
5.4 Titanium and Zirconium

Titanium and zirconium both belong to Group IVa of the Periodic Table and
have many similarities in their metallurgical and chemical properties. They
both have a very strong affinity for oxygen, and their excellent corrosion
resistance results from the presence at the metal surface of a tenacious com-
pact film of oxide. At temperatures in excess of 1 00O0C both metals readily
take up oxygen, nitrogen, hydrogen and carbon, the product being so brittle
that it cannot easily be worked. Thus it was not until the advent of novel
methods of reduction from the chlorides, followed by techniques of purifica-
tion and consolidation by remelting under high vacuum or an inert atmo-
sphere, that the metals were rendered sufficiently ductile to become attractive
to the engineer.

The development of titanium resulted from the ever-increasing demands
of the aircraft and aero-engine designer for materials of high strength but
low density. The demand for zirconium arose from the requirement in
nuclear reactors for a material having a reasonable transparency to neutrons
coupled with moderate strength and good oxidation resistance in high-
temperature water and in hot carbon dioxide.

Thus, while titanium and zirconium were primarily developed for specific
purposes, their increasing availability in commercial quantities made it
economically possible for the chemical industry to take advantage of their
exceptionally good corrosion resistance.

TITANIUM

Physical Properties

In its physical properties titanium shows several interesting differences from
the commonly employed structural metals. It undergoes a crystal transfor-
mation at 8820C; above this temperature it has a b.c.c. structure, designated
a /5 phase, while below it, it has a c.p.hex. structure, known as the a phase.
This OL phase has a c:a ratio of 1 • 587 — significantly lower than that for other
hexagonal metals such as magnesium, zinc and cadmium. There are thus
more slip planes available for deformation, and high-purity titanium is
therefore a relatively ductile metal at room temperature, e.g. it can be
deformed 95% or more between anneals. In many alloys the phase transfor-
mation can be used to obtain a moderate increase in strength, but at the
expense of ductility. Thus the commercially pure metal is soft enough to be



Table 5.13 Physical properties of commercially pure titanium
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The figures of Table 5.14 indicate the range of values normally attained
with the commercially available metal.

Corrosion Behaviour

General Titanium is intrinsically very reactive, so that whenever the metal
surface is exposed to air, or to any environment containing available oxygen,
a thin tenacious surface film of oxide is formed. This oxide, which is present
on fabricated titanium surfaces at normal or slightly elevated temperatures,
has been identified as rutile, a tetragonal form of titanium dioxide, and it is
the presence of this surface film which confers upon titanium excellent corro-
sion resistance in a wide range of corrosive media.

The fundamental mechanism involved in the binding of the surface film
to the substrate is not known with any certainty. According to the Pilling-
Bedworth principle, the oxide formed at the surface of titanium should
occupy a larger volume than the metal from which it was formed, and hence
it will be compressively stressed. It is argued that thin compact films resulting
from inward movement of oxygen, such as those formed on titanium, are
more protective than surface films formed by outward movement of cations.
It has been pointed out1'5 that outward movement of cations may well leave
vacancies at the metal/oxide interface, leading to a weakening of the bond
between oxide and metal.

Nakayama2, however, has suggested that, for rutile, which is tetragonal
in structure, the strong bond between metal and oxide results from the
favourable spacing between titanium ions in the rutile lattice and those in the
metal structure. This explanation, however, does not account for the fact
that other oxides of titanium, such as brookite, which is orthorhombic, and
anatase, which is tetragonal, are also protective3.
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readily cold formed, and the higher-strength alloys are easily forged.
Machining is carried out with conventional machine tools, but at slower
speeds than is usual for most metals and alloys, while titanium and most
of its alloys may be welded by argon-arc techniques with argon shielding
on both sides of the weld. Physical properties of titanium are given in
Table 5.13.

Mechanical Properties

The mechanical properties of titanium are affected by small amounts of
oxygen and nitrogen in solid solution. It is therefore possible to produce a
number of grades of commercially pure titanium, with mechanical proper-
ties suited to the different applications for which the material is intended.

