
5.5 Tantalum

General

Tantalum is one of the most versatile corrosion-resistant metals. Its corro-
sion behaviour can be compared with that of glass in most environments.
This behaviour is attributed to the stable passive film of Ta2O5 produced on
the surface during exposure.

The pure metal has a very high melting point (29960C) and is blue-grey
and like lead in appearance. It has a density of about twice that of carbon
steel (16.6 g/cm3) and a similar thermal conductivity. It is one of the refrac-
tory metals and suitable for high temperature application under protective
conditions.

It can be readily cold worked, but hot working, however, must be avoided
as the metal reacts with gases such as oxygen, nitrogen and carbon dioxide
with resultant embrittlement. It can be machined, although care is necessary
to obtain a good surface finish. The high strength, good workability and
excellent corrosion resistance permit the use of very thin walled components,
a commonly employed thickness in chemical plant being about 0.3 mm.

These properties, coupled with the metal's ability to promote bubble-type
vapour formation on the surface when heating liquids, and drop wise con-
densation when condensing vapours, make the metal an ideal constructional
material for heat-transfer equipment for use with strong acids.

The absence of corrosion, coupled with the fact that scale and other
deposits appear to be dislocated by thermal cycling, result in a finish on
tantalum heating surfaces that is as good as the original, even after 20 or 30
years in service, and also ensure that good heat-transfer properties are main-
tained throughout the life of the equipment. The use of tantalum for process
equipment also ensures freedom from contaminations of the product.

The mechanical properties of tantalum are dependent on the previous
history of the material and the manufacturer should be consulted if these
properties are likely to be critical. The physical and some typical mechanical
properties are listed in Tables 5.21 and 5.22. The effect of the temperature
on the strength and elongation of tantalum sheet in vacuum is shown in Figs.
5.8 and 5.9.



Table 5.21 Physical properties of tantalum
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Table 5.22 Mechanical properties of tantalum
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TEMPERATURE ( 0 C )

Fig. 5.9 Effect of temperature on the ultimate strength of tantalum

Methods of Fabrication

The high melting point and reactivity of tantalum with the permanent
gases at high temperatures prevents conventional consolidation by melt-
ing and casting in air. The metal is in fact consolidated by vacuum sinter-

TEMPERATURE ( K )

Fig. 5.8 Effect of temperature on the tensile strength and elongation of tantalum
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ing, vacuum-arc melting and electron-beam melting of powder compacts.
Vacuum sintering yields metal of fine grain, whereas electron-beam melting
yields softer coarse-grained metal which requires cold forging prior to roll-
ing. Metal produced by all three techniques will absorb considerable cold
work before annealing is necessary.

Rolling and swaging Vacuum-sintered bar can be cold rolled, and reduc-
tions up to 90% between anneals are possible. Arc-cast and electron-beam-
melted material is generally forged at room temperature prior to rolling and
swaging.

Drawing Tantalum has a tendency to gall and is normally anodised to
provide a surface which will carry a drawing lubricant. Seamless tube is pro-
duced by cupping followed by drawing or by hollow shells.

Spinning Tantalum can be formed by all conventional spinning techni-
ques, provided a lubricant such as tallow is employed, and can be spun into
configurations which cannot be produced by other forming methods.

Machining Tantalum is readily machined using high-speed-steel tools, pro-
vided a lubricant such as trichloroethane is employed.

Blanking and cutting Tantalum can be blanked, cut and sheared using
similar equipment and techniques to those used for austenitic stainless steel.

Joining Tantalum can be joined by riveting, brazing and welding; how-
ever, due to the good properties of welded joints the former techniques are
seldom used.

Welding Because of the reactivity of the hot metal with the permanent
gases, conventional welding techniques cannot be used. In general the prac-
tical methods are restricted to tungsten-electrode inert-gas (TIG), resis-
tance, electron-beam (EB) and plasma-arc welding. To ensure statisfactory
TIG welds, welding should be done in an inert-gas-filled chamber. Material
thinner than 0-5 mm cannot readily be TIG welded and resistance welding
has to be used. Spot welding can be carried out in air and under water. EB
welding gives a contamination-free narrow weld and heat-affected zone,
irrespective of material thickness, and plasma-arc welding has been used in
0-05-1-0 mm sheet and gives a weld with similar properties to EB welds.

Economical Considerations

The relatively high cost of tantalum has been a limiting factor in its use.
Fabrication techniques, in which thin linings of tantalum are used, result in
equipment at a much lower cost than an all-tantalum construction.

The long life and reliability of tantalum equipment in severe-corrosion
applications often more than offsets its higher initial costs. Therefore, a new
situation has been created for utilising the benefits of tantalum products.
When tantalum is properly applied, it can often be justified not only on a
field replacement basis but also on initial installation.



Corrosion Resistance

Tantalum's corrosion resistance is due to the presence of a thin continous
surface film of tantalum pentoxide (Ta2O5). Thus the metal is passive and
approaches the inertness of gold and platinum in a large number of very
aggressive environments. The metal itself in the active state lies below zinc
in the thermodynamic nobility table presented by Pourbaix5. In the passive
state, its oxide film, however, puts it just below rhodium and above gold in
the Pourbaix practical nobility table. The oxide film adheres well and
appears to be free from porosity. At elevated temperatures a suboxide layer
develops between the metal and the upper oxide film (Ta2O5) interface. This
suboxide layer is not stable at temperatures higher than 4250C. When heated
above this temperature only the stable pentoxide exists and the internal stress
set up by the metal during oxide conversion causes the protective oxide film
to flake and spall. Owing to this phenomenon, high temperature application
of tantalum is limited in atmospheric environments under oxidative
conditions.

Available reports indicate that tantalum is an effective passive metal in
most of the chemical environments, at ambient temperature and up to about
10O0C. There are only a few environments in which tantalum corrodes in a
rate higher than Imm/y, at temperatures up to about 10O0C.

Fluorine and Fluoride Environments

Tantalum is severely attacked at ambient temperatures and up to about
10O0C in aqueous atmospheric environments in the presence of fluorine and
hydrofluoric acids. Flourine, hydrofluoric acid and fluoride salt solutions
represent typical aggressive environments in which tantalum corrodes at
ambient temperatures. Under exposure to these environments the protective
Ta2O5 oxide film is attacked and the metal is transformed from a passive to
an active state. The corrosion mechanism of tantalum in these environments
is mainly based on dissolution reactions to give fluoro complexes. The com-
position depends markedly on the conditions. The existence of oxidizing
agents such as sulphur trioxide or peroxides in aqueous fluoride environ-
ments enhance the corrosion rate of tantalum owing to rapid formation of
oxofluoro complexes.

Hydrogen Embrittlement

Tantalum has a high solubility for hydrogen, forming two internal hydrides,
but the exact mechanism of their formation is not precisely known.

