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5.1 Beryllium

Introduction

As a light, strong metal, beryllium holds considerable promise as a useful
engineering material, but because of an inherent directional brittleness, a
really significant commercial use, e.g. in the aircraft industry, has not proved
possible. It has been used to a limited extent in aerospace applications, and
it was employed as heat shields for the Project Mercury space capsule. It has
also found use in precision guidance systems when fairly pure environmental
conditions can be assured.

In common with magnesium and zirconium the metal has little tendency
to capture neutrons, and there was promise that a significant industrial use
would arise in nuclear engineering, but after extensive trial in gas cooled
reactors, its ultimate commercial employment in that context was also
deemed inappropriate.

For many years, however, beryllium has been used as a minor alloying
addition to other metals, particularly copper, and although its main attribute
lies in improving mechanical properties, it generally also improves the corro-
sion resistance of the parent metal. For example, in the case of copper,
beryllium addition has been found to increase oxidation resistance1, as well
as the wet corrosion resistance, particularly in corrosion fatigue2 where the
strengthening effect is advantageous. By ensuring conditions under which
preferential oxidation of the beryllium constituent occurs —the principle of
'selective oxidation'3 —the oxidation resistance of copper-beryllium can be
much improved relative to a normal surface. A similar effect can be produced
on silver, where deposition of beryllium oxide, e.g. by cathodic deposition
from ammoniacal beryllium sulphate or nitrate, effects very considerable
improvement in the resistance to tarnishing. Beryllium has been used for the
purpose of improving oxidation resistance in magnesium, to produce the
Magnox series of alloys used for fuel sheathing in carbon-dioxide-cooled
reactors4. The particular composition used in the Calder Hall reactor, for
example, contains about O-Ol ^b beryllium and 0-8% aluminium. In accord
with the improved resistance to oxidation, the incendivity of Magnox alloys
is also reduced relative to that of pure magnesium. This had been found with
magnesium some years earlier5 when as little as 0-001% beryllium raised
the air ignition temperature of a magnesium-aluminium-zinc alloy from
58O0C to over 80O0C.



Metallurgy

General

Beryllium is a light metal (s.g. 1-85) with a hexagonal close-packed struc-
ture (axial ratio 1-568). The most notable of its mechanical properties is its
low ductility at room temperature. Deformation at room temperature is
restricted to slip on the basal plane, which takes place only to a very limited
extent. Consequently, at room temperature beryllium is by normal standards
a brittle metal, exhibiting only about 2 to 4% tensile elongation. Mechanical
deformation increases this by the development of preferred orientation, but
only in the direction of working and at the expense of ductility in other direc-
tions. Ductility also increases very markedly at temperatures above about
30O0C with alternative slip on the 1010 prismatic planes. In consequence, all
mechanical working of beryllium is carried out at elevated temperatures. It
has not yet been resolved whether the brittleness of beryllium is fundamental
or results from small amounts of impurities. Beryllium is a very poor solvent
for other metals and, to date, it has not been possible to overcome the brittle-
ness problem by alloying.

As already indicated, the brittleness of beryllium has so far been the main
determining feature in the technology, and because of the mechanical
anisotropy, the most widely practised method of fabrication is via powder
metallurgy.

Two other factors are noteworthy: the deleterious effects on chemical and
mechanical properties of small amounts of impurities residual from extrac-
tion of the metal, and its toxicity. The first of these factors is obviated by
vacuum melting the raw metal (for purification) as an essential prerequisite
to further processing. The toxicity of beryllium is essentially a pulmonary
problem and great care must be taken in handling the finely divided metal
or its compounds. In practice, this type of activity is usually carried out
under well-ventilated conditions. Certain tolerance levels for atmospheric
beryllium are now internationally accepted6 and merit careful study before
work on beryllium is embarked upon.

Extraction and Fabrication

Beryllium is extracted from the main source mineral, the alumino-silicate
beryl, by conversion to the hydroxide and then through either the fluoride
or the chloride to the final metal. If the fluoride is used, it is reduced to
beryllium by magnesium by a Kroll-type reaction. The raw metal takes the
form of 'pebble' and contains much residual halides and magnesium. With
the chloride on the other hand, the pure metal is extracted by electrolysis
of a mixture of fused beryllium chloride and sodium chloride. The raw
beryllium is now dendritic in character, but still contains residual chloride.

Before further processing, the raw metal must be purified. Various
methods of leaching have been tried on a laboratory scale, but in practice the
method usually adopted is vacuum induction melting. The ingot so produced
is then converted to powder by swarfing, followed by grinding. On a
laboratory scale the grinding is generally done by ball milling, while in pro-
duction, milling is carried out between beryllium-faced plates.



The particle size of powder most often used for consolidation is —200
mesh (74 jim sieve aperture), and the most widely practised method of con-
solidation is hot pressing in vacuo.

Setting aside the necessity for hot working and the toxicity problem, the
fabrication of consolidated beryllium generally follows normal lines; rolling,
extrusion, drawing, forging, etc. have all been successfully carried out. It is
interesting to note that because of the high chemical activity of beryllium,
allied to the method of consolidation from powder, the usual grade of metal
contains about 1 to 2% of beryllium oxide. It could therefore be considered
almost a mild cermet rather than a conventional pure metal. Specifications
for chemical composition are detailed in Table 5.1.

Table 5.1 Chemical composition of various forms of beryllium

Corrosion Behaviour

Aqueous Environments

In its general corrosion behaviour, beryllium exhibits characteristics very
similar to those of aluminium. Like aluminium, the film-free metal is highly
active and readily attacked in many environments. Beryllium oxide, how-
ever, like alumina, is, a very stable compound (standard free energy of
formation = —579kJ/mol), with a bulk density of 3-025g/cm3 as com-
pared with 1 -85 g/cm3 for the pure metal, and with a high electronic resis-
tivity of about 1O10Qcm at O0C. In fact, when formed, the oxide confers
the same type of 'spurious nobility' on beryllium as is found, for example,
with aluminium, titanium and zirconium.

It is often difficult to correlate or categorise the corrosion behaviour of
beryllium because of past inconsistencies in the quality of metal studied and
differences between the chemical composition and metallurgical history of
current material and of past grades. For example, although vacuum melting
now produces a fairly consistent grade of beryllium (often designated QMV),
this method of purification was not introduced intil the late 1940s. Prior to
this, powder was produced by grinding 'pebble' without purification and
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hence small amounts of residual halide slag frequently persisted through to
the fabricated product.

Furthermore, even though a consistent quality of beryllium is now pro-
duced, the chemical composition falls far short of the standards found for
instance in aluminium; generally, the main impurities consist of about 1%
of beryllia at grain boundaries, about 0-15% of iron and 0-05-0-1% of
other elements such as silicon, aluminium and carbon.

Beryllium is readily attacked by most acids and, being amphoteric, is
slowly attacked by caustic alkalis with the evolution of hydrogen. As might
be anticipated, in view of the controlling influence of the surface film of
beryllia on corrosion behaviour, concentrated nitric acid has little effect on
beryllium7, while the dilute acid results in slow attack. Hot acid is much
more reactive. Nitric acid is in fact often used to pickle-off residual mild steel
from hot-extruded clad beryllium.

