size
dependence.dependence.
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Densification and grain growth as functionsDensification and grain growth as functions
of temperature during heatof temperature during heat--upup
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have been trapped dur ng coa escence 
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Nano 1200 C/1 m n. 



Doped

Effect of VC on the densification of nanocrystalline 
WC-Co as a function of temperature during heat-up. 
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Bottom line:


Critical issues for consolidatingCritical issues for consolidating nanonano powderspowders
with minimum grain growth:with minimum grain growth:

�	� CContontrrooll ggrraaiin gn grrowtowthh dudurriingng ssiintnteerriinngg wiwitthhiin
n
aggregate particles
aggregate particles

�	� CCoonnttrrooll ccooalalesescencencece dduurriinngg hheateat--upup / e/ eaarrlly sy sttaaggee
�	� RRaapipid hed heaattiinngg –– bbyyppaassss earearllyy ssttagage coe coalalesescecennccee
�	� MMooddiiffyy ssuurrfface eace ennererggyy uussiinngg ddooppiinngg elelememenenttss
�	� UUssee hihigghh prpreessssuurree –– iinnccrreaseasee ddrriivviinngg ffoorrce fce foor
r

densification, but not grain growth
densification, but not grain growth



Future PlanFuture Plan –– continue on the pathway
continue on the pathway
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Future PlanFuture Plan –– continue on the pathway
continue on the pathway

¾¾ Optimize CVS process (thermal, flame, andOptimize CVS process (thermal, flame, and
plasma reactor)plasma reactor)

¾¾ Optimize UPRC process and produce specimensOptimize UPRC process and produce specimens
¾¾ Characterize mechanical propertiesCharacterize mechanical properties

FY 05-06 

FY 06-07 

¾¾ PPrroduoduccee KKgg ququaanntity otity off popowwddeerrss
¾¾ MMaannuuffactactuurree sseellectecteded eennggiinneereeriinngg cocommppoonnenenttss
¾¾ LLaabb ffuunncctiontionaal tel tessttss
¾¾ FiFieelldd tteessttss



Commercialization pathway
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Marketing Strategy


¾¾ Leverage collaboration with industrial partners,Leverage collaboration with industrial partners,
both OEM and end usersboth OEM and end users

¾¾ Initial market penetration through the partners.Initial market penetration through the partners.
¾¾ StartStart--up to manufacture specialty cutting edgeup to manufacture specialty cutting edge 

products.products.
¾¾ A fieldA field--ofof--use based licensing strategyuse based licensing strategy



Thank You! 



Guidance for Presentations at
Guidance for Presentations at
Materials Project Review
Materials Project Review

May 31May 31 –– June 3, 2005
June 3, 2005

1.	1. SSuummmmaarryy sslliidde (e (ssee exee examampplle se slliidde,e, pplleaseasee uuppddaattee iinnffoorrmmatatiioonn ffrroomm lalasstt yyeeaarr))
�	� GGooaall,, CChhaalllelennggee,, BBeenneeffiittss,, PPootteennttiaiall EEnndd--UUsseerr AAppppliclicaattioionsns,, FFYY0066 AAccttiivv iittiieess,, aanndd

Partners (specifically discuss which parties are involved in whiPartners (specifically discuss which parties are involved in which activ ities)ch activ ities)
2.	2. BarBarrriieerr--PaPatthhwwaayy--MMeettrriiccss sslliidde (e (ssee exee examampplle se slliidde,e, pplleaseasee uuppddaattee ffrroomm llaasstt yyeearar))

�	� SumSummmaarriizzee babarrrriieerr,, papatthhwwaayy,, mmeettrriiccss,, aannd pod potteentntiiaall bebeneneffiittss
3.	3. DDiiscscuuss mss maajjoorr mmiilleeststoonneess ttoo ddaattee (e(emmpphhaassiis os onn mmoostst rreecceenntt))
4.	4. DDiiscscuuss fss fuuttuurree ppllaanns (es (emmpphhaassiis os onn ccoommiinngg yyeeaarr:: scschheedduullee,, ggoo/n/noo--ggoo dedecciissiioonn popoiinnttss,,

milestones)milestones)
5.	5. DDiiscscuuss css coommmmeerrcciiaalliizzaattiioonn ppllaanns,s, ppaatthhwwaayyss,, aanndd rriiskskss

Please Note:Please Note:
�	� AAllll pprresesenenttaattiioonnss arare re reessttrriictcteded ttoo 2200 mmiinnuutteses mmaaxxiimmuumm,, wwiitthh 2200 miminnuutteess ooff QQ&&AA

with reviewers. 20with reviewers. 20--25 slides are likely to be appropriate.25 slides are likely to be appropriate.
�	� CCoontntaacctt GGaareretthh WWilliailliammss,, EneEnerrggeettiiccss aatt 410.410.953.953.626209 or09 or ggwwiillialliammss@@eenenergrgeetticicss..ccoomm

with questions.with questions.
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