Table 5.14 Mechanical properties of commercially pure titanium



It is perhaps a significant observation that protective films on titanium
appear usually to be formed when the metal surface has access to water,
even though this may be present only in trace quantity and in vapour form.
Thus, if titanium is exposed to some vigorously oxidising environments in
the complete absence of moisture, surface films produced may not provide
protection and oxidation in depth may take place, often in the form of a
violent exothermic reaction. Examples of this pyrophoric behaviour are to
be found in reactions, which may be initiated at room temperature, between
titanium and dry oxygen-rich atmospheres4 at pressures above 345 kN/m2

between titanium and dry chlorine6, and between titanium and dry nitric
acid containing nitrogen dioxide7. In such reactions the concentration of
oxidising agent is clearly a determining factor, but the presence of moisture
plays a significant part in inhibiting the attack. Thus, in oxygen-rich atmo-
spheres the limiting oxygen concentration, below which the exothermic reac-
tion does not take place, is of the order of 35%, the limiting concentration
of nitrogen dioxide below which the reaction does not occur in dry, red, fum-
ing nitric acid is about 1 %, while in gaseous chlorine the presence of O • 013 %
of water vapour is sufficient to prevent significant attack. It is perhaps perti-
nent to record that one proposed mechanism of passivation of the metal sur-
face suggests that it could well result from direct reaction between the metal
and hydroxyl ions8.

Chemical environments There is ample evidence to suggest that in aqueous
liquid environments the presence of an oxidising species, possibly also
coupled with the presence of hydroxyl ions, results in the formation of
passive films at the surface of titanium. Thus, titanium is very resistant to
corrosion in nitric acid at room temperature and at boiling point. While
titanium has a significant corrosion rate in acids that normally produce
hydrogen on reaction with metal, e.g. sulphuric acid, hydrochloric acid, the
addition of small amounts of oxidising reagents results in the formation of
passive films. Hence titanium is resistant to attack in mixtures of strong
sulphuric and nitric acids, in mixtures of strong hydrochloric and nitric
acids, in strong hydrochloric acid containing free chlorine and even in
sulphuric and hydrochloric acids containing small amounts of cations such
as ferric and cupric salts capable of producing an oxidising reaction9'10 (see
Sections 1.4 and 1.5).

Titanium is almost invariably resistant towards neutral salts, particularly
halides, at temperatures up to 10O0C, and in respect of the latter environ-
ments it is significantly more resistant than stainless steel. In strong solu-
tions of caustic alkalis, on the other hand, titanium tends to form soluble
titanates, and it is not as resistant as say, nickel. While at low or moderate
concentrations of alkali there is no significant attack, the metal has
appreciable solubility in concentrated or molten caustic alkali. Titanium is
however resistant to attack by aqueous ammonia at all concentrations and
temperatures and to anhydrous ammonia10.

The overall pattern of behaviour of titanium in aqueous environments is
perhaps best understood by consideration of the electrochemical character-
istics of the metal/oxide and oxide-electrolyte system. The thermodynamic
stability of oxides is dependent upon the electrical potential between the
metal and the solution and the pH (see Section 1.4). The TiXH2O system
has been considered by Pourbaix11. The thermodynamic stability of an



insoluble phase does not mean that it will form a protective film which will
isolate the metal surface from the environment, as this depends on the
physical properties of the film, and these cannot be predicted from ther-
modynamic data.

In general, however, for titanium immersed in acid solutions, potentials
above zero on the saturated calomel scale are conducive to the formation of
protective oxide, while at certain negative potentials hydride films, which
also confer some protection, can be formed12. Between the potential at
which a continuous hydride film is formed and that at which protective oxide
films appear, soluble titanium ions are produced and rapid corrosion ensues.

The concept of a 'protective potential' region explains why the addition of
oxidising substances or oxidising metallic ions to a non-oxidising acid often
prevents the corrosion of titanium. For example, it has been shown that the
addition of cupric ions to 3N hydrochloric acid raises the metal/electrolyte
potential into the passive region and thus results in the formation of protec-
tive films9'13. The same concept of a protective potential region also
explains why the addition of chlorine to strong hydrochloric acid causes
titanium to become passive, and why the presence or absence of traces of
dissolved oxygen in formic acid leads to the existence of'borderline passivity'
in that acid. Thus in the passivation of titanium the redox potential of its
solution is of particular significance.