Anything which will affect the characteristics of the surface film of beryllia
can be expected to affect the corrosion resistance of the metal. For example,
dissolved fluoride or chloride ions give rise to increased pitting attack,
analogous to the attack on aluminium in similar circumstances. At beryllium
carbide inclusions in the metal, hydrated oxide or beryllium hydroxide is
formed in moist air by hydrolysis of the carbide8; depending on the size of
the inclusion, it would be expected that pitting of the underlying metal might
ensue. The presence of cations which will deposit heavy metals and set up
local cathodic areas has a pronounced adverse effect on corrosion resistance.
Cupric ions in particular, at a concentration of less than 1 p.p.m., have been
found to cause serious pitting in 0-005 M hydrogen peroxide aqueous solu-
tion at 850C; ferric ions also appear to increase the rate of corrosion,
although apparently not as seriously as copper.

Conversely to the above, any factor which tends to maintain the protective
character of the beryllia film will obviously increase corrosion resistance,
and, in this respect, the presence of anodic inhibitors such as sodium
dichromate, up to about 40 p.p.m., will effectively suppress pitting of
beryllium in water.

Most of the controlled corrosion studies on beryllium have been carried
out in the USA in simulated reactor coolants. The latter have usually been
water, aerated and de-aerated, containing small amounts of hydrogen perox-
ide and at temperatures up to 300-35O0C. Many variables have been
examined, covering surface condition, chemical composition, temperature,
pH, galvanic effects and mechanical stress8.

Surface condition Machined, abraded and pickled surfaces all exhibit
much the same behaviour in water, and after exposure of up to about one
year at temperatures less than 10O0C average attack measures 0-0025-
0-0050mm/y. Almost always, however, corrosion of beryllium in water is
accompanied by pitting and, on machined surfaces, pits of as much as
O-25 mm have been observed in O-0005 M hydrogen peroxide at 850C.
Under similar conditions, annealed material has been found to be somewhat
less resistant to attack than either machined or pickled surfaces.

Chemical composition The effect of carbide inclusions in aggravating
attack in moist air has already been referred to, but in testing in 0-0005 M
hydrogen peroxide, pH 6, at 850C, the presence of carbide up to 0-26% by



weight, iron up to 0-4% by weight, silicon up to 0-2% by weight, and
aluminium up to 1-05% by weight, in both vacuum-cast and hot-pressed
beryllium, did not appear to affect average corrosion rate; after tests of 13
months, the corrosion rate measured only O-0025 mm/y. Pitting in these
tests appeared to be worst in the aluminium-containing specimens, but even
in those it did not exceed O-050 mm.

Temperature Results of tests carried out in the temperature range 250-
35O0C are not consistent. In one series for example, on extruded beryllium
for seven days in distilled water at 27O0C, average attack varied between
0-015 and 0-53 mm/y. In contrast, other work on hot-pressed material gave
an average attack of less than 0-0025 mm/y.

Variation o/pH Between 4 and 8, variation of pH does not appear to have
a very significant effect on corrosion rate in de-aerated water.

Galvanic effects Galvanic effects would be expected with such metals as
copper, but even with stainless steel (US grade 347) tests in water containing
small amounts of hydrogen peroxide at 850C showed definite evidence of
accelerated attack. Extruded beryllium was used in both static and dynamic
conditions, and attack on the beryllium test specimens was some 3 to 5 times
greater than that on uncoupled controls coupled to the steel. Galvanic effects
with various aluminium alloys, however, were not so definite. This is perhaps
not surprising in view of the close similarities between the two metals.

Effect of stress The first reported work on the stress-corrosion cracking of
beryllium related to its use in water containing 0-005 M hydrogen peroxide
at pH 6-6-5 and at about 9O0C9. Although in these circumstances some pit-
ting occurred, there was no evidence of stress corrosion even though the tests
employed extruded metal stressed at up to 90% of the yield stress. Subse-
quently, stress corrosion has been reported on exposure to synthetic sea-
water 10. In this environment stress-corrosion failure was reported in a 40 h
test at 70% of the 0-2% yield strength, the crack habit being transgranular
in character.

Gaseous Environments

The possible employment of beryllium in nuclear engineering and in the air-
craft industry has encouraged considerable investigation into its oxidation
characteristics. In particular, behaviour in carbon dioxide up to tempera-
tures of 1 00O0C has been extensively studied11"17, and it has been shown
that up to a temperature of 60O0C the formation of beryllium oxide follows
a parabolic law but with continued exposure 'break-away' oxidation occurs
in a similar fashion to that described for zirconium. The presence of mois-
ture in the carbon dioxide enhances the 'break-away' reaction15"16. It has
been suggested that film growth proceeds by cation diffusion and that oxida-
tion takes place at the oxide/air interface18.

It is reported that beryllium powder, of unspecified particle size, will burn
in air at 1 20O0C and react with nitrogen at 50O0C5. Fluorine appears to
attack beryllium at room temperature, and the other halogens, nitrogen di-
oxide and hydrogen sulphide are said to attack it at elevated temperatures5.



Dry hydrogen chloride gas readily attacks solid beryllium above about 50O0C
with the formation of volatile beryllium chloride. Beryllium carbide and
nitride are similarly attacked, but not beryllium oxide; this behaviour is of
use in one method for the determination of beryllium-oxide in metallic
beryllium.

There is a reaction between beryllium and nitrogen that starts at about
75O0C and is appreciable at 85O0C, beryllium nitride being formed11. The
reaction with oxygen is less sluggish and at 90O0C in oxygen oxidation pro-
ceeds at about twice the rate of nitride formation. Thus when beryllium is
heated in air, beryllium nitride forms only a small proportion of the total
scale-about 0-75% after 1 h at 1 00O0C.

Protective Measures

From what has already been indicated, it will be apparent that use of beryl-
lium in almost any commercial environment involving moisture may require
some form of surface protection and it should be recognised that apart from
the hazard of pitting corrosion, precautions must usually be taken against
adverse galvanic coupling with heavy metals.

Protective measures range from chemical conversion coatings and anodis-
ing to the application of more substantial protective layers, e.g. enamels. For
a more detailed treatment of the subject, the reader is advised to consult
References 19, 20, 21 and 22.

Recent Developments

The early promise of wide applications for beryllium has not materialised,
despite improvements in purity and more efficient means of consolidation
such as isostatic hot pressing, because of the metal's toxicity, brittleness
and cost. It is now chiefly of interest in the specialised fields of aerospace
and nuclear applications. BrushWellman23 is currently the sole commercial
primary producer of beryllium metal in the West.

Jepson24, presented a well documented review of the earlier research
literature on its corrosion behaviour for the anticipated applications. Rela-
tively little has been published since the present review on the behaviour of
the metal in less severe or normal atmospheric environments apart from
that by Mueller and Adolphson25, which has been adapted as the chapter
'Corrosion of Beryllium', in the ASM Metals Handbook. This includes some
30 new references, half of which are private communications, reflecting the
extent of unpublished work in this field. Procedures for handling, cleaning,
protecting and packaging for shipment or storage to guard against these
problems are given.

Additional work on protection includes painting26 and anodizing. Paine
and Stonehouse27 used a high temperature silicone base paint on beryl-
lium heat-sinks for aircraft brakes, together with manganese plating on
the mating steel parts to give cathodic protection in fresh and salt water



solutions. Further work on stress corrosion in aerated synthetic sea water28

includes cathodic protection by an impressed galvanic potential29.
J. B. COTTON
E. G. KING
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5.2 Molybdenum

Molybdenum, although once considered a rather unusual metal with a few
highly specialised applications, e.g. as support wires in tungsten-filament
lamps and in thermionic valves as anode and grid materials, today finds
extensive use in the missile and aerospace industry, in the production of high-
temperature hydrogen and inert-atmosphere furnaces and furniture, in the
production of solid-state electronic devices and in electrodes and bushings
used in glass-making processes. Molybdenum and its alloys are now also
finding increasing use in chemical and petrochemical plant. Historically,
molybdenum has been employed in high-temperature sulphuric acid service
and molybdenum-lined equipment has been used in organic chlorination
processes. The Mo-30W alloy, which is a complete solid solution, has
demonstrated its superiority as a material of construction for liquid metal
applications such as the pumping of molten zinc.

