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Powder and P/M Billet
Production

Sintering

Pressed & sintered
billets/sheet bar

Ship to
rolling facility

2nd stage reduction
Mo02 + 2H2 -» Mo + 2H20

Molybdenum 
powder

Receipt of raw material

1st stage reduction
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Mo ingot
3” x 10” x 24”

Hot roll
.110” to 2”
24” wide

Caustic & Acid
Clean

Hot/warm roll
.040” to .150”

24” wide

Caustic & acid
clean

Stress relief anneal

Caustic & Acid
Clean

Band or abrasive saw

Ship

Stress Relief Anneal
Finished Plate

Cold roll
.005” to .100”

24” wide

Cold roll
.003” to .035”

12” wide

Stress Relief Anneal

“Z” Mill
.0003” to .003”

Stress relief anneal

Cold roll
.002” to .008”

6” wide

Ship

Slit / shear



Mo Solid Solution AlloysMo Solid Solution Alloys

ManufacturerManufacturerP/MP/M47.5% Re47.5% Re50 Re50 Re

ManufacturerManufacturerP/MP/M41% Re41% Re41 Re41 Re

ManufacturerManufacturerP/MP/M5% Re5% Re5 Re5 Re

ASTM B386, B387ASTM B386, B387A/C, P/MA/C, P/M30% W30% W30 W30 W

ManufacturerManufacturerP/MP/M25% w25% w25 W25 W

ASTM B386, ASTM B386, 
ASTM B387ASTM B387A/C, P/MA/C, P/M99.95% Mo99.95% MoMoMo

SpecificationSpecificationConsolidationConsolidationCompositionCompositionAlloyAlloy



Mo CarbideMo Carbide--Stabilized AlloysStabilized Alloys

ManufacturerManufacturerP/MP/M25% W, 1.0% Hf, 25% W, 1.0% Hf, 
0.07% C0.07% CHWMHWM--2525

ManufacturerManufacturerP/MP/M0.4% Zr, 1.2% Hf, 0.4% Zr, 1.2% Hf, 
0.12% C0.12% CZHMZHM

ManufacturerManufacturerP/MP/M1.2% Hf, 0.05% C1.2% Hf, 0.05% CMHCMHC

ManufacturerManufacturerP/MP/M1.2% Ti, 0.3% Zr, 1.2% Ti, 0.3% Zr, 
0.1% C0.1% CTZCTZC

ASTM B386, ASTM B386, 
ASTM B387ASTM B387A/C, P/MA/C, P/M0.5% Ti, 0.08% Zr, 0.5% Ti, 0.08% Zr, 

0.03% C0.03% CTZMTZM

SpecificationSpecificationConsolidationConsolidationCompositionCompositionAlloyAlloy



Mo DispersedMo Dispersed--Phase AlloysPhase Alloys

ManufacturerManufacturerP/MP/M0.55% Y as Y0.55% Y as Y22OO33YY22OO33 dopeddoped

ManufacturerManufacturerP/MP/M0.70.7--1.0% La as 1.0% La as 
LaLa22OO33

LaLa22OO33 dopeddoped

ManufacturerManufacturerP/MP/M
150150--200 ppm K, 200 ppm K, 

300 ppm Si,300 ppm Si,
00--100 ppm Al100 ppm Al

KK--Si dopedSi doped

ManufacturerManufacturerP/MP/M0.5 vol. % ZrO0.5 vol. % ZrO22ZZ--66

SpecificationSpecificationConsolidationConsolidationCompositionCompositionAlloyAlloy



Molybdenum Physical PropertiesMolybdenum Physical Properties

•• Moderate density (10.22 g.cc)Moderate density (10.22 g.cc)

•• High stiffness (≈325 GPa)High stiffness (≈325 GPa)

•• Moderate hardness (240Moderate hardness (240--280 VHN)280 VHN)

•• Low thermal expansion (≈5 x 10Low thermal expansion (≈5 x 10--66 C C ––11))

•• Intermediate thermal conductivity (≈140 W/mIntermediate thermal conductivity (≈140 W/m●●K)K)

•• Low specific heat (≈270 J/kgLow specific heat (≈270 J/kg●●K)K)