The deliberate raising of the electrical potential of titanium, either by the
attachment of discrete particles of a noble metal, such as platinum or
palladium, at the surface, or by the application of positive direct current to
force the formation of a protective film, is dealt with at a later point. The
electrochemical aspect of the corrosion of titanium is comprehensively
treated in a number of papers3*12'14'16.

The behaviour of titanium in a wide range of chemical environments is
well summarised in the literature produced by the prime producers of
titanium10 and the reader is advised to consult it for detailed information
on corrosion rates. In general, titanium is only resistant to pure 'non-
oxidising' acids such as sulphuric and hydrochloric, at dilutions of the order
of 2-5% and at moderate temperatures, e.g. 6O0C, although, as already
indicated, the presence of air and oxidising agents can improve this situation.
It has excellent resistance to corrosion in most organic acids, but there are
certain exceptions in that in formic acid a condition of borderline corrosion
exists at concentrations above about 10%, while there is considerable attack
by oxalic acid even in dilute concentrations. In citric acid there is significant
corrosion in 50% strength at 10O0C, and the metal is not resistant to tri-
chloroacetic acid. Stress corrosion occurs in dry methanol, as discussed later.

In its resistance to liquid metals, titanium shows variable behaviour, the
rate of attack often depending upon temperature and increasing with rise in
temperature. By thickening the surface film of oxide, resistance to attack is
enhanced, and, for example, repeated repair of the surface film renders
titanium resistant, on a limited-time basis, to molten zinc in galvanising
baths. A surface-oxide thickening technique also enables titanium to be
employed in contact with molten aluminium. Titanium equipment is also
used in applications involving lead-tin solders, and it is resistant to mercury,
at least up to 15O0C.

The behaviour of titanium in a wide range of chemical environments is
summarised in Table 5.15. In practice, however, whatever the intrinsic reac-
tion between a metal and its environment, account must often be taken of



Table 5.15 Resistance of titanium and zirconium to chemical reagents

Reagent*

Acetic acid, aerated

Acetic acid, non-aerated
Acetic anhydride

Aluminium chloride

Aluminium sulphate
Ammonia, anhydrous

( l -4MN/m 2 )
Ammonium chloride

Ammonium hydroxide

Ammonium sulphate
Aniline hydrochloride
Aqua regia

(IHNO3 :3HC1)
Barium chloride
Benzene
Benzoic acid
Bromine

Bromine-saturated
water

Calcium chloride

Calcium hypochlorite

Carbon tetrachloride
Chlorine gas, dry

(less than 0-005Vo H2O)
Chlorine gas, wet

(more than 0-013Vo
H2O)

Chlorine-saturated
water

Chloroacetic acid
Chromic acid

Citric acid, aerated
Citric acid, non-aerated
Cupric chloride

Concentration
by weight

(0/0)

5, 25 50,]
75, 99-5J
99-5
99
99-5
5, 10
25
10, 30
100

1, 10, ]
saturated;
28

saturated
5, 20

5,20

saturated
liquid
moist liquid
vapour

5, 10, 25
62
73
2,6
18-20
100

100
10, 50
36-5
10, 20, 30

10, 25, 50
50
1
2-5, 5, 7-5,]
10 j
12-5, 15, 20
1
2-5
5 ,7 -5 ,10 ]
12-5, 15, 2OJ

2 - 5 , 5 , 7 - 5 , ]