It is not subjected to hydrogen embrittlement as is tantalum, niobium and
nickel alloys, and thus is able to sustain thermal and mechanical shock after
exposure to gaseous hydrogen at high temperatures.

It is produced in the form of a powder and is consolidated either by
powder metallurgy techniques, by arc casting or, more recently, by electron-
beam melting. Most commercially available molybdenum is however made
by powder metallurgy, and it is only when very large pieces are required that
arc melting is used. Electron-beam melting gives rise to large crystals in the
metal which limits its application.

Physical and Mechanical Properties

Unalloyed molybdenum is available commercially in almost all forms, from
forging billets and plate to seamless tubing, foil and wire. In addition, the
following molybdenum-base alloys can be considered as established engi-
neering materials: Mo-O-STi-O-SZr (designated TZM) and Mo-SOW. A
Mo-30Ta alloy has also been produced for specific applications where high
corrosion resistance is required.

At ambient temperatures the strength of molybdenum is comparable to
that of normalised low-alloy steel and moderately higher than that of the
austentic stainless steels. However, whereas the low-alloy steels are limited
to use at service temperatures of about 55O0C and stainless steels to about



Table 5.2 Physical properties of molybdenum*

ElectricalThermal

Thermal
neutron

cross
section
(barns/
atoms)5

Temp,
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resistivity

(0Q

Resistivity
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(mm Hg)4

Thermal
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(0C)1
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(0C)1

Density
at 2O0C
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2-14 - 7 x l O ~ 3
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23 -9 at
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360-07 at
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100O0C

0-55 at
73O0C,
6-3 at

1 33O0C
and 19-2

at 1 73O0C

1 at
3 2970C
760 at

4 8270C

1-42
at 2O0C

1-26
at 2040C

0-276
at 2O0C
0-239

at 5380C

6-65 XlO- 6

at
20-1 5930C

5660261010-2242 95-95

* Note. Superscripts outside parentheses denote reference numbers at the end of the section.



87O0C, unalloyed molybdenum retains useful strength up to 1 20O0C, and
the TZM alloy has strength up to 1 65O0C.

At elevated temperatures the thermal conductivity is far superior to that
of Fe-ISCr-SNi and the Ni and Cu binary alloy Monel, two other alloys
widely used in severe chemical service.

The mechanical properties reported in the literature for molybdenum and
its alloys are frequently at variance. That this should be so is not surprising
as the properties of molybdenum and its alloys are greatly affected by the
prior history of the material, both thermal and mechanical. Far too often
values are used without reference to the sources of the material, various
states of heat treatment, etc. When mechanical properties are an important
feature of the design application, advice should always be sought on the
suitability as only the manufacturer has the complete data on the history of
his own product. Physical and some typical mechanical properties given for
general guidance are shown in Tables 5.2 and 5.3.

Table 5.3 Mechanical properties of molybdenum

UTS2,6

(MN/m2)

317-871
(0-25 mm sheet)
517-1 206
(sintered
material)
827-1 379
at 2O0C
137-206
at 1 00O0C

Yield stress2

(MN/m2)

432 on 100 mm
extrusion, to
586 on 1 -4 mm
sheet at 2O0C

Modulus of
elasticity6

(GN/m2)

3 17 at 2O0C
282 at 50O0C
268 at 1 00O0C

Hardness

Hard
rolled
(VPN)

280

Annealed
(VPN)

250

Sintered
material
(Rockwell)

95B-27C

Recrystal-
lisation
temp.6

900-
1 20O0C

Stress
relieving
temp.6

80O0C

Methods of Fabrication

Forming The fabrication of molybdenum is largely dictated by the ductile-
brittle transition temperature. Most operations, except those on thin sheet
or wire, are carried out warm and it is often necessary to heat not only the
workpiece but also the die.

Molybdenum can be spun, flow turned and deep drawn as well as pressed.
The temperature required to produce components satisfactorily varies with
the thickness of the molybdenum sheet.

Specific fabrication temperatures are given by Czarnecki etal.1 for
various forming processes, including roll forming, hydropressing, joggle
and die forming on molybdenum-titanium alloy sheet.

Forging Ingots of molybdenum produced either by sintering or by arc-
melting are readily forged after heating to about 1 50O0C. The heating of
large ingots can be performed without protection, but thinner sections are
heated in a hydrogen atmosphere to limit oxidation.

Rolling Sheet rolling is performed cold with intermediate anneals. Warming



of the sheet and tools improves the rate of working; thicker material can be
rolled at still higher temperatures.

Swaging Swaging is performed hot, the temperature commencing at about
1 30O0C and falling as the ductility of the metal improves to about 70O0C.

Drawing and spinning Spinning and cupping are facilitated if molybdenum
is gently heated; suitable temperatures can be found in Reference?.

Machining Molybdenum can be machined by any of the standard methods
such as milling, turning, drilling, boring, grinding, shaping, threading and
tapping. The low coefficient of expansion of molybdenum makes it necessary
to keep the tool cool when drilling in order to prevent seizing of the tool and
possible cracking of the metal. Drilling is normally carried out dry but swarf
can be carried away with a soluble cutting oil. When milling, cutters must
be kept sharp and copious coolant provided; 1.1.1-trichlorethane is recom-
mended for the coolant.

Welding It is possible to weld molybdenum using a TIG-shielded arc-
welding process. A heat-affected zone is unavoidable and grain growth must
be anticipated.

These characteristics always give a weld which has less ductility than the
parent material and no method of welding is entirely satisfactory particularly
if the joint is to be stressed.

Resistance welding Spot and seam welding are used to join molybdenum
for electronic use; this technique is not satisfactory for large-scale work.

Electron-beam welding Molybdenum can be electron-beam welded but the
technique has only limited use.

Plasma welding This method of welding is comparatively new and has not
yet found much application.

Brazing Satisfactory brazed joints in molybdenum have been made using
oxyacetylene torch and furnace brazing techniques.

Soldering Conventional soft solders can be used, but it is first essential to
nickel- or copper-plate the molybdenum.

Corrosion Behaviour

Theory

The theoretical aspects of molybdenum's corrosion behaviour are complex
and there is as yet no clear cut, generally applicable picture. There are, how-
ever, a large number of literature references which include data on polar-
isation, passivation and potential of molybdenum under widely assorted
conditions. The electrode potential of molybdenum depends on its surface
condition. For example, some tests showed an EH of +0-66V when the
molybdenum was passivated by treatment with concentrated chromic acid
and —0-74 V after activation by cathodic treatment in sodium hydroxide.

The potential in aqueous solutions depends on the pH of the solution as
demonstrated by Masing and Roth8, Shatolov and Marshakov9, and others.



As an example of the magnitude of this effect, Shatolov and Marshakov9 in
one series of tests in buffered chloride solution found that the irreversible
potential of molybdenum could be expressed as

£ = 0-37 -0-045pH

Molybdenum is widely used as an alloying addition to stainless steels to
facilitate the formation of the passive film and to improve resistance to pit-
ting attack (see Section 3.3).