There is evidence that embrittlement can occur at temperatures below
37O0C. Clauss and Forestier6 in fact reported that embrittlement can occur
when tantalum is deformed in contact with hydrogen at room temperature.
Examination of the literature indicates that one of the few defects in the
resistance of tantalum to corrosion in aqueous media lies in its susceptibility
to hydrogen embrittlement. Although it is inert in concentrated hydrochloric



at temperatures as high as 11O0C, some reaction occurs at appreciably higher
temperatures and sufficient hydrogen may be absorbed to cause embrittle-
ment. Since it becomes cathodic in galvanic cell circuits with virtually all con-
structional metals, it must be electrically insulated from other metals with
which it could come into contact in a common electrolyte, in order to prevent
hydrogen discharge and entry into the metal. Anodising the tantalum, or
addition of selected oxidising agents to the environment19 are proposed to
reduce hydrogen embrittlement.

Reactions with Gases: Hydrogen, Nitrogen, Oxygen

Tantalum and tantalum alloys react with hydrogen, nitrogen and oxygen at
temperatures above 30O0C. Hydrogen is dissolved in the metallic matrix
above 35O0C8 and evolved at higher temperatures of about 80O0C9'10. The
dissolved hydrogen embrittles the tantalum and its alloys. This effect can be
used to prepare tantalum powder.

The reaction with small amounts of nitrogen results in an increased hard-
ness, tensile strength and electrical resistivity. Tantalum is embrittled by
higher amounts of nitrogen. The reaction takes place at temperature above
40O0C8. Nitrides among other phases form at the surface, but at higher
temperatures these decompose and all the nitrogen is liberated at 210O0C11.

Generally, the most important reaction is that of tantalum with oxygen,
since it tends to form oxides when heated in air. Reaction starts above 30O0C
and becomes rapid above 60O0C19. The scale is not adherent, and if the
oxidised material is heated above 100O0C oxygen will diffuse into the bulk
of the material and embrittle it. At 120O0C catastrophic oxidation attack
takes place at a rate of about 150 mm/h13. Oxygen is not driven off by
heating alone, but in vacuum above 230O0C it is removed as a suboxide. The
first step of the conversion mechanism of tantalum into oxide was shown to
occur by the nucleation and growth of small plates along the {100} planes
of the BCC metal21'22.

The presence of a few atomic percent of oxygen in tantalum increases elec-
trical resistivity, hardness, tensile strength, and modulus of elasticity, but
decreases elongation and reduction of area, magnetic susceptibility, and cor-
rosion resistance to HF23.

The main protective method against atmospheric catastrophic attack is
surface coatings of silicides, and aluminides24.

Atmospheric Conditions

Tantalum has a high resistance to general outdoor atmospheres. Tantalum
and the Ta-IOW alloy are virtually immune to sea water at ambient condi-
tions and tantalum is only tarnished in oxygenated sea water at 260C.

Acid Media

Tantalum is practically inert to nitric acid at all concentrations and temper-
atures. The corrosion rate in 70% acid at 27O0C is about O-1 mm/y. It also



Hydrochloric acid (%)

Fig. 5.10 Corrosion of tantalum by hydrochloric acid18

resists fuming nitric acids up to at least 15O0C and hydrochloric acid at
all concentrations up to 19O0C though above 25% the corrosion rate rises
rapidly and, in addition, the entry of hydrogen caused embrittlement
(Fig. 5.10). Tantalum is completely inert to hydrochloric acid mixtures
even in the presence of sulphuric acid and its salts in all proportions and
concentrations up to boiling point. It is not corroded by phosphoric acid
at concentrations up to 85% and temperatures up to 20O0C, provided
flouride ions, often found in commercial acid, do not exceed 5 p.p.m. It
is practically inert to perchloric acid, chromic acid, hypochlorous acid,
hydrobromic acid, hydriodic acid and most organic acids provided they do
not contain flour ides, flourine or free sulphur trioxide. One exception to
flouride attack appears to be in certain chromium plating baths in which
fluoride is used as the catalyst, the corrosion rate in 40% CrO3 plus 0-5%
F at 55-6O0C being 0-0005 mm/y.

It is completely inert to 98% sulphuric acid to at least 16O0C and to even
higher temperatures at lower concentrations. Practically, it may be used
to 20O0C in all concentrations and to 225-25O0C at concentrations between
80% and 90%. Fuming sulphuric acid containing sulphur trioxide attacks
tantalum at room temperature as do hydrofluoric and fluorosilicic acids.

Specific information is given in Figs. 5.10, 5.11 and Table 5.23.

Alkali Media

Sodium hydroxide (NaOH) and potassium hydroxide (KOH) solutions do
not dissolve tantalum, but tend to destroy the metal by formation of suc-
cessive layers of surface scale. The rate of the destruction increases with con-
centration and temperature. Damage to tantalum equipment has been
experienced unexpectedly when strong alkaline solutions are used during
cleaning and maintenance.
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Tantalum is attacked, even at room temperature, by concentrated alkaline
solutions. However, tantalum is fairly resistant to dilute alkaline solutions.
In one long-term exposure test in a paper mill, tantalum suffered no attack
in a solution with a pH of 10. Attack by alkaline solutions is summarised in
Table 5.24.

It suffers mild attack in fused sodium hydroxide at about 3150C, but is
severely attacked at 5350C; it is also strongly attacked by fused potassium
hydroxide at 36O0C and sodium carbonate at 85O0C.

Acid

Chromic

Phosphoric (air free)

Concentration
W

All concentrations
10-50

36-5
70
70

10-85
96
96

Temperature
(0Q

100
Boiling

90
25

100
50-250

215-220
225-230

Corrosion rate
(mm/y)

<0-08
<0-12
<0-12
<0-12

0-12-0-9
<0-12

0-033
0-094

Sulphuric acid (V.)

Fig. 5.11 Corrosion of tantalum by sulphuric acid18

Table 5.23 Corrosion by miscellaneous acids14> 15> 17
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Salts in Aqueous Solutions

Tantalum has excellent resistance to virtually all salts including chlorides
(especially cupric and ferric chloride), sulphates, nitrates and salts of organic
acids, provided (a) they do not contain fluorides, fluorine and free sulphur
trioxide, or (b) hydrolyse to produce strong alkalis.

Other Environments

Halogens Although tantalum is severely attacked by flourine at room
temperature it does not react with liquid chlorine, bromine and iodine up to
15O0C and the metal suffers no appreciable attack in wet or dry bromine,
chlorine and iodine below 25O0C. It is virtually uncorroded by hydrogen
bromide and hydrogen chloride below 37O0C, attack starting at about 375
and 41O0C respectively.

Liquid metals The corrosion resistance of tantalum depends on the metal-
lurgical interaction between the liquid metal and tantalum. Generally good
resistance is observed in low melting point liquid metals.

Bismuth Liquid bismuth has little action on tantalum at temperatures
below 100O0C26'27"29, the rate of attack at 87O0C being less than 0.13 mm/y,
and exerts not detrimental effects on the stress rupture properties of tantalum
at 8150C, but is causes some intergranular attack at 100O0C31.

Calcium Tantalum is only slightly attacked by calcium at 120O0C, the rate
of attack being 0.37 mm/y32.

Gallium The resistance of tantalum to molten gallium is coijsidered to be
good up to 45O0C, but poor above 60O0C, the rate of attack at 4820C being
less than 0.13 mm/y.