Temperature
(0C)

boiling

boiling
room
140
100
100
boiling
40

100

room, 60,]
100 j
50
100
room

100
room
room, 60
30
room
30
room, 60

100
154
177
100
21-24
room, 50
30

75

room

100
boiling
90
20, 50,]
100 j
100
boiling
35

35

35
60
60

60

100

Ratings}

Titanium

A

A
A

A
C

A

A

A

A
A

A
A
A
C
C
A
A

A
AC
B
A
A
A
C

A

A

A
A
A

A

A
B
A

A

A
A
A

A

A

Zirconium

A

A
A
A
A
A
A

A

A

A
A
C

A
A
A

A
AC
C
A
C
A
A

C

A

A
A
A

A

A
A
A

B

C
A
B

C

B



Table 5.15 (continued)

Reagent*

Cupric chloride
(continued)

Dichloroacetic acid
Ethyl alcohol
Ferric chloride

Formaldehyde
Formic acid, aerated
Formic acid,

non-aerated
Furfuryl alcohol
Hydrochloric acid, aerated

Hydrochloric acid,
non-aerated

Hydrochloric acid/
nitric acid mixtures

Hydrofluoric acid
Hydrofluoric acid,

anhydrous
Hydrogen peroxide

Hydrogen-sulphide-
saturated water

Lactic acid, aerated
Lactic acid,

non-aerated
Magnesium chloride

Concentration
by weight

W

10, 12-5,]
15, 20 J
40
55
100
95
1,2.5,5, 10
15, 20
25, 30
1, 2-5, 5
10, 15
17-5-30
1, 2-5
5
10, 30
50
37
10, 25, 50, 90
10
25, 50, 90

0-5
1-3
1
2, 3
4, 5
5
7-5, 10
15, 37
20
1
1
1
3, 5
3, 5
3, 5
5
10, 18
10
20,37
1:3, 2:1,}
3:14:1 J
7:1, 20:1
5:1
1
100

3,6,30
10

10, 25, 50, 85
10,25,50,)
85, 100 J
5,20, 42
42

Temperature
(0Q

100

boiling
118
100
boiling
35
35
35
60
60
60
100
100
100
113, 150
boiling
100
boiling
boiling
170
35
60
100
100
60
room
35
35
room
35
70
boiling
room
70
boiling
50
room
70
room

room

room
boiling
room
room

room
50
70

100

boiling

boiling
35,60,100

Ratings^

Titanium

A

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C

A
A
B
C
B
A
B
C
B
A
A
C
A
B
C
C
B
C
C

A

A
B
C
C

AB

A

A

A

A

Zirconium

C

C
C
B
A
A
B
C
A
B
C
A
B
C
C
A
A
A
A
A
At
AJ
AJ
At
At
At
At
At
At
At
At
At
At
At
At
At
At
At
At

C

C
C

A

A

A

A



Table 5.15 (continued)

Reagent*

Manganous chloride
Mercuric chloride

Monochloroacetic
acid

Nickel chloride

Nitric acid, aerated

Nitric acid
non-aerated

Nitric acid/hydrofluoric
acid mixture

Oxalic acid, aerated

Phenol

Phosphoric acid

Potassium hydroxide

Propionic acid
Propylene oxide
Silver nitrate
Sodium bisulphate
Sodium carbonate
Sodium chlorate
Sodium chloride
Sodium cyanide
Sodium dichromate
Sodium hydroxide

Sodium hypochlorite,
10% w/v av. chlorine

Sodium nitrate
Sodium phosphate
Sodium silicate

(750Tw.)

Concentration
by weight

W

5,20
1, 5, 10, ]
saturated J
30
100
5, 10
20
5, 10, 30, ]
40 ,50, 60, j
69-5
20
40
65
70
65
90
red fuming

15:1

0-5, 1, 5, 10
0-5, 1,5, 10,}
25 ]
25, 50, 100

5, 10, 20, 30
35-85
5-35
5
10
10
50
vapour
100
20
saturated
20
saturated
saturated
saturated
saturated
5-10
10
50
73
caustic
fusion,
73% to
anhydrous
NaOH J

40
saturated
saturated

Temperature
(0C)

100

100

80
boiling
100
100

100

290
200
175
270
boiling
room
room, 50,)
70 j
room

35

60, 100

20, 50 ]
boiling]
35
35
60
100
80
boiling
27
190
34
room, 60
room
boiling
room
room, 111
room
room
21
boiling
38-57
113-129