Corrosion in Natural Environments

Atmospheric Molybdenum begins to oxidise in air at 30O0C and oxidation
becomes rapid at 50O0C and the rate of attack is very rapid by 120O0C10.
Below 50O0C oxidation proceeds according to a parabolic law, indicating
some degree of protection. The oxidation proceeds by a two-step process
with molybdenum dioxide (MoO2) as the inner oxide layer and moly-
bdenum trioxide (MoO3) as the outer layer. Above 50O0C, MoO3 begins to
volatilise, and at 60O0C the rate of evaporation of MoO3 becomes signi-
ficant. At about 77O0C the rate of evaporation of MoO3 equals its rate of
formation, and as the temperature increases, the volatilisation rate becomes
extremely rapid. The ultimate oxidation rate is linear, with the rate-
determining step being the oxidation of the dioxide to the trioxide.

The formation of molten MoO3 above 8150C results in a catastrophically
accelerating effect due to the following factors: (a) the liquid oxide flows off
the metal surface, (b) the rate of diffusion of oxygen through the liquid
phase is high, and (c) the molten oxide can also act as a flux.

The crystal structures observed during the oxidation of molybdenum con-
sist of stable molybdenum dioxide in contact with the metal throughout the
range 300-70O0C. As the film thickens in the low-temperature range, the
trioxide predominates on the surface. At 40O0C, molybdenum trioxide is no
longer observed and molybdenum dioxide is the only oxide observed.

The inability of molybdenum to withstand oxidising conditions at even
moderate temperatures has led to investigations of means of reducing the
oxidation rate. Alloying has been examined and rejected since attainment of
good oxidation resistance was at the expense of high temperature strength,
and protective coatings appear to be the most effective. A number of coatings
have been developed for molybdenum; for temperatures up to 1 20O0C Mo-
base alloys applied as cladding or sprayed coatings, and chromium-nickel
electroplates are effective.

For high temperatures several coatings based on siliconising are available.
One of the most successful, designated W3, has been used for long periods
of say 500 h at 1 20O0C and even at 1 70O0C for short term (1 h) applications
(Fig. 5.1). This coating, which is basically MoSi2, has several advantages: it
is relatively thin (about 0-05 mm) and it can be applied over rivets and other
fasteners. Bolts and nuts have been successfully coated and used. The
coating is applied by either a pack diffusion technique similar to chromising
or by an electrochemical technique, and coating procedures have been
evolved for the protection of complex assemblies.

Immersed Molybdenum has good resistance to synthetic sea water, the rate
of attack up to 6O0C being less than O-1 mm/y11 and it is only slightly cor-
roded when exposed to synthetic sea water spray at 6O0C for periods of 10,
20 and 30 days.
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Fig. 5.1 Protection offered by three commercial silicide coatings overlap broadly in this
performance band (after Prod. Engng., June 25, 63 (1962))

Corrosion in Chemical Environments

Acids Molybdenum exhibits good resistance to hydrochloric, hydrofluoric,
phosphoric and sulphuric acids (see Figs. 5.2, 5.3 and 5.4). In static tests12

in these acids at Ohio State University it was found that the corrosion rate
for relatively long test periods (670 h) was about ten times that experienced
in 47 h tests.

Oxidising conditions severely reduce molybdenum's corrosion resistance,
and aeration of the above acids causes a pronounced increase in the corro-
sion rate. It is rapidly attacked by oxidising acids such as nitric acid, and by
reducing acids containing oxidisers such as HNO3, FeCl3, etc. It is less
resistant at 10O0C, particularly in 10% acetic acid (the corrosion rate
being 0-33 mm/y), 10% formic acid (0-2 mm/y) and 0-25% benzoic acid
(0-25 mm/y).

Molybdenum dissolves rapidly in 70% sulphuric plus 20% nitric acids at
350C, but exhibits good resistance to 30% hydrochloric plus 7% sulphuric
acid and 10% citric plus 1% sulphuric acids at 10O0C. It corrodes three times
as fast in 10% acetic acid containing 5% sulphuric acid at 10O0C than it does
in pure 10% acetic (1 mm/y against 0-33 mm/y).

The presence of 2% formic acid in acetic acid has relatively little effect on
the corrosion of the metal. Among the impurities added at the 0-2% level
to 10% acetic acid, only mercuric chloride caused an appreciable increase in
corrosion rate (0-71 mm/y), and all the other additions appeared to inhibit
corrosion.

Hydrochloric acid (%)

Fig. 5.2 Molybdenum corrosion tests in hydrochloric acid (after Bishop, C. R., Corrosion,
19, Sept., 308t (1963))
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Fig. 5.4 Molybdenum corrosion tests in sulphuric acid (after Bishop, C. R., Corrosion, 19,
Sept., 308t (1963))

When small amounts of impurities were added to concentrated phosphoric
acid, the corrosion rate was not significantly affected. The addition of only
0-007% ferric ion to concentrated hydrochloric acid caused only a slight
increase in corrosion at 350C, but at 10O0C the corrosion rate increased to
6-35 mm/y.
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Fig. 5.3 Molybdenum corrosion tests in phosphoric acid (after Bishop, C. R., Corrosion, 19,
Sept., 308t (1963))
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Alkalis Molybdenum is moderately resistant to aerated solutions of
ammonium hydroxide and is inert when oxygen is excluded. It has only fair
resistance in aerated 1 % sodium hydroxide at 350C and 6O0C but its resistance
is better in a 10% solution at both these temperatures. It is severely corroded
in sodium hypochlorite solutions (pH 11 or higher) at 350C (Table 5.4).

Table 5.4 Corrosion in alkaline solutions11 (duration of test 6 days)

Solution and concentration

Cone, sodium hypochlorite
(5-6 % available Cl2)

Dilute sodium hypochlorite (10:1)
Ammonium hydroxide

0-35% NH3
15<7o NH3
Cone. 29% NH3

Sodium hydroxide
\%
10%

Corrosion rate (mm y ')

350C

Air

11-4
2-44

0-14< !>
0-24

rO-0025(2)

(0-02(3)

0-38
0-10

Helium

11-9
2-42

Q(D

O

O
0-0025

6O0C

Air

0-49
0-18

Helium

0-069
O

Solution and
concentration

Sodium chloride (3%)
Aluminium chloride (10%)
Ammonium chloride (10%)
Ferric chloride (20%)
Cupric chloride (20%)
Mercuric chloride

0-5%
1-0%
5-0%

Corrosion rate mm y l )

350C

Air

0-01 < ! >
0-0025
0-005(3)

40-6
19-3

0-485
0-61 <2)

fO-305(3)

lO-38<2>

Helium

Q(D
O
0(3)

34-5
6-35

0-485
0-43<2>
0-33<3>
0-203(2)

6O0C

Air

0-84
1-72
1-5

Helium

0-81
1-9
1-5

10O0C

Air

0-061
0-0305
0-0585

Helium

0-012
0-005
O

Notes. \. 30-day test.
2. 15-day test average of 4 specimens.
3. Average of 4 specimens.

Inorganic salt solutions Molybdenum has excellent resistance to 3%
sodium chloride, 10% aluminium chloride and 10% ammonium chloride at
temperatures up to 10O0C. It is severely corroded by 20% solutions of ferric
and cupric chlorides at 350C and is subject to pinhole-type pitting in mer-
curic chloride solutions (Table 5.5).

Notes. 1. Average of 4 specimens.
2. Non-aerated 6-day test.
3. Non-aerated 28-day test continuation of 6-day test.

