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and has edited this publication.
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Introduction

The Symposium on Refractory Metals and Their Industrial Applications,
held on 23-24 September 1982 in New Orleans, Louisiana, was sponsored by
ASTM Committee B-10 on Reactive and Refractory Metals and Alloys. Al-
though Committee B-10 has for some time written standards used for com-
mercial applications of refractory metals and has sponsored previous sympo-
sia on reactive metals, this conference was its first devoted to the refracrory
metals (molybdenum, niobium, tantalum, and tungsten). It was energetically
supported by suppliers and fabricators and was intended to provide a com-
prehensive description of these four metals for the industrial user.

Indeed, the symposium was conceived and based on the premise that no
publication exists for the industrial user on the various properties and end
uses of these metals. While most engineers and designers are familiar with
tungsten lamp filaments, the large marjority are only vaguely acquainted with
the other three metals and their applications. Refractory metal use to date has
primarily been in high temperature applications. The uses discussed at this
meeting included electrical, electronic, and corrosion-resistant applications
at ambient temperatures.

All the refractory metals have certain properties found in no other materi-
als. This volume is directed towards providing a broad base of information in
order for engineers and designers to compare the refractory metals with other
candidate materials.

Robert E. Smallwood

Project Manager
Allied Corporation, Hopewell, Virginia;
symposium chairman and editor

Copyright© 1984 by ASTM International www.astm.org



Russ Burman!

Properties and Applications
of Molybdenum

REFERENCE: Burman, R., “Properties and Applications of Molybdenum,” Refractory
Metals and Their Industrial Applications, ASTM STP 849, R. E. Smallwood, Ed., Amer-
ican Society for Testing and Materials, Philadelphia, 1984, pp. 3-17.

ABSTRACT: Molybdenum (“Moly”) is the most readily available and least expensive
refractory metal. Massive ore reserves and many refinement facilities are located within
the United States. The major application for Moly, over 80% of total markets, is that of
alloy additions to irons and steels.

Metallic Moly is consolidated into commercial products by the powder-metallurgy pro-
cess (P/M) and by the consumable electrode vacuum-arc casting process (VAC). Moly’s
high melting point and low vapor pressure at extreme temperatures justify its applications
to cold wall vacuum or inert atmosphere furnace equipment. These properties, as well as
Moly’s high thermal conductivity and good electrical and chemical properties, lead to
applications in glass-making manufacture of fibers and containers. Moly is also widely
used in electronics, solid-state devices, X-ray tubes, crystal growing, heat pipes, photo-
etched masks, etc.

TZM Moly Alloy is the best commercial high strength, high temperature material for
hot-work tool applications such as die casting (even ferrous metals), hot extrusion (non-
ferrous and ferrous metals), hot piercing stainless steel tubes, isothermal forging tools,
isothermal shape rolling, hot gas valves and seals, and hot turbine components. The
Moly-30% tungsten alloy (Mo-30W) is commercially employed for its high melting
temperature of 2829°C (5125°F) and its chemical inertness in corrosive molten zinc, espe-
cially the high purity grades. Moly and Moly-base alloys are commercially used for princi-
pally high temperature applications in hot equipment, hot working tools, and hot operat-
ing machines.

KEY WORDS: TZM Moly Alloy, Mo-30W, molybdenum, applications, properties

Molybdenum (“Moly’’) is the most readily available and least expensive
refractory metal. Major ore bodies and many refinement facilities are situafed
in the United States. In addition, Moly has seen ambient and high tempera-
ture service to 1649°C (3000°F) and even higher.

!Manager - Technical Development, AMAX Specialty Metals Corporation, Parsippany, N.J.
07054.

Copyright© 1984 by ASTM International WwWw.astm.org



4 REFRACTORY METALS AND THEIR INDUSTRIAL APPLICATIONS

The most common application for Moly remains that of alloy additions to
irons and steels. It is also applied to heat- and corrosion-resistant alloys, mag-
netic alloys, and many high temperature, high strength alloys that can toler-
ate less refined ferro-molybdenum or molybdic oxide for alloy additions. Cer-
tain heat- and corrosion-resistant alloys and virtually all present day
vacuum-melted superalloys, however, require the extreme purity of metallic
Moly powder or one of the consolidated powder-metallurgy (P/M) forms—
pellets, corrugates, or briquettes. Molybdenum as an alloy addition generally
imparts improved hardenability to steels, good toughness at low tempera-
tures, enhanced strength and toughness at elevated temperatures, better
abrasion resistance, and improved chemical corrosion resistance, and is a
common alloy to most superalloy compositions for similar product benefits.

The latest annual figures available for Moly use in the Free World confirm
that alloying of irons and steels is by far the most common application for
Moly (Table 1).

Metallic Moly

Metallic Moly has many unusual and useful properties. The vast majority
of engineering applications utilize this metal’s high melting temperature,
high strength and stiffness especially at elevated temperatures, resistance to
chemical corrosion in many media, and its excellent thermal, nuclear, and
electrical properties. This combination of properties makes available new de-
sign concepts for higher operating efficiency and improved service perfor-
mance than are possible with other more common materials.

Moly can be consolidated by the established P/M method. High purity
powder is pressed into a compact, sintered at high temperature (generally in
pure hydrogen), and the resulting billet warm-cold worked into a useful
product. Moly can also be consolidated by the consumable electrode vacuum-
arc casting (VAC) process. Extreme purity powder is pressed into a hexagonal
electrode, sintered at high temperature, and continuously melted to fill a wa-

TABLE 1—Moly use in the Free World.

Alloy steels 45%
Stainless steels 21%
Tool steels 9%
Cast iron and rolls 6%

81% subtotal

Chemicals (including MoS,-lube additive) 9%
Metallic Moly 5%
Superalloys and specialties 4%
Miscellaneous 1%

100% total
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ter cooled copper ingot mold, all three operations occurring simultaneously
within a high vacuum chamber. The resulting ingot is warm-cold worked in
several stages into useful products. For both P/M and VAC Moly products,
the warm-cold working refines the grain structure as it strengthens and
toughens the product. These molybdenum products, however, are not identi-
cal in chemical, physical, or mechanical features; each is distinctive and ex-
hibits particular advantages.

Properties and Applications

Moly’s high melting point of 2610°C (4730°F), nearly 1093°C (2000°F)
higher than most high temperature metals, and low vapor pressure at extreme
temperatures are the major reasons for the widespread application to cold-
wall vacuum or inert atmosphere furnace equipment. Reflective heat shields
and diverse furnace hardware, such as boats, trays, skids, racks, etc., per-
form well under these extreme processing temperatures and environmental
conditions. Furthermore, since molybdenum exhibits high thermal conduc-
tivity (81 Btu/ft2/ft/h/°F at 70°F and 58 Btu/ft?/ft/h/°F at 2000°F, values
several times those for steel, especially at elevated temperatures), has good
electrical conductivity (34% IACS at 32°F, about one third that of the pure
copper conductivity standard), and is chemically inert to most molten glasses
(molybdenum oxides do not discolor glass), it is widely employed for electrical
heating or heat booster electrodes in many commercial continuous glass-
making operations for manufacture of glass fibers and glass containers (Figs.
1 and 2).

Many of the abundant applications of metallic molybdenum involve elec-
tronic, solid-state, and thermionic devices (Fig. 3). Besides numerous compo-
nents for high-power vacuum tubes, magnetrons, heat pipes, X-ray tubes,
and thyristors, Moly is widely used for crystal-growing devices, glass-metal
joints in electronic tubes, and chemical or photo etched masks, screens, and
gratings (Fig. 4).

In addition to Moly’s good thermal and electrical characteristics, it pro-
vides excellent dimensional stability during outgassing, has low vapor pres-
sure and electron emissivity, is easy to fabricate and clean, and has good ther-
mal expansion match with the common electronic tube borosilicate glasses.
Moly also displays good electrical contact properties and high arc resistance
in applications such as resistance weld electrodes, tips, or welding rolls in the
toughest weld service conditions.

In the search for a “superbattery’ to smooth out electric power production
by energy storage at the utility site and also as a possible power source for
pollution-free passenger vehicle service, Moly is a principal material con-
tender in two of the four superbattery front-runners—the lithium-iron-sulfide
and the sodium-sulfur systems. In both systems metallic Moly would serve as
the current collection components by reason of good thermal and electrical
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FIG. 1—Several styles of Moly glass-melting electrodes.

FIG. 2—Various glass containers made using Moly glass-melting electrodes.
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FIG. 3—Miscellaneous electronic, thermionic. and hot gas components (expanded Moly mesh
product).

FIG. 4—Photochemical etched-and-drawn component.
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properties, high stiffness, and adequate corrosion resistance to the aggressive
electrolyte, a liquid in the Li-Fe-S system and a solid in the Na-S system.

Moly displays high rigidity or stiffness, as reflected by a modulus of elasti-
city of about 324 million kPa (47 million psi) at 21.1°C (70°F), and it retains
good rigidity at high temperatures as well. Its stiffness at 1093°C (2000°F), a
modulus of elasticity of 200 million kPa (29 million psi), is as great as that of
steel at room temperature. ‘‘Chatter-free” Moly boring bars offer high damp-
ing capacity for deep hole machining (Fig. 5), and Moly grinding quills for
precision-grinding operations are in widespread use, generally for high-
speed, large-volume grinding processes.

Moly has certain characteristics, such as low thermal expansion (only
about half the thermal expansion of most steels), high stiffness, and good
polishability to optical finish surfaces, necessary for high energy output, high
surface temperature laser mirror components, Energy-concentrating Moly la-
ser mirrors show good dimensional stability under the intense thermal pulse
gradients generated during laser operations. Some of these laser applications
relate to our national defense; other Moly laser mirrors will likely play an
important role in the controlled thermonuclear reactor (CTR) for fusion
power commercial systems in the 21st century.

Moly-base alloys offer many advantages over unalloyed Moly by providing
physical, chemical, and mechanical property benefits. The two principal
Moly alloys commercially available today were developed some years ago for
applications in the missile and aerospace fields. These fields demanded
stronger refractory materials at ever higher stagnation or service tempera-
tures and also alloys that could withstand erosion or melting at ever higher
propellant combustion temperatures.

FIG. 5—Typical 356 mm (14 in.) Moly boring bar.
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TZM Moly Alloy

“TZM Moly” Alloy having about 0.5% titanium and 0.08% zirconium has
assumed the workhorse role for higher temperature performance components
that must show superior hot strength or creep resistance, or resistance to re-
crystallization and softening, compared with pure Moly. Witness the long-
term creep resistance superiority of TZM Moly to commercial nickel-base
superalloys (Fig. 6) that can extend the service temperature regime to much
higher turbine efficiency levels.

These high-temperature, high-strength improvements for TZM Moly de-
rive from solid solution strengthening by dissolution of the alloying elements
and from dispersion strengthening by formation of complex Mo-Ti-Zr spher-
oidal carbides. TZM Moly also exhibits superior high temperature strength
and creep resistance to pure Moly (Fig. 7), while at the same time resisting
recrystallization, softening, and loss of strength to some 260°C (500°F)
higher service temperatures than for unalloyed Moly. Consequently, the prin-
cipal applications for TZM Moly usually involve service temperatures of
1093°C (2000°F) and above.

Since TZM Moly has excellent high temperature properties and outstand-
ing thermal diffusivity, it has found extensive application to die casting and
permanent molding tools, such as critical cores and die inserts used in the die
casting of aluminum, copper, and zinc alloys. Even the ferrous die casting
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FIG. 6—Average stress rupture strength of TZM Moly versus commercial superalloys (solid
line = 10 000 h; dashed line = 100 000 h).
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FIG. 7—Tensile strength versus temperature for TZM Moly, unalloyed Moly, and Mo-30W
alloy.

process has become practical with heavy reliance upon TZM Moly die inserts
and projection cores.

The U.S. automotive industry has been a particularly strong proponent of
TZM Moly for aluminum die casting tools. A large aluminum compressor die
casting has utilized S8 TZM Moly uncooled cores to cast a complex housing
(Fig. 8).

In typical applications, the TZM Moly cores virtually eliminate solder and
heat checking, and there is a dramatic reduction of required tool mainte-
nance. TZM Moly also sees service in a host of hot work tool applications, in
which the tools function at even higher temperatures.

In the hot extrusion of principally copper-base alloys, small TZM Moly ex-
trusion die inserts or nibs are commonly employed for commercial production
of barstock. Complex steel shapes also have been successfully extruded using
TZM Moly working die inserts with a tool steel backing.

Bullet-shaped TZM Moly piercer points are used for the economic produc-
tion of very long stainless steel tubes or for the most difficult-to-pierce stain-
less steel grades. TZM Moly high strength and hardness at the intense “red
hot” tool temperatures and good resistance to thermal shock from pierce-to-
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FI1G. 8—58 TZM Moly cores used to die cast aluminum compressor housing (inset).

pierce often allow over 50 stainless steel tubes of uniform size to be made
before reworking the point to the next smaller size.

A very significant hot-work tool application for TZM Moly is the isother-
mal forging process developed by Pratt & Whitney and designated the Gator-
ize® process. In this process, large complex turbine disks are forged under
vacuum in the superplastic range, where recrystallization and solutionizing
occur simultaneously (Fig. 9). Usually difficult or impossible-to-fabricate
two-phase nickel-base alloys and titanium alloys of high purity P/M origin
are fabricated into near net shape turbine parts by employing TZM Moly
heated dies. Dies nearly 1.2 m (4 ft) in diameter have been fabricated by con-
ventional forging to produce these larger turbine disks for some of our most
advanced aircraft engines. The principal attributes for the TZM Moly tools
include high strength and creep resistance at service temperatures around
1093°C (2000°F) as well as a high level of resistance to recrystallization (and
the accompanying marked reduction of strength) under this prolonged high
temperature exposure.

The most critical Gatorize tool components were found to require unusual
forged strength and hardness for practical service life. A unique fabrication
technique (*‘Black Fabrication”) was developed and patented to achieve ultra
high strength TZM Moly knockout pins that improved tool component per-
formance dramatically.

Another innovative process development that uses TZM Moly for hot-work
tools is the Isothermal Shape Rolling® (ISR) Process by Solar-Division of
Caterpillar (Fig. 10). TZM Moly ring- or disk-shape rolls have been employed
to form-roll *“‘near net shapes” in difficult-to-work metals such as titanium
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FIG. 9—TZM Moly tools (inset) used to process (Gatorize method) large turbine disks.

and the superalloys by resistance heating the workpiece through the electri-
cally conductive shaping rolls. This process is reported to eliminate chill of
the workpiece by the shaping tools as well as surface scale or subsurface con-
tamination effects. Both the high temperature strength and the favorable
electrical characteristics of TZM Moly are of value in this hot-work tool ser-
vice.

The nuclear applications for Moly or TZM Moly have greatly fluctuated
over the years—from the early potential fuel pin cladding material, to turbine
components in a potassium-vapor turboalternator, to the SNAP-50/SPUR
power conversion system, to nuclear fuel refinement equipment for the fast
breeder reactor, to the latest fusion power reactor development for the CTR
planned for commercial power generation in the 21st century.

The two containment methods for the fusion reaction of CTR being pur-
sued are the magnetic and the inertial confinement. But the three-fold com-
mon goal for fusion remains: (1) creating sunlike temperatures, at least 100
million degrees C, in an ionized gas plasma, (2) then densifying by squeezing
together more than 104 particles/cm?, (3) for a time period sufficient to ob-
tain more energy output than input to heat the plasma. Either containment
method may require TZM Moly or other refractory metals to serve for damage
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FIG. 10—TZM Moly rolls used to heat and deform ISR near-net-shape superalloy.

limiters, neutral beam injection, first wall structures to contain the plasma,
high temperature ducts, or energy-concentrating laser mirror components.
The low thermal expansion and good dimensional stability, low neutron cap-
ture power, chemical resistance to alkali metals, and excellent hot strength
and creep resistance of TZM Moly are the properties of real concern for such
diverse nuclear applications. The world’s largest fusion test reactor, the To-
kamak Fusion Test Reactor at Princeton, New Jersey, was scheduled for com-
pletion in late 1982. This torodial fusion reactor will consist of ten 72-ton
modules and cost about one-third billion dollars.

There are many other TZM Moly uses. For instance, it is finding applica-
tion for a variety of high inlet temperature, high pressure turbine engine com-
ponents such as retainer rings, supports, hot gas seals and valves, and “‘spe-
cial fabricated” turbine wheels or wheel blades. One special fabricated TZM
Moly disk hub was electron-beam welded to a cast TZM blade ring and suc-
cessfully spin tested as a 152-mm (6-in.)-diameter turbine wheel assembly for
brief periods at turbine inlet temperatures approaching 1093°C (2000°F) and
at speeds of well over 40 000 rpm!

A relatively recent market application for TZM Moly is that of hot gas
valves and seals for high temperature gas systems, for purposes of control,
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proportional gas flow, diversion, or by-pass. The average 260°C (500°F) in-
creased recrystallization temperature (softening temperature) for TZM Moly
wrought products permits useful service at higher gas temperatures without
the serious reduction of strength and hardness and the accompanying embrit-
tlement of pure Molybdenum at high fuel combustion temperatures, usually
above 1370°C (2500°F). The improved weldability of TZM Moly Alloy is an
additional asset for such pressure-tight, plumbing-type hot gas control sys-
tems, often of complex design and with many, many joints. Of special interest
are the numerous TZM Moly mechanical hot gas Gamah seals produced by
Stanley Aviation Corporation that develop positive pressure sealing while
maintaining good high temperature strength and resistance to creep or ther-
mal shock in the new Trident submarine missile system.

Mo-30W Alloy

Another commercial molybdenum-base alloy, Mo-30W alloy, has gained
some prominence beyond the initial higher melting temperature sought for
missile and aerospace applications. The original Mo-30W solid-solution alloy
(molybdenum and tungsten exhibit complete liquid solubility in all propor-
tions) was developed to withstand erosion or incipient melting of rocket noz-
zles at higher propellant combustion temperatures. The 2832°C (5125°F)
melting point of Mo-30W, 204°C (400°F) higher than Moly, satisfied this
criterion in several applications. However, the most significant markets de-
veloped afterward because of the alloy’s physical and chemical properties and
adequate fabricability features.

The chemical inertness of Mo-30W in the presence of corrosive molten
zinc, especially high purity grades such as special high grade zinc (99.99 Zn),
was the key discovery that opened new markets to this refractory metal alloy.
Although metallic tungsten also provides outstanding resistance to chemical
attack by molten zinc, the Mo-30W alloy is readily machinable and capable of
manufacture into a variety of wrought shapes including round bars, tubes,
sheet, and plate, as well as simple assemblies. In addition to the basic metal
properties of high strength and rigidity, Mo-30W wrought products exhibit
useful ductility, especially if hot or unnotched. These products are readily
fabricable into equipment components to function in aggressive molten zinc
or even zinc vapors.

The earliest and most widespread use of Mo-30W in the zinc industry was
for pump equipment, used to transfer or agitate molten metal with some con-
trol. Critical Mo-30W pump elements are employed in various type liquid-
metal pumps with outstanding service records; in fact, the earliest known
pump components have seen a decade of dependable pumping service in high
purity molten zinc.

Centrifugal impeller-type pumps are widely employed for molten metal
pumping, and the impeller shaft has proven the most crucial pump compo-
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nent in molten zinc service. The 63.5-mm (2V4-in.)-diameter steel-reinforced
impregnated graphite shaft for a commercial pump has been replaced with a
19.05 mm (%4-in.)-diameter Mo-30W alloy shaft in many installations and
has provided several years of useful service. A bonus for the shaft conversion
is the dramatic reduction of detrimental zinc dross formation resulting from
the smaller-size Mo-30W shaft and the consequently much slower peripheral
rotation speeds. A complete Mo-30W centrifugal-impeller pump comprising
shaft, impeller, collector body, riser, discharge tube, and the required rod
supports was fabricated for zinc pump development at a prominent zinc re-
finery (Fig. 11).