121-538

boiling
80
room
room
room, 60

Ratings^

Titanium

A

A

A
A
A

A

B
B
A
B
A
A

§

C

A

C

A
B
B
B
C
A
A
C

A
A
A
A
A
A
A
A
A
A

AB

C

A
A
A
A
A

Zirconium

A

A

A
A
A
A

A

A
A

A
A

§

A

A

A

A
A
A
A
A
A
A

A
A

A

A
A
A
A

B

A



Table 5.15 (continued)

Reagent*

Sodium sulphate
Sodium sulphide
Sodium sulphite
Stannic chloride
Sulphur, molten
Sulphur dioxide, dry
SO2 gas saturated with

water vapour
(see also sulphurous acid)

Sulphuric acid

Sulphurous acid
(see also SO2 /H2 O)

Tannic acid
Tartaric acid
Trichlorethylene

(unstabilised)
Trichloroacetic acid
Trisodium phosphate
Uranyl sulphate
Zinc chloride

Concentration
by weight

(%)

saturated
saturated
saturated
5,24
100
100

1 ,3 ,5
10
20-50
60-70
above 70
above 80
1, 5
10
6
6
25
10, 25, 50

100
5-20
U1 , 4g/l
20, 50, 75
75
80
75-90

Temperature
(0Q

room, 60
room
room
100
240
room, 60
room, 6OJ
70 }

35
35
35
35
35
35
boiling
50
room
100
100
100
boiling

100
35-100
250
150
200
173, 200
150-250

Ratings^

Titanium

A
A
A
A
A
A

A

A
B1
C1
B1
C
C
C
C
A

A
A
A

C

A
B
C
C

Zirconium

A

A
A
A
A

C
A
A
A
A
A
A
A
A
C
A
A

* Aqueous solutions, not aerated unless otherwise indicated.
t A. Attack <0-125 mm/y. The material is regarded as suitable for use where little dimensional change can be tolerated.

B. Attack between 0-125 and 1-25 mm/y. The material may be suitable for use provided that some corrosion is permissible.
C. Attack >l-25 mm/y. The material is ordinarily considered unsuitable.

JSee text, p. 5.54.
§Not recommended. See pp. 5.47 and 5.53.
1Seep. 5.46.

the existence of special circumstances, usually localised in character, which
can give rise to corrosion even with an apparently innocuous medium. Thus,
the presence of bimetallic couples, the existence of deep crevices, the presence
of abrasive particles in a liquid stream, the incidence of local tensile stress,
or the application of reciprocating stresses, are all features which demand
consideration when a specific material of construction is to be selected.

Resistance to erosion Titanium has outstanding resistance to erosion
resulting from the presence of abrasive particles entrained in cooling water
and in process liquors17"20. In one practical trial as a steam condenser tube,
under circumstances known to result in rapid erosion of conventional
condenser-tube alloys, titanium was virtually unmarked after more than 15
years service. As a turbine-blade material subject to impingement by water
droplets moving at very high speeds, titanium has been shown to be superior
to the conventional Fe-BCr, Fe-ISCr-SNi +Ti and to Monel. Under such
circumstances, the harder the blade the better resistance it offers to erosion,



and titanium alloys of the Ti-6Al-4V type give even better service than
commercially pure titanium18, particularly for large turbine generators.

Resistance to crevice corrosion Titanium is more resistant to crevice cor-
rosion than most conventional metals and alloys, particularly where differ-
ential aeration is involved, e.g. it is very resistant to crevice attack in sea
water at normal temperatures. This form of corrosion becomes more severe
when acidity develops in a crevice and this is more prone to occur under
conditions of heat transfer21'79'85. Under these circumstances, especially in
the presence of halide, even titanium may suffer attack, and the metal should
not be employed in strong aqueous halides at temperatures in excess of
13O0C. This limiting temperature can be raised to 18O0C by use of the
Ti-O-15Pd alloy21"23 or by coating with noble metals86. (See also Sections
1.4 and 1.6.)