Lead Tantalum is highly resistant to liquid lead at temperatures up to
100O0C26 with a rate of attack of less than 0.025 mm/y33. It exhibits no
detrimental effects when stress rupture tests are conducted in molten lead at
8150C33.

Alkali

Sodium
hydroxide

Potassium
hydroxide

Concentration
W

10
5

10
50
50
73

5
10
50
40

Temperature
(0Q

Room
98
98

38-57
120

113-129
100

Boiling
27
100

Corrosion rate
(mm/y)

nrvvvH No noticeable
0^0082 j ^brittlement
0-9-1-25

>l -3
0-9-1-25

<0-08
<0-12

0-9-1-25
>l-25

Table 5.24 Corrosion by alkalis 14~17'25



Lithium Tantalum possesses good resistance to molten lithium up to
100O0C26'36 the rate of attack at this temperature being less than 0-13
mm/y.

Mercury In static tests tantalum showed good resistance to mercury at
temperatures up to 60O0C26, the rate of attack at 59O0C being less than 0-13
mm/y.

Silver Tantalum is only slightly attacked by silver at 120O0C, the rate of
attack being 0-25 mm/y32.

Sodium, potassium and sodium-potassium alloys Liquid sodium, potas-
sium or alloys of these elements have little effect on tantalum at temperatures
up to 100O0C26'31'35, the rate of attack of 120O0C being less than 0-13
mm/y, but oxygen contamination of sodium causes an increase in cor-
rosion36'37. In fact, if oxygen is present, attack may commence as low as
25O0C. Sodium does not alloy with tantalum30.

Thorium-magnesium In static tests the thorium-magnesium eutectic had
no appreciable effect on tantalum at 100O0C38, the corrosion rate being less
than 0-13 mm/y.

Tin Static tests in liquid tin at 174O0C for 1 h showed that some tantalum
dissolved (0-33% Ta was found in the tin); the corrosion rate at 26O0C is
1 • 3 mm/y.

Uranium Short-term tests indicate the practical upper limits for tantalum
as a container material for uranium to be 145O0C40. However, attack below
these temperatures is significant, since a tantalum crucible with a wall
1-52 mm thick was completely corroded in 5Oh in 12750C.

Zinc Molten zinc attacks tantalum at a significant rate above 45O0C42, the
rate of attack at 37O0C being less than 0-13 mm/y. At 75O0C the attack
becomes appreciable43.

Aluminium, magnesium and cadmium Tantalum is attacked at a corrosion
rate higher than 1 mm/y by these molten metals. The related temperatures
are: aluminium 66O0C, magnesium 65O0C, and cadmium 37O0C.

Organic compounds In general, tantalum is completely resistant to organic
compounds and is used in heat exchangers, spargers, and reaction vessels60.

Fine chemicals, foods, and Pharmaceuticals The immunity of tantalum to
corrosion also ensures product purity and undesired side reactions in the
processing of fine chemicals, foods, and Pharmaceuticals.

Body fluids and tissues Tantalum is a very stable passive metal and com-
pletely inert to body fluids and tissues. Bone and tissue do not recede from
tantalum, which makes it attractive as an implant material for the human
body45'60.

Carbon, Boron, and Silicon Tantalum reacts at elevated temperatures (not
stated) directly with carbon, boron, and silicon to form Ta2C and TaC,
TaB and TaB2, and TaSi2, respectively45.

Phosphorous Tantalum phosphides, TaP and TaP2, are formed by heat-
ing tantalum filings in phosphorous vapour at 750 to 95O0C45.



Sulphur Tantalum reacts with sulphur or H2S at red heat to form tanta-
lum sulphide Ta2S4.

Sulphur Trioxide Tantalum is attacked by sulphur trioxide at ambient con-
ditions at rates higher than 1 mm/y.

Selenium and Tellerium Tantalum is attacked by selenium and tellurium
vapours at temperatures higher than 8O0C. Only slight attack is observed
on the metal by liquid selenides and tellurides of ytirum, the rare earths,
and uranium at temperatures of 1300 to 210O0C, and tantalum is con-
sidered to be a satisfactory material in which to handle these intermetallic
compounds.

Oxidizing gases Tantalum reacts with oxidising gases at elevated
temperatures.

Galvanic Effects

As indicated previously, a galvanic couple in which tantalum is the cathode
can prove disastrous because of embrittlement. On the other hand, if tan-
talum is the anode it passivates so readily in most environments that no
damage occurs, and the galvanic current drops to a very low value.
Haissinksky46 studied couples of tantalum with platinum, silver, copper,
bismuth, antimony, molybdenum, nickel, lead, tin, zinc and almiunium in
0-1 NH2SO4. Except when tantalum was coupled to zinc or aluminium it
was the more negative member (anode) of the couple. However, the galvanic
current rapidly decreased as the tantalum passivated. In hydrofluoric acid
tantalum was again more positive than zinc and aluminium, but more
negative than platinum, silver, copper, antimony, nickel and lead. The latter
six couples result in high steady-state currents, because tantalum corrodes
rather than passivates in fluoride solutions. The apparently anomalous
behaviour of tantalum coupled with bismuth or iron in hydrofluoric acid is
explained by Haissinksky as being due to the formation of insoluble fluorides
on the surfaces of the bismuth or iron electrodes.

Time is an important factor in determining whether tantalum will be
damaged by galvanic effects47. This is illustrated in Table 5.25. Aluminium
becomes negative in dilute NaCl, HCl and NaOH after 1 h, and the polarity
of other metals coupled with tantalum changes with time. The details of
these tests are not available, and it is diffcult to assess the significance of the
actual potential values. In practice it would be dangerous to depend on
laboratory tests to provide information as to whether tantalum is negative
in a given galvanic couple situation.

Alloys of Tantalum

Tantalum-Niobium Alloying tantalum usually decreases the corrosion
resistance of the metal due to metallic contamination of the Ta2O5 passive
film. The corrosion rates in HCl and H2SO4 environments increase roughly



Tantalum-Tungsten Braun, Sedlatschek and Kieffer56 examined tanta-
lum-tungsten alloys in 50% potassium hydroxide up to 8O0C and in 20%
hydrochloric acid at 2O0C. In the alkaline solution the corrosion rate was a
maximum when the tantalum was over 60 at.%. In hydrofluoric acid the
alloy system exhibited the relatively low corrosion rates associated with
tungsten until the tantalum concentration exceeded 80 at.%.

Tantalum
(atomic % )

O-
10-1
20-1
30-0
40-0
50-0
61-2
71-5
82-8
91-4

100

Average corrosion rate
(mgdm-2d-1)

Cone. H2SO4

0-8
0-9
0-8
1-0
0-9
0-0
0-0
0-0
0-0
0-0
0-0

Cone. HCl

•8
•7
•8

0-9
•0
•0

0-0
0-0
0-0
0-0
0-0

in proportion to the niobium content in the alloy. Only tantalum contents
higher than 60% appears promising for boiling 70% sulphuric acid. Addi-
tions of zirconium, hafnium, chromium or vanadium to binary tantalum-
niobium alloy enhance the corrosion rate of the binary alloys48'54.