Simple propeller or paddle type mixers of various size have been fabricated
from Mo-30W alloy, with good service reports in refining processes, prepara-
tion of zinc alloys, and reprocessing of spent nuclear fuels.

FIG. 11—Complete impeller-type zinc pump constructed of Mo-30W; the pump diameter is
102 mm (4 in.).
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Several types of valves for the precision metering of zinc have been fabri-
cated from Mo-30W. The major success for Mo-30W alloy is a three-piece
needle valve (metering needle-delivery tube-valve chamber) used to precisely
control the flow of molten zinc to a Properzi continuous casting wirebar
machine (Fig. 12). The highly erratic performance of the original porcelain-
ized steel valve assembly averaged some 11 340 kg (25 000 Ib) of zinc wire-
bar product, whereas the Mo-30W assembly had accounted for nearly
4 535 900 kg (10 million pounds) of product at last check.

Up to 50.8-mm (2-in.)-diameter Mo-30W conductor tubes and thermocou-
ple protection tubes (thermotubes) have been used in the development of va-
por deposition processes for zinc, in the remote transfer of nuclear fuel refin-
ing metal mixtures, and in various galvanizing operations. In addition to the
high resistance to chemical attack by corrosive zinc for Mo-30W alloy, the
higher thermal conductivity and low specific heat of the metal make for more
precise temperature sensing and much faster response to temperature change
for such thermotubes than for common refractory silicon carbide or steel pro-
tection tubes. Another advantage of metallic Mo-30W thermotubes is the
greatly enhanced mechanical and thermal shock resistance. This resistance is
useful because detrimental conditions are prevalent where solids are charged
into the molten zinc bath.

FIG. 12—Properzi continuous casting wirebar machine showing metering valve assembly and
Mo-30W components (inset).
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Summary

Moly and several Moly-base alloys produced by either the vacuum-arc cast-
ing method or the powder/metallurgy method of consolidation have been
commercially used for principally high temperature applications in hot
equipment, hot working tools, and hot operating machines. This refractory
metal possesses the unique combination of physical, chemical, and mechani-
cal properties required for such high temperature, high stress service.

Further information on molybdenum can be found in the author’s “Molyb-
denum—A Super Superalloy,” Journal of Metals, December 1977.
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Niobium in Industrial Applications

REFERENCE: Webster, R. T., “Niobium in Industrial Applications,” Refractory
Metals and Their Industrial Applications, ASTM STP 849, R. E. Smallwood, Ed., Amer-
ican Society for Testing and Materials, Philadelphia, 1984, pp. 18-27.

ABSTRACT: This paper discusses niobium in industrial applications. Niobium is princi-
pally used as an alloying element in specialty steels and superalloys and as a carbide in
cutting tools for machinery. Niobium alloys containing tin or titanium have become the
primary materials used in superconducting applications.

KEY WORDS: niobium, applications, fabrication, welding, corrosion resistance

Niobium, a refractory metal with properties resembling tantalum, has been
used in industrial applications for several decades. Niobium ore is often
found in mineral deposits that also contain tantalum, such as the tin ores
from Malaysia. On the other hand, many mineral formations contain signifi-
cant quantities of niobium with little associated tantalum; these formations
are found in Brazil, Canada, and many African countries.

Niobium is principally used as an alloying element in specialty steels and
superalloys and as a carbide in cutting tools for machinery.

Niobium, as a metal, had its first major application in nuclear reactors
because of its excellent corrosion resistance in the containment of liquid
metals. The next major application was in aerospace rocket motors because
of its high temperature properties. It is also used in the skin and structural
members of space vehicles. Niobium is increasingly being used in chemical
corrosion-resistant applications because it has a corrosion resistance to most
media similar to that of tantalum. Because of its high corrosion resistance to
liquid sodium, niobium is used in sodium vapor lights.

Niobium alloys containing tin or titanium have become the primary materi-
als used in superconducting applications.

! Principal Metallurgical Engineer, Teledyne Wah Chang Albany, Albany, Ore. 97321.
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Physical Properties

Niobium is a soft, ductile primary metal. It is silvery gray in appearance,
something like stainless steel. Its density of 8.6 g/cm?® is somewhat greater
than steel but considerably less than the majority of high melting point metals
such as tungsten and tantalum. Table 1 lists the physical properties of
niobium.

Mechanical Properties

The mechanical properties of niobium are comparable to those of metals
such as titanium, vanadium, and tantalum. Table 2 lists the mechanical
properties of niobium.

Corrosion Resistance

General Corrosion Data

Niobium, like other refractory metals, owes its corrosion resistance to a
readily formed, adherent, passive oxide film. Because the corrosion proper-
ties of niobium resemble those of tantalum and because it is less expensive,
niobium should be considered in all applications requiring tantalum.

TABLE 1—Physical properties of niobium.

Melting point, °C 2468
Boiling point, °C 5127

Density, g/cm3
Crystal structure
Lattice constant, A

8.66
body centered cubic
3.30

Covalent radius, A 1.34
Thermal neutron absorption cross section, barns 1.1
Electronegativity, Paulings 1.6
Thermal conductivity

0°C, J (s cm °C) 0.523

1600°C, J (s cm °C) 0.691
Coefficient of thermal expansion at 20°C (X 107%/°C) 7.1
Electrical resistivity, u Q 1S
Temperature coefficient (X 1073/°C) 3.95
Volume electrical conductivity, %IACSY 13.3
Special heat

15°C, J/g 0.268

1227°C, J/g 0.320
Heat capacity (Cp), J/mol °C

0°C 24.9

1200°C 29.7

2700°C 33.5

“International Annealed Copper Standard.
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TABLE 2—Mechanical properties of niobium.

Modulus of elasticity, GPa 1.034
Poisson’s ratio 0.38
Hardness (VHN) 77 to 170
Ultimate tensile strength, MPa 170 to 550
Yield strength, MPa 100 to 275
Elongation, % in 51 mm 15 to 40

Niobium is slightly less resistant than tantalum in aggressive media (for ex-
ample, in hot concentrated mineral acids). Table 3 gives some typical corro-
sion data for niobium. Like tantalum, niobium is susceptible to hydrogen em-
brittlement if cathodically polarized by galvanic coupling or by impressed
potential. In addition to being very stable, the anodic niobium oxide film has
a high dielectric constant and a high breakdown potential. These properties,
coupled with its good electrical conductivity, have led to niobium’s use as a
substrate for platinum-group metals in impressed-current cathodic-protec-
tion anodes.

Acid Solutions

Niobium is resistant to most organic acids and mineral acids at all concen-
trations below 100°C except hydrofluoric acid. This list of acids includes the
halogen acids (hydrochloric, hydroiodic, and hydrobromic), nitric acid, sul-
furic acid, and phosphoric acid. Niobium is especially resistant under oxidiz-
ing conditions (for example, concentrated sulfuric acid and ferric chloride or
cupric chloride solutions). Niobium is completely resistant in nitric acid, hav-
ing a corrosion rate of 0.025 mm/year (1 mpy) in 70% nitric acid at 250°C. It
is completely resistant in dilute sulfurous acid at 100°C. In concentrated
acid, at the same temperature, niobium has a corrosion rate of 0.25 mm/year
(10 mpy). In chrome-plating solutions, niobium experiences only a slight
weight change, and in the presence of small amounts of fluoride catalyst, it
exceeds the corrosion resistance of tantalum.

Niobium is inert in mixtures of nitric acid and hydrochloric acid. It has a
corrosion rate of less than 0.025 mm/year (1 mpy) in aqua regia at 55°C. In
boiling 40 and 50% phosphoric acid with small amounts of fluoride ion impu-
rity (S ppm), niobium has a corrosion rate of 0.25 mm/year (10 mpy). In
mixtures, of nitric acid and sulfuric acid, niobium dissolves readily.

Alkaline Solutions

In ambient aqueous alkaline solutions, niobium has corrosion rates of less
than 0.025 mm/year (1 mpy). At higher temperatures, even though the corro-
sion rate does not seem excessive, niobium is embrittled even at low concen-
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trations (5%) of sodium hydroxide and potassium hydroxide. Like tantalum,
niobium is embrittled in salts that hydrolyze to form alkaline solutions. These
salts include sodium and potassium carbonates and phosphates.

Salt Solutions

Niobium has excellent corrosion resistance in salt solutions, except those
that hydrolyze to form alkalis. It is resistant to chloride solutions even with
oxidizing agents present. It does not corrode in 10% ferric chloride at room
temperature, and it is resistant to attack in seawater, Niobium exhibits resis-
tance similar to tantalum in salt solutions.

Guases

Niobium is easily oxidized. It will oxidize in air above 200°C. The reaction,
however, does not become rapid until above red heat (about 500°C). At
980°C, the oxidation rate is 0.05 mm/year (17 000 mpy). In pure oxygen, the
attack is catastrophic at 390°C. Oxygen freely diffuses through the metal
causing embrittlement. Niobium reacts with nitrogen above 350°C; with wa-
ter vapor above 300 °C; with chlorine above 200°C; and with carbon dioxide,
carbon monoxide, and hydrogen above 250°C. At temperatures of 100°C,
niobium is inert in most common gases (for example, bromine, chlorine, ni-
trogen, hydrogen, oxygen, carbon dioxide, carbon monoxide, and wet or dry
sulfur dioxide.

Liquid Metals

Niobium is resistant to attack in many liquid metals to relatively high tem-
peratures. These include bismuth below 510°C; gallium below 400°C; lead
below 850°C; lithium below 1000°C; mercury below 600°C; sodium, potas-
sium, and sodium-potassium alloys below 1000°C; thorium-magnesium eu-
tectic below 850 °C; uranium below 1400°C; and zinc below 450 °C. The pres-
ence of oxygen in excess of 700 ppm in liquid metals may reduce niobium’s
resistance to these liquid metals.

Galvanic Effects

If niobium is polarized cathodically by galvanic coupling or chemical at-
tack, it can be destroyed by hydrogen embrittlement. For this reason niobium
cannot be protected from these processes by cathodic protection. If niobium
is polarized anodically, however, it forms a very stable, passive film which
protects the metal from corrosion. This property, combined with good electri-
cal conductivity (13% that of copper) and good mechanical properties, has
lead to the use of niobium as a substrate metal for platinum in impressed-
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TABLE 3—Corrosion data for niobium in aqueous media.

Corrosion
Rate,
Temperature, mm/year
Concentration, wt% °C (mpy)
Acid Solutions
Hydrochloric acid 1 boiling nil
Hydrochioric acid (aerated) 15 RT-60 nil
Hydrochloric acid (aerated) 15 100 0.025 (1.0)
Hydrochloric acid (aerated) 30 35 0.025 (1.0)
Hydrochloric acid (aerated) 30 60 0.05 (2.0)
Hydrochloric acid (aerated) 30 100 0.125 (5.0)
Hydrochloric acid 37 RT 0.025 (1.0)
Hydrochloric acid 37 60 0.25 (10)
Hydrochloric acid 37% with Cl, 60 0.5 (20)
Hydrochloric acid 10% with 0.1% FeCly boiling 0.025 (1.0)
Hydrochloric acid 10% with 0.6% FeCl, boiling 0.125 (5.0)
Hydrochloric acid 10% with 35% FeCl, boiling 0.05 (2.0)
and 2% FeCl;
Nitric acid 65 RT nil
Nitric acid 70 250 0.025 (1.0)
Phosphoric acid 60 boiling 0.5 (20)
Phosphoric acid 85 RT 0.0025 (0.1)
Phosphoric acid 85 88 0.05 (2.0)
Phosphoric acid 85 100 0.125 (5.0)
Phosphoric acid 85 boiling 3.75 (150)
Phosphoric acid 85% with 4% HNO; 88 0.025 (1.0)
Phosphoric acid 40-50% with S ppm F~ boiling 0.25 (10)
Sulfuric acid 5-40 RT nil
Sulfuric acid 98 RT embrittle
Sulfuric acid 10 boiling 0.125(5.0)
Sulfuric acid 25 boiling 0.25 (10)
Sulfuric acid 40 boiling 0.5 (20)
Sulfuric acid 40% with 2% FeCly boiling 0.25 (10)
Sulfuric acid 60 boiling 1.25 (50)
Sulfuric acid 60% with 0.1-1% FeCl,4 boiling 0.5(20)
Sulfuric acid 20% with 7% HCI and boiling 0.25 (10)
100 ppm F~
Sulfuric acid 50% with 20% HNO, 50 to 80 nil
Sulfuric acid 50% with 20% HNO, boiling 0.25 (10)
Organic Acids
Acetic acid 5-99.7 boiling nil
Citric acid 10 boiling 0.025 (1:0)
Formaldehyde 37 boiling 0.0025 (0.1)
Formic acid 10 boiling nil
Lactic acid 10-85 boiling 0.025 (1.0)
Oxalic acid 10 boiling 1.25 (50)
Tartaric acid 20 RT to boiling  nil
Trichloroacetic S0 boiling nil
Trichloroethylene 99 boiling nil
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TABLE 3—(continued).

Corrosion
Rate,
Temperature, mm/year
Concentration, wt% °C (mpy)
Alkalines
NaOH 1-40 RT 0.125 (5.0)
NaOH 1-10 98 embrittle
KOH 5-40 RT embrittle
KOH 1-5 98 embrittle
NH,OH RT nil
Salts
AICly 25 boiling 0.005 (0.2)
Aly (SO4)3 25 boiling nil
AIK(S0O,), 10 boiling nil
CaCl, 70 boiling nil
Cu(NO»), 40 boiling nil
FeCl, 10 RT-boiling nil
HgCl, saturated boiling 0.0025 (0.1)
K,CO4 1-10 RT 0.025 (1.0)
K,CO3 10-20 98 embrittle
K3PO, 10 RT 0.025 (1.0
MgCl, 47 boiling 0.025 (1.0
NaCl, saturated and pH=1 boiling 0.025(1.0)
Na;CO, 10 RT 0.025 (1.0)
Na,CO; 10 boiling 0.5(20)
Na,HSO, 40 boiling 0.125 (5.0)
NaOCl 6 50 1.25 (50)
Na;PO, 5-10 RT 0.025 (1.0)
Na;PO, 2.5 98 embrittle
NH,S0;H 10 boiling 0.025 (1.0)
NiCl, 30 boiling nil
ZnCl, 40-70 boiling nil
Miscellaneous
Bromine liquid 20 nil
Bromine vapor 20 0.025(1.0)
Chrome plating 25% CrO;, 12% H,SO, 92 0.125 (5.0)
Solution H,0
Chrome plating 17% CrOj, 2% Na,SiF,, 92 0.125 (5.0)
trace H,S0,
Solution H,0
H,0, 30 RT 0.025 (1.0)

H,0, 30 boiling 0.5 (20)
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cutrent cathodic-protection anodes. Its anodic breakdown potential in chio-
ride solutions is about 115 V compared with 10 V for titanium. Niobium plati-
nized anodes are used in high resistivity waters and other environments
requiring high driving potential to obtain good current spread. In this appli-
cation, niobium has an advantage over tantalum, because it is less expensive.
The cost can be further decreased by using a composite electrode with a cop-
per core, which increases the conductivity of the anodes.

Fabrication

General Working Characteristics

Two features affect the working characteristics of niobium. First, because
of its high melting temperature (approximately 2400°C) no appreciable soft-
ening occurs below 400°C (the temperature at which niobium reacts vigor-
ously with the atmosphere). Secondly, sheathing for protection is not practi-
cal, because the sheathing material is likely to be softer than the metal to be
worked.

Niobium’s cold-working properties are excellent, since the metal can be
easily forged, rolled, or swaged directly from the ingot at room temperature.
After the cross-sectional area has been reduced by about 90%, annealing is
necessary. Heat treatment at 1200°C for 1 h causes complete recrystallization
of material cold-worked over S0% . The annealing process must be performed
in a high purity inert gas or in a high vacuum at pressures below 1 X 10~4
torr. The use of a vacuum is preferred, because it is difficult to ensure the
purity of inert gas. It is also less expensive to use vacuum furnaces for these
operations.

Niobium is well suited to deep drawing, and the metal may be cupped and
drawn to tube, although special care must be taken with lubrication. The
sheet metal can be easily formed by general sheet metal working techniques.
The low rate of work hardening facilitates these operations by reducing
springback.

Machining

Niobium may be machined by the usual techniques, although owing to the
tendency of the material to gall, special attention should be paid to tool angles
and lubrication. Recommended tool angles and speeds are given in Table 4.

Turning

Lathe turning is best carried out with high speed steel tools, using air, solu-
ble oil, or other suitable products for cooling and lubricating. This material
turns very much like lead or soft copper; it must be sheared and the chip
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TABLE 4—Recommended tool angles and speeds.

Approach angle 1510 20 deg

Side rake 30 to 35 deg

Side and end clearance S deg

Cutting speed 3 to 4 m/s with high-speed steel

13 to 15 m/s with carbide

allowed to slide off the tool surface. If any buildup of the material is allowed,
the pressure will break the cutting edge and ruin the tool. Carbide tooling
should be used only for fast, light cuts, with a depth of 0.25 to 0.38 mm (0.010
to 0.015 in.), to work efficiently.

Drilling

Standard high speed drills, ground to normal angles, may be used, but the
peripheral lands wear badly and care must be taken to see that the drill has
not worn undersize.

Screw Cutting

Provided that plenty of lubricant is used, niobium may be screw-cut using a
standard die-cutting head. The use of ample lubricant prevents galling on the
die and consequent tearing of the thread. Roll threading is the preferred
method.

Spinning

Normal techniques of metal spinning may be applied successfully to
niobium, with minor modifications. It is generally better to work the metal in
stages; for instance, when spinning a right-angled cup from flat sheet, several
formers should be used to give steps of approximately 10 deg. Wooden form-
ers may be used for rough spinning, but a brass or bronze former is essential
for finishing because the metal is soft and takes up the contour of the former.
For small work, aluminum, bronze, or Narite tools should be used with a
radius of approximately 9.5 mm (¥ in.). (If sharp angles are required, the
tool must be shaped accordingly.) Yellow soap, or tallow, is suitable for lubri-
cating the material, which must be cold worked continually. The peripheral
speed of the work-piece should be about 152 m/min (500 ft/min). When spin-
ning, niobium is prone to “thinning” and care must be taken to avoid this.
The tool should be worked in many long sweeping strokes using a light pres-
sure rather than a few heavy strokes.
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Welding

Because niobium is a reactive metal, proper precautions must be exercised
to avoid contamination during welding. Most of the common electric welding
techniques can be employed in welding niobium and its alloys, provided that
this high reactivity with the elements found in air and dirt, grease, and other
contaminants its taken into account. Fluxes cannot be used, since they will
form brittle compounds with niobium.

Arc Welding

The most common weld method is gas tungsten arc welding (GTAW) using
direct current, straight polarity, and high frequency arc initiation.

Welding may be performed in air with proper inert gas shielding. The front
and back sides of the welds, as well as the heat-affected zone near the weld,
must be protected from the atmosphere. Shielding can be accomplished by
constructing a gas passage for the back side of the weld and using the shield-
ing gas from the torch and a trailing shield. For welds that are difficult to
completely cover with inert gas, a flush chamber can be constructed of metal
or plastic to completely enclose the weld area.

For critical welds where the best mechanical properties must be achieved,
the use of vacuum weld chambers is recommended. The air can be removed
from the chamber and backfilled with inert gas to completely eliminate con-
tamination from air.

Evidence of contamination of the weld is readily observed, since any discol-
oration of the normal silver, bright appearance of niobium weldments is an
indication of absorbed oxygen. Adverse amounts of contamination can be
checked by performing hardness and bend ductility tests.

Resistance Welding

While tungsten-inert-gas (TIG) welding is the preferred method for weld-
ing niobium sheet in thicknesses of 0.51 mm (0.020 in.) or greater, the
method is somewhat limited for thinner sheet. It is possible to weld sheet as
thin as 0.30 mm (0.012 in.) or even thinner, but special attention must be
paid to the shape of the electrode tip. Extremely careful jigging is essential for
accurate alignment and prevention of distortion and misalignment during
welding. For sheet thinner than 0.51 mm (0.200 in.), it is generally better to
use the resistance method of welding.