Table 5.5 Corrosion in inorganic salt solutions11 (duration of test 6 days)



Industrial-type Environments

Molten metals Molybdenum has good resistance to many molten metals
(see Table 5.6) and molybdenum and its alloys are finding application in
metal producing and fabricating operations. Its high strength to weight
ratio, corrosion resistance and resistance to attack by liquid metals makes it
readily suited for advanced heat transfer systems, and these factors coupled
with its low thermal neutron cross section have led to it being considered as
a canning material in nuclear reactors. The alloy Mo-SOW also has unique
corrosion properties in certain media, being for all practical purposes com-
pletely resistant to attack by molten zinc at normal casting temperatures.

Molybdenum is extremely resistant to attack by molten glass up to 1 00O0C
if sulphur is present, and up to 1 40O0C in its absence. In addition, any reac-
tion products formed by the two materials are colourless. Consequently
molybdenum is used in the production of optical and soda lime glasses.
Molybdenum is, however, corroded by lead glasses which lose their gloss as
a result of the interaction between the two materials14.

Fused salts Molybdenum has excellent resistance to a wide range of fused
salts and has been used in the fused salt electrolysis of magnesium, platinum,
thorium and uranium. In the production of pure magnesium, molybdenum
is used to couple graphite electrodes electrically. Molybdenum cathodes are

Metal

Aluminium
Bismuth
Bi-32Pb-16Sn
Cerium
Caesium
Copper
Europium
Gallium
Gold
Lead
Pb-55-5Bi

Lithium

Magnesium

Mercury

Plutonium
Potassium
Rubidium
Samarium
Scandium
Silver
Silver plus 1-15%

titanium
Sodium
Sodium containing

0-5% oxygen
Tin

Temperature
(0Q

660
up to 1 430

800
800

up to 870
up to 1 300

450

1200
900

1090
1425

1000

up to 600
600 to 700

1200
1035

1625

1020

1020

700
>520

Resistance

Poor
Excellent
Excellent
Good
Excellent
Good
Good
Good to poor
Good
Excellent
Excellent
Excellent
Excellent

Excellent

Excellent
Limited
Good
Excellent
Excellent
Good
Poor
Good
Satisfactory

Excellent

Fair
Poor

Comments

Rapid attack

Poor above 80O0C
Poor above 87O0C
O- 14% Cu soluble in Mo
Used as crucibles
Good to 40O0C
Used as crucibles
Solubility <0-005 at. %

Arc cast material

Solubility less than 10~4

at %
Solubility less than

2 x 10~4 at. %

Used as containers

Used as crucibles
Used as crucibles

Rapid attack

Table 5.6 Corrosion by molten metals13



used with other materials in the recovery and purification of spent nuclear
fuels from fused salt mixtures where contamination of the electrolyte must
be prevented.

Gases Molybdenum has a fair resistance to chlorine, bromine and iodine
but not to fluorine and it has excellent resistance to a wide range of other
gases (see Table 5.7).

Refractories Molybdenum is compatible with a wide range of refractory
materials as can be seen from Table 5.8.

Galvanic Corrosion

Work by the US Bureau of Mines11 involving galvanic couple experiments
showed that the normally low corrosion rates of molybdenum were reduced
further by contact with aluminium, SAE 1 430 steel or magnesium in aerated
solutions of synthetic sea water or 3% sodium chloride.

Table 5.7 Resistance of molybdenum to gases16> 17

Gas

Air
Bromine (dry)
Dichlorodifluoro-

methane +1% sulphur
hexafluoride

Hydrocarbons

Nitric oxide

Nitrogen

Nitrogen tetroxide
Oxygen
Steam
Sulphur dioxide

Temperature
(0Q

370
up to 455

up to 315
650
up to 1 100
above 1 100

1 125
over 1 125
up to 2 400
over 2 400
1 155
up to 370
650
up to 650
over 650

Resistance

Good
Excellent

Good
Poor
Good
Fair

Good
Fair
Excellent
Good
Poor
Good
Fairly good
Excellent
Fair

Comments

Above 37O0C poor
Over 4550C poor

Some carburisation
may occur

Nitride case forms

Over 37O0C poor
Over 65O0C poor

Attack rapid at 1 1650C

Table 5.8 Resistance to refractories17

Refractory material

Alumina
Carbon

Glass

Silica

Zirconia
Zirconium oxide +8%

yttrium oxide

Temperature
(0C)

up to 1 900
up to 1 100
over 1 100

over 1 370

up to 1 400

650
1 900-2 000
up to 2 000

2350

Resistance

Excellent
Good
Fair

Poor

Excellent

Excellent
Very good
Excellent

Good

Comments

Superficial brittle
carbide case forms

Molybdenum
carburises rapidly
and completely

No sulphur, lead or
tin present

Helium atmosphere



Contact with copper in sodium chloride solutions reduces the corrosion of
molybdenum, but in synthetic sea water the corrosion rate is somewhat
higher. In 1 % sodium hydroxide, molybdenum corrodes slightly faster when
coupled with SAE 1 430 steel with or without the presence of air. It is pro-
tected by contact with copper in aerated 0-46% sulphuric acid. It is not
significantly affected by contact with 316 or Carpenter 20 stainless steels in
sulphuric acid solutions.

Molybdenum tends to be protected by vanadium in aerated 7 • 1 %
hydrochloric acid and it receives a high degree of protection when coupled
with copper in this medium. Molybdenum corrodes somewhat faster than
normal in 3 • IVo nitric acid when coupled with tungsten. It is not affected by
contact with titanium in 3- IVb nitric acid. It is protected by aluminium and
copper in aerated 10Vb formic acid and by aluminium in air-aerated 9Vb
oxalic acid. In the latter solution, copper had only a slight protective effect
when coupled with molybdenum.

Behaviour of Molybdenum Alloys

The US Bureau of Mines15 found the chemical and galvanic corrosion
behaviour of both the TZM and Mo-30W alloy to be generally equal or
superior to that of unalloyed molybdenum in many aqueous solutions of
acids, bases and salts. Notable exceptions occurred in 6 • 1 Vo nitric acid where
both alloys corroded appreciably faster than molybdenum. In mercuric
chloride solutions the TZM alloy was susceptible to a type of crevice corro-
sion which was not due to differential aeration. The alloys were usually not
adversely affected by contact with dissimilar metals in galvanic couple
experiments, but the dissimilar metals sometimes corroded galvanically.
Both alloys were resistant to synthetic sea water spray at 6O0C.

Other alloys of molybdenum which have been investigated for their corro-
sion resistance contain 10-50Vo Ta and were found to have excellent
resistance to hydrochloric acid. Ti-Mo alloys were found to resist chemicals
that attack titanium and Ti-Pd alloys, notably strong reducing acids such as
hot concentrated hydrochloric, sulphuric, phosphoric, oxalic, formic and
trichloroacetic. For example, a Ti-30Mo alloy has the following corrosion
rates: in boiling 20Vo hydrochloric acid, O-127-0-254 mm/y; in 10Vo oxalic
acid at 10O0C, 0-038 mm/y, which compares favourably with the respective
rates of 19-5 and 122 mm/y for the Ti-O-2Pd alloy.

Applications in Industry

Molybdenum has always been used in quite large quantities in the electronics
industry, and the use of molybdenum windings, protected by hydrogen, for
high-temperature furnaces is wide-spread. Molybdenum windings and radia-
tion screens are being used in increasing numbers in electric furnaces for the
bright annealing of stainless steels and similar materials. The availability of
the metal in massive form has opened up new fields for molybdenum and one
of the first applications for larger components was in the glass industry where
electrodes and stirrers used in the melting of glass are constructed from
molybdenum. Molybdenum, or more usually the Mo-30W alloy, is finding
increasing use in applications involving molten metals such as the die casting

Mal



of molten zinc18'19. Molybdenum crucibles are used in the production and
handling of rare earth metals and compounds such as lithium platinide, and
boats of molybdenum are used extensively in metal vapour deposition pro-
cesses. Molybdenum as electrodes and other components finds a use in
molten halide salt electrolysis, one of the principal applications of which is
in the recovery of nuclear materials.