Tantalum-Molybdenum Schumb, Radtke and Bever55 studied the corro-
sion resistance of tantalum-molybdenum alloys that form a continuous
series of solid solutions. The results of tests of up to 500 hours duration
(Table 5.26) indicate the corrosion resistance of the alloy to be substantially
that of tantalum, provided its concentration exceeds 50%.

Table 5.26 The corrosion behaviour of tantalum-molybdenum alloys in concentrated
sulphuric and hydrochloric acids at 550C; solutions saturated with oxygen

Time
(min)

0-5
60
0-5

60
0-5

60
0-5

60
0-5

60
0-5

60

Coupled
metal

Hastelloy B
Hastelloy B
Hastelloy C
Hastelloy C
Nickel
Nickel
Lead
Lead
Aluminium
Aluminium
304 stainless steel
304 stainless steel

Potential of tantalum (mV)

3% NaCl electrolyte

-34-3
+2-6

-50-0
-2-8

-65-1
-2.5
-1-6

+60-1
+ 128
+230
-52-0
-2-9

1 % HCl electrolyte

-30-5
+ 1-0

-72-0
-2-7

-36-0
+0-1

+51-0
+52-9

+275
+208

1% NaOH electrolyte

-104
-4-3

-136
-4-4

-180
-4-4
-10
+29-8

+621
+509



Staples and Galloway58 examined the corrosion resistance of the Ta-IOW
alloy in hydrochloric, sulphuric and nitric acids and in sodium hydroxide
solution and found that there was virtually no difference in corrosion rate
between the alloy and pure tantulum in 10-30% hydrochloric acid to 1750C,
70-90% sulphuric acid to 2050C and 60% nitric acid to 19O0C. In addi-
tion, in 5% sodium hydroxide the alloy had a lower corrosion rate than pure
tantalum. This alloy also has yield and ultimate tensile strengths approx-
imately double those of pure tantulum but it is considerably more difficult
to work and fabricate.

Tantalum-Titanium Bishop57 examined the corrosion resistance of this
alloy system in hydrochloric, sulphuric, phosphoric and oxalic acids and
found that alloys containing up to about 50% titanium retained much of the
superlative corrosion resistance of tantalum. Under more severe conditions,
a titanium content of below 30% appears advisable from the standpoint of
both corrosion resistance and hydrogen embrittlement, although contacting
oralloying the material with noble metals greatly decreases the latter type of
attack. Tantalum-titanium alloys cost less than tantalum because titanium
is much cheaper than tantalum, and because the alloys are appreciably lower
in density. These alloys are amenable to hot and cold work and appear to
have sufficient ductility to allow fabrication.

Other Tantalum alloys It has been observed that the presence of a small
amount of iron or nickel, for example, in a tantalum weld makes that
site subject to about the same acid attack as would be experienced by
iron or nickel alone. Galvanic action, as well as simple chemical attack, is
undoubtedly involved.

Industrial Applications of Tantalum

About one half of the tantalum used in the chemical industry is employed
on sulphuric acid duties, mainly in the form of multiple-tube bayonet
heaters.

A further quarter is operating in media containing chlorine or its deriva-
tives and it is in this field and that of the bromine industry that the first
tantalum chemical plant was put on steam in the early 1930s. A large variety
of tantalum equipment is in fact used in the synthesis and handling of hydro-
chloric acid and tantalum heat-exchanger units are employed in a wide range
of processes involving nitric acid.

Tantalum, because of its negligible corrosion rate, finds use in the phar-
maceutical and food manufacturing industries where even the smallest
amount of metallic impurity cannot be tolerated in many products.

By virtue of the high breakdown potential of the oxide film (approx-
imately 155 V in sea water and 280 V in low conductivity water of pH = 7)
tantalum has found use as a substrate for platinum in impressed-current
cathodic-protection anodes, which can be used at high impressed voltages
(50 V) and high current densities. However, because of its lower cost,
niobium is preferred for systems that have to operate at high voltages



Reconcentration of sulphuric acid A very large amount of tantalum heater
surface has been installed in plants for the reconcentration of diluted
sulphuric acid arising from metal pickling, oil refinery operations and from
petrochemical processes producing alcohols and ketones. Since reconcen-
tration provides a means of overcoming a waste of disposal problem, the use
of such plants is expanding17.

Plants producing and handling halogens and halogen compounds Tanta-
lum finds extensive use in the production and handling of hydrochloric and
hydrobromic acid, chlorine and bromine and many of their derivatives.
Absorbers, coolers and heaters which show considerable advantages in terms
of heat-flux capabilities and corrosion resistance have been used on hydro-
chloric acid duties for over 40 years and condensers have been used in
bromine plants for at least the same period. Typical applications of tantalum
in the bromine and chlorine industries are listed in Table 5.27 6^61'62.

Table 5.27 Typical applications of tantalum equipment in bromine and chlorine industry

Product

Benzyl chloride
Bromine, crude

Bromine, pure

Chlorine
Chloroacetic acid
Chlorobenzene, also

monochlorobenzene
and
paradichlorobenzene

Ethyl bromide

Halogens (except
fluorine)

Hydrobromic acid

Hydrochloric acid

Hydrochloric acid
C.P.

Hydrochloric acid,
anhydrous

Hydriodic acid

Hydrogen chloride

Iodine

Operation

Chlorination of toluene
Steam and bromine

condensation
Purification from

chlorine and organics
Brine cooling
HCl absorption
Chlorinator operation

HCl absorption

Alcohol bromination

Chlorine, bromine,
iodine generators
and recovery systems

Generation

Production,
purification,
recovery, processing

Distillation

Production

Generation and
recovery

Production

Recovery from sour
brines

Equipment

HCl absorbers
Condensers

Boilers, condensers, complete
purification plants

Heat exchangers
HCl absorbers
Condensers, HCl absorbers

Special HBr reactor: anhydrous HBr
plant

Bayonet Heaters, coils, condensers,
regulator parts, thermometer wells

Bayonet heaters, coils, condensers,
synthetic HBr plants

Bayonet heaters, heat exchangers,
coils, condensers, HCl absorbers,
synthetic HCl plants, acid coolers,
gas coolers, chlorine burners,
strippers, thermometer wells

Bayonet heaters, coils, condensers,
complete stills

Absorbers, coolers, strippers, chlorine
burners, complete plants

Bayonet heaters, coils, condensers

Absorbers, coolers, strippers, chlorine
burners, complete plants

Coils



Plants handling aqua regia Aqua regia is used extensively in the extraction
and refining of the precious metals, and tantalum, as one of the few metals
resistant to this medium, is used for dissolution/evaporation pans, reactor
lids and all immersed ancillary equipment.

Nitric acid plants Tantalum heat exchangers and sparge pipes find exten-
sive use in plants producing high purity nitric acid, ammonium nitrate and
terephthalic acid.

J. BENTLEY
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5.6 Uranium

For many years the corrosion of uranium has been of major interest in
atomic energy programmes. The environments of importance are mainly
those which could come into contact with the metal at high temperatures
during the malfunction of reactors, viz. water, carbon dioxide, carbon
monoxide, air and steam. In all instances the corrosion is favoured by large
free energy and heat terms for the formation of uranium oxides. The major
use of the metal in reactors cooled by carbon dioxide has resulted in con-
siderable emphasis on the behaviour in this gas and to a lesser extent in
carbon monoxide and air.