The problem of contamination during resistance welding is not as great as
in TIG welding, because the duration of the weld can be kept short. Spot
welding may be carried out in air, provided the weld time is restricted to one
or two cycles, but seam welding should be carried out under water. The water
does not protect the weld from contamination in the same way as the argon
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shield does during arc welding. Its function is to remove heat from the weld as
quickly as possible, thus keeping the time that the metal is hot to a minimum.

Transformer or stored energy type equipment can be used, but the welding
heads should be of the low-inertia type so that, as the welds are made, proper
pressure will be maintained throughout the welding cycle. The surfaces to be
welded should be cleaned and degreased before welding. Any copper pick-up
from the electrode that contaminates the sheet after welding may be removed
by pickling in nitric acid.

Other Welding Methods

Niobium can be welded by electron beam and laser beam methods.
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Consideration of tantalum’s position in the periodic table provides a rea-
sonably good inference of its categorical properties (Fig. 1). It is typically one
of the “reactive metals.”” Many of its prominent features resemble those of
titanium and zirconium, and it is reasonably compatible and comparable
with those metals as well as with molybdenum and tungsten. All these ‘‘reac-
tive-refractory’” metals have good strength, show considerable metallurgical
and chemical interactivity with other elements, and each seems to have at
least one outstanding attribute that makes it especially useful for some chemi-
cal, electronic, nuclear, or thermal application.

These metals combine strongly with oxygen, carbon, nitrogen, and other
metals and nonmetals outside their group, and many of their properties are
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FIG. 1—Periodic table.

quite sensitive to relatively small amounts of other atomic species. Because of
this reactivity these metals must be fabricated to finished products under
closely controlled processing conditions. This behavior is also a very impor-
tant source of their most useful attributes, however, and the strong oxide,
carbide, and nitride formations are the bases of their most prominent uses. In
particular, it is the special oxide characteristics that provide the chemical
passivation responsible for high chemical resistances in certain chemical envi-
ronments which can be almost equivalent to the inertness of the more noble
metals.

Basic Pertinent Characteristics

Quantitative Physical Properties

Figures 2 to 7 can be used to compare the relative effectiveness to tantalum
in engineering applications to the other most commonly used chemical pro-
cess industry (CPI) metals. The values presented are those of the pertinent
commercial grades of each metal and are the practical engineering values
rather than scientific-pure element measurements. The thermal and electri-
cal conductivities (Figs. 2 and 3) of tantalum are quite high relative to many
of the other base metals and are considerably better than widely used alloys
such as Hastelloys, stainless steels, and Monel.

Tantalum also has a usefully high value of elastic modulus (Fig. 4), a desir-
able characteristic for provision of structural rigidity of engineering compo-
nents. Note that tantalum’s value of elastic modulus is equivalent to those of
nickels and steels and considerably more than those of brasses, aluminums,
titanium, glasses, and graphite. In addition, this value does not decrease sig-
nificantly when tantalum is heated to higher temperatures.

Figure S shows that tantalum’s basic tensile strength properties also ap-
proach equivalency with other base metals used for structural chemical
equipment. By yield strength criteria tantalum is actually more mechanically
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FIG. 4—Tensile elastic modulus of commercially pure grades of commonly used metals for
CPI equipment and for some of their derived alloys.

deformation resistant than the unalloyed coppers and nickels and is compara-
ble to the higher purity grades of titanium, zirconium, and steel. Like these,
tantalum is also amenable to development of higher strength compositions by
addition of modest amounts of solid-solution alloying species which do not
seriously detract from corrosion performance. To date, however, enough seri-
ous demand has not arisen to require the practical development effort to
make these higher strength compositions available beyond the moderate en-
hancement of strength levels provided by vacuum arc melting and alloying
with 2.5% tungsten.

Figure 6 shows the strength levels of tantalum and other metals at tempera-
tures up to 200°C (390°F). The values are given in ranges in order to include
the various compositional grades of the metals. The slopes as well as the levels
of the lines are significant. These data show that up to temperatures of 200°C
or more tantalum strengths equivalent to the other (unalloyed) structural
metals are maintained. The decrease in ductility of the tantalum at the higher
strength and higher temperature levels is not enough to be of concern.

The economic aspect of tantalum usually requires that the price be consid-
ered a fundamental engineering property. Figure 7 shows some cost values in
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FIG. 5—Tensile strength of commercially pure grades of commonly used metals for CPI
equipment and for some of their derived alloys (ASTM minimum values).

the same manner as the other properties in order to give a simplistic but rea-
sonable comparative assessment of that factor. The fabricated item cost takes
into account the not-more-expensive labor costs of fabricating out of tanta-
lum. The cost of the tantalum equipment is still considerably greater than
that of the other readily available high-performance metals, but the scale of
comparison can be used to indicate whether other compensating trade-offs
such as extended life, improved operating efficiencies, and thinner metal re-
quirements with tantaium justify the initially higher cost. The ingot prices are
compiled from commercial market data as of early 1982. The fabricated item
prices are projected from average known labor and design data and from
comparative quotes for equipment designed for the same service from each
metal.

Chemical Aspects

Two basic chemical mechanisms determine the extent of reaction or non-
reaction of metals with environments. One is the intrinsic chemical affinity of
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the metal with the environmental species; the other is the formation of a pro-
tective passivating surface composition on initial or previous exposure to an
oxygen-containing environment. The former accounts for the “noble” and
“semi-inert’”’ behavior of many of the common metals such as gold, silver, and
copper in certain chemical media. Many of the most commonly used metals
exhibit some degree of each type of response, depending on the specifics of
the chemical conditions, and therefore are amenable to ‘‘tailoring” of their
composition to particular circumstances by alloying. Hastelloys, bronze, and
stainless steel are examples. The reactive-refractory metals depend entirely
on the passivation mechanism. In particular, a spontaneously forming oxide
is the determining factor in their corrosive response. Tantalum is not only
characteristic of these in its behavior, it is probably the ideal example of this
class of materials.

Oxides such as these do not necessarily have the same atomistic construc-
tion as the familiar bulk oxides but exist with a variety of structural forms and
chemical compositions which account for various degrees of physicochemical
behavior. Some of these films are apparently amorphous rather than crystal-
line. They are of just the correct density to exist on the metal surface without
physical flaws and can deform with it without damage. The metal in a strict
sense is a composite material with very special optimum electrical and chemi-
cal properties under certain situations. The primary reason for tantalum’s
commercial development is that the oxide film on the anodized metal exhibits
such strong stable dielectric action that it is used for highly effective electronic
capacitors. The oxide film is extremely thin (Angstrom dimensions), adher-
ent, stable and durable, and is electrically rectifying. It so strongly inhibits
the transfer of ions and electrons that it is essentially impervious to a wide
range of electrochemical media, and is self-limiting of its own thickness
growth.

These protective oxide films do have limitations in their susceptibility to
certain chemical species and can be compromised beyond certain ranges of
temperatures, concentration, and electrochemical potential. Tantalum’s ex-
traordinary corrosion immunity indicates that its passivating oxide has the
broadest range of resistance with respect to chemical and thermal breakdown
susceptibility. In addition, it forms and persists even in extremely oxygen-
deficient environments. Under conditions where the immunity is lost, how-
ever, the metal will lose corrosive resistance dramatically. This occurrence
has a positive aspect, since the limiting conditions for effective behavior can
be relatively well defined.

Figure 8 compares the relatively wide range of acidic electrochemical con-
ditions over which tantalum is highly effective with the ranges of the other
most effective corrosion-resistant materials employed in the chemical indus-
try. The analogy to the conditions over which glass is effective is a good one.
Actually, this chart somewhat understates the relative capabilities of tanta-
lum since it does not indicate the temperature ranges of effectiveness and be-
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FIG. 8—Comparative general corrosion resistance of several metals and alloys in various acid
environments. The figure illustrates the range of conditions of oxidizing and reducing power and
chloride concentration which the materials withstand effectively.

cause it only describes the resistances qualitatively. ‘‘Effectiveness” for most
metals usually is based on 5, 10, or 20 mil per year (mpy) corrosion rates,
whereas for tantalum it is defined more closely to zero or at 1 to 2 mpy.

The conditions under which tantalum is most appropriately used can gen-
erally be best defined as those for which these other materials have some criti-
cal degree of susceptibility to metal loss or damage, or in situations for which
little or no metallic corrosion products can be tolerated. Tantalum’s most
widespread usage is generally associated with the higher concentrations and
temperatures of sulfuric acid (H,SO,) processing. High-concentration, high-
temperature hydrochloric acid (HCI) media also frequently require tantalum
equipment. Tantalum is also used in nitration processes, processes involving
organic chlorides, and in bromine production. Tantalum is particularly ap-
propriate in these and other solutions wherein there are contaminants of spe-
cies which are highly aggressive to the normally used materials, or in situa-
tions where there may be uncontrollable temperature or composition
excursions. Flouride ions, sulfur trioxide, and a few uncommon complex ions
must be avoided, however.
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Applications

Tantalum’s high degree of fabricability allows that almost any equipment
design can be constructed with it. In view of the aforementioned favorable
engineering properties, a wide range of both standard and custom design ap-
paratus of tantalum is industrially appropriate. Also, because of tantalum’s
relatively high base metal price, there is a considerable amount of lined
equipment construction wherein other materials are mechanically surface
clad with tantalum. Figure 9 shows a tantalum patch kit assembly used for
the repair of damages which regularly occur in glass-lined equipment, and
Fig. 10 shows a standard thermowell widely used in the process industry.
These two items are probably the most common simple examples of the utili-
zation of the metal’s high durability. The duplex stainless steel/tantalum ex-
pansion joint bellows (Fig. 11), the packing support screen (Fig. 12), and the
lined shell (Fig. 13) are good illustrations of tantalum equipment components
where the high degree of fabricability allows considerable economic benefit.

Tantalum’s essentially zero metal loss due to corrosion in most applications

FI1G. 9—Tantalum patch kit assembly.
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FIG. 10—Tantalum thermowells.

FIG. 1 —Duplex stainless steel/tantalum expansion joint bellows.
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FI1G. 12—Tantalum packing support screen.

FIG. 13—Tantalum-lined heat exchanger shell.
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contributes importantly to some further very desirable features in its use as
heat transfer equipment:

1. It allows the use of absolute minimum thickness metal. In conjunction
with its favorable modulus of elasticity good component rigidity is realized.
2. Absence of scaling and fouling avoids diminution of heat transfer effec-
tiveness by conduction and convection, and hindrance of flow by obstruction.

The next group of photos shows equipment manufactured to take maximum
advantage of these characteristics. Bayonet heaters (Figs. 14 and 15) and heat
exchangers (Fig. 16) of tantalum with metal tube and sheet thicknesses in the
range of 0.3 to 1.0 mm (0.013 to 0.040 in.) are indicative of its good formabil-
ity, weldability, and adaptability to precision fit. The use of thin wall tubing
also contributes an economic advantage by making possible the predominant
use of seam-welded tubing formed from sheet. The ball valve (Fig. 17) might
be the best illustration of a construction making highly effective use of these
characteristics.

Limitations

Tantalum has some well defined and recognized limitations. It also has
some potentials and prospects which may expand its utilization. It is not the
best choice of material for use in strongly alkaline environments or where flu-

FIG. 14—Tantalum bayonet heater.
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FIG. 15—Tantalum bayonet heater tube bundle.

FIG. 16—Heat exchanger showing tantalum tube/tube sheet welds.
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FIG. 17—Tantalum-lined ball valve assembly.

orides are present. Generally, in highly aggressive acidic solutions tantalum
loses its inertness and becomes reactive or contaminable at temperatures of
approximately 200 to 250°C (390 to 480°F). It is not immune to hydrogen
embrittlement; on the other hand, it is not so sensitive in this respect that it
should be shunned. Experience has indicated that tantalum has withstood
many hydrogen prone and cathodic situations without serious effect. The
practices of platinum spotting and the deliberate formation of a thicker oxide
by thermal or electrochemical anodization are considered to lessen hydrogen
take-up.

Exposure of tantalum during processing or use in air or other chemically
active surroundings at temperatures above 427 to 538 °C (800 to 1000°F) gives
a high likelihood of permanent contamination and degradation of the metal.
Sometimes, such as in welding, meticulous protective practice is able to com-
pensate, but in other situations it is necessary to preclude exposure. Compati-
bility with other engineering materials is only a problem when elevated tem-
peratures (> S38°C) are attained. Especially in welding situations it is
necessary to employ appropriate precautionary practices because of tanta-
lum’s very high reactivity and fusion temperature. However, tantalum has
some reasonable tolerance for association with titanium, zirconium, tung-



42 REFRACTORY METALS AND THEIR INDUSTRIAL APPLICATIONS

sten, molybdenum, and niobium, is essentially nonreactive with copper and
lead.

Developments

Some metallurgically enhancing practices that can extend the specific
strength of tantalum without detracting from chemical or mechanical perfor-
mance are (1) alloying with between 2 to 3% tungsten, and (2) oxygen and
impurity composition control by refining and melting practices. The tungsten
addition does not impart any significantly noticeable microstructural features
and accordingly has not exhibited any detectable chemical or metallurgical
problems in performance. It does raise the strength by 30 to S0% by solid
solution strengthening. Controlling the levels of oxygen and impurities in
amounts less than 0.1 wt% provides strengthening effects in tantalum to an
even greater extent than it does in titanium and zirconium, and the decrease
in ductility is not sufficient to be detrimental for practical purposes. The Ta-
ble 1 data are indicative of the strength levels of tantalum mill products mate-
rials that can be and are produced. Observations have not indicated that tan-
talum with these somewhat higher levels of oxygen and impurities in solid
solution has any subsequent proneness to welding porosity such as can occur
when powder-metallurgy consolidated tantalum is welded. Also, these oxy-
gen-impurity enhanced compositions do not exhibit any significant micro-
structural features or effects which would be detrimental to in-service perfor-
mance.

A large portion of the tantalum mill products and fabrications produced
for the electronics industry is processed from powder-metallurgy consolidated
metal. Conversely, most of these product forms to be used for CPI applica-
tions are initially consolidated in high vacuum to ingot either by electron
beam or consummable arc melting in which compositional purity levels are
very closely controlled. Subsequent mechanical processing is primarily done
without heating or with only moderate warming. The high level of purity and
natural malleability allows cold reductions in area well in excess of 95% with-
out annealing. This high degree of formability also allows extensive upsetting,
drawing, deep drawing, spinning, stretching, etc., into a wide variety of mill
shapes and fabricated items. In Fig. 18 the shells are capacitor cases which
are deep drawn from sheet; other machined and formed small parts can be
manufactured into a variety of equipment components.

Composite fabrications of tantalum with steels, copper, and aluminum
have frequently been made, and good bonding between pieces of tantalum
with titanium and with zirconium has been obtained with welded and fabri-
cated items. ‘“Welds™’ of tantalum to the titanium and zirconium do not in-
volve macroscopic fusion of the tantalum, but the joint integrity is excellent.
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FIG. 18—Tantalum capacitor cases (deep drawn).

Performance Characteristics

Perhaps tantalum’s most useful attribute is the wide spectrum of chemical
compositions and concentrations over which it exhibits almost a total absence
of susceptibility to corrosion (Fig. 8). Zirconium, titanium, Hastelloys, etc.,
often show increases in general corrosion rate or become susceptible to pitting
attack or stress corrosion cracking (SCC) as the electrochemical parameters
change; that is, in certain combinations of oxidizing-reducing potentials and
with particular anion (for example, chloride) or cation (for example, ferric or
cupric) concentrations, their protective passivating capability is exceeded. In
some anhydrous oxygen-deficient conditions the passivating oxide may be
prevented from forming sufficiently to be effective enough. There have been
no reports of limitations in these respects for tantalum. Except for some iso-
lated instances the few observations of attack of tantalum have been a very
uniform general corrosion or hydrogen embrittlement. Tantalum is not ap-
parently susceptible to SCC or pitting in any media observed. Also, there does
not appear to be any degree of oxygen depletion that can prevent passivation
or allow crevice corrosion. It appears that the highly rectifying effect of the
passivating film precludes the existence of local electrochemical cells despite
any corresponding variations in the metal itself. Therefore there does not
seem to be any differential corrosion effects associated with chemical inhomo-
geneities, welds and heat-affected zones, or intergranular areas.

The curves of the iso-corrosion charts (Figs. 19 and 20) approximate the
concentration-temperature conditions under which a material’s corrosion
rates are above or below 5 mils per year (mpy). None of the alloys, except
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FIG. 19—5 mpy H»S0, iso-corrosion chart (compiled and interpolated from several sources).

tantalum, spans the entire acid concentration range at temperatures greater
than about 100°C (212°F). Actually the 5 mpy criterion is an understatement
for tantalum, since experience has indicated 1 to 2 mpy as more representa-
tive at temperatures below about 190°C (375 °F) and at the highest concentra-
tions. Above about 200 °C (390°F), however, tantalum does begin to corrode
measurably at higher rates in a uniform attack; apparently the oxide’s barrier
quality is breached in that region. The precise mechanism(s) for the loss of
protection has not been defined.

For H,S0, (Fig. 19) the zone above about 60 to 70% concentration and
200°C (300°F) is especially aggressive for the other metals. Above about 66 to
77°C (150 to 170°F) and 50% concentration the options for long-service ma-
terials become quite limited other than the brittle materials Duriron, glass,
and graphite. Recently there have been observations that the addition of ni-
trate ion (NO,) to H,SO, significantly diminishes the rate of corrosion of tan-
talum at temperatures up to 246°C (475°F).

For HCI (Fig. 20) it can be seen that there are even fewer candidate materi-
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FIG. 20—5 mpy HCl iso-corrosion chart (compiled and interpolated from several sources).

als which withstand even half of the 40% concentration range at tempera-
tures above about 66 °C (150°F). Only zirconium and tantalum provide a high
margin of assurance for long-term durability. Zirconium, however, is seri-
ously susceptible to pitting attack in the presence of some oxidizing species
such as ferric and cupric ions whereas tantalum is not. Tantalum is also re-
sistant to both wet and dry chlorine.

Most of the passivating metals exhibit good resistance over a fairly wide
range of concentrations and temperatures in nitric acid (HNO;). All except
tantalum, however, have susceptibility to stress corrosion cracking in certain
regions. They are also prone to attack when other aggressive species such as
chloride or ferric ions are present, even at contamination levels.

In general, alloying of tantalum with more than a few percent of another
reactive metal will yield an alloy with corrosive properties between the two
metals and significantly inferior to straight tantalum. This effect has been
well demonstrated by work done with the alloys Ta-Ti, Ta-W, and Ta-Nb.

The considerable extent to which a mixed media of acid with other ions can
be selectively corrosive to the different metals is particularly demonstrated in
the results of exposure of several alloys to an environment of water, HC, iron
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chloride, and aluminum chloride at 80 to 114°C. The order of decreasing
resistance to attack was established in a recent experimental program as:

Ta; Ta-2.5W alloy
Nb-Ta alloy

Nb; Zr

Hastelloy B2

Other recent data, though obtained in boiling 70% and 75% H,SO, at 165
and 185°C (330 and 365°F), indicate a similar sequence of corrosion resis-
tance; that is,

Ta
Ta-Nb alloys; Hf
Zr; Nb

In both cases the tantalum had essentially nil corrosion, whereas corrosion
was of measureable extent in the other metals.

In highly reducing media such as HCI and H,SO, embrittlement may be-
come the limiting factor in the performance of these metals, including tanta-
lum. For tantalum the tendency for hydrogen absorption increases at higher
pressures, temperatures, and concentrations. It becomes particularly likely at
concentrations beyond about 20% HCI and 70% H,SO,4 and temperatures
greater than 176°C. Some inhibiting effect to this susceptibility has been
demonstrated by the presence of additional oxide on the metal surface and by
the introduction of minor amounts of platinum in electrical contact.