In the chemical process industry molybdenum has found use as washers
and bolts to patch glass-lined vessels used in sulphuric acid and acid
environments where nascent hydrogen is produced. Molybdenum ther-
mocouples and valves have also been used in sulphuric acid applications, and
molybdenum alloys have been used as reactor linings in plant used for the
production of H-butyl chloride by reactions involving hydrochloric and
sulphuric acids at temperatures in excess of 17O0C. Miscellaneous applica-
tions where molybdenum has been used include the liquid phase Zircex
hydrochlorination process, the Van Arkel Iodide process for zirconium pro-
duction and the Metal Hydrides process for the production of super-pure
thorium from thorium iodide.

In the poly acrylic synthetic fibre industry, carbonitrided molybdenum
guides have been used in place of chromium plated steel because of their
resistance to corrosion and erosion. Chemicals that attack molybdenum are
listed in Table 5.9.

Table 5.9 Chemicals that attack molybdenum16) 17

Reagent

Potassium carbonate

Potassium hydroxide

Sodium carbonate

Sodium hydroxide

Ferric chloride
Lead nitrate
Lead oxide
Potassium chlorate
Potassium nitrate
Potassium nitrite
Sodium peroxide

Concentration
W

100

50
100
100

50
100
50

Temperature
(0Q

260

100
Fused
315

100
Fused
Room
Fused
Fused
Fused
Fused
Fused
Fused

Resistance

Poor (attack greater
than l-Smmy"1)

Good
Poor
Poor (attack greater

than 1-3 mmy"1)
Good
Poor
Poor
No reaction
Poor (violent reaction)
Poor (violent reaction)
Poor (violent reaction)
Poor (violent reaction)
Poor (violent reaction)

Although molybdenum is resistant to molten glass, except leaded,
molybdenum components not coated with glass but exposed to the oxidising
furnace atmosphere corrode rapidly due to volatilisation of molybdenum
oxide above 37O0C. To overcome this, stirrers etc. for use in glass plant are
physically clad with platinum sheet in vulnerable areas. Modern plating
techniques have enabled dense platiniim coatings to be put onto the surface
of the molybdenum and it is expected that this technique will be exploited
further in the near future.

Molybdenum shows good corrosion resistance to zirconia up to 200O0C
but above about 120O0C, zirconia becomes electrically conductive and thus
care must be taken in the design of high temperature furnaces using zirconia



refractories, especially 3-phase, as at the operating temperature the refrac-
tories carry most of the current.

Arc cast molybdenum appears to have a greater corrosion resistance than
the powder metallurgical product, especially in large section. This is thought
to be due to the greater density of the cast variety. Electron beam melted
molybdenum, although dense, has an exceptionally large grain size and this
presents problems in fabrication, extrusion appearing to be the most
satisfactory method.

Flame sprayed molybdenum articles have poor corrosion resistance, no
doubt owing to the porosity of the coating. However, modern plasma spray-
ing techniques produce a dense coating and this should lead to more
widespread use of clad materials such as molybdenum clad steel where the
clad product should have the same corrosion resistance as the solid material.

Several coating techniques are now available to overcome the oxidation
problems with molybdenum above 30O0C. One of these, based on
molybdenum disilicide, is finding increased usage in flame breakout shields
for aero-engines where tests have shown (unpublished work) that the coated
material can withstand a high pressure torching type flame attack at
temperatures in excess of 200O0C.

Molybdenum is used for high energy laser mirrors which require water
cooling. Corrosive action of the circulating cooling water can be prevented
by coating the waterways with a thin film of tungsten by chemical vapour
deposition. US Pat Application 308976 (1982).

Molybdenum glass melting electrodes have recently found new usage in
reclamation of contaminated land. Holes are drilled into the ground on an
11-18 ft grid pattern 50 ft deep and glass melting electrodes inserted. The
area between the electrodes on the surface of the ground is covered with
graphite and a fume extraction hood with associated scrubbing equipment.

Current is passed into the electrodes causing the ground temperature to
rise. Volatiles are vaporised off and collected in the scrubbing systems for
safe disposal. The current is increased up to 4000 amps over a period of
several days causing the soil to melt, incorporating non volatile elements into
the fused mass. Other volatiles and organics migrate to the surface where
they combust in the presence of air. The system is then moved to the next
area for decontamination whilst the fused mass is allowed to solidify and
cool. Back filling to allow for shrinkage enables the land to be re-used for
agriculture or building.

J. BENTLEY
C. E. D. ROWE
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5.3 Niobium

Niobium is always found in nature associated with tantalum and it closely
resembles tantalum in its chemical and mechanical properties. It is a soft
ductile metal which, like tantalum, work hardens more slowly than most
metals. It will in fact absorb over 90% cold work before annealing becomes
necessary, and it is easily formed at room temperature. In addition, welds
of high quality can be produced in the metal. In appearance the metal is
somewhat similar to stainless steel; it has a density slightly higher than
stainless steel and a thermal conductivity similar to 1% carbon steel.

It is somewhat less corrosion resistant than tantalum, and like tantalum
suffers from hydrogen embrittlement if it is made cathodic by a galvanic cou-
ple or an external e.m.f., or is exposed to hot hydrogen gas. The metal
anodises in acid electrolytes to form an anodic oxide film which has a high
dielectric constant, and a high anodic breakdown potential. This latter pro-
perty coupled with good electrical conductivity has led to the use of niobium
as a substrate for platinum-group metals in impressed-current cathodic-
protection anodes.

The mechanical properties of niobium are dependent on the previous
history of the material and the manufacturer should be consulted if these
properties are likely to be critical. Physical and some typical mechanical pro-
perties are set out in Tables 5.10 and 5.11.

Methods of Fabrication

Niobium possesses excellent room temperature fabrication characteristics
compatible with all conventional production practices. Large reductions (up
to 90%) of recrystallised material can be made without intermediate process
annealing. Secondary fabrication operations such as stamping, drawing or
forming into completed shapes can be performed cold. Intermediate anneals
are dependent on the amount of work involved. In tube drawing or deep
drawing, annealed niobium should be used. Reductions of 60 to 80% with
multiple draws are customary before re-annealing, but the initial draw
should have a depth not greater than 40 to 50% of the diameter.

It machines in a similar manner to soft copper, and high-speed-steel tools
with high cutting speeds are most satisfactory. Trichloroethane is recom-
mended as a cutting medium and the work must be kept well flooded at all



Stress
relieving

temperature1

Recrystallisation
temperature1

Workability
(ductile to

brittle trans.
temp.) (0Q

Resistance
to thermal

shock

Hardness
(VPN)

Poisson's
ratio

Modulus of
elasticity2'1

(GN/m2)

UTS2'7

(MN/m2)
Yield stress2'6

(MN/m2)

80O0C900-1 30O0C-150
(based on
rupture
tests)

Good77-1730-38188 at 2040C
113 at 60O0C
108 at 90O0C

517-1 034 at 2O0C
241 at 50O0C
89-1 17 at 100O0C

288 at 2O0C
68 at 1 05O0C

Table 5.11 Mechanical properties of niobium

Cross section
thermal

neutrons5

(barns/atom)

Coefficient of
thermal

expansion 2> 4

(XlO-6X0C)

Resistivity lt3

GiQ/cm at 2O0C)

Thermal
conductivity55

(W/cm°C)

Specific
heat2

(J/g°C)

Density l

(g/cm3)

Boiling
point1

(0C)

Melting
point l

(0C)

1-167-1 at 2O0C
7 -39 at 0-40O0C

15O -523 at O0C
0-691 at 1 8730C

0-268 at 150C
O -320 at 12270C

8-5749272468

Table 5.10 Physical properties of niobium



times. If it is not possible to use this coolant, satisfactory results can be
obtained with water-soluble oil coolants.