Water

Uranium reacts with water to form uranium dioxide, hydrogen and uranium
hydride. However, the hydride usually has only an ephemeral existence and
reacts itself with water to form uranium dioxide and hydrogen. Reaction
rates decrease with pH below 2 and it has been suggested that the solid pro-
ducts form by the inward diffusion of hydroxyl ions through the oxide1.
The oxide is produced mainly as a non-adherent powder, and a linear rate
law is obeyed. Autoclave tests have demonstrated that the rate constant
increases markedly with temperature up to at least 30O0C (Figure 5.12*)2.
The corrosion rate is also influenced by dissolved gases in the water. In par-
ticular the presence of oxygen decreases substantially the reaction rate2 but
makes the metal susceptible to crevice corrosion and pitting attack. The
inhibition is most marked at the lower temperatures at which the oxygen
solubility is highest and the hydrogen product is not sufficient to reduce the
oxygen content locally. The oxygen could exert its influence by being
adsorbed preferentially on the oxide3 or by removing the disruptive influ-
ence of the formation of uranium hydride. An alternative view of such
'hydrogen effects' relates them to changes in the electrical properties of the
oxide detected by impedance measurements during corrosion4. Mechanical

* Corrosion rates have been given as rates of weight gain because they are the basis of most
measurements. Penetrations calculated from the results are dependent upon the relative
amounts of different products, and hence require information on the relative abundance of pro-
ducts, which is generally not known quantitatively and can depend upon experimental condi-
tions such as temperature.



Temperature (0C)
Fig. 5.12 Oxidation rates of uranium in distilled water, air, CO2 and CO as a function of

temperature

failure which is probably associated with stress corrosion as distinct from
hydrogen pick-up, has been obtained for specimens of uranium5 and
various 7-quenched alloys. For at least the alloys it is enhanced by chloride
ions6 and is inhibited by cathodic polarisation7. At high temperatures the
only resistant metallic materials based upon uranium are alloys containing
appreciable amounts of the 7-phase stabilising elements, molybdenum,
niobium and zirconium2, the silicide U3Si(8) and the aluminides. However,
the alloys, as distinct from the intermetallic compounds, fail in a sudden
disintegrating manner after long periods of exposure, due to, it is believed,
hydride formation within the metal.

Atmospheric Corrosion

Uranium tarnishes readily in the atmosphere at room temperature. Electro-
polishing inhibits the process whilst etching in nitric acid activates the sur-
face. Uranium dioxide and hydrated UO3 are the principal solid products,
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although uranium hydride may have a transitory existence. The corrosion is
enhanced by water vapour and hence is governed by the humidity condi-
tions9. However, the presence of oxygen markedly inhibits attack by water
vapour3. The view has been expressed that the corrosion is electrochemical
in nature with the hydrated UO3 being formed at cathodic areas10.

Gases at High Temperatures

Carbon Dioxide and Carbon Monoxide11

The solid corrosion products in carbon dioxide and carbon monoxide are
uranium dioxide, uranium carbides and carbon. The major reaction with
carbon dioxide results in the formation of carbon monoxide:

U + 2CO2 -> UO2 + 2CO .. .(5.1)

and in the formation of carbide the carbon transfer from the gas phase
occurs mainly as a consequence of subsequent reactions of carbon monoxide
with the metal through pores of the oxide scale. Reaction with carbon mon-
oxide must, of necessity, involve the transfer from the gas phase of a carbon
atom with each oxygen atom. This transfer could occur by direct reaction
or via the thermal decomposition of the gas to produce carbon dioxide:

2CO -> C + CO2 .. .(5.2)

which can react subsequently by reaction 5.1. Diffusion studies on UO2
12)

demonstrate that oxygen ions are the major diffusing species in the oxide,
and therefore that the oxide grows by the inward passage of oxygen. Volume
changes associated with the oxidation lead to large stresses in the oxide and
subsequently to the formation of solid products in the form of powders
and/or cracked porous scales.

At the temperatures of interest, a linear rate law is quickly established, and
the rate determining step is believed, in general, to be diffusion of oxygen
ions through a thin layer of adherent oxide of constant average thickness
at a given temperature. For carbon dioxide, the rate constant (Fig. 5.12)
increases steadily with temperature until there is a sudden increase in rate,
together with some self-heating from the high heat of reaction, at or near the
/3-7 phase transition in the metal (78O0C); at higher temperatures there is
little or no dependence of reaction rate on temperature up to 1 00O0C. The
majority of the oxide forms as either a non-adherent powder (the particle
size of which increases with temperature), or, at the highest temperatures,
as a cracked adherent scale. The formation of scale accounts for the lack of
temperature dependence for the rate constant at the highest temperatures
and could result either from sintering of the oxide, or, more probably, from
the growth stresses being relieved by plastic deformation of the oxide and/
or the underlying metal, rather than rupture of the oxide. At the highest
temperatures the rate determining step might be gaseous diffusion through
the porous scale13. The presence of small amounts of water vapour (greater
than 100 p.p.m.) and oxygen (greater than 10 p.p.m.) enhances attack signifi-
cantly at the lower temperatures of 400-50O0C11, and under these condi-
tions preferential attack is frequently observed at carbide inclusions in the



metal14. Major alloy additions of silicon (greater than 3-8%) impair oxida-
tion resistance at all temperatures whilst additions of copper (1%), titanium
(5-10%) and molybdenum (10-15%) decrease rates, but only at the higher
temperatures15. The beneficial influence of copper is associated with the
enrichment of the element at the metal/oxide interface as the UCu5 phase16.
The mechanisms responsible for the effects of the other alloying elements
have not been firmly established but can be attributed to changes in the
physical defects and thicknesses of the adherent oxide, and hence in its pro-
tective properties.

The oxidation rates in carbon monoxide (Fig. 5.12) are less than those for
carbon dioxide. They increase steadily with temperature up to 80O0C but
then decrease markedly by a factor of 100 up to 1 CNOO0C. The decrease in rate
can be attributed to the beneficial factors operating at the higher tempera-
tures with carbon dioxide and to the unfavourable thermodynamics for reac-
tion 5.2 resulting in low equilibrium partial pressures of carbon dioxide.

Air

The high oxygen potential of air leads to the formation of higher oxides
of uranium than uranium dioxide. U3O8 in the form of a powder is the
main product after long times at temperatures above 200-30O0C, although
the lower oxides may be formed as intermediaries and at lower tempera-
tures. The volume change associated with its formation is greater than
for uranium dioxide, and as with carbon dioxide leads to a linear rate law
being established. This volume change combined with the high oxygen
potential gives fast reaction rates17 by comparison with the behaviour in
carbon dioxide (Fig. 5.12). The fast rates and the large heat change lead
to an appreciable self-heating of specimens and an associated increase in
reaction rate. In this situation the supply of oxygen from the air can be
rate determining. The susceptibility of the metal to self-heating increases
with the surface area/volume ratio of components and powders may ignite
at room temperature18. However, large blocks of metal are not normally
liable to self-heating until 400-60O0C and then need an external heat source
to maintain the situation. Alloy additions of molybdenum (5-15%)
markedly reduce reaction rates15'19. Minor additions of other elements may
either enhance or reduce the susceptibility to ignition20 (e.g. aluminium or
copper, respectively).