An experimental program evaluating tantalum for sour gas and oil service
has yielded strong evidence that it is highly resistant to embrittlement or cor-
rosion in hot acid-chloride-hydrogen sulfide environments. Tantalum speci-
mens have withstood with no discernible effects the following exposures:

* 30 days at ambient temperature in NACE solution? at a yield stress of 172
MPa (25 000 psi).

¢ 1079 in./in./s slow strain rate extension at ambient temperature in
NACE solution to ductile fracture.

¢ 107%in./in./s slow strain rate extension at 176 to 243°C (350 to 470°F)
in aqueous 25% NaCl + 689 kPa (100 psi) H,S by ductile fracture.

Each condition was repeated for a welded tantalum piece and with galvanic
coupling to steel.

Fabrication Characteristics

Formabiiity

The variety of product forms manufactured of tantalum reflects the highly
favorable fabrication characteristics of the metal. In simplistic terms its

INACE solution is aqueous 5% NaCl, 0.5% acetic acid, and H,S (saturated, 1 atm).
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workability might be described as having resemblances to both copper and
titanium. The predominant limiting consideration in fabricating tantalum,
which must be remembered and respected, is its strong interactive tendency
with other metals, air, and many chemicals when its passivity is compro-
mised. Accordingly, it is important (1) to avoid heating tantalum in air or in
contact with other noninert materials for measureable time periods at tem-
peratures above about 316 to 427°C (600 to 800 °F), and (2) to avoid or mini-
mize the degree of burnishing action in mechanical processing, because sur-
face galling and sticking readily occurs. Neither of these precautions is highly
restrictive in practice.

The rate and extent of work hardening of tantalum are not great relative to
those of other structural metals. Therefore extensive shape changes can be
accomplished without annealing and without high risk of fracture; the degree
of springback (or *‘stay-put’’) also favorably compares to the other common
metals. There appears to be little or no well-defined fatigue data, probably
because in any relevant applications the metal has displayed good resistance.
It has been definitively observed in recent years that alloyed tantalum or arc
melted metal with enhanced oxygen and impurity composition levels respond
to shop fabrication more favorably than very high purity electron-beam
melted metal. The high purity metal werk hardens so slowly that it exhibits a
“mushy” characteristic and a tendency to locally “neck down’ in severe
forming operations.

Welding

High integrity welding of tantalum is routinely accomplished with standard
tungsten-inert-gas (TIG) procedures and meticulous attention to prevention
of contamination. Weld evaluation is relatively clear-cut because the bright
shiny weld bead is indicative of the high quality requirement. Refer to the
photographs of the tantalum thermowells (Fig. 10), heat exchanger and shell
(Fig. 13), and pickling tank (Fig. 21). Any discoloration or dullness in the
weld is reason to suspect the integrity and a hardness check should be made.
Before welding it is advisable, if possible, to etch off any oxide and remove
any other chemical films including residues from cleaning solvents or han-
dling stains. Thorough inert gas purging and coverage are necessary.

Straight polarity (electrode negative) direct-current power is most appro-
priate for TIG welding. Extremely coarse grain size in the fusion zone of the
weld and considerable grain growth in the heat-affected zone are characteris-
tics of tantalum welds. Weld strength efficiencies of about 90% are usual, but
occasionally harder, stronger welds than the base metal are obtained in sheet
welds. This is primarily because of the high sensitivity to oxygen content in
the weld and is not necessarily undesirable.
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FIG. 21—Solid tantalum pickling tank.

TABLE 2—Basic parameters of tantalum machining.

Setup rigid RN
Feed/cut depth heavy >0.4 mm (0.015 in.) IPR
Surface speed slow 40 to 50 SEPM
Tooling maintained sharp 5 to 10 deg side clearance
. heavy lube flow 45 deg side rake

5 deg back rake

5 to 10 deg front clearance

Machining

High quality machined items are routinely produced when attention is de-
voted to the basic limiting parameters. These are listed in Table 2.

Grinding of tantalum is done but should be avoided or at least limited as
much as practicable. The abrading medium is “‘loaded” and worn at a high
rate, making a good surface and controlled metal removal difficult,
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Although the electronic industry still consumes the major share of U.S.
tantalum production (for electronic capacitors), chemical process industry
(CPI) usage and other industrial corrosion applications have increased to the
point where the label “exotic” no longer applies to tantalum [1}. The excel-
lent corrosion resistance of tantalum and its alloys makes them ideal for a
wide range of chemical process equipment.

Niobium and its alloys possess corrosion resistance approaching that of

!Cabot Corporation, Reading, Pa. 19603.
2K BI Division, Cabot Corporation, Reading, Pa. 19603.
3Cabot Corporation, Kokomo, Ind. 46901.
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tantalum and its alloys. Niobium continues to find principal use as an alloy-
ing element in steel and superalloys, but it is also of interest as a corrosion-
resistant material either singly or in combination with tantalum or other al-
loying elements.

Tantalum, niobium, and their alloys also have high melting points and ex-
cellent elevated temperature mechanical properties; they are excellent mate-
rials for high temperature corrosion applications such as crucibles, furnace
interiors, heat shields, and thermocouple sheaths in vacuum or inert atmo-
sphere.

The long service life and reliability of these materials usually offset their
higher initial construction and installation costs.

The purpose of this paper is to document recent data obtained in corrosion
tests of tantalum, niobium, and their alloys in aqueous solutions, to demon-
strate the advantages of a newly introduced Ta-Nb alloy (60 wt% Ta, 40 wt%
Nb), and to highlight service experience with these materials at high tempera-
tures and in surgical applications.

Corrosion Characteristics of Tantalum, Niobium, and Their Alloys

Positive Characteristics

The outstanding corrosion characteristics of tantalum and niobium are due
to a naturally occurring amorphous surface oxide film which is approximately
10 to 40A thick. On tantalum, the film is stable up to 260°C [2]. Tantalum is
recognized as the most corrosion-resistant metal available for industrial cor-
rosion applications, particularly for the chemical industry (Table 1). Niobium
is less corrosion resistant than tantalum, but is still quite satisfactory in a
large number of applications (Table 2).

Tantalum-base alloys such as Ta-2.5W and Ta-10W have been designed
for increased mechanical properties over the parent metal with little or no loss
in corrosion resistance. KBI® alloy 40, a Ta-40Nb alloy presently receiving
extensive laboratory and field testing, exhibits corrosion resistance very near
that of tantalum.?

Niobium and its alloys (such as Nb-1Zr) are used in many industrial appli-
cations, even though they are less corrosion resistant than tantalum or even
KBI alloy 40. However, they are extremely resistant to corrosive attack when
compared with other engineering materials such as titanium or nickel-base
alloys.

Even when tantalum, niobium, and their alloys suffer corrosive attack in
service, the problems are minimal because uniform dissolution is the typical
form of attack. The passive oxide film on these alloys is extremely resistant to
corrosive breakdown and repairs itself rapidly. This virtually prevents the oc-

4KBI is a registered trademark of Cabot Corporation.
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currence of pitting, crevice attack, intergranular corrosion, and stress corro-
sion cracking, thus eliminating the major causes of catastrophic failure com-
mon to other engineering materials. This translates into substantial savings
since thinner sections can be used. These savings are clearly evidenced when
these materials are selected on the basis of life cycle costing. In addition to
initial cost, this takes into account levels of product quality, length of trouble-
free operation, and any increase in productivity due to reduced downtime and
lower maintenance requirements.

Limitations of Tantalum, Niobium, and Their Alloys

Hydrogen embrittlement is the single most important cause of failure of
tantalum, niobium, and their alloys. These metals readily absorb hydrogen
interstitially; as a result they become brittle although their physical appear-
ance remains the same. Niobium is even more susceptible to hydrogen em-
brittlement than tantalum.

Tantalum and niobium absorb molecular hydrogen above 250°C and
atomic hydrogen, more active than molecular hydrogen, at room tempera-
ture. In aqueous solutions, embrittlement by atomic hydrogen is by far the
more serious problem. It can come about by any of the following mechanisms:

1. Dissolution of the metal in hydrofluoric acid.
2. Stray currents that cause the metal to become cathodic.
3. Galvanic coupling to a more active metal.

Tantalum and niobium react readily with almost all salt solutions and acids
producing amorphous oxide films, as previously described. Therefore, even
though bare tantalum would be at the active or anodic end of the electromo-
tive series, similar to aluminum or zinc, the presence of this passive oxide film
increases its potential and places tantalum at the more noble end of the elec-
tromotive series. As a result, when tantalum is connected to another metal
such as aluminum or steel to form a galvanic couple, tantalum becomes ca-
thodic. The more active metal, aluminum or steel, will dissolve; the cathodic
reaction produces hydrogen, which embrittles the tantalum. The effect of hy-
drogen is cumulative and results in progressive loss of strength and eventual
failure of the tantalum. Therefore it is essential that tantalum be maintained
as the anode when connected to another metal. The foregoing considerations
apply equally to tantalum alloys, niobium, and niobium alloys.

Anodic Protection of Tantalum, Niobium, and Their Alloys

Anodic protection of these refractory metals is generally accomplished by
connecting them to the positive pole of a d-c source (about 15 V); the negative
pole is connected to some other metallic part which is exposed either to the
solution in the vessel or to ground, as schematically shown in Fig. 1. Obvi-
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FIG. 1—Protecting tantalum bayonet heaters from galvanic attack.

ously, this arrangement is not possible if the electrolyte attacks the refractory
metal.
Other methods of preventing hydrogen embrittlement are:

1. Anodization of the refractory metals to maintain their anodic character.
As an additional precaution, however, the refractory metals should still be
connected as the positive electrode.

2. Attachment of another metal which has a low hydrogen overvoltage and
is electrochemically cathodic to the refractory metal in the particular electro-
Iyte. Platinum has been used effectively in industry, particularly in hydro-
chloric acid, which does not significantly attack the naturally formed oxide
film. Since these refractory metals are close to platinum and gold in the elec-
tromotive series, only these noble metals meet the low hydrogen overvoltage
conditions of the method given above. Small areas of noble metal (that is,
platinum foil) can be attached to the refractory metal by spot welding. Other
methods include electroplating, and rubbing noble metal powder or wool on
the surface of the refractory metals (tantalum, niobium, and their alloys).

3. Addition of platinum salts to the solution [3]. Adding small amounts of
platinum chloride salts have been used successfully to prevent the embrittle-
ment of tantalum (also niobium) in HCI.

Failure Due to Surface Inhomogeneities

In addition to hydrogen embrittlement, corrosive failure of refractory
metals may result from surface inhomogeneities such as (1) differences in sur-
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face texture, (2) surface impurities due to machining, grinding, or forming,
and (3) chemical inhomogeneities such as inclusions. These inhomogeneities
cause failures by creating localized galvanic cells on the surface of the metal.
They can only be prevented by careful surface preparation with inspection
before installation. Whenever possible, cleaning by etching in a nitric acid-
hydrofluoric acid mixture solution should precede actual use of the material.

Corrosion Resistance in Aqueous Environments

In aqueous environments, pure tantalum is the most corrosion resistant
metal. It is resistant to corrosive attack by all chemicals, except fluorides,
fuming sulfuric acid, and concentrated alkalies.

Niobium is inert to almost all salt solutions and acids at room temperature
except fluorides, sulfuric acid containing free sulfuric trioxide, and alkalies.
At or near room temperature, it is similar to tantalum in its corrosion charac-
teristics. Its corrosion resistance is generally satisfactory up to about 100°C in
most corrosive environments.

Specific data are given below for the corrosion resistance of tantalum,
niobium, and their alloys in the most common aqueous environments.

Hydrochloric Acid—Tantalum is resistant to hydrochloric acid at nearly all
concentrations, temperatures, and pressures. No significant attack has been
observed up to 190°C and 4.1 MPa (600 psi) in concentrations less than 30%.
Tantalum may, under the most severe conditions, suffer hydrogen embrittle-
ment at high temperatures in HCI. Coupling the tantalum or niobium to a
small piece of platinum can prevent hydrogen embrittlement [3].

Ta-2.5W and Ta-10W exhibit corrosion resistance similar to that of the
base metal.

KBI alloy 40 demonstrated excellent resistance to hydrochloric acid in lab-
oratory tests (Fig. 2). It can be seen that alloy 40 is resistant to HCI at all
concentrations up to the boiling point. At 190°C, in 30% HCI, significant
corrosion accompanied by hydrogen absorption was observed. This resistance
is comparable to that of tantalum (Fig. 3). Additions of oxidizing, reducing,
or neutral salts do not alter corrosion resistance (Table 3).

Niobium, as previously stated, is not as resistant to HCI as tantalum or
alloy 40 (Table 3).

Sulfuric Acid—Tantalum is highly resistant to sulfuric acid (Fig. 4). Mea-
surable slow uniform attack in high concentration sulfuric acid begins at
about 175°C. At temperatures as high as 200°C, tantalum can be used suc-
cessfully with 98% H,SO, [4].

Ta-2.5W and Ta-10W exhibit corrosion resistance to H,SO, similar to un-
alloyed tantalum.

KBI alloy 40 also possesses excellent corrosion resistance in sulfuric acid
(Fig. 5). Recent tests show that measurable corrosion begins in boiling 70%
H,S0,. The hydrogen pickup characteristics appear to be similar to tantalum
(Table 3).
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FIG. 2—Corrosion resistance of KBI alloy 40 in hydrochloric acid |13].

Nitric Acid—The corrosion resistance of tantalum is excellent in nitric acid
and aqua regia. Tantalum is inert to nitric acid at all concentrations up to
boiling. Chlorides in nitric acid do not reduce the corrosion resistance. In
chemical processing equipment, tantalum successfully handles fuming nitric
acid at services up to 5.6 MPa (800 psig) and 315°C for years [4].

Initial laboratory testing of KBI alloy 40 showed that it also possesses, as
expected, excellent corrosion resistance in nitric acid. After one week in 65%
HNO; at boiling, no corrosion resulted.

No niobium corrosion resulted from exposures in solutions up to\70%
HNO; at temperatures up to 250°C [5]. Niobium is not adversely affected by
oxidizing salts such as ferric chloride or cupric salts in nitric acid. Nitric acid
processing is an area where niobium should find extensive use.

Phosphoric Acid—Tantalum is resistant to concentrated phosphoric acid
(85%) when fluoride concentration is low (less than 4 ppm) at temperatures
up to 200°C. In boiling 85% H;3PO, (165°C), the corrosion rates determined
for tantalum, KBI alloy 40, and niobium were respectively 0.005 (0.2 mpy),
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FIG. 3—Corrosion resistance of tantalum in hydrochloric acid [13).

0.063 (2.5 mpy), and 1.2 (48 mpy) mm/year.> Niobium is resistant to concen-
trated phosphoric acid (85%) up to 100°C [5].

Organics—In general, tantalum is completely resistant to most organic
compounds; it is used in heat exchangers, spargers, and reaction vessels, par-
ticularly when corrosive inorganic chemicals are involved or low residual im-
purities are essential. These include solutions of acetic, lactic, monochloro-
acetic, formic, and oxalic acids up to their boiling points, as well as phenol.
In addition, most organic salts, gases, alcohols, ketones, alkalies, and esters
do not attack tantalum. Exceptions include fluoride-containing reagents or
hydrolizable reagents that yield hydrofluoric acid or contain free sulfur triox-
ide or strong alkalies.

Tantalum is an excellent material where product contamination and unde-
sirable side reactions must be avoided such as in food processing and some
chemical industry applications [4].

Miscellaneous Chemicals—Tantalum is resistant to hydrogen peroxide, the

SOriginal measurements were in English units.



BURNS ET AL ON TANTALUM, NIOBIUM, AND THEIR ALLOYS

TABLE 3—Corrosion test results on tantalum, KBI alloy 40, and niobium at boiling in

H,S0, + AICl;, HySO, + NaCl. HySO, + FeCl;, HCl + AICI;, HCl + NaCl, and
HCI + FeCl,,.

61

Corrosion Results after Four 24-h Periods

Approximate

Tantalum KBI alloy 40 Niobium Boiling
Acid Temperature,

Concentration %% Salt mpy" H, ppm® mpy H; ppm mpy H, ppm °C
10% H,S0, 5% AlCl, nil <S5 nil 15 2.2 50 101
10% H,S0, 15% AICl; nil S nil IN 3.5 60 101
30% H,S0, 5% AICly nil N nil 10 6.9 125 107
30% H,S0, 15% AICly nil <S5 nil 20 6.7 90 107
60% H,SO, S% AICIy 0.2 S 1.1 20 29 90 141
10% H,S0, 10% NaCl nil 10 29 40 101
30% H,S0, 10% NaCl o ce 0.1 <S5 9.7 90 107
60% H,S0, 10% NaCl nil <S5 1.1 S 4 85 141
70% H,S0, 10% NaCl 0.4 <$ 8.0 10 165
10% H,S0, 0.01% FeCl; nil nil 1 S 101
30% H,S0, 0.01% FeCl, nil 0.1 4 25 107
50% H,S0, 0.01% FeCl; nil . 03 ... o e 124
60% H,SO, 0.01% FeCly 0.1 <3S 1.0 <S5 40 110 143
10% HCl 5% AICl; nil <3S nil <S5 4.9 60 104
10% HCI 15% AICIl; nil 10 nil <5 12 175 104
20% HCl 5% AICK nil <5 nil S 23 305 104
20% HCI1 5% AICI4 nil <3S nil S 9 210 104
5% HCI 10% NaCl nil S nil <5 1.2 20 101
10% HCl 10% NaCl nil N nil 10 7.4 178 104
15% HCl 10% NaCl nil <S5 nil <5 16 215 109
10% HCI 0.005% FeCl;  nil . nil . 1.6 e 104
20% HCI1 0.005% FeCl;  nil S 0.1 S 32 N 110
30% HCI 0.005% FeCl;  nil <3S nil S 92
36% HCI 0.005% FeCl;  nil nil 81

“mpy = corrosion rate in mils per year (one mil per year = 0.025 mm/year).
bH,ppm = parts per miilion of hydrogen absorbed during test.

halogens chlorine, bromine, and iodine, the halogen-containing acids HBr

and HI, and almost all salts that do not contain fluorine.

Fabrication Methods Applicable to Refractory Metals

In general, there are three types of construction used to fabricate tantalum,
niobium, and their alloys into vessels and other components for the chemical
process industry [6]. They are (1) loose-lined, (2) integrally clad, and (3) solid.



62 REFRACTORY METALS AND THEIR INDUSTRIAL APPLICATIONS

700
600}
300
500t BOILING POINT CURVE 20
(&)
400 - e o 2000-
< w
. 3 m
g > o Wl :
|3 I
& 300 2] o o W
o (9] z
3 e o © ,_
a 200F ® o © - 100
© NO CORROSION
100}
[X] miLs/vear (D
4 o
o 1 A B 1 A 1 [ L
0 20 40 60 80 100

CONCENTRATION |, WEIGHT %

FIG. 4—Corrosion resistance of tantalum in sulfuric acid [13].

Loose-Lined Construction

Refractory metals may be fabricated separately as liners and inserted into
shells without bonding. This ‘‘loose-lined construction” is the most economi-
cal and most widely used fabrication method. Liner thicknesses of 0.38 to
0.76 mm (0.015 to 0.030 in.) are satisfactory since corrosion will be uniform.
Other corrosion-resistant metals such as titanium or zirconium require thick-
nesses of 1.0 to 3.2 mm (0.040 to 0.125 in.) to accommodate localized corro-
sion processes such as pitting, crevice corrosion, cracking by stress corrosion,
and corrosion fatigue.

Although economical, the loose-lined type of construction has some intrin-
sic disadvantages: (1) unsuitability for use in vacuum, (2) limitations with
regard to temperature and pressure, (3) poor heat transfer qualities due to air
space between liner and shell, and (4) difficulty in repairing liner failures.
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FIG. S—Corrosion resistance of KBI alloy 40 in sulfuric acid [13].