It can be welded by resistance, tungsten-inert gas (TIG), plasma arc and
electron beam techniques. To protect the metal from attack by air, resistance
welding is carried out under water and the TIG method is best performed in
a chamber of argon. The latter three methods produce ductile welds that
equal the base metal in most of its characteristics.

Niobium closely resembles tantalum in its mechanical properties and for
more detailed information relating to the fabrication of niobium see Section
5.5 on tantalum.

Corrosion Resistance

Niobium like tantalum relies for its corrosion resistance on a highly adherent
passive oxide film; it is however not as resistant as tantalum in the more
aggressive media. In no case reported in the literature is niobium inert to
corrosives that attack tantalum. Niobium has not therefore been used
extensively for corrosion resistant applications and little information is
available on its performance in service conditions. It is more susceptible than
tantalum to embrittlement by hydrogen and to corrosion by many aqueous
corrodants. Although it is possible to prevent hydrogen embrittlement of
niobium under some conditions by contacting it with platinum the method
does not seem to be broadly effective. Niobium is attacked at room tempera-
ture by hydrofluoric acid and at 10O0C by concentrated hydrochloric,
sulphuric and phosphoric acids. It is embrittled by sodium hydroxide pre-
sumably as the result of hydrogen absorption8 and it is not suited for use
with sodium sulphide.

Atmospheric Niobium like several other refractory metals is extremely
reactive with atmospheric oxygen. It will in fact react with air at tempera-
tures as low as 20O0C9 although reaction does not become rapid until
temperatures above red heat (about 50O0C) are reached; at 98O0C the rate
is 0-05 mm/h10 and at 1 20O0C the rate is SOOmm/h11. It is not attacked by
oxygen at 10O0C but the attack is catastrophic at 39O0C. At lower tempera-
tures a thin adherent oxide film is formed on the surface of the metal, but
at higher temperatures, above red heat, the oxide diffuses rapidly throughout
the metal with consequent embrittlement. At elevated temperatures the
metal reacts with all the common gases including nitrogen (300-40O0C),
water vapour (30O0C), carbon dioxide, carbon monoxide and hydrogen
(25O0C).

Protection of niobium and its alloys from oxidation in air is accomplished
by coating, e.g. with zinc deposited by holding in zinc vapour at 8650C12 or
coating with a layer of chemically stable oxide, nitride or silicide. Silicide
coatings applied by pack cementation, fused slurry13 or by electrolytic
methods have been found to be one of the most effective means of preventing
oxidation of the metal.

Water The corrosion resistance of pure niobium in water and steam at
elevated temperatures is not sufficient to allow its use as a canning material
in water-cooled nuclear reactors. Alloys of niobium with molybdenum,
titanium, vanadium and zirconium however have improved resistance and
have possibilities in this application. Whilst the Nb-IOTi-IOMo alloy offers



the best corrosion resistance the Nb-7V alloy seems more practical on the
basis of weldability. It also has good high-temperature strength properties.

Acids10'14'16 Niobium is resistant to most organic acids and to mineral
acids especially under oxidising conditions. Figs. 5.5 to 5.7 show the corro-
sion behaviour of niobium in laboratory tests in various concentrations of
sulphuric and hydrochloric acids at the boiling point and at 19O0C and
25O0C, and in phosphoric acid at the boiling point. It has excellent resistance
to nitric acid, the rate of attack in 70% acid at 25O0C being only O • 25 mm/y.
In dilute sulphurous acid at 10O0C the corrosion rate is 0-0125 mm/y, but
in concentrated acid at the same temperature it is greater than 0-25 mm/y.
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Fig. 5.5 Niobium corrosion in sulphuric acid15

Alkalis8'10> 14 Though niobium is not attacked by most alkalis at room tem-
perature it is seriously attacked at 980C, and severe embrittlement is obtained
in concentrated alkali at room temperature and virtually all alkalis at 980C.
See Table 5.12 for detailed corrosion rates and embrittlement ratings.

There is evidence to show that the corrosion product when niobium is
attacked by sodium hydroxide is Na8Nb6O19.18H2O.

Salts10'17'18 Tests on niobium have only been carried out in a limited
number of salt solutions; however, in the main niobium exhibited similar
resistance to tantalum in most salt solutions, and like tantalum it is attacked
by salts that hydrolyse to form alkalis.

Boiling



Concentration of H3PO^ (%)

Gases9'17'19'20 It is unattacked by most common gases, e.g. nitrogen,
hydrogen, oxygen, carbon dioxide, carbon monoxide and sulphur dioxide
(wet or dry) up to 10O0C, and it is inert to chlorine and bromine (both wet
and dry) to 10O0C. It is, however, attacked by nitrogen at 300-40O0C,
hydrogen at 25O0C, oxygen at 20O0C, carbon and carbon-bearing gases at
1 200-1 40O0C and by chlorine at 200-25O0C.

Fig. 5.7
Niobium corrosion in

boiling phosphoric acid16

Fig. 5.6
Niobium corrosion in
hydrochloric acid 15
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Note. Embrittlement ratings were obtained by bending a wire corrosion-test-specimen and the following notations were used:
A wire unbroken when sharply bent.
B wire broken when sharply bent.
C wire broken when handled or slightly bent.

Liquid Metals

Bismuth Niobium is resistant to bismuth at temperatures up to 56O0C22

but is attacked at higher temperatures23"25 and is therefore not considered a
suitable container for handling liquid bismuth even under oxygen-free condi-
tions26. Furthermore, the stress-rupture properties of niobium are signifi-
cantly lowered when the metal is tested in molten bismuth at 8150C24'27.

Gallium It is slightly less resistant than tantalum to gallium, showing good
resistance at temperatures up to 40O0C but poor resistance above 45O0C28"30.

Lead Although subject to slight penetration at 98O0C it shows no detri-
mental effects in stress rupture tests when tested in molten lead at this
temperature27 or at 8150C24. It is highly resistant to mass transfer in liquid
lead as indicated by data obtained in tests at 80O0C with a thermal gradient
of 30O0C31.

Lithium Niobium has good resistance to molten lithium at temperatures up
to 100O0C28'32.

Mercury In static tests niobium shows good resistance to mercury at
temperatures up to 60O0C28.

Sodium, potassium and sodium-potassium alloys Liquid sodium, potas-
sium or alloys of these elements have little effect on niobium at tempera-
tures up to 1 00O0C28'33'34, but oxygen contamination of sodium causes an
increase in corrosion35'36. Sodium does not alloy with niobium37. In mass
transfer tests, niobium exposed to sodium at 60O0C exhibited a corrosion
rate of approximately 1 mgcm'M"1. However, in hot trapped sodium at
55O0C no change of any kind was observed after 1 07Oh38.