Some crevice attack upon titanium can also occur in the presence of
gaseous chlorine gas at temperatures below 10O0C, but this is mainly con-
fined to crevices formed between titanium and organic sealing compounds.
Here again, the Ti-O- 15Pd alloy is less prone to attack.

Titanium in contact with other metals In most environments the potentials
of passive titanium, Monel and stainless steel, are similar, so that galvanic
effects are not likely to occur when these metals are connected. On the other
hand, titanium usually functions as an efficient cathode, and thus while con-
tact with dissimilar metals is not likely to lead to any significant attack upon
titanium, there may well be adverse galvanic effects upon the other metal.
The extent and degree of such galvanic attack will depend upon the rela-
tive areas of the titanium and the other metal; where the area of the second
metal is small in relation to that of titanium severe corrosion of the former
will occur, while less corrosion will be evident where the proportions are
reversed17. Metals such as stainless steel, which, like titanium, polarise
easily, are much less affected in these circumstances than copper-base alloys
and mild steel.

In acid solutions, the behaviour of titanium/dissimilar-metal couples may
differ from that just described, and on occasion titanium may be anodic to
stainless steel and even to aluminium24. In chemical-plant environments,
therefore, it is usual to take the precaution of insulating titanium from adja-
cent components constructed from other metals.

Resistance to stress-corrosion cracking Commercially pure titanium is
very resistant to stress-corrosion cracking in those aqueous environments
that usually constitute a hazard for this form of failure, and with one or
two exceptions, detailed below, the hazard only becomes significant when
titanium is alloyed, for example, with aluminium. This latter aspect is dis-
cussed in Section 8.5 under titanium alloys.

For commercially pure titanium, the specific environments to be avoided
are pure methanol and red, fuming nitric acid25"28'65, although in both
environments the presence of 2% of water will inhibit cracking. On the other
hand, the presence of either bromine or iodine in methanol aggravates the
effect. When it does occur, stress-corrosion cracking of commercially pure
titanium is usually intergranular in habit.

Resistance to fatigue and corrosion fatigue The resistance of titanium to
fracture by fatigue, induced by imposition of rapidly reversing stresses,



compares favourably with that of the more conventional metals and alloys.
Commercially pure titanium has a definite fatigue limit, in air, at about half
its tensile strength, and at this figure fracture may take place at between 107

and 108 reversals. In this respect the commercially pure metal resembles
steel rather than the non-ferrous alloys. Reversed stresses at a figure below
the limit indicated are not likely to result in fatigue failure, irrespective of
the number of reversals applied.

For many metals, the presence of corrosive environments coupled with
reversing stress results in fracture by corrosion fatigue at a stress level well
below that of the normal fatigue limit. While, given the appropriate environ-
ment, titanium is not immune to this effect, its generally good resistance to
corrosion renders corrosion fatigue a comparatively rare event. Thus, the
fatigue limit for titanium wetted with sea water is very similar to the figure
obtained in air29. It is, therefore, not surprising that valve springs and valve
plates of titanium alloys, used in gas compressors, give better performance
than the conventional alloy steels.

High-temperature behaviour Commercially pure titanium is an established
material for use at the moderately elevated temperatures attained in aircraft
exhaust shrouds and firewalls, but neither titanium nor titanium alloys are
suitable for use at really high temperatures. The tensile strength of commer-
cially pure titanium shows a steady fall with increase in temperature, the
tensile strength at 35O0C being approximately half that at room temperature.
The creep strength is improved by suitable alloying and an alloy containing
8% Al, 4-5% Sn, 4% Zr and smaller quantities of Nb, Mo, Si has a high
creep strength at temperatures up to 60O0C.

Above about 60O0C penetration of oxygen and nitrogen occurs. It has
already been indicated that the presence of these elements renders the
titanium brittle, and this feature must be taken into account in considering
the use of titanium at elevated temperatures. Titanium has nevertheless been
successfully employed as an autoclave lining in steam atmospheres at a
temperature of 40O0C and a pressure of 1OMPa.

Examples of the Use of Titanium in Chemical Plant

As with all fairly expensive materials of