Integrally Clad Construction

In this fabrication method, refractory metal sheet is explosively bonded to a
substrate such as copper or steel. No heating is used so each material retains
its initial properties. The resulting composite can be rolled, fabricated, or
welded. This process has made it possible to construct large high pressure
vessels and has contributed greatly to the cost-effectiveness of refractory ma-
terials.

Solid Construction

This construction applies to structures manufactured totally from the same
corrosion-resistant material. This is the most expensive method of construc-
tion. It is only used in cases where no other method is satisfactory, for exam-
ple, in the case of U-bundle condensers.
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Industrial Applications of Tantalum, Niobium, and Their Alloys

There are substantially more corrosion resistance applications for pure tan-
talum than for any other refractory metal. Not only is tantalum the most cor-
rosion resistant refractory metal, it is extremely easy to fabricate, both from
the standpoint of the material supplier and the fabricator or end user.

CPI Reaction Vessels

Tantalum can be cost effective for most reaction vessels. Compared to less
expensive materials, with accompanying poorer corrosion resistance, tanta-
lum can be used at higher operating temperatures as well as at higher reac-
tant concentrations, often permitting a reduction in the size of the reaction
vessel. Tantalum is typically used as thin sheets explosively bonded to a sub-
strate (usually steel) or used as loose liners. The wall thickness of the sub-
strate is proportional to the pressure in the reaction chamber. For over 30
years, tantalum vessels have been used to produce HCI from hydrogen chlo-
ride gas by absorption [2]. Tantalum vessels have also been employed in the
manufacture of insecticides, pharmaceuticals, fine chemicals, explosives,
dyestuffs, and in the condensation of phosgene derivatives. These applica-
tions rely on tantalum to minimize product contamination.

Tantalum and niobium vessels have been used extensively in chromic acid
plating applications such as tanks, heat exchangers, piping, thermowells,
distillation and condensation columns, and anode baskets and bars. Small
amounts of fluorides in these plating solutions have been reported not to at-
tack tantalum [7].

Tantalum and Ta-10W sheet have been used extensively to repair defects in
glass-lined vessels. Tantalum was chosen because of its chemical inertness,
which is similar to glass. Disks of Ta-10W alloy, which have a higher yield
strength than tantalum [410 MPa (60 000 psi) compared to 140 MPA (20 000
psi)] (Table 4), are often required to maintain more reliable seals when used
to patch glass-lined vessels.

Heat Exchangers

Tantalum, niobium, and their alloys are ideal materials for heat exchang-
ers because of their high thermal conductivity. This, coupled with their ability
to be used in thin cross sections and their nonfouling character, further in-
creases their ability to transfer heat rapidly [8]. By way of comparison, the
thermal conductivity of tantalum and niobium is more than twice that of tita-
nium, three times better than zirconium or stainless steels, and four times
that of nickel-base alloys. The heat transfer rate does not change with time
because the amorphous oxide layer does not become thicker. Heat transfer
equipment components include heat exchangers, condensers, bayonet
heaters, spiral coils, U-tubes, spargers, and side arm reboilers.
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TABLE 4—Physical and mechanical properties of tantalum, niobium, and
selected corrosion-resistant alloys.

Tan- KBI Nio-
talum Ta-2.5W Ta-10W alloy40 bium Nb-1Zr
Density
g/cm’ 16.6 16.7 16.9 12.1 8.57 8.57
Ib/in.’ 0.601 0.6 0.610  0.437 0.310 0.310
Melting point, °C 2996 3000 3035 2700 2468 2410

Avg. ASTM grain
size, 0.76-mm (0.030-in.)-thick

sheet 6to7 7t08 8to9 809 6to7 8to9
Tensile strength (min.)?

MPa 206 276 483 276 172 241

psi 30000 40000 70000 40000 2S 000 35000
0.2% yield strength (min.)?

MPa 138 193 414 193 103 138

psi 20000 28000 60000 28000 15000 20000

Elongation % in 50.8 mm (2 in.)
gage length (min.) 25 25 15 25 25 20

9 Annealed condition.

The Ta-2.5W alloy is also used extensively in heat exchanger applications
because it provides increased hardness, strength, and abrasion resistance
without sacrificing corrosion resistance.

Other Applications

Tantalum and its alloys (Ta-2.5W and Ta-10W) have been fabricated into
intricate shapes such as impellers for sulfuric acid pumps and spinnerettes for
the production of synthetic yarn [2]. Additional tantalum applications in-
clude thermowells, rupture diaphragms, orifices, tower internals, and valve
liners.

Tantalum allows a processor to go to higher temperatures, concentrations,
and pressures. In this manner, when life cycle costing is considered, tantalum
or its alloys (Ta-2.5W or Ta-10W) can represent the most economical ap-
proach. Either tungsten-bearing alloy, for the most part, can be substituted
for tantalum when improved mechanical properties such as strength and
abrasion resistance are required. KBI Alloy 40 can reduce the raw material
cost even further.

At lower temperatures, niobium or Nb-1Zr alloy may be considered with
significant savings. One can still have the benefit of minimum product con-
tamination and use of thin cross sections.
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Cathodic Protection Applications

Niobium is becoming increasingly important in cathodic protection sys-
tems [9-12] such as for protecting North Sea oil rigs and oil well casings.
Niobium, which is becoming the preferred substrate material, has an anodic
breakdown voltage of 120 V in sodium chloride solutions and seawater repre-
senting an increase by a factor of twelve over that for titanium (10 V) [12].
Tantalum, which has a breakdown voltage in excess of 180 V, can also be
used.

In these applications, niobium, titanium, or tantalum serve as substrates
for the platinum anode. The very high cost of platinum ($475/troy ounce,
December 1982) renders solid platinum anodes uneconomical. Metals that
form electrically insulating oxide films, such as the reactive and refractory
metals, serve as substrates for platinum while not taking part in the anodic
reaction. The electrically insulating amorphous oxide films on them prevent
current flow from the substrate into the electrolyte and at the same time pro-
vide a corrosion-resistant barrier.

Good electrical conductivity of the substrate is required to allow current to
flow from the niobium to the platinum. Therefore good bonding of the plati-
num to niobium is required. This can be accomplished by electroplating or by
metallurgical co-processing routes. Often copper cores are used to increase
electrical conductivity.

The selection of titanium, niobium, or tantalum is generally dependent
upon economics. One has a choice between many large titanium anodes oper-
ating at low voltage or a few small niobium or tantalum anodes operating at
high voltage with the highest current density possible on the platinum. Plati-
nized niobium is being used for the protection of North Sea oil rigs because of
its ability to handle high currents with a reasonably low number of anodes.

Niobium anodes are also finding use in small diameter, deep well, open
hole ground beds for the protection of production oil well casings [10]. Sub-
stantial savings have been reported in the installation cost of anode beds as
well as anode assemblies, some savings representing two thirds of the conven-
tional anode bed cost and four fifths of the anode assembly cost. It is antici-
pated that all deep well casings will eventually be protected by platinized
niobium anodes.

It should be noted that the first instance of the susceptibility of niobium
(and tantalum) to crevice/deposit corrosion was reported in the deep well ap-
plications. Anodic breakdown voltages of as low as 20 to 40 V were recorded.
Experiments demonstrated [//] that the low voltage was caused by contami-
nation of the surface by copper, iron, and niobium particles. Other metals
would also cause this problem. This instance of crevice/deposit corrosion
does not limit the wide-scale applicability of niobium and tantalum for corro-
sion resistance, both polarized and unpolarized. It does, however, show the
importance of careful preparation techniques to ensure a clean surface which
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will avoid initiation of the susceptibility to corrosion. Prefilming in uncon-
taminated electrolyte, such as pure brine or sodium sulfate, would seem a
satisfactory practical expedient to combat any tendency for deterioration in
corrosion resistance.

High Temperature Applications

Tantalum, niobium, and their alloys possess a combination of properties
that make them excellent materials for high temperature corrosion applica-
tions in inert atmospheres or vacuum. The metals have high melting points,
good elevated temperature mechanical properties, inertness due to the imper-
vious surface oxide film, and good fabricability. Above 250°C, tantalum,
niobium, and their alloys have poor resistance to attack by atmospheric gases
(air, oxygen, nitrogen, hydrogen, carbon monoxide, and carbon dioxide).
Embrittlement of these metals and alloys results from interstitial compound
formation.

The ability of tantalum and niobium to react with large volumes of gases
make them ideal as getters in vacuum furnaces and gas purification systems.
Other high temperature applications include susceptors, resistance heaters,
trays, thermowells, thermocouple sheaths, structural parts, crucibles, heat
shields, evaporating dishes, and containers for liquid metals and vapors. Cru-
cibles, particularly of tantalum, are used for high temperature reactions, fu-
sions, distillations, and melting of special glasses. Tantalum crucibles are
also used extensively in electronics and metallizing for containing materials
for evaporation for thin film deposition.

Liquid Metals Handling

The resistance to liquid metal corrosion is outstanding for tantalum and its
alloys and niobium and its alloys (Table 5). In addition to its excellent resis-
tance to corrosion by molten alkali metals, niobium is also highly resistant to
attack by sodium vapor at high temperatures and pressures. The Nb-1Zr alloy
has been used for millions of end caps in high pressure sodium vapor lamps

[5].

Surgical Uses

Tantalum has long been used as a prosthetic material in surgery. In addi-
tion to its chemical inertness and ease of fabrication, tantalum is accepted by
body tissue. Its surgical advantages include workability, minimal electrolytic
action in body fluids, and nontoxicity; these properties allow connective tissue
to anchor on the implant and continue normal growth unhampered.

Tantalum is used for repairing cranial damage, for sutures, and as a mesh
for repairing large or recurrent hernias. Braid sutures are pliable and strong
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TABLE 5—Resistance of tantalum and niobium to corrosion
by molten metals [14].

Good Corrosion Good Corrosion
Resistance of Tantalum Resistance of Niobium
Molten Metal up to (°C) up to (°C)
Bismuth 900 560
Gallium 450 400
Lead 1000 850
Lithium 1000 1000
Mercury 600 600
Potassium 1000 1000
Sodium 1000 1000
Th-Mg eutectic 1000 850
Uranium 1450 1400
Zinc 450 450

and approach silk with respect to ease of handling and tying knots that do not
slip. The wire mesh used to repair hernias is made of strands 0.076 mm (0.003
in.) in diameter, woven into a 50-mesh screen. This metallic gauze supplies
the needed support to the weakened area immediately after surgery. Shortly
thereafter, fibrous tissue attaches itself to the mesh to provide permanent
strength to the abdominal wall. The chemical inertness of tantalum mini-
mizes the damage of post-operative infection. At present, KBI alloy 40 and
niobium are not used in surgery. Niobium is suitable for surgical implants [5].
KBI alloy 40 has not been tested.

Conclusions

1. Tantalum, niobium, and their alloys are cost effective compared to ma-
terials of lower initial cost, provided their outstanding corrosion properties
are properly employed, resulting in trouble-free operation and increased pro-
ductivity due to reduced downtime and maintenance.

2. Laboratory corrosion tests show near equivalence in corrosion resistance
between tantalum and KBI alloy 40 in many corrosive environments. The sig-
nificantly lower density of KBI alloy 40 dramatically reduces the weight of the
product per square foot of alloy sheet when compared to tantalum.

3. Tantalum, niobium, and their alloys can be advantageously employed
where conditions are highly corrosive, cost of loss of production is critical, or
downtime costs cannot be tolerated.

4. When product contamination cannot be tolerated, the use of these ma-
terials is a logical choice such as in the processing of pharmaceuticals, plas-
tics, explosives, insecticides, and dyestuffs.
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Electrolytic Capacitors

A capacitor is a device that stores electrons much the same as a surge tank
would store water and water pressure in a pipeline. The electrons are stored by
using two conductors or electrodes, separated by an insulator. A voltage on
one electrode controls the charge on the other electrode by a field effect
through the insulator and without any appreciable electron movement be-
tween the electrodes. Any two conductors separated by an insulator will have a
capacitive reactance. The quantity of electrons stored or involved is expressed
in farads. In engineering practice, this value is expressed in microfarads and
picofarads. The conventional schematic is shown in Fig. 1. The basic capaci-
tance expression is

_ K(area)(dielectric constant)  KADy

C :
spacing t
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CATHODE - ANODE +

FIG. 1—Schematic of capacitor dielectrics.

where
C = capacitance expressed in fractional farads,
K = aconstant,
Dy = the dielectric constant of the insulator,
A = area, and
t = insulator thickness or spacing between the electrodes.

This equation demonstrates the benefit of using very thin layers of insulators
with high dielectric constants. Capacitors are produced that use insulators
made of air, oil, plastics, mica, and ceramic sections. Electrolytic capacitors
are made by growing an anodic insulating film on a suitable metal electrode.
This procedure provides insulator thicknesses much less than can be produced
manually. Thus electrolytic capacitors are used to provide relatively large ca-
pacitance values or relatively small physical size.

Many metals can be anodized in an electrolyte to produce an insulating ox-
ide film. Two metals, however, tantalum and aluminum, can be anodized to
relatively high voltage and therefore enjoy commercial importance and com-
petition. Niobium can also be anodized to a useable high voltage, but the rate
of crystallization of the amorphous oxide film is a distinct technical disadvan-
tage that limits its operating temperature range. Other metals that can be
anodized to relatively low voltages include silicon, titanium, zirconium, haf-
nium, and beryllium. None of these metals is used in commercial capacitor
production.

Table 1 compares the dielectric constants and dielectric thicknesses for tan-
talum, aluminum, and niobium. Barium titanate is included because it is the

TABLE 1—Capaciror dielectrics.

Dy t, Asv
Ta,0; 25 16
Nb,Os 4111 25
AlLO, 9 14

BaTiO; 5000 (300 v/0.025 mm)
Air 1 ..
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base material used to produce a monolithic ceramic capacitor, which is a clever
design of several individual ceramic capacitors in parallel. As such, it is com-
mercially competitive with tantalum and aluminum electrolytics.

In its simplest form, an electrolytic capacitor is made using a tantalum or
aluminum sheet, usually in the form of thin foil. Firstly, the foil is etched to
increase the surface area. This involves a special type of electrolytic etching
that produces undercut irregularities in the surface of the metal foil. Surface
area increases up to 15-fold are achieved in tantalum, and 20-fold with alumi-
num. Some of this surface area is lost when the amorphous oxide film is grown
on the metal. However, the surface area increase is commercially significant.

After the etching operation, the foil is immersed in another electrolyte and
the amorphous oxide insulating film is grown by passing a direct current hold-
ing the electrode at a positive voltage. This oxide film will grow to a thickness
controlled by the voltage drop across the film. Sample thicknesses, in terms of
angstroms per volt, are given in Table 1. In this basic form, the capacitor
anode is rolled up, placed in a tubular container with a suitable paste or liquid
electrolyte, and the ends of the container are sealed to retain the electrolyte
and provide egress for a wire connector. In a real case, the interface of the
electrolyte and the container wall is also a smaller capacitor in series, which
could reduce the performance of the etched foil element. To avoid this, capac-
itors are made by rolling up two etched foil electrodes, one of which is ano-
dized. In this configuration, the anodized electrode must always be kept at a
positive voltage—a polarized capacitor. A nonpolar capacitor can be pro-
duced by anodizing both electrodes, with subsequent loss of total capacitance.

Billions of aluminum electrolytic capacitors are built each year. Aluminum
has the advantage of relatively low cost, but has the disadvantage of using ma-
terials that are actively corrosive, which can lead to failures during extended
shelf storage or periods of inactivity in actual circuits.

On the other hand, the tantalum systems used are chemically inert and have
indefinite life during periods of inactivity, either on the shelf or in a circuit.
This characteristic of tantalum capacitors is the main reason they are used in
military, missile, computer, and communication electronics where long life
and high reliability are required. This requirement can result from the actual
demands on the circuitry, or the cost or complexity of replacement.

These anodic films are polar in the sense that they must remain at a positive
voltage in order to remain insulating. If the voltage reverses, the film will pass
current. As such, we have the elements of a rectifier. Indeed, tantalum rectifi-
ers were used in railway signaling in the 1930s. This application involved re-
mote operation with infrequent servicing. This rectifier use evolved into ca-
pacitor use after World War II when tantalum foil capacitors were made for
missile systems and computers. Almost simultaneously, the sintered powder
element of a rectifier was used as a capacitor. High purity tantalum powder
was pressed to approximately 50% density and sintered around 2000°C to
produce a pure surface in a mechanically sound body. The surface was ano-
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dized to give an amorphous tantalum oxide film that could be used in sulfuric
acid. Many millions of these wet slug capacitors have been produced. They
are less expensive than the foil type and offer the advantage of relatively small
size. All electrolytic capacitors that use a liquid or paste electrolyte are tough
and rugged because in their normal function they can heal any damage to the
insulating film. This derives from the fact that the anode, during operation, is
always under a positive voltage, and the electrolytes are able to form more
amorphous oxide in the event of damage. As mentioned previously, tantalum
is compatible with sulfuric acid, which has good conductivity over a wide tem-
perature range. These advantages of temperature range and ruggedness make
the wet slug capacitor very useful in military systems.

The use of liquid electrolytes requires a delicate end seal. Many systems and
designs are used, but almost all show some degree of electrolyte loss or leak-
age. This changes the capacitance value of the unit which, in turn, changes
circuit characteristics. Many attempts have been made to produce a wet elec-
trolyte tantalum with a hermetic seal. Many proposed designs involved a dou-
ble-can concept where the inner can, silver or tantalum, and compatible with
sulfuric acid, was fitted in a hermetic steel can. These systems are used in
quantity today. They are not truly hermetic because there is electrolyte move-
ment from the inner to the outer can space, with subsequent change in capaci-
tance value. Over the last several years, the military has pressed for the pro-
duction of a true hermetic wet electrolyte tantalum capacitor. This design uses
a tantalum can and a tantalum-glass header which is attached to the porous
body anode element. The parts of this design are relatively expensive and the
final closure is tedious, but the overall performance of the finished unit is ex-
cellent. The electrolyte is added before the final closing. The header and can
wall are electron-beam welded. This operation must be done properly and
rapidly before the electrolyte is exposed to excessive heating. These hermetic
wet tantalums are expensive. Their use is almost exclusively military. The
present market is estimated somewhere less than one million units per year,
with potential use approximately five million units per year.

Tantalum capacitors are referred to as foil, wets, and solids. The most pop-
ular type is the solid; this uses a manganese dioxide (MnO,) electrolyte in-
stead of a liquid electrolyte. This system is then solid state with inherent relia-
bility, and it obviates end seals and electrolyte loss. Also, the solid electrolyte
is less affected by temperature changes than the liquid electrolyte. Between
two and three billion solid units are produced each year in the Free World.
Their simplicity of design and concept has led to broad use. The tantalum is in
the form of a pressed and sintered powder body. The voids of this body are im-
pregnated with a manganese nitrate solution which is decomposed at approxi-
mately 350°C to leave a thin MnO, coat on the amorphous tantalum oxide
surface. A thick MnO, layer is produced by repeated pyrolysis, and an electri-
cal contact is made to the MnO,. Today, solid tantalums are made in her-
metic metal cans, molded plastic, or dipped epoxy resin. In the industry,
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these parts are called herms, molded, and dips. Table 2 presents the approxi-
mate annual Free World production of these different types along with aver-
age selling prices. From these data, one can see the areas of competition. Alu-
minums are cheap but, in the past, they have been bulky and subject to the
internal corrosion cited previously. Over recent years, considerable progress
has been made in reducing the size of aluminum electrolytics and reducing the
effect of internal corrosion. Aluminums are a good choice if the use provides
adequate volume and limited temperature range in an active circuit. Tanta-
lum is the best choice in applications where size and solid-state reliability are
required. All solid tantalums have a broad operating temperature range and
reduced capacitance change over this temperature range. Tantalum wets and
foils are used in special applications resulting from environment, voltage, and
reliability. Monolithic ceramics are bulky, but offer broad voltage and tem-
perature ranges.