Annealing ResponseAnnealing Response

1150 C1050 C 1200 C1000 C 1100 C



Annealing Response: Effect of Annealing Response: Effect of 
AlloyingAlloying



Mechanical Properties: DuctileMechanical Properties: Ductile--
Brittle TransitionBrittle Transition

0 C 50 C 100 C



Mechanical Properties: StrengthMechanical Properties: Strength



Typical Mo ApplicationsTypical Mo Applications
•• ElectronicsElectronics

–– Packaging & substrates (CuPackaging & substrates (Cu--MoMo--Cu)Cu)

–– Manufacturing equipment (crystal pullers, implantation)Manufacturing equipment (crystal pullers, implantation)

–– Sputtering targetsSputtering targets

–– Microwave tube componentsMicrowave tube components

•• Metallurgical processingMetallurgical processing

–– Furnaces (elements, shielding, furniture)Furnaces (elements, shielding, furniture)

–– Tooling (isothermal forging, extrusion, casting dies)Tooling (isothermal forging, extrusion, casting dies)

•• Glass melting (electrodes, furnace components)Glass melting (electrodes, furnace components)

•• Radiation equipment (XRadiation equipment (X--ray targets, detector plates)ray targets, detector plates)

•• Aerospace/military (shaped charges, rocket nozzles)Aerospace/military (shaped charges, rocket nozzles)



Issues for Mo in ImplantationIssues for Mo in Implantation

•• PurityPurity
–– Contamination of ion beamContamination of ion beam

•• Mo is primary concern (Mo is primary concern (9898MoMo2+2+ vs. vs. 1111BB1919FF22
--))

•• Surface contamination (Fe, Ni, Cu)Surface contamination (Fe, Ni, Cu)

•• Bulk contaminationBulk contamination
–– Generally quite lowGenerally quite low
–– Typical levels <<100 ppm for mostTypical levels <<100 ppm for most
–– Probably not an issueProbably not an issue



Issues for Mo in ImplantationIssues for Mo in Implantation

•• Evaporation/erosionEvaporation/erosion
–– Related to TRelated to Tmm

–– Related to hardnessRelated to hardness

–– Related to atomic massRelated to atomic mass

–– Probably lower performance than W or TaProbably lower performance than W or Ta
•• M/e issuesM/e issues

•• Melting pointMelting point



Manufacturing CostsManufacturing Costs

•• Least expensive raw materialLeast expensive raw material

•• Readily machinable with standard Readily machinable with standard 
techniquestechniques
–– SingleSingle--point, EDM, grindingpoint, EDM, grinding

–– Requires additional attention to technique and Requires additional attention to technique and 
equipmentequipment
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Sons of Gwalia Mine Sons of Gwalia Mine -- AustraliaAustralia



Tantalite ore (Fe, Mn)(Ta, Nb)2O6
[Iron Manganese Tantalum Niobium Oxide]

Recycle
Dissolve in HF

Tin slag

Filter

Solvent extraction

Hydrofluotantalic
acid

WasteHydrofluoniobic
acid

Reaction with
potassium

K2TaF7

Waste

Sodium reduction

Tantalum
powder

Tantalum Separation Tantalum Separation -- PowderPowder

Electronic applications (capacitors)Electronic applications (capacitors)Electronic applications (capacitors)Mill product applications
(Pressing & sintering, EB Melting)

Mill product applicationsMill product applications
(Pressing & sintering, EB Melting)(Pressing & sintering, EB Melting)