Steam

The mechanisms of corrosion by steam are similar to those for water up to
45O0C, but at higher temperatures are more closely related to the behaviour
in carbon dioxide. Studies at 10O0C have demonstrated that uranium hydride
is produced during direct reaction of the water vapour with the metal and
not by a secondary reaction with the hydrogen product1. Also at 10O0C it
has been shown that the hydride is more resistant than the metal1. Inhibi-
tion with oxygen reduces the evolution of hydrogen and does not involve
reaction of the oxygen with the uranium3. Above 45O0C the hydride is not



stable and hydrogen is released directly to the gas phase. Also, the cohesion
and protection provided by the uranium dioxide increase with the formation
of a dense scale, at least for short times at the highest temperatures. As a con-
sequence the extent of reaction after a period greater than lOOmin is at a
maximum at 300-40O0C with a rate of weight gain of lO'gm"2!!"1. The
reaction rate increases only slowly with temperature from 500 to 1 20O0C,
although one piece of work reported a marked increase in attack near the £-7
transition in the metal21, analogous to that obtained in carbon dioxide. A
parabolic rate law has been found to apply at temperatures of 500-1 20O0C
for periods of 30min-6h22, although other work indicates that this law is
established for only l-2h above 88O0C and that a linear law generally
applies21. It follows that for a period of l-2h the extent of corrosion in
steam straddles that for carbon dioxide, being greater at temperatures less
than 70O0C and comparable or less at higher temperatures.

Behaviour of Irradiated Uranium

The behaviour of irradiated uranium has been studied mainly with respect
to the release of fission products during oxidation at high temperatures23.
The fission products most readily released to the gas phase are krypton,
xenon, iodine, tellurium and ruthenium. The release can approach 80-
100%. For ruthenium it is dependent upon the environment and only signi-
ficant in the presence of oxygen to form volatile oxides of ruthenium.

Studies of the influence of irradiation on the kinetics of oxidation have
been confined to post-irradiation work. In general, prior irradiation
increases reactivity, although there are considerable inconsistencies in the
enhancements obtained11'23'24. The effects can be derived from an increased
surface area associated with the swelling voids produced in the metal by the
irradiation, and can also probably arise to a lesser extent from chemical
effects of the fission products.

Coatings

Metallic and organic-based coatings have been developed to protect uranium
from oxidation at low and high temperatures. The work on metallic coat-
ings has covered intermetallic compounds and solid solutions of uranium
with aluminium, zirconium, copper, niobium, nickel and chromium26.
Aluminium- and zirconium-based coating25"27 can be particularly effective
in reducing attack over an extended range of temperature. Also, nickel plates
can provide protection against atmospheric corrosion28. Preliminary work
on organic coatings demonstrated that they can enhance atmospheric
corrosion29'30. This behaviour is attributed to the loss of the inhibiting
action of oxygen due to water vapour permeating the coatings more readily
than oxygen. However, a special coating composed of a styrenebutadiene
copolymer containing powdered aluminium has been developed with a low
permeability for water vapour which will reduce the corrosion in humid air
by a factor of at least 10 at temperatures up to 4O0C29'30.



Conclusions

The behaviour of uranium has been well characterised for a variety of
environments of importance in the nuclear industry. The corrosion is
governed by the constitution and physical character of the solid reaction pro-
ducts which in turn are determined mainly by the oxygen potential of the
environment, the temperature and the presence of water. The mechanisms
of attack are known in broad outline. A major area in need of more detailed
study is the influence of irradiation both prior to and during oxidation.

Recent Developments

Extensive work into the corrosion and oxidation of uranium and its alloys
has been undertaken over the past decade but much of this is in the form
of Ministry and industrial reports which are not necessarily readily available.
The present review concentrates on the work published in the normal scien-
tific and technical press.

The effect of alpha-radiolysis of water on the corrosion potential of UO2
has been measured where the cell construction allowed the source to be
brought within 30 /mi of the UO2 electrode31. Oxidising conditions were
provided at the UO2 surface and over a period of 30 h the main process
occurring appeared to be the catalytic decomposition of H2O2 to H2O and
IO2 with some oxidation of the UO2. The oxidation of uranium by water
was studied by Fuller et al.32 using infrared and sorption analysis. Oxida-
tion occurred cyclically forming laminar layers of oxide which spall off
because of the strain at the oxide-metal interface. The reaction rate is directly
proportional to the amount of adsorbed water on the oxide product and
transport was rapid through the open hydrous product. Dehydration of the
hydrous oxide irreversibly forms a more inert oxide which cannot be
rehydrated to the degree that prevails in the original hydrous product by
uranium oxidation with water. An anomalous temperature dependence was
observed for the oxidation of oxycarbide layers on the surface of uranium
metal33. Normally, oxidation or corrosion reactions are expected to pro-
ceed more rapidly as water temperature increases but the removal of the
outer-most atomic layers of carbon from uranium oxycarbide by oxygen
reproducibly proceeds at a much faster rate at 250C than at 28O0C.

The post irradiation examination of two uranium-aluminide fuel plates
exposed to aqueous corrosion showed failure due to pinhole corrosion
during irradiation to about 76% of the maximum burn-up limit34. It was
thought that the cladding failed by pitting corrosion initiated at pre-existing
pits at a hot spot. Fuel plate material was washed out through these pinholes
due to aqueous corrosion and erosion. Egert35 also looked at corrosion of
coated uranium finding corrosion occurring at defects present in the coating.
An equation was derived to predict the extent of substrate corrosion given
the number of defects per unit area and knowledge of the corrosion kinetics
of the substrate.

Galvanic corrosion reports have emerged from two sources. In the first36,
the chemical compatibility of uranium carbides and Cr-Fe-Ni alloys was
discussed. Evaluation was by thermodynamic modelling and experimental



phase studies. Two reaction temperatures (700 and 1 00O0C) were used to
simulate normal and over temperature operation of advanced liquid metal
fast breeder reactor fuel-cladding couples. In the second, Mclntyre et al.31

coupled depleted uranium-f % titanium to aluminium, magnesium or mild
steel in synthetic seawater. The galvanic current was monitored with time.
Gravimetric measurements, polarisation resistance measurements and the
concept of mixed potential theory were used to calculate corrosion rates. The
galvanic currents must be monitored over extended periods of time to detect
changes in galvanic corrosion behaviour. Good agreement was obtained for
corrosion rates calculated using the concepts of mixed potential theory and
those obtained from gravimetric methods.

Balooch et al.38 has investigated the reaction of water vapour and oxygen
with liquid uranium using molecular beam mass spectrometric methods. For
a clean liquid uranium surface, a water reaction probability of about 0-4
and for oxygen about O- 6 were found. These were temperature independent.
The values decreased as the coverage of the surfaces by islands of oxides
increased and, for water, approached a value of 0-08 for the surface when
completely covered with an oxide layer of about 50 nm. The room temper-
ature kinetics of oxygen accumulation on sputtered cleaned U-O-1% Cr
alloy surface was followed using AES and direct recoil spectrometry39 and
a mechanism proposed of island growth of 1 • 5 nm thickness spreading over
the surface.