Among the materials involved, tantalum is the least abundant. Tantalum is
mined in relatively small quantities in rather remote places. These conditions
bring about relatively big changes in market availability and price. Over the
last ten years, the market price of tantalum products has increased about
sevenfold; this increase has had the obvious effect on the price of tantalum ca-
pacitors. The demand for and price of tantalum varies with overall commer-
cial activity in the world because it is used also in cemented carbide cutting
tools, high temperature alloys, and chemical processing equipment. The tan-
talum capacitor industry must defend its domain with energetic use of demon-
strated, innovative skills in reducing the amount of tantalum used in a
capacitor.

The basic capacitor equation given before shows that the product of capaci-
tance and insulator thickness is relatively constant for an anodized film. This
hyperbolic relationship permits the industry to relate the surface areas avail-
able for capacitance in terms of the product of capacitance (microfarads or C)
times the voltage (V) used to grow the amorphous film, allowing that this volt-
age controls the film thickness. Today, conversation about capacitor-grade

TABLE 2—Free World production and
average selling prices of capacitors.

Millions of Relative Price,
Units/Year cents/unit
Al 9000¢ 15
Ta solids 2500 35
Ta wets 20 200
Ta foils 4 400
M/L BaTiO; 4000 65

“Data from Electronic Industries Association,
Washington, D.C., and private communications with
producers (1982).
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tantalum powder always involves the CV per gram available from powder.
Early powders operated between 1000 and 3000 CV per gram. This product
was increased slowly during the early 1970s. Further increases were expedited
by increasing costs of tantalum materials so that today powders of 10 000 CV
per gram are in common use. Beyond this, a fair segment of production is
planned at 15 000 CV per gram and, indeed, capacitors with good perfor-
mance have been produced using powders about 20 000 CV per gram. This
requires powders with more surface area and modified capacitor production
that preserves this area. In addition to the CV per gram term, the industry
now uses other esoteric terms that involve the chemical, physical, and func-
tional performance of the materials involved. Capacitor powder must be of
optimum purity, have good feed and flow characteristics for pressing, have
adequate strength at approximately 50% porosity, and have optimum inter-
nal surface area. These powders have bulk densities of 2 to 3 g/cm? and sur-
face areas of approximately 0.26 m2/g before sintering and 0.09 mZ/g after
sintering.

Most commercial powders are produced by the sodium reduction of K, TaF;.
Some special high voltage and high reliability powders are produced from
electron-beam melted ingot. Workers in this field are now engaged in vigorous
technical and commercial competition. The future is both challenging and
promising.

Superconductivity

The electrical resistance of normal conductors increases with increasing
temperature, whereas resistance of most semiconductors normally decreases
with increasing temperature. In 1911, Onnes was studying the electrical resis-
tance of mercury at very low temperatures. History records that this work ex-
posed the phenomenon of superconductivity where the resistance to electron
flow essentially disappears. Superconductivity remained a laboratory curiosity
for a long time. Much work was done in measuring the critical temperature
(T,), where a specific conductor’s resistance would go to zero. Critical tem-
peratures of most elements and other materials are well defined in the litera-
ture [2]. From the beginning this phenomenon was fascinating in terms of its
possible applications in machines where current (I2) is important. However,
early superconductors went normal when relatively small currents were passed.
This value is called critical current J, and is expressed usually as amperes per
square millimeter. J, varies with the ambient magnetic field (H).

The practical application of superconductivity accelerated in the early 1960s
with the evolution of the BCS theory (Bardeen-Cooper-Schrieffer) of super-
conductivity and the development of some niobium-base alloys that showed
useable current densities. The BCS theory in a simple form states that at 4.2 K
conducting electrons couple to each other and move in a synchronous, or-
dered motion that avoids collisions (resistance).
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The development of practical superconductors was aided in no small part
by the work at Bell Telephone Laboratories, Westinghouse, and elsewhere.
Today, applied superconductivity is a very active technology deeply involved
in many major projects. The general areas of interest can be defined as:

* High energy physics. ® Magnetic levitation.

® Fusion energy. ® Power transmission.

® Power generation. o Nuclear magnetic resonance (NMR).
o Energy storage. ® Magnetic separation.

Niobium and niobium alloys are used widely in these programs. This is
probably because pure niobium has the highest 7', of the more common ele-
ments available. Table 3 lists some superconducting materials now in use in
applied superconductivity projects. This listing compares critical temperature
T., critical field H., and critical current density J.. These are the values of
temperature, magnetic field, and current that will cause a given conductor to
lose its superconducting properties and go normal. Vanadium gallium is in-
cluded in this table because of its current densities at high fields and its use in
ship propulsion where space is critical. Nb3Sn and Nb;Ge are brittle interme-
tallics. Their preparation and use in practical conductors require the unique
procedures described subsequently.

Niobium is a Type I or soft superconductor which has a low H.. As such, ni-
obium finds its biggest use in making radio frequency (RF) cavities used to ac-
celerate particles in high energy particle research. The other materials are
Type 11 or hard superconductors with high H.. These materials fix or pin the
flux, and the multifilament designs, described below, further reduce the nor-
malizing effects of flux moves or jumps.

Niobium-titanium is the most common superconductor because it is rela-
tively easy to produce and being relatively ductile can be fabricated into the in-
tricate geometries required for practical superconductors. The niobium alloys
used have titanium contents between 35 and S5 weight percent. The most
commonly used alloy is 46 weight percent. Typical specifications would re-
quire oxygen below 1000 ppm, iron below 200 ppm, with commensurate val-
ues for other normal impurities. These alloys are produced by the consumable
electrode arc casting of pure niobium and titanium. The cast ingots are fabri-
cated into rods and other sections by combinations of forging, extrusion,

TABLE 3—Critical values of
some superconductors.

Relative J,,

T, K H,T (10T, 4K)

Nb 9 4 low A/mm?
Nb-Ti 10 10 200
Nb,;Sn 18 24 3000
Nb;Ge 23 34 2000

V,Ga 16 p7) 2000
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swaging, and drawing. The alloy producer usually delivers rods or billets to
the conductor producer in diameters between 3 and 76 mm (0.125 and 3 in.).

In a practical application, the design of the superconductor must allow for
the possibility of the conductor going normal due to excessive temperature,
magnetic field, or current. To avoid attendant problems, the superconductor
is imbedded in a stabilizing conductor that has low resistance at cryogenic
temperatures. Copper and aluminum are both used. Copper is more common.

Pure direct current could be handled in a superconductor with simple un-
complicated large cross-sectional area elements. However, practical super-
conducting machines involve pulsating currents and magnetic fields. In order
to reduce the undesirable effects therefrom, the Nb-Ti alloy is in the form of
small filaments imbedded in the stabilizing copper. This improves the cooling
and reduces the effect of flux jumps or penetration. These multifilaments de-
velop losses due to eddy currents from the pulsed currents. To réduce this loss,
the conductor (and filaments) are twisted longitudinally, which reduces eddy
current reinforcement. Typical niobium-titanium multifilament conductors
use filament diameters in the 10 to 50 um range. Figure 2 is a cross-sectional
photo of a typical niobium-titanium conductor.

FIG. 2—Multifilament niobium-titanium in copper stabilizer. 517 filaments, each 10 um
diameter.
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These conductors are produced by extrusion and drawing [3]. An extrusion
billet is assembled using individual niobium-titanium rods placed inside thin
wall copper tubing with a round inside diameter and a hexagonal outside sur-
face. These elements are stacked in a section of heavy-wall copper tubing or
pipe to produce an extrusion billet that will contain typically between twenty
and several hundred individual niobium-titanium elements. Ends are fitted to
this billet for extrusion. In some cases the resulting round extrusion is made
into a hexagonal outside surface and a second extrusion billet is stacked to
produce a conductor with several thousand individual niobium-titanium fila-
ments. The conductor itself is produced by various combinatious of extrusion,
swaging, and drawing. The conductor, as finally produced, is in an as-worked
condition with high internal stresses. Current capacity is optimized by a deli-
cate heat treatment which varies according to the design and intended use.
The design, production, and performance of many conductors is well reported
in the literature.

Nb3;Sn and Nb;Ge are interesting materials because of their higher .. The
entire superconducting community anticipates the day when a T, of approxi-
mately 30 K is available. This event would promote the use of liquid hydrogen
at 21 K instead of the relatively expensive and less abundant helium, at 4.2 K.
Originally, thin layers of Nb;Sn were produced by depositing tin on niobium
foil followed by a high temperature treatment. The thickness of the layer must
be controlled in order to maintain some ductility in the conductor. Flat tapes
for conductors have obvious drawbacks. A need for a round geometry lead to
the development of the bronze process [4] wherein pure niobium is extruded
in a tin bronze sheath. Multifilament conductors are produced by this proce-
dure. In the final form a high temperature treatment will diffuse the tin from
the bronze into the niobium surface to again produce thin layers of Nb;Sn.
These multifilament tin conductors are very popular today and are expected
to enjoy broad use in the future. In this design a barrier layer of pure niobium
or tantalum is used to prevent diffusion of tin into the stabilizing copper which
would lower the conductivity of the stabilizer. These Nb3Sn conductors are
sensitive to physical elongation.

Nb;Ge is produced by the vapor decomposition of the metal chlorides on a
suitable substrate [5]. Practical superconductor production is difficult, but
development is ongoing and results are encouraging.

V3Ga is presently produced by inserting Va - Sto 10 wt% Ga alloy rods in a
gallium bronze and using a process similar to multifilament Nb;Sn produc-
tion [6]. Vanadium is a potential problem metal that may retard development
and use. Its advantage is high J, at high field.

Piezoelectricity

The essence of piezoelectricity was discovered in the last century when feeble
voltages were observed during the physical compression of certain crystal
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forms. The reverse of this phenomenon is the basis for the production and use
of numerous devices in electronics where voltages are impressed across crys-
tals, and the crystal contracts in terms of physical motion. Other crystal pa-
rameters such as photon transmission can be varied by the impression of an
external voltage. This phenomenon has an obvious application in modulating
electromagnetic radiation from a laser or maser.

In devices, metal electrodes can be applied to a crystal surface, and an a-c
signal, in terms of electron motion, can be transmitted through the crystal by
physical movement to the other electrode where crystal movement is trans-
formed back into electron motion [7]. The electrodes serve as transducers and
in devices are called interdigital transducers (IDTs), usually in the form of a vac-
uum-deposited metal geometry. The transmission of the signal through the
crystal involves a delay; hence their use in the production of delay line devices.
The time of the delay can be controlled by the choice of material, the spacing,
and the geometry of the transducers. These variables allow the design and
production of a large number of electronic devices. To describe the functions
of these devices is beyond the scope of this paper. However, such devices can
be used to:

Delay an a-c signal.

Filter an a-c signal.

Compress or expand (change frequency) a fixed a-c signal.
Modulate electromagnetic radiation in a conductor.

L
L
L
L

Quartz (5i0,) is the most commonly used material in piezoelectric devices.
A thin section of a quartz crystal is used in an electric watch in the conversion
of electric energy into precisely timed mechanical motion. Quartz crystals for
this purpose are grown from strong alkali solutions of SiO, under high tem-
perature and pressure. The cutting, lapping, mounting, and assembly of the
crystal section in a device follows conventional and standard practices. Quartz
is a very popular material in this application, but it has relatively high losses in
converting the electron signal into mechanical motion and vice versa. This ef-
ficiency is broadly called the coupling coefficient or Q factor. Other raw mate-
rials are now coming into popular use that have more efficient coupling or
higher Q factors. These include lithium niobate (LiNbO3), lithium tantalate
(LiTa0;), and bismuth germanate (Bi;;GeQ,,). Table 4 compares the advan-
tages and disadvantages of these four materials and provides relative piezo-
values for a more defined comparison.

The availability of these new materials has accelerated the development of
many devices used in telecommunications—radar, color television, etc. One
application in color TV sets is the replacement of a tuneable filter, used to
split the audio and visual signals, with a nontuneable, fixed, solid-state, sur-
face acoustic wave (SAW) filter. At present this popular device is produced
with both lithium niobate and lithium tantalate.

Niobate and tantalate crystals are produced by fusing lithium carbonate
with either niobium or tantalum pentoxide in a noble metal crucible. The
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TABLE 4—Piezocrystal comparison [8).

Relative Relative

Advantages Disadvantages Coupling Velocity
Quartz temperature stable high loss 6 3200
low cost low coupling
LiNbO, low loss temperature sensitive 260 3700
good coupling
LiTaO, less temperature sensitive  expensive raw material 40 3200
low loss

good coupling

Bi;;GeOyy  lower velocity medium loss 60 1600
more delay expensive raw material

Czochralski method is used to produce a single crystal with designated crys-
talline orientation and properties. Typical Nb,Os and Ta,0O5 suitable for this
work has Si < 10 and Fe < 3 ppm. The purity of the oxide is more important
because it represents between 90 and 94% of the crystal weight. Impurities
are important in this procedure because they can have a profound effect on
the yield and the quality of produced crystal in terms of operating efficiency.

Crystals are ground round, sliced, lapped, polished, and sectioned accord-
ing to the design of the device. The IDTs are deposited by conventional means
of metal deposition. Figure 3 shows a typical device. Again, the design and di-
mensions of the transducers and the crystal substrate can be varied and con-
trolled to handle specific frequencies and time delays. The distance between
the input and output transducers sets the time delay. The spacing of the indi-
vidual electrodes (paralle! to the SAW) sets the frequency.

Lithium niobate would appear to be the preferred material in this applica-
tion in terms of efficient performance and cost of raw materials. However,
technical competition continues. Bismuth germanate is included in this com-
parison because it has a lower velocity of mechanical motion. This permits
longer delay times in the same physical size.

Nb,Os and Ta,Os are also used to control the refractive index of special
glasses and to temperature stabilize BaTiO; in ceramic capacitors. Tantalum
and niobium oxalates are used to introduce these refractory oxides in special
geometries.

Summary

The industrial history of tantalum and niobium has been fascinating. The
future is promising, in both technical and commercial terms. Tantalum use
will continue restrained because of its scarce availability and high density
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FIG. 3—SAW schematic.

(16.6 g/cm?3). Niobium use will flourish in many areas because of its desirable
properties and availability.
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Tungsten has the highest melting point of any metal, a very low vapor pres-
sure, and the highest tensile strength of any metal above 1650°C. Its name, in
Swedish meaning heavy stone, is derived from its very high density. The sym-
bol for tungsten, W, is from its German name, Wolfram. Metallic tungsten
was first formed in 1783 by the carbon reduction of tungstic acid (H,WO,). It
was not until late in the 19th century, however, that tungsten became of com-
mercial importance as an additive to steels for the manufacture of high-speed
tool steels. Early in the 20th century, metallic tungsten found use as a filament
in the incandescent lamp and later for welding electrodes. In the 1920s,
cemented tungsten carbides were first developed in Germany for use as
wiredrawing dies for the manufacture of tungsten wire. Cemented carbides
now account for 65% of the tungsten consumption.

Occurrence

The concentration of tungsten in the earth’s crust is estimated between 1
and 1.3 parts per million, which places it 18th in the ranking of abundancy of
metals., There are only four commercially important tungsten-bearing
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minerals. These are ferberite (FeWQ,), huebnerite (MnWQ,), wolframite
(Fe,MnWOQ,) (containing between 20 and 80% of each of the pure com-
ponents), and scheelite (CaWOy,). All four are commonly found in association
with igneous rocks. Figure 1 shows the location of the known world resources
of tungsten. China has 53% of the known reserves; Canada is second at 10%.
All but 2% of the remaining resources are accounted for in 17 other countries.

Extractive Metallurgy

Tungsten mines are generally small underground mines producing less than
2000 metric tons per day of ore. The deposits usually range from 0.3 to 1.5%
WO;. Some exceptional mines will go as high as 4%. Because of the low con-
centration, all mines have beneficiation facilities that will produce a concen-
trate containing from 60 to 75% WOj;. This is achieved by grinding and, in
most cases, gravity separation by tabling. Flotation has also been used on
scheelites ores. Since wolframite is weakly magnetic, magnetic separators are
sometimes used.

WORLD TUNGSTEN RESERVES
(MILLION POUNDS)
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2000 |- -
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X
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FIG. 1—World tungsten reserves (million pounds) [1].
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The process by which the ore concentrate is converted into ammonium para-
tungstate (APT) is extremely critical. For all uses of tungsten except as an al-
loying additive, very high purity is required and that degree of purity must be
achieved in the APT.

The first step in the process may be a pretreatment by leaching with HCl to
remove phosphorus, arsenic, and sulfur, or roasting to eliminate sulphur,
arsenic, and flotation residues. The next step is to digest the ore and extract
the tungsten. There are various methods used to accomplish this but all invoive
one of the three reactions:

N32C03 + CaWO4 hnd Na2W04 + CaCO3
2NaOH + Fe, MnWO, — Na,WO, + Fe,Mn(OH),
2HC1 + CaWO, — H,WQ, + CaCl,

For the first method the sodium carbonate and scheelite (or wolframite) are
reacted in a rotary kiln at 800°C after which it is leached with hot water to re-
move the soluble sodium tungstate. In the second case sodium hydroxide is
reacted with wolframite in a high-temperature autoclave to form sodium tung-
state. Finally, scheelite can be reacted with hydrochloric acid to form insoluble
tungstic acid.

The sodium tungstate from the first two reactions is removed by filtration. It
must then be treated to reduce the silicon, phosphorus, arsenic, and
molybdenum levels. This is done in two steps. Firstly, aluminum and magne-
sium sulfates are added to remove silicon, phosphorus, and arsenic. Then
sodium hydrogen sulfide is used to remove molybdenum as a sulfide along with
other heavy metals. Both treatments are done at controlled pH levels and the
precipitates are removed by filtration.

Next the sodium tungstate must be converted to ammonium tungstate. This
is usually done by a liquid ion exchange process. The sodium tungstate is con-
tacted with an organic sulfate, and the tungstate and sulfate ions are ex-
changed to produce an organic tungstate. It is then reacted with aqueous
ammonia to produce ammonium tungstate. Since the reactions involve the ex-
change of anions, most of the impurities, which are present as cations, are left
behind.

The final step in the process is to evaporate the ammonium tungstate solu-
tion to form APT. This is done under constant agitation to a constant specific
gravity. Further purification is achieved in this process, since most of the im-
purities still present remain in the mother liquor. The APT is filtered and
washed repeatedly. Table 1 shows a typical change in impurity content that is
achieved in going from ore concentrate to APT.

In the case of the third reaction, which formed tungstic acid, the process is
somewhat simpler. The tungstic acid is digested in aqueous ammonia to pro-
duce ammonium tungstate. MgO is added to remove phosphorus and arsenic.
Activated carbon is added to help remove colloidal metal hydroxides and sil-
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TABLE 1—Purification: concentrate to
ammonium paratungstate (APT).
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Ore Concentrate, APT,
Element ppm ppm
Al 5 000 <0.7
As 200 <5
Ba 200 <1
Ca 1 500 <0.4
Cr 50 <0.7
Cu S0 <0.1
Fe 150 000 <0.7
Mg 100 <0.3
Mn 40 00 <0.7
Mo 300 <6
Na 1 000 <5
K 1 000 <10
Ni 50 <0.7
P 100 <7
Si 20 000 <1

ica. After filtering, the ammonium tungstate is then evaporated to form APT
as described earlier.

Reduction to Metal Powder

Reduction is normally done to an intermediate oxide and then to metal
powder. The intermediate oxides encountered are yellow oxide (WO;), blue
oxide (W40y,) [actually a mixture of W1g049 and Wo,Ox]), and brown oxide
(WO,). Either carbon or hydrogen can be used as a reducing agent. Carbon in-
troduces many impurities, however, so for most applications hydrogen is used.
Both rotary furnaces and tube furnaces with gas or electric heating are used.
Rotary furnaces are usually used in the first step. If yellow oxide is desired, air
is passed through the furnace at a temperature of 800 to 900°C. The APT is fed
into one end and the tilt and rotation of the furnace move it through the fur-
nace as it reacts. For blue oxide, either hydrogen, nitrogen, or a partial
vacuum can be used. Reduction directly to a metal powder can be done in a
rotary furnace but it is usually not done since it gives a fine and poorly con-
trolled particle size. Reduction to metal powder is generally done in tube fur-
naces that have a diameter of 80 to 150 mm and are 7 to 9 m long with three in-
dependently controlled temperature zones. The oxide is loaded into Inconel
boats which are stoked through the furnace. The hydrogen atmosphere flows
countercurrent to stoking direction. After each pass through the furnace, the
hydrogen is scrubbed and dried and virgin hydrogen added to replace that con-
sumed. The particle size of the tungsten, normally in the range of 1 to 9 um, is
controlled by the furnace temperature, bed depth, and hydrogen flow rate. For
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large particle sizes, a high temperature, deep bed depth, and low flow rate are
used. The conditions used promote particle growth by virture of high moisture
conditions in the powder bed.