Reagent

NaOH

KOH

Na2CO3

K2CO3

Na2PO4

Na2S
NaOH

and
Na2S
NaOH

KOH

Concentration
(%)

1
5

10
1
5

10
20
10
20
25
9

9

Temperature
(0C)

98
98
98
98
98
98
98
98
98
98
98

98

Molten

Molten

Corrosion rate
(mm/y)

0-74
1-17
2-00
0-60
2-56
1-63
1-60
2-90
2-46
1-34
0-09

4-15

Embrittlement
rating

B
C
C
A
C
B
C
C
C
B
A

B

Severe attack
at 5350C

Dissolves metal
at 36O0C

Table 5.12 Corrosion in alkalis8'10-14



Thorium-magnesium In static tests the thorium-magnesium eutectic had
no appreciable effect on niobium at 85O0C39.

Uranium Short-term tests indicate that the practical upper limit for
niobium as a container material for uranium is about 1 40O0C40. Niobium
is dissolved in a uranium-bismuth alloy in less than 10Oh at a temperature
of 80O0C41. Uranium eutectics with iron, manganese or nickel, corroded
niobium at 80O0C42 and 1 00O0C43. It is significantly attacked by uranium-
chromium at 1 00O0C44.

Zinc Molten zinc is reported to attack niobium at a significant rate at
temperatures above 45O0C45. It is attacked by zinc at 60O0C and shows
increasing solubility with temperature up to 85O0C.

Galvanic effects If niobium is cathodic in a galvanic couple the results can
prove disastrous because of hydrogen embrittlement. If niobium is the anode
in such a couple it anodises so readily that no damage occurs and the galvanic
current drops to a very low value due to the formation of an anodic oxide
film.

Anodic oxide formation Lakhiani and Shreir46 have studied the anodic
oxidation of niobium in various electrolytes, and have observed that
temperature and current density have a marked effect on the anodising
characteristics. The plateau on the voltage/time curve has been shown by
electron microscopy to correspond with the crystallisation of the oxide and
rupture of the previously formed oxide. It would appear that this is a further
example of'field recrystallisation'—a phenomenon which has been observed
previously during anodisation of tantalum47. No significant data on the
galvanic behaviour of niobium are available; however, its behaviour can be
expected to be similar to tantalum.

Alloys of Niobium

Niobium-Tantalum Niobium and tantalum form solid-solution alloys
which are resistant to many corrosive media and possess all the valuable
properties of the pure metals. This could have great practical value since
in a number of branches of technology it might permit the replacement of
pure tantalum by a cheaper alloy of niobium and tantalum. Miller48 and
Argent49 reported data on the resistance of the niobium-tantalum system,
but the tests were only carried out under mild conditions and the data have
only limited significance. However, Gulyaev and Georgieva16 and Kieffer,
Bach and Slempkowski50 carried out tests at elevated temperatures and
their work indicated that the corrosion rates of the alloys are substantially
that of tantalum provided the niobium content does not exceed 50%.

Niobium-Zirconium Nb-O-75Zr has excellent mechanical properties and
similar corrosion resistance to pure niobium; higher zirconium concentra-
tions reduce the corrosion resistance.

Niobium-Titanium Nb-STi exhibits unusual behaviour: although the



corrosion resistance is slightly lower than the pure metal it shows no sign of
embrittlement in sulphuric and hydrochloric acids. The higher the titanium
content the lower the corrosion resistance.

Niobium-Zirconium-Titanium Niobium alloys containing zirconium and
titanium have improved resistance to high-temperature water51 and have
been evaluated for use in pressurised-water nuclear reactors.

Niobium-Vanadium The presence of vanadium reduces niobium's corro-
sion resistance to most media. The alloy containing 12 • 6 at. % V however has
excellent resistance to high-temperature water and steam, and this property
and the alloy's relatively low neutron cross section give it considerable poten-
tial for nuclear applications.

Niobium-Molybdenum The addition of molybdenum to niobium within
the solid solution range gives improved corrosion resistance to hydrochloric
and sulphuric acids.

Industrial Applications of Niobium

Nuclear Niobium finds use in some nuclear reactors on account of its
compatibility with uranium and liquid sodium/potassium at fast reactor
temperatures.

Impressed-current cathodic-protection anodes Niobium has, a high anodic
breakdown potential (100 V in sea water), a good electrical conductivity
(13% that of Cu), good mechanical properties and anodises readily forming
an adherent passive oxide film. These properties have led to it being used as
a substrate for platinum in impressed-current cathodic-protection anodes
for use in high-resistivity waters and other situations where high driving
potentials are required to obtain good current spread. Niobium has the
advantage over tantalum in that it is less costly, and its cost can be decreased
by using a composite electrode with a copper core that also increases the con-
ductivity of the anode52.

Capacitors Niobium's electrical properties have also led to its investigation
as a capacitor material; however, as far as is known there has been no signi-
ficant commercial application of the material in this field.

Chemical plant It has been reported from some plants producing hydro-
chloric acid that tantalum condensers are being replaced by ones of niobium,
and in certain petroleum plant niobium is being specified for its corrosion
resistance and mechanical properties.

Electrical Niobium is finding growing use in components for high-pressure
sodium lamps.

Miscellaneous Niobium also finds use in satellite launch vehicles and space-
craft and one of the principal applications for niobium-base alloys is in the
production of super-conducting devices.



Recent Developments

Corrosion and other properties of niobium have been reviewed in Symposia
held in 198153 and 198254, and in updated suppliers' literature55'56.

Wider application would result from improving the oxidation resistance
of niobium and its alloys at elevated temperature. Oxidation kinetics are
parabolic to paralinear over the range 400 to 60O0C and linear from 700 to
90O0C57, although oxidation rate is irregular in the range 600 to 81O0C58.
In contrast the kinetics of nitriding are parabolic over the range 40O0C to
UOO0C57. At room temperature the oxidation of niobium in oxygen is log-
arithmic and pressure dependent59.

The oxidation rate of niobium in air from 80O0C to above 100O0C can be
decreased by alloying e.g. with hafnium, zirconium, tungsten, molybdenum,
titanium or tantalum60'61. However, the preferred fabricable alloys still
require further protection by coating60. Ion implantation improves thermal
oxidation resistance of niobium in oxygen below 50O0C62.

In hydrochloric acid at temperatures up to 10O0C, the corrosion rate
decreases with time and ferric iron concentration63. The presence of air
does not affect the general corrosion rate but in ION acid it promotes pitting
attack, which also arises in chloride-containing methanolic solutions in the
absence of sufficient water to effect passivation64. Alloying niobium with
2.5% or more of tantalum significantly decreases corrosion rates in hydro-
chloric acid65.

Niobium is resistant to pitting and general corrosion in hydrobromic acid
up to the azeotropic concentration of 47 wt% and 1240C; the presence of
free bromine enhances passivity66.

Anodic oxide film properties depend upon ion concentration in acid
chloride67 and in alkaline68 solutions; films are more compact and crack-
free in acid solution69. Alloying with more than 41% of nickel gives good
resistance to hydrogen embrittlement in potassium hydroxide solution70.

Cathodic protection applications in fresh water include use of ferrite-
coated niobium71, and the more usual platinum-coated niobium72. Plati-
nised niobium anodes have been used in seawater, underground73 and in
deep wells73'74 and niobium connectors have been used for joining current
leads75. Excellent service has been reported in open-seawater, where anodic
potentials of up to 12OV are not deleterious, but crevice corrosion can occur
at 20 to 40V due to local surface damage, impurities such as copper and iron,
and under deposits or in mud75.

Recent information on the behaviour of niobium in molten salts is sparse
and confined to a few specific, mixed-salt environments76.

J. BENTLEY
LR. SCHOLES
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