Uranium alloys are very susceptible to stress corrosion cracking and a
knowledge of the surface stresses involved are essential. In an uncoated
U-Ti alloy these have been found to be relatively large and compressive at
365 MPa but the presence of nickel or zinc coatings on the rod surface led
to much smaller compressive stress40. The stress corrosion behaviour of
U-7yNb-2yZr in oxygen and hydrogen gases over a temperature range of
-20 to 10O0C under pressures varying from 0-3 X 10~6 toO-15 MPa have
been analysed using a fracture mechanics approach41. Stress corrosion
cracking mapping and cracking kinetics were determined as functions of
stress intensity factor, temperature and pressure. It was found that the
mechanism responsible for SCC varied with the experimental conditions
used.

Powell and his co-workers have continued to explore the hydrogen
embrittlement problem associated with uranium alloys42"44. Looking at the
internal hydrogen embrittlement of gamma-stabilised uranium alloys (con-
taining molybdenum, niobium or Nb + Zr) they found that the tensile ducti-
lity decreased only slightly with increasing hydrogen content up to a critical
hydrogen concentration above which the tensile ductility drops to nearly
zero42. The only alloy of those studied not displaying this sharp drop was
one containing 7y%Nb and 2\ %Zr. This was probably because it was not
possible to achieve a sufficiently high hydrogen content under the experi-
mental conditions used.

The critical hydrogen content for the ductility loss increased with increas-
ing hydrogen solubility in the alloy. The fracture surfaces were not charac-
teristic of those found under conditions of SCC. In terms of hydrogen and
deuterium solubility in a similar series of bcc alloys, the equilibrium con-
stants were determined at infinite dilution as a function of temperature43.
The free energy function was expressed in terms of the bound-proton model.



The best value for the number of hydrogen sites per metal atom in these
alloys was found to be three; the zero-point enthalpy of formation of
hydrogen in these alloys was very nearly a linear function of alloy composi-
tion and the Einstein temperature of the bound-proton (1680 ± 8OK) was
not a function of alloy composition. The internal hydrogen embrittlement
of alpha-prime uranium-5 • 7% niobium alloy shows an enhanced microvoid
coalescence fracture mode with loss of tensile ductility for hydrogen concen-
tration less than 23 ptg per g, the alloy having been solution annealed at
80O0C and water quenched44. Specimens with 36/xg per g of hydrogen had
much lower ductilities and exhibited a new, possibly hydride, phase which
was associated with brittle transgranular fracture when this phase has a lenti-
cular morphology extending well across the parent metal grains.

Finally, a book has recently been published covering corrosion problems
related to nuclear waste disposal45. It discusses a variety of subjects includ-
ing corrosion behaviour and SCC of copper, carbon steels and high alloy
steels under conditions related to nuclear waste disposal. Special attention
is paid to pitting and problems associated with hydrogen gas generation from
corrosion processes.

J. E. ANTILL
R. A. JARMAN
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5.7 Tungsten

Occurrence

Tungsten is 26th in the table of abundance in the earth's crust at 69
gms/tonne. (C.f. copper 70 gms/tonne and nickel 80 gms/tonne.) The com-
mon ores of tungsten are wolframite (Fe.Mn)WO4 containing about 16%
WO3 and scheelite CaWO4 containing 80.53% WO3. Ores containing 0.25-
2.5% WO3 are economic to extract, and after concentration by floatation,
are pulverised, mixed with alkaline compounds such as soda lime and
calcined in rotary kilns to produce sodium tungstate. This is dissolved and
treated with mineral acid to yield tungstic acid H2WO4 which can be
reduced in hydrogen to produce reasonable purity tungsten powder or
dissolved in ammonia to produce ammonium paratungstate (APT). Con-
trolled crystallisation yields high purity APT crystals which are calcined to
produce pure tungsten oxide. This is reduced in continuous furnaces with a
flow of hydrogen at 800-100O0C to yield tungsten powder suitable for pro-
cessing to solid material.

Because of the high melting point of tungsten 341O0C no refractories are
available to contain molten tungsten, so fabrication by direct casting cannot
be carried out. Tungsten can be arc cast or electron beam melted, but,
because of the coarse grain size, further fabrication is only possible by extru-
sion. The vast majority of tungsten is fabricated by powder metallurgical
techniques where the powder is pressed in a tool steel die or hydrostatically
into billets to approx 60% of the theoretical density. The billets are sintered
by direct resistance heating at 300O0C or indirect heating at 250O0C to
increase the density above 90% theoretical, the minimum density suitable for
further processing by rolling, swaging, forging or extrusion. Mechanical
working commences with the sintered bar heated to about 170O0C. As the
section is reduced, the processing temperature is also reduced so that thin
sheet and wires can be rolled or drawn at room temperature.

Fabrication

Tungsten sheets or rods can readily be fabricated by bending, spinning, flow
turning, punching, stamping and riveting, provided that work is carried out



above the ductile/brittle transition temperature but below the recrystallisa-
tion temperature. These temperatures depend on the material thickness and
are around room temperature for thin sheets and wires. Typically 1 mm
thick sheet should be fabricated between 25O0C and 85O0C.

Uses

50-55% of tungsten is used in the hard metal industry.
18-20% is used in tool steels.
6% is used in super alloys.
5% is used as tungsten chemicals.
15% is used as wrought products.
Wrought tungsten has a variety of uses including wire lamp and valve
filaments, rocket nozzles, contacts, heating elements, evaporating coils and
boats, X-ray targets, susceptors and radiation screens in vacuum furnaces.
It is these applications where tungsten may be subjected to some form of cor-
rosion. Other uses of tungsten include semi-conductors and gamma-ray
radiation shielding. However, these latter uses are beyond the scope of this
review.

Tungsten, both pure, and containing up to 2% thoria is used in high inten-
sity arc lamps where its low vapour pressure, good conductivity, high
melting point and resistance to halogen gases are advantageous. Tungsten
pins are used in electron tubes where its thermal expansion characteristics are
similar to glass. These pins are slightly oxidised and the oxide dissolves in the
glass forming a good seal. In the aerospace industry tungsten satisfies the
requirements for a material that can withstand temperatures above 300O0C
at pressures of several hundred atmospheres with high thermal stresses and
exposure to highly corrosive gases.

Difficulties in fabrication of tungsten tend to preclude its use in the
chemical industry except as a last resort.

Other uses are in thin film technology where coatings are applied by
vacuum deposition. Tungsten boats, or coils fabricated from wire are heated
by direct resistance heating and used to evaporate Ag, Al, Au, B, Ba, Ce,
Cr, Fe, In, Mg, Mn, Ni, Pa, Pt, SiO, Te, V, Zn and Zr.

Tungsten alloys

The use of tungsten carbide alloyed with cobalt, well known as Hard Metal
is used for cutting tools because of its excellent wear resistance but finds little
use as a corrosion resistant material.