Consolidation

Because of its very high melting point, tungsten is normally processed by
powder metallurgy (PM) techniques. Some rod is produced by arc or electron
beam melting but only in very limited quantities. For rod and wire manufac-
turing, tungsten powder is mechanically pressed into ingots which range in
size from 12 to 25 mm square by 600 to 900 mm long. No binder is added to the
powder and pressures of about 200 MPa are required. As-pressed, the bars are
extremely fragile; therefore they are first presintered at 1200°C in hydrogen to
increase their strength so they can be handled. Sintering is done by self-re-
sistance heating. The bar is clamped between two water-cooled contacts inside
a water-jacketed vessel containing a hydrogen atmosphere. A current is passed
through the ingot and it is heated up to temperatures in the range of 2800 to
3000°C using a controlled heating rate with one or two intermediate holds.
This results in a sintered density of 17.2 to 18.2 g/cm3. A secondary advantage
of this method is that considerable purification is obtained by the volatilization
of impurities during sintering.

Larger billets for forging or rolling are isostatically pressed. The powder is
placed in a plastisol bag, sealed tightly, and then pressed in a isostatic press at
pressures of 200 to 300 MPa. In this case, sintering is done in hydrogen atmos-
phere electric furnaces or induction furnaces at temperatures in the range of
1800 to 2200°C.

Small PM parts are made by adding a binder to the powder and mechani-
cally pressing the parts. The parts are dewaxed and then sintered at 1800 to
2200°C. For some applications the sintering temperature can be lowered to
1500°C by adding small amounts of nickel or palladium to the powder. These
produce activated sintering but have the disadvantage of causing severe em-
brittlement.

Metalworking

Tungsten is inherently a very brittle material at room temperature in the un-
worked condition. Contrary to the behavior of most metals, as it is worked it
becomes increasingly ductile. For that reason, tungsten is cold worked in the
metallurgical sense. To overcome the initial brittleness, however, the working
temperature must be very high, in the range of 1400 to 1600°C. As working
proceeds, the working temperature can be gradually reduced, and in fact it
should be reduced to avoid recrystallization which would return it to a brittle
state. Another factor that has to be taken into account is its low specific heat
and good thermal conductivity which when combined with the relatively small
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ingot size results in its cooling very rapidly. Any working operation requires
rapid transfer from furnace to working equipment and frequent reheating
during the working operation.

Swaging is the oldest method of working tungsten rod and is the method
developed by Coolidge in 1908 for the manufacture of ductile wire. Swaging
temperatures start at 1500 to 1600°C and decrease to about 1200°C as the bar
is worked. Reductions per pass start at 10% and increase to 40% as the bar
size decreases. Total reductions of 60 to 80% are typical between anneals.
Swaging is normally done to sizes in the range of 2.5 to 4 mm. For rod and wire
production, rod rolling has replaced swaging in the large sizes. Two high, oval-
square grooved rolls are used with 15 to 25% reduction per pass. Tempera-
tures are similar to those used in swaging, and the bars are reheated after one
or two passes. More recently, Kocks rolling has also been used as a primary
rolling operation. A Kocks mill consists of up to 12 roll stands in sequence with
each stand consisting of three rolls at 120 deg to each other. Each stand is
oriented at 180 deg to the previous stand so that a hexagonal cross section is
produced. This mill has the advantage of rolling at very high speeds, thus ob-
taining a large total reduction with only one preheat.

Wiredrawing starts with temperatures of 1000°C and reductions per pass of
40%. As the wire size decreases, the drawing temperature is gradually lowered
and the reduction per pass decreased. At sizes in the range of 15 um, tempera-
tures of S00°C and reductions of 10% are used. Carbide dies are used at
diameters over 0.25 mm and diamond dies below that size. The lubricant is a
graphite suspension in water. A layer of tungsten oxide on the wire provides a
base for the lubricant. Drawing speeds for tungsten are slow compared with
other materials. They start at 6 m/min and increase to about 120 m/min.
Because of its high strength, wire can be drawn to as small as 8 um. Even
smaller sizes can be produced by electro-etching the wire.

Plate rolling on two high mills is also done starting with temperatures of up
to 1500°C. One of the problems with rolling tungsten is that, because of the
strength of the material, it is not possible to take as large a reduction per pass
as might be desired. This leads to large center-to-edge variations in the
amount of work in the material, which in turn can lead to delamination or to
nonuniform annealed structures. Large total reductions must be used to over-
come those problems. The temperature should be gradually lowered to avoid
in-process recrystallization. Once reductions of over 95% are achieved, rolling
can be done as low as 300°C. Forging is done using either hammers or presses.
Because of the relatively slow deformation that is obtained in a press it is dif-
ficult to maintain temperature control. For that reason hammers are pre-
ferred. Starting forging temperature range from 1350 to 1500°C. Reductions
of 30% for each heating are used. After about 50% total reduction the
temperature should be lowered to avoid recrystallization.

Tungsten is extruded at temperatures in the range of 1200 to 1350°C using a
molten glass lubricant. Since the heat generated in the die can cause a signifi-
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cant temperature tise, the extrusion rate must be carefully controlled to avoid
recrystallization in the extruded bar.

Properties

Tungsten appears in Group VIa of the periodic table. It has atomic number
74 and an atomic weight of 183.85. There are five stable isotopes having
atomic numbers (and relative abundances) of 180 (0.14%), 182 (26.41%), 183
(14.40%), 184 (30.64%), and 186 (28.41%).

Table 2 gives some of the more important physical properties of tungsten.
Wherever possible, the dependence on temperature has been given. The rela-
tions are quite good but if extreme accuracy is required, then the sources
should be studied. The density given is calculated from the lattice parameter.
The value most commonly used is 19.3 g/cm?. For wire, 19.17 g/cm? is used.

In 1968 a value of 3660 K was selected as a secondary reference for the Inter-
national Practical Temperature Scale (IPTS) [2]. However, since 1961 the four
values that have been reported ranged from 3680 to 3695 K [3].

A better appreciation of the properties of tungsten that make it a useful
material can be obtained by plotting the properties of various elements as a
function of their location in the periodic table. Figure 2 shows the density of
the elements in the central portion of the periodic table. Tungsten, since it is in
the third long period, has a high density and because of it, is used in many ap-
plications where a high mass is required. Melting point, boiling point, and
vapor pressure data are shown in Figs. 3 to 5 respectively. Tungsten has the
highest melting point of all the metals and is used as a high temperature
material. Figure 6 shows the specific heat as being very low. This and its high
thermal conductivity (Fig. 7) result in its cooling very rapidly from high
temperatures and is the reason that handling is so critical in metalworking
operations. The high thermal conductivity also makes tungsten useful as a
heat sink. Tungsten has a very low coefficient of thermal expansion (Fig. 8)
and it is therefore compatible with glasses and ceramics in high temperature
applications. It has a high modulus of elasticity (Fig. 9) and is used where
rigidity is required. Tungsten has a low electrical resistivity (Fig. 10).
Although tungsten is used in electrical applications, the low resistivity is of no
particular advantage. The high mass absorption coefficient of tungsten (Fig.
11) makes it a very good material for radiation shielding. Tungsten, because of
its high atomic number and high temperature properties, is also a very good
source for high intensity X-radiation. Another property of importance is
tungsten’s ability to generate thermal electrons, Table 3 shows a tabulation of
the thermal electron current density for various elements. The current density
is a function of the work function and the operating temperature. In this case,
Tg is the temperature for each of these elements at which the vapor pressure is
1073 torr. Thus it is apparent that tungsten’s low vapor pressure is responsible
for its high electron emission. The work function of adsorbed films on tungsten
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FIG. 5—Vapor pressure data for elements in central portion of periodic table.
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FIG. 8—Coefficient of thermal expansion of elements in central portion of periodic table.

is shown in Table 4. These low work functions give high electron emission at
relatively low temperatures. Another important consideration in the use of
tungsten is its chemical properties. A major factor in the use of tungsten at
high temperatures is its lack of oxidation resistance. Figure 12 shows the ox-
idation rate as a function of temperature. Tungsten starts to oxidize at about
400°C. The oxide layer offers no protection against further oxidation and
above 700°C the oxidation rate increases very rapidly. Above 900°C, WO; ac-
tually vaporizes, and the oxidation is catastrophic.

Table S shows the reaction of tungsten with acids and alkalies. It can be seen
that tungsten is quite inert to most acids and alkalies. The only acids that at-
tack tungsten are HF + HNO; cold or HCl + HNO; hot. NaOH or KOH with
an oxidizing agent such as H,O; is a common etchant of tungsten. Table 6
shows the stability of tungsten when in contact with various materials at ele-
vated temperatures. Tungsten is attacked by certain gases at low temperatures
but on the whole is quite resistant to most materials. It is compatible with most
ceramics to high temperatures and has good resistance to molten metals.

The high temperature strength is another property that stands out. It is,
however, more difficult to illustrate because it is dependent on many factors.
Figure 13 compares stress-to-rupture data for some tungsten materials with
data for molybdenum and niobium alloys.
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FIG. 9—Modulus of elasticity of elements in central portion of periodic table.

One characteristic of tungsten that must be allowed for is its brittleness at
room temperature. Tungsten, like all body-centered-cubic (BCC) metals, un-
dergoes a ductile-brittle transition. This is shown in Figs. 14 and 15. For re-
crystallized tungsten the transition temperature is in the neighborhood of 200
to 400°C, depending on the surface condition and impurity content. It can be
seen that tungsten is very notch sensitive and is susceptible to oxygen and other
interstitial impurities. As tungsten is worked its ductile to brittle transition
temperature (DBTT) is lowered so that as a practical matter, if any ductility is
required at room temperature, the tungsten must be in a highly wrought con-
dition.

Applications

Tungsten is consumed in four forms: as tungsten carbide, as an alloy ad-
ditive, as essentially pure tungsten, and as tungsten chemicals. Tungsten car-
bide is produced by reacting tungsten powder with carbon black at a tempera-
ture of 1500°C. The carbide is milled and between 3 and 25% cobalt is added
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FIG. 10—Electrical resistivity of elements in central portion of periodic table.

to it. Tantalum and titanium carbides may also be added for improved hard-
ness. A binder is also added and the mixture is pressed and sintered to form
cemented carbides. These are used for cutting tools, mining and drilling tools,
forming and drawing dies, bearings, and other wear-resistant applications.
Tungsten carbide uses account for about 65% of the tungsten consumed to-
day.

About 16% of tungsten usage is as an alloy additive to steels and
superalloys. When added to steels it forms a tungsten carbide phase which re-
fines the grain size and improves the high temperature strength. The fine grain
size improves the toughness and provides a more durable cutting edge. For this
type of application about 3% tungsten is used, usually with 1 to 4%
chromium. For hot-work tool steels, up to 18% tungsten is used. This gives a
material which, when quenched from a high temperature and tempered, will
retain its hardness up to a red heat.

Metallic tungsten accounts for about 16% of the tungsten consumed.
Before discussing these applications, it will help to first mention the more com-
mon alloys of tungsten. There are relatively few alloys of tungsten. There are
two reasons for this. Firstly, any alloy will have a lower melting point or higher



MASS ABSORPTION COEFFICIENT (u/p}

MULLENDORE ON TUNGSTEN 97

w
600 \
‘e \
S \
)
500 | )
PY \
7 \
\
400 \
\
300 } v
200 }
o0 r- /
A
o 1 L L i 1 —l. . e
20 30 40 50 60 70 80 90

ATOMIC NUMBER

FIG. 11—Mass absorption coefficient of elements in central portion of periodic table.

TABLE 3—Thermal electron current density.

Element 65, eV T, K I, A/em?

w 4.5 2840 5.6
Ta 4.1 2680 5.0
Nb 4.0 2390 0.7
Hf 3.65 2150 0.4
Re 5.1 2850 0.3
Os 4.7 2600 0.2
Mo 4.2 2210 0.05
Rh 4.8 1980 8§X10°°
Pt 5.3 1885 6 X 1077
Co 4.4 1450 4x108
Ni 4.4 1440 3x1078

Fe 4.5 1385 3x107°
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TABLE 4—Work functions for

adsorbed films.
W-Cs 1.5eV
W-Ba 1.6
W-Th 2.7
W-Ce 2.7
W-La 2.7
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FIG. 12—Oxidation rate of tungsten at 138 kPa (20 psi) O, {12].

TABLE 5—Reaction of tungsten with acids and alkalies.

Temperature None Slight Vigorous

Cold HF HCl + HNO; HF + HNO;
HNO,
H,S0,

Hot HF HCi HCl + HNO,
NH,OH HNO;
KOH H,S0,
NaOH H,;PO,

Alk + H,0,
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TABLE 6—Stability of tungsten in contact with various materials.

Temperature, Furnace Molten
°C Gases Alkalies Materials Materials
20 F
Ci
0,
500 Br NaOH Mg Hg
H,0 HCI NaNO, Al
1H,S SO, Zn
N,ONO,C H, GaNa
1000 cO ’ Bi
CO,
graphite
1500 MgO
Li
2000 ALO;
BeO
ZrO,
N,
2500
No H, molten UQ,
attack inert gases K

vapor pressure which will detract from the main reason for using tungsten.
Secondly, pure tungsten is difficult to work by itself and alloy additions make
it even more difficult to work which limits their usefulness. In terms of quan-
tity, the most common alloys are the so-called heavy alloys. These alloys con-
sist of 90 to 98% tungsten with the balance commonly nickel and iron or nickel
and copper. The alloys are made by liquid-phase sintering to give a structure
consisting of almost pure tungsten particles in a matrix of the alloy elements.
Pure tungsten is very difficult to machine. These alloys are used where the high
density of tungsten is required but in a machineable form. The only solid solu-
tion alloys of tungsten that are commonly used are those with 3 to 25%
rhenium. Rhenium is unique in that it imparts low temperature ductility to
tungsten. Since the elements are adjacent on the periodic table, the alloys can
be worked only with some difficulty. Rhenium also increases the recrystalliza-
tion temperatures of tungsten and the electrical resistivity. The other common
alloys of tungsten are those with 1 to 5% ThO,. The ThO, is either added as
thorium nitrate to a slurried blue oxide or directly to the metal powder. The
structure consists of a fine dispersion of ThO, particles in the tungsten.
Thorium, as mentioned earlier, reduces the work function of tungsten and
therefore improves electron emission and arc stability. The ThO, particles will
give increased strength and increase the recrystallization temperatures. ThO,
also improves the machineability of tungsten.
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FIG. 14—Effect of surface condition on low-temperature ductility of recrystallized (1 h at
3500°F) powder-metallurgy tungsten rod (0,170 in.) [14].

The applications of tungsten can be roughly classified by property. Density
accounts for the largest usage of tungsten in the form of the heavy alloys. It is
used for kinetic energy penetrators, for counterweights in aircraft applica-
tions, for gyroscope rotors, for flywheel rims, and in governors. Tungsten
heavy alloys are also used for radiation shielding. Tungsten’s high atomic
number and high temperature properties also result in the wide usage of pure
tungsten for X-ray targets in high intensity applications.

The high melting point and high temperature strength account for many
uses of tungsten. Probably the most familiar application is its use as a filament
in incandescent lamps. Originally pure tungsten was used and at temperatures
over 2000°C creep became a limiting factor in the life of the lamp. This was
due to the fact that the wire would recrystallize at a temperature of 1600°C to
an equiaxed structure with a grain size on the order of the wire diameter. Grain
boundary sliding would then occur, distorting the filament and causing short
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life. Through a combination of accident and invention it was found that much
better high temperature strength resulted from the addition of ‘“‘dopants” to
the oxide during the reduction process. Today about 2000 ppm potassium and
1000 ppm aluminum and silicon are added to a slurried blue oxide. This is
dried and reduced to metal powder. The dopants that are not mechanically en-
trained serve no purpose so the powder is washed in hydrofluoric acid to
remove the excess dopants. At that point about 100 ppm potassium, 50 ppm
aluminum, and 250 ppm silicon remain. During sintering most of the
aluminum and silicon are volatilized so that the ingot contains 60 to 70 ppm
potassium, 10 ppm aluminum and, 1 ppm silicon. As the ingot is rolled,
swaged, and drawn into fine wire, the dopants are stretched out into long
stringers. When the wire is heated, the potassium, having a high vapor
pressure, will form long rows of tiny bubbles of about S0 A diameter. These
bubbles then act to greatly restrain grain boundary movement, especially in
the direction perpendicular to the wire axis. As a result, full recrystallization is
delayed until a temperature of about 2200°C, at which point the boundaries
break away from the pining points and move rapidly down the wire to form a
structure with a grain length many times the wire diameter and whose bound-
aries are at a small angle to the wire axis. This structure is very creep resistant
and permits a reasonable lamp life at temperatures as high as 3200°C.

Tungsten wire is also used as heater wires in cathode ray tubes or other elec-
tronic devices. It is used as a heat source in vacuum metallizing. On a larger
scale it is used for furnace-heating elements, either in rod form or as mesh ele-
ment heaters. Tungsten is also used for heat shields, boats, crucibles, struc-
tural elements, and a variety of similar uses in high temperature applications.
Included here are tungsten-tungsten rhenium thermocouples, which are in
wide usage for high temperature control. An added factor in its use at high
temperatures is its compatibility with other materials such as ceramics and
glasses.

As mentioned earlier, because of its high melting point, tungsten is a very
good electron emitter and finds usage in various electronic devices for that pur-
pose. It is also commonly used in conjunction with ThO; and BaO in cathodes
for emission at lower temperatures. A major use of tungsten is for welding elec-
trodes. Tungsten-2% ThQ, is commonly used because of its better arc stabil-
ity and longer life. A similar application is for electrodes in arc lamps where a
very intense light source is required.

Tungsten is widely used as a contact material in electrical circuits. In low
current applications, such as automotive ignition systems, pure tungsten is
used. In higher load systems an alloy of tungsten with copper or silver is used.
Tungsten and tungsten-silver alloys are also used as rocket nozzles because of
their high temperature properties and ability to withstand the corrosive effects
of the burning fuel.

The low thermal expansion of tungsten makes it compatible with many
glasses and ceramics in glass to metal seals and as power feed throughs. It is
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also used as a substrate and heat sink for silicon in high power rectifiers. Fin-
ally its high modulus is advantageous in high speed printers where it is used as
the impacting member and in boring bars where high rigidity is required.

The final use of tungsten is in the form of tungsten chemicals and accounts
for about 3% of tungsten usage. Those include organic dyes and pigments,
phosphors in flourescent lights, cathode ray tubes and X-ray screens, and cat-
alysts used in petroleum refining.

This has been a very brief review of a large topic. For more detailed treat-
ments of the topic, the excellent reviews by Rieck [15], Smithells [16], and Yih
and Wang [17] are highly recommended.
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ABSTRACT: The chemical process industry utilizes many different materials of construc-
tion to contain and to instrument the many varied and often aggressive chemical processes.
Molybdenum, niobium, tantalum, and tungsten, known as the refractory metals, see lim-
ited use in the chemical process industry. A summary of the corrosion resistance, mechani-
cal properties, fabricability, economic factors, and special properties of the refractory
metals for chemical process applications is given. The various refractory metals are com-
pared to more traditional materials used in the process industry.