Process for Producing Ta PlateProcess for Producing Ta Plate

Recycle Powder

Electron Beam melt

Machine

Forge, clean, & anneal

Roll

Trim

Level

Clean and anneal

Vacuum Arc  Remelt



Electron Beam MeltingElectron Beam Melting

Vacuum

Electrode (Rotating)
Electron 

Beam Gun

Ingot

Molten 
Pool

Focus & Aiming 
Coils

Electron Beam

Water Cooled 
Crucible



Vacuum Arc RemeltingVacuum Arc Remelting

Water 
Cooling

Consumable 
Electrode

Vacuum

Arc

Molten
Pool

Copper 
Crucible

VAR Ingot



Tantalum AlloysTantalum Alloys

ManufacturerManufacturerEB/VAREB/VAR8.0% W, 2% Hf8.0% W, 2% HfTATA--111111

ManufacturerManufacturerEB/VAREB/VAR
10.0% W,10.0% W,

2.5% Hf, 0.01% C2.5% Hf, 0.01% C
TATA--222222

ASTM B364, ASTM B364, 
B365, B521, B708B365, B521, B708EB/VAREB/VAR40% Nb40% NbTa 40 NbTa 40 Nb

ASTM B364, ASTM B364, 
B365, B521, B708B365, B521, B708EB/VAREB/VAR10% W10% WTa 10WTa 10W

ASTM B364, ASTM B364, 
B365, B521, B708B365, B521, B708EB/VAREB/VAR2.5% W2.5% WTa 2½WTa 2½W

ASTM B364, ASTM B364, 
B365, B521, B708B365, B521, B708EB/VAR, P/MEB/VAR, P/M99.9% Ta99.9% TaTaTa

SpecificationSpecificationConsolidationConsolidationCompositionCompositionAlloyAlloy



Tantalum Physical PropertiesTantalum Physical Properties
•• High density (16.6  g.cc)High density (16.6  g.cc)

•• Moderate stiffness (≈185 GPa)Moderate stiffness (≈185 GPa)

•• Low hardness (75Low hardness (75--100 VHN)100 VHN)
–– Most material sold in recrystallized conditionMost material sold in recrystallized condition

•• Low thermal expansion (≈6.6 x 10Low thermal expansion (≈6.6 x 10--6 C 6 C ––1)1)

•• Low thermal conductivity (≈62 W/m●K)Low thermal conductivity (≈62 W/m●K)

•• Low specific heat (≈150 J/kg●K)Low specific heat (≈150 J/kg●K)



DuctileDuctile--Brittle TransitionBrittle Transition

•• Tantalum has noneTantalum has none

•• Ductile behavior to very low temperaturesDuctile behavior to very low temperatures

•• Atypical for BCC metalsAtypical for BCC metals

•• Lower handling risks in recrystallized Lower handling risks in recrystallized 
conditioncondition



Typical Ta ApplicationsTypical Ta Applications
•• Chemical processing (vessel linings, rupture Chemical processing (vessel linings, rupture 

discs, sheaths, HX tubing)discs, sheaths, HX tubing)

•• ElectronicsElectronics
–– Manufacturing equipment (crystal pullers, implantation)Manufacturing equipment (crystal pullers, implantation)

–– Sputtering targetsSputtering targets

–– CapacitorsCapacitors

•• Furnaces (elements, shielding, furniture)Furnaces (elements, shielding, furniture)

•• Aerospace/military (shaped charges)Aerospace/military (shaped charges)



Issues for Ta in ImplantationIssues for Ta in Implantation
•• PurityPurity

–– Contamination of ion beamContamination of ion beam
•• M/e problems do not affect performanceM/e problems do not affect performance
•• Surface contamination less of an issue than for MoSurface contamination less of an issue than for Mo

–– Volatile elements efficiently removed by Volatile elements efficiently removed by 
EB/VAR processEB/VAR process
•• High THigh Tmm elements (Nb, W, Mo) remain behindelements (Nb, W, Mo) remain behind
•• 100100--500 ppm residuals500 ppm residuals
•• More atoms/vol. than Mo because of density More atoms/vol. than Mo because of density 

differencedifference

–– P/M alloys can contain 100P/M alloys can contain 100--300 ppm O, C, N300 ppm O, C, N

–– Are these really problems? Probably notAre these really problems? Probably not



Issues for Ta in ImplantationIssues for Ta in Implantation

•• Evaporation/erosionEvaporation/erosion
–– Evaporation is less of a problem than for Mo, Evaporation is less of a problem than for Mo, 

not as good as Wnot as good as W

–– Erosion/sputtering a smaller effect due to Erosion/sputtering a smaller effect due to 
atomic massatomic mass



Manufacturing CostsManufacturing Costs

•• Expensive materialExpensive material
–– Base price ≈10x that of MoBase price ≈10x that of Mo

–– Recent availability issuesRecent availability issues

•• Readily machinableReadily machinable
–– Requires experience because of softnessRequires experience because of softness

–– Problems opposite those of Mo, WProblems opposite those of Mo, W
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W ingot
1.675” x 10” x 24”

Hot roll
24” wide

Caustic & Acid
Clean

Hot/warm roll
24” wide

Caustic & acid
clean

Stress relief anneal

Caustic & Acid
Clean

Band or abrasive saw

Shipping

Stress Relief Anneal
Finished Plate

Cold roll
12” wide

Stress Relief Anneal

“Z” Mill
<0.003”

Stress relief anneal

Cold roll
6” wide

Shipping

Slitting / shearing



Tungsten AlloysTungsten Alloys

ManufacturerManufacturerP/MP/M5050--100 ppm K,100 ppm K,
3030--50 ppm Si50 ppm SiK/Si doped WK/Si doped W

ManufacturerManufacturerP/MP/M1%1%--3% ThO3% ThO22W ThOW ThO22

ManufacturerManufacturerP/MP/M5% Re5% ReW 5ReW 5Re

ManufacturerManufacturerP/MP/M3% Re3% ReW 3ReW 3Re

ASTM B760ASTM B760P/MP/M99.95%99.95%WW

SpecificationSpecificationConsolidationConsolidationCompositionCompositionAlloyAlloy



Tungsten Physical PropertiesTungsten Physical Properties

•• High density (19.3 g.cc)High density (19.3 g.cc)

•• High stiffness (≈410 GPa)High stiffness (≈410 GPa)

•• High hardness (400High hardness (400--500 VHN)500 VHN)

•• Low thermal expansion (≈4.4 x 10Low thermal expansion (≈4.4 x 10--6 C 6 C ––1)1)

•• High thermal conductivity (≈155 W/m●K)High thermal conductivity (≈155 W/m●K)

•• Low specific heat (≈140 J/kg●K)Low specific heat (≈140 J/kg●K)



Strength of W vs. TemperatureStrength of W vs. Temperature



DBTT Behavior of WDBTT Behavior of W



Typical W ApplicationsTypical W Applications
•• ElectronicsElectronics

–– Packaging (WCu)Packaging (WCu)

–– Manufacturing equipment (implantation)Manufacturing equipment (implantation)

–– Sputtering targetsSputtering targets

•• Radiation equipmentRadiation equipment
–– Shielding (heavy metal)Shielding (heavy metal)

–– Detector platesDetector plates

•• Furnaces (elements, shielding, furniture)Furnaces (elements, shielding, furniture)

•• Aerospace/military (green bullets)Aerospace/military (green bullets)



Issues for W in ImplantationIssues for W in Implantation

•• PurityPurity
–– Contamination of ion beamContamination of ion beam

•• M/e problems do not affect performanceM/e problems do not affect performance
•• Surface contamination less of an issue than for MoSurface contamination less of an issue than for Mo
•• Bulk contamination is similar to Mo, though atoms/vol. Bulk contamination is similar to Mo, though atoms/vol. 

Are double at equivalent wt. % levelsAre double at equivalent wt. % levels

•• Evaporation/erosionEvaporation/erosion
–– Evaporation problems are leastEvaporation problems are least

–– Erosion/sputtering also are leastErosion/sputtering also are least



Manufacturing CostsManufacturing Costs

•• Very difficult to machineVery difficult to machine
–– SingleSingle--point techniques are used by only a few point techniques are used by only a few 

–– Grinding is typicalGrinding is typical

–– EDM is possibleEDM is possible

•• Raw material costs between Mo and TaRaw material costs between Mo and Ta



Evaporation of Refractory Evaporation of Refractory 
MetalsMetals

Evaporation rate, mg/cm2/hrEvaporation rate, mg/cm2/hrEvaporation rate, mg/cm2/hr



SummarySummary

PPvv<<<Mo,<<<Mo,
no M/e problems, no M/e problems, 
embrittlement with useembrittlement with use

HighestHighestIntermediateIntermediateWW

PPvv << Mo,<< Mo,
no M/e problems, no M/e problems, 
remains ductile w/ useremains ductile w/ use

IntermediateIntermediateHighestHighestTaTa

Highest PHighest Pvv,,
M/e problems, M/e problems, 
embrittlement with useembrittlement with use

LowestLowestLowestLowestMoMo

Performance IssuesPerformance IssuesManufacturing Manufacturing 
CostsCostsMaterial CostMaterial CostMaterialMaterial