Alloys with thoria (ThO2) are used for TIG (Tungsten Inert Gas) welding
electrodes and in electronic applications where its increased electron emis-
sion properties and high temperature strength prove advantageous.

Alloys with rhenium, another high melting point metal (318O0C) exhibit
outstanding high temperature properties insofar as they have a higher
recrystallisation temperature than pure tungsten and are still ductile in the
recrystallised condition. Common alloys with rhenium contain 3%, 5% or
26% rhenium. The 3% and 5% alloys combine ductility with reasonable



weldability whilst the 26% alloy finds usage in wire form as a thermocouple
material usually in combination with the 5% tungsten/rhenium alloy.
Tungsten/rhenium alloys are not widely used because of the very high cost
of the rhenium used in the alloying. Corrosion resistance of tungsten/
rhenium alloys is similar to that of pure tungsten.

Cleaning

Because of the high ductile/brittle transition temperature of tungsten, it is
necessary to carry out fabrication, especially of heavy sectioned material, at
temperatures in excess of 100O0C. The surface of the tungsten becomes
oxidised, the degree and tenacity of the oxide depending on the temperature
used for the fabrication operation. Heavy sectioned, heavily oxidised
tungsten should be cleaned in a molten mixture of 90% sodium hydroxide
and 10% sodium nitrite at 40O0C. This mixture attacks the material violently
and great care should be taken during this process. The tungsten must be dry
before putting it into the molten medium as dangerous sputtering could
occur. After, cleaning, which only takes a few seconds, the component
should be removed from the medium and allowed to cool naturally in air to
room temperature before washing free of the caustic medium in hot water.
This cooling stage is necessary because the reaction to the caustic medium
is so violent, the temperature of the component rises rapidly to white heat
and sudden cooling, even in boiling water would cause cracking of the com-
ponent due to thermal shock. Alternatively, providing the component is of
sufficient strength, the oxide layer can be removed by a sand-blasting opera-
tion. Oxide can also be removed by immersion in one of the following mixed
acid solutions using concentrated acids:

Nitric acid -1- hydrofluoric acid -I- water (Ratio 1:1:1 by volume)

Nitric acid 45 vol% + hydrofluoric acid 27.5 vol% + glacial acetic acid 27.5
vol%

Perchloric acid + phosphoric acid + water (Ratio 1:1:2)

Lightly oxidised tungsten can be cleaned by heating in 10% caustic soda solu-
tion at about 8O0C followed by rinsing in water and then dilute hydrochloric
acid solution (10%) to neutralise remaining caustic before finally rinsing in
water and drying. Alkaline potassium ferricyanide solution can also be used
for removing light oxide films - a mixture of equal parts of 10% potassium
hydroxide and 10% K3[Fe(CN)6] followed by a dilute hydrochloric acid
rinse as above.

Corrosion properties

The resistance of tungsten to common reagents is summarised in Table
5.28.



Table 5.28 Resistance of tungsten to various reagents

Material

Acids
Acetic acid Glacial
Aqua regia
Chromic acid 10%
HF + HNO3
Hydrochloric acid
Hydrochloric acid
Hydrofluoric acid, pure
NaOCl
Nitric acid
Nitric acid
Oxalic acid
Phosphoric acid
Phosphoric acid
Sulphuric acid
Sulphuric acid

Alkalis
Ammonia + H2O2
Ammonia + H2O2
Ammonia solution
Molten NaOH or KOH with
KNO2 KNO3 or KClO4
Sodium hydroxide
Sodium or potassium
hydroxide solution

Halogens
Bromine
Chlorine
Fluorine
Iodine

Other gases
Carbon dioxide
Carbon monoxide
Hydrocarbons
Hydrogen
Hydrogen Chloride
Hydrogen Sulphide
Inert gases
Nitrogen
Nitrogen
NO2, NO, N2O
Oxygen or air
Sulphur dioxide
Water vapour

Water vapour

Water vapour

Conditions

10O0C
hot or cold
10O0C
hot or cold
cold cone,
hot, dil or cone
10O0C
cone., cold
cold, dil. or cone,
hot, dil. or cone.
10O0C
cold
hot
cold, dil. or cone,
hot dil. or cone.

cold
hot
hot or cold

molten
molten

hot or cold

above 25O0C
above 25O0C
hot or cold
above 80O0C

above 120O0C
above 100O0C
above 100O0C
all temperatures
below 60O0C
above 40O0C
all temperatures
above 230O0C
below 200O0C
above 40O0C
above 40O0C
above 70O0C
above 80O0C

dew point -250C
max all
temperatures
dew point -25 to
-H 2O0C
below 75O0C
above 75O0C

Reaction

Slight attack
Rapid attack
Attacked
Rapid attack
No attack
Slight attack
No attack
Attacked
No attack
Slight attack
Slight attack
No attack
Slight attack
No attack
Slight attack

Rapid attack
Rapid attack
No attack

Violent attack
Rapid attack

No attack

Attacked
Attacked
Attacked
Attacked

Oxidises
Carburises
Carburises
No attack
No attack
Slight attack
No attack
Nitrides form
No attack
Oxidises
Oxidises
Oxidises
Oxidation/
reduction
reaction occurs
No attack

No attack
Oxidises



Future prospects

Because of the special techniques necessary to fabricate complex shapes in
tungsten, it is only used as a last resort where all other metals are unsuitable
and its high melting point and strength render it useful. Increased usage in
the glass and ceramic fibre industry is envisaged. Chemical and physical
vapour deposition techniques now being exploited enable tubes, e.g. copper,
to be lined with dense tungsten and this may offer new uses in the chemical
industry. Similarly, plasma sprayed tungsten powder has been used to line
pots for containing molten lead.

For the chemical engineer unfamiliar with tungsten, or indeed, any other
of the refractory metals, the Corrosion Brochure1 published by Processing
Magazine is a useful starting point for assessing the suitability of refractory
metals for a given application. The sections on tungsten, molybdenum, tan-
talum and niobium are updated annually by the author of this review.
However, for more specific information, contact should be made, at a early
stage of the project, with manufacturers of these materials so that up to date
information can be obtained.

C. E. D. ROWE
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Table 5.28 Continued

Material

Vacuum

Molten Metals
Aluminium
Bismuth
Gallium
Lithium
Magnesium
Mercury
Potassium
Sodium
Sodium/potassium alloy
Zinc

Refractories
Al2O3

BeO
Fire brick
Graphite
MgO
Quartz and glass
ThO2

Uranium Oxide
ZrO2

Conditions

10~4 torr

below 70O0C
below 98O0C
below 80O0C
below 162O0C
below 60O0C
below 60O0C

below 90O0C
below 90O0C
below 75O0C

below 190O0C
below 198O0C
below 160O0C
above 140O0C
below 198O0C
molten
below 220O0C
below 300O0C
below 160O0C

Reaction

Evaporation
above 280O0C

No attack
No attack
No attack
No attack
No attack
No attack
No attack
No attack
No attack
No attack

No attack
No attack
No attack
Carburises
No attack
No attack
No attack
No attack
No attack
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