KEY WORDS: molybdenum, niobium, tantalum, tungsten, refractory metals, corrosion
resistance, properties, chemical process industry applications

The chemical process industry makes or refines various chemicals from raw
materials which are then usually sold to others for a multitude of end uses. In
considering materials of construction for the various process equipment in
chemical plants, the design engineer should consider the economic factors,
corrosion resistance, mechanical properties, and fabricability of the materials
being evaluated. The refractory metals (molybdenum, niobium, tantalum,
tungsten) have desirable properties as well as severe limitations that affect
their selection. Not only are materials required to contain the process but suit-
able materials are needed for instrumentation to control the process.

Process Equipment Material Considerations

The primary consideration in the design of any chemical process plant is
that a suitable economic return must be realized on the investment with due
regard to safety and environmental considerations. The consideration and use

1 Project Manager, Allied Corporation, Hopewell, Va. 23860.
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of any material depends upon its being more cost effective during the equip-
ment's service life than other metallic and nonmetallic materials. Part of any
economic consideration is the requirement that the equipment must have a
predictable reliability during its intended service life. Equipment reliability
should be an important factor in materials selection and due consideration
should be given to increasing equipment reliability even at additional pur-
chase cost. Shortcuts taken in the design and fabrication of equipment solely
to lower initial construction cost are usually false economies and should be
avoided.

When a materials engineer speaks of corrosion-resistant materials he gen-
erally means a material with an acceptable corrosion rate consistent with the
economics of the process. In some rare cases materials with very high cotro-
sion rates (greater than 25 mm per year (1000 mpy)) are knowingly selected
when they are the most cost-effective materials of construction even though
they would not be considered corrosion resistant. However, the general prac-
tice is to select materials that have uniform corrosion rates less than 0.25 mm
per year (10 mpy) and to add a corrosion allowance so that equipment has a
useful service life of 10 years or more. Materials with corrosion rates much
lower than 0.25 mm per year (10 mpy) are preferred when thin wall compo-
nents such as heat exchanger tubing are required. In some cases the corrosion
rate of the material must be negligible to prevent product contamination or to
preserve the exact geometry of parts even though much more costly materials
are necessary to achieve these goals. There are other forms of corrosion be-
sides uniform or general corrosion, and the general practice is to avoid select-
ing a material prone to attack by these other corrosive mechanisms if the alter-
native materials are not prohibitively expensive. The mental process used to
select materials resistant to abrasion, erosion, and other forms of wear is simi-
lar to that used to select corrosion-resistant materials.

The vast majority of chemical process equipment are constructed of mate-
rials with room-temperature tensile strengths less than 689 MPa (100 ksi);
most materials have room-temperature tensile strengths of 275 MPa (40 ksi)
to 517 MPa (75 ksi). High-strength materials with room-temperature tensile
strength exceeding 689 MPa (100 ksi) are often used for fasteners, shafts,
mandrels, and other relatively small components which usually do not involve
welding and are not pressure containing. The usual design practice for pres-
surized components is to follow the ASME Boiler and Pressure Vessel Code,
Section VIII, Division 1, or more rarely Section VIII, Division 2. Piping
design practices generally follow the guidelines given in ANSI/ASME B31.3;
this is based on the ASME Boiler and Pressure Vessel Code. Design for equip-
ment other than pressure vessels and piping generally does not follow any na-
tional design code, but the allowable stresses used in design are usually simi-
lar to those given in the ASME Codes. Since many states require ASME Code
design, use of materials, design, and fabricating practices outside the code
are generally avoided. Nonmetallic coatings and linings are allowed in code
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design as long as they are not principal pressure parts. Nonmetallic pressure
vessels are generally not used, though a few have been built and designed in
accordance with ASME Section X (Fiberglass-Reinforced Plastic Pressure
Vessels), but nonmetallic piping and nonmetallic internals in pressure vessels
are commonly used.

The size requirements of mill products used in chemical process equipment
vary from the very small to very large. For example, the majority of process
plant piping is ¥2 to 4 in. NPS; smaller piping is rarely used but larger piping
is fairly common. Not only does the correct size have to be available but fab-
rication techniques also must be suitable for process conditions. Some ma-
terials are more suitable for small equipment, while other materials lend
themselves more readily to large equipment items. Ductility is a very impor-
tant aspect of any material selection, since abuse during setvice or main-
tenance is fairly common; in fact, brittle materials such as glass are often
avoided by operating personnel even though they are entirely suitable for the
service.

The refractory metals have certain properties that are attractive, but other
properties are severe deterrents to greater utilization in the process industry.
A review of the attractive properties and limitations of each of the refractory
metals follows.

Economic Considerations

The initial cost of refractory metals is several times greater than the corro-
sion-resistant nickel-based alloys. Adding to the price is the higher cost of fab-
rication, since welding must be done under inert gas or vacuum. Prices of the
refractory metals have fluctuated considerably since the early 1970s, but in
general molybdenum is the least expensive while tantalum is the most costly.
However, the price differences tend to disappear when fabrication costs are
considered, since tantalum and niobium are more easily fabricated into
equipment by welding and explosive cladding. Molybdenum still holds a cost
advantage over tantalum if welding is not involved.

While niobium is usually similar in price per pound to tantalum, the lower
density of niobium translates to about half the price of tantalum on a volume
basis. The lower cost per unit volume of niobium has been taken advantage of
in the 60Ta-40Nb alloy, which in many environments has similar corrosion re-
sistance to tantalum but is lower in cost.

The use of refractory metals has been limited by their much higher cost
compared with other metallic or nonmetallic materials. The refractory metals
are used only when their life cycle costs become a distinct advantage over other
competing materials. The economic advantage of the refractory metals must
usually be very significant compared with the more familiar corrosion-resis-
tant materials for process industry designers and engineers to select them.
This prejudice towards what is termed the “exotic metals” is less for tantalum
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than for the other refractory metals. A couple of instances of reverse preju-
dices are known where a refractory metal was selected over silver, which was
similar in initial cost, but in those cases the theft of silver was of concern to op-
erating personnel.

Corrosion Considerations

The corrosion resistance and physical properties of the refractory metals fall
into two groups (molybdenum-tungsten and niobium-tantalum). As would be
expected from their position in the periodic table, the lower atomic number
elements (molybdenum and niobium) almost always have poorer corrosion re-
sistance than their sister elements (tungsten and tantalum). All these metals
suffer severe oxidation in air, with the attack becoming of engineering con-
cern at about 300°C for tantalum and niobium and somewhat higher for mo-
lybdenum and tungsten. All these metals will corrode or react at high temper-
atures with nitrogen, water (steam), carbon monoxide, and carbon dioxide,
with serious attack occurring at a lower temperature for tantalum and niobium
than for molybdenum and tungsten. Molecular hydrogen will be absorbed by
tantalum and niobium at 250°C and above, and severe embrittlement from
atomic hydrogen generated by electrochemical means may occur at room tem-
perature. Conversely, hydrogen at any temperature has no effect on molybde-
num and tungsten.

At temperatures below 300°C the refractory metals, especially tantalum,
have useful corrosion resistance to acids, salts, and organic compounds. All
refractory metals are attacked by strong bases, though they usually have use-
ful corrosion resistance in alkaline solutions at room temperature. Table 1
compares the usefulness of the refractory metals with titanium and zirconium
in several environments.

The common alloys of these metals have similar corrosion resistance to that
of the pure element. Two alloys (70Mo-30W and 60Ta-40Cb), however, have
corrosion resistances falling between the two parent elements. These two al-
loys are considerably more corrosion resistant in some environments than the
lower atomic number element, but are less costly than the higher atomic num-
ber element.

Molybdenum and tungsten are corrosion resistant to reducing mineral and
organic acids over a wide range of concentration and temperature. Oxidizing
acids and oxidizing agents (FeCl;, oxygen, etc.) in reducing acids will attack
both molybdenum and tungsten, with tungsten being the more corrosion re-
sistant. Unlike tantalum and niobium, both molybdenum and tungsten are
very corrosion resistant to hydrofiluoric acid and to acid fluoride salit.

Molybdenum is almost always used instead of tungsten in chemical pro-
cesses operating below 300°C, since it is more ductile and less costly than
tungsten. Even though molybdenum is one of the few metals that can resist
hydrochloric acid over most concentration and temperature ranges, it is rarely
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TABLE 1—Corrosion resistance of refractory and reactive metals
in boiling solutions.”

Solution Mo Nb Ta w Ti Zr
10% HC! S S S S NR S
10% HCl + 1% FeCly NR S S NR L NR
5% HF S NR NR S NR NR
65% HNO, NR S S NR S L
10% oxalic acid S NR S S NR S
15% H,S04 + air NR S S S NR S
40% H,S0, S L S S NR S
70% H,S0, L NR S L NR NR
10% NaOH NR NR NR NR L S

4§ - Satisfactory for use; corrosion rates less than 2 mpy.
L - Corrosion rates exceed 2 mpy; possible hydrogen embrittlement or
stress corrosion cracking, but alloy has been successfully used.
NR - Excessive corrosion; considered unsatisfactory for use.

used for this service since much less expensive metals like Hastelloy B-2 (70Ni-
30Mo) and zirconium have similar corrosion resistance. Molybdenum has
useful corrosion resistance in all strengths of sulfuric acid up to 75% at the
boiling point but only at lower temperatures in higher concentrations due to
the oxidizing nature of sulfuric acid under these more extreme conditions.

Molybdenum is generally used under the extreme temperature and concen-
trations conditions in reducing acids where Hastelloy B-2 or zirconium is not
suitable and weld fabrication is not required. Tantalum is generally used
when welding is required. The exception is in hydrofluoric or acid fluoride en-
vironments where zirconium, tantalum, and niobium suffer catastrophic cor-
rosion. Under these hot acid fluoride conditions few materials other than cer-
tain fluorocarbons, molybdenum, tungsten, and certain precious metals have
useful corrosion resistance. Usually molybdenum components used in process
services are machined from solid mill stock. These relatively small items are
used as valve seats and trim, pump seals, gaskets, and other components that
must experience very low corrosion rates.

Occasionally molybdenum will be used for components in equipment that
experiences abrasion or other forms of wear and require a material with high
corrosion and wear resistance. Tungsten would perhaps be more resistant to
the wear but the limited size of shapes available, brittleness, and higher cost
favors molybdenum.

Molybdenum or tungsten coatings are not considered useful corrosion-
resistant materials since the coatings are not considered pin hole free. Some
limited success has been achieved using a molybdenum flame spare coating
on a substrate which was corrosion resistant to the process but not abrasion
resistant. These spray coatings have suffered spalling, often over a large area,
and are of questionable merit. Flame spray coatings of either molybdenum or
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tungsten would not protect a substrate from corrosion attack since the coat-
ings are porous.

Niobium and tantalum have good to excellent resistance to reducing acid
environments, but are also able to withstand oxidizing acid environments.
The corrosion resistance of niobium is similar to that of the much less costly
zirconium except that zirconium is resistant to strong alkaline conditions but
is attacked by oxidizing metallic chlorides. Niobium is less resistant than tan-
talum to almost all process streams with the notable exception of some com-
plex fluoride plating baths where it is preferred over tantalum.

Platinized niobium anodes are used for cathodic protection process equip-
ment and for electrochemical processes. Platinized niobium electrodes have a
breakdown voltage higher than that of platinized titanium but less than that
of platinized tantalum.

One possible use for niobium in the process industry is in strong acid chlo-
ride systems that sometimes have strong oxidizing agents present at fairly
high concentrations. Titanium alloys can tolerate such a system only when the
strong oxidizers are present in significant amounts, while the reverse is true
for zirconium or Hastelloy B-2. Tantalum is the only other metal that is resis-
tant to both reducing and oxidizing chloride systems, but many nonmetallic
materials are also resistant.

The great majority of refractory metal applications in the process industry
involve tantalum. Tantalum has useful corrosion resistance below 300°C to all
process streams except strong alkaline solutions, fluorine, acid fluorides,
fuming sulfuric acid, and free sulfur trioxide. Its corrosion resistance is com-
parable to that of glass, and the two materials are used interchangeably in
many processes, tantalum being selected for those applications requiring the
thermal and electrical conductivity of a metal and where good ductility is
needed.

While the major use of tantalum is for applications where corrosion rates
for other metals are very high, considerable tantalum is used where no corro-
sion at all can be tolerated, such as instruments, spinnerettes for synthetic fi-
bers, or rupture disks.

A relatively new alloy (60Ta-40Nb) is occasionally used, primarily in those
applications requiring negligible corrosion rates. While this alloy is not as cor-
rosion resistant as tantalum to the more aggressive process conditions, its cor-
rosion resistance in many cases is equal to that of tantalum and it is less ex-
pensive.

Physical Properties

Refractory metals are often selected for process industry application over
competing nonmetallic materials because they have properties that are nor-
mally associated with more common metals. The combination of high thermal
and electrical conductivity, tensile strength, modulus of elasticity, and form-
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ability of the refractory metals is not to be found in any nonmetallic material.
Niobium, tantalum, and to a limited extent molybdenum also combine high
strength with good to excellent toughness. Often overlooked but important in
lining applications is the impermeability of refractory metals to process fluids
and gases that usually penetrate plastics, elastomers, and most ceramics. The
physical properties of the refractory metals at up to 300°C are similar to those
of other metals used in the process industry (Table 2). Between 300 to 1100°C
the tensile properties of the refractory metals remain at fairly high levels,
while those of the more common metals fall sharply with an increase in tem-
perature.

Perhaps the major use of refractory metals in the process industry is that of
tantalum for heat transfer surfaces such as heat exchangers, heating coils,
and bayonet heaters. The vessel or other containers that heat transfer equip-
ment is used in may be constructed of glass or fiber-reinforced plastic, or lined
with acid brick, glass, or an elastomer. While nonmetallic materials have the
required corrosion resistance, they do not have the required combination of
strength, creep resistance, ductility, or thermal conductivity associated with
metals.

Another major use of tantalum is as linings for high-pressure service where
the strength, ductility, and welding properties are important considerations.
Usually the tantalum is explosively bonded to steel so that an impervious cor-
rosion-resistant metallic lining metallurgically bonded to a high-strength sub-
strate results.

The use of tantalum or some of its tungsten or niobium containing alloys for
relatively small parts like spinnerettes is justified not only because of its im-
munity to corrosion and high strength but also because of its machinability.

One specialized use of molybdenum and possibly tungsten is for chemical
process components requiring a high modulus of elasticity in tension com-
bined with good thermal conductivity, ductility, and strength. Some applica-

TABLE 2—Typical mechanical properties of plate at room temperature.

Modulus of
Tensile Yield Elongation Elasticity
Strength,  Strength, in 50 mm, in Tension,
Material MPa MPa % 10* MPa
1020 C/S 450 240 25 21
Type 304 /S 515 205 40 19
CP-Titanium 345 275 20 10
Hastelloy B-2 750 345 40 21
Molybdenum 690 515 30 32
Niobium 170 105 25 10
Tantalum 205 140 30 19
Tungsten 1860 A 0 41

Zirconium 380 205 15 10
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tions that require these properties are mandrels and other components used in
the extrusion of various plastics and resins.

Fabrication

For a material to have wide usage in the process industry it must be capable
of being joined by welding or other bonding techniques so that the joint is
sound, corrosion resistant, and ductile. Although molybdenum is capable of
being welded with sound joints, the welds are very brittle and thus its use is
limited. Tantalum, while weldable only under specialized conditions, has
welds and heat-affected zones equivalent in corrosion resistance and ductility
to the parent metal.

Because of its high cost tantalum is usually used in a very thin gage. Tanta-
lum heat exchanger tubing is usually unlined and uncladded. This thin mate-
rial must have the necessary strength to withstand the service stresses. For this
reason tantalum equipment must be handled with more care than is the usual
practice with more common metals. The design of this thin wall equipment
must also take into account the use of a margin of safety less than is consid-
ered normal in industry practice.

At least some part of tantalum equipment requires a backing material for
strength, which is almost always steel. The tantalum is used to loose-line the
steel or is explosively clad. Where welding is required, special weld joint de-
signs have been developed to get around the problem of tantalum’s high melt-
ing point and the requirements for contamination-free welds. Another special
consideration is the relatively small size of mill products available, and for
large equipment this may require more joints than would be the practice for
more common metals. An ideal design would have as few joints as possible,
since more joints add to the cost and decrease reliability. Fortunately many of
these problems have been overcome and some very large pieces of process
equipment have been constructed out of tantalum.

Small items such as instruments will often be plated with tantalum by a
fused salt process. Components so plated have given excellent service and rep-
resent one of the few cases where plating has been a successful technique in
preventing process industry corrosion.

The welding of tantalum and niobium usually involves very thin material.
The area to be welded must be absolutely clean of any foreign materials and
must be welded under inert gas or in a vacuum to prevent weld contamination.
While this does not present too much difficulty in a properly equipped shop
for new equipment, it causes great difficulty in the field in repairing equip-
ment. Due to these welding difficulties, the probability of severe corrosion of
the substrate material, and the possibility of hydrogen embrittlement of tan-
talum and niobium due to corrosion, it is of the utmost importance that all
joints be sound and leak-free. Often weep holes are drilled in the steel-backing
material to monitor leakage at joints.
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Conclusions

Refractory metals continue to be used in the process industries even though
newer metallic and nonmetallic materials have appeared on the scene. This
consistent use is partly due to more aggressive conditions being encountered
in the newer processes and partly due to the unsatisfactory performance of
competing materials. As traditional sources of feedstock may no longer be
economically feasible and as the demands for lower operating and mainte-
nance costs increase, the process industries will have to develop and operate
processes that are very reliable and cost effective. ‘

The equipment needed for these newer processes will have to be as reliable
if not more reliable than that used in the past. Since refractory metals are rela-
tively quite costly compared with other materials, it is important that their life
cycle cost effectiveness and reliability be compared with other materials and
not their initial cost. Sacrificing reliability to increase sales will in the long run
decrease the acceptance of the refractory metals in the process industries.

Refractory metals equipment has in most cases given very good to excellent
service in the process industry. When it has failed to give cost-effective and re-
liable service it usually has been that the manufacturer and purchaser did not
have a complete understanding of each other’s needs and capabilities. It
is hoped that this presentation of a user’s view of the process industries require-
ments will promote the needed dialogue between producers and consumers.
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Summary

The ASTM Symposium on Refractory Metals and Their Industrial Appli-
cations was conceived in order to provide a guide and a handbook on practical
usage of these materials in today’s complicated technology of industrial pro-
duction. Seven papers were presented, six papers from producers and one
from a user of refractory metals.

Mullendore and Burman give a brief review of the manufacture of tungsten
and molybdenum respectively from ore to finish product. The important
properties of each metal are given and a comparison of these properties with
other materials is made. The uses of tungsten and molybdenum are given as
they relate to their properties.

Webster covers the manufacture, properties, and uses of niobium. Hunke-
ler considers the application of tantalum in the chemical process industry.
Additional information on the corrosion resistance of tantalum and niobium
is provided by Burns et al. Belz discusses the use of tantalum and niobium for
capacitors, super-conducting materials, piezoelectricity, and other electronic
applications. A user’s view on the applications of refractory metals in the
chemical process industry is given by Smallwood.

The refractory metals have high melting points, relatively high tensile prop-
erties at elevated temperatures, and experience catastrophic oxidation in air
at elevated temperatures. Molybdenum and tungsten have high elastic mod-
uli, relatively poor ductility and, except for a limited number of environ-
ments, are not particularly outstanding in terms of corrosion resistance.
Niobium and tantalum are ductile materials with oxide films that are respon-
sible for their excellent corrosion resistance and electronic properties.

The refractory metals, despite relatively high cost and fabrication difficul-
ties, have many engineering uses. Engineering applications of refractory
metals are so varied that they will be found as filaments in the smallest light
bulb and as linings of very large distillation columns. As more engineers and
designers become familiar with the refractory metals the different applica-
tions are certain to increase.

Robert E. Smallwood

Project Manager
Allied Corporation, Hopewell, Virginia;
symposium chairman and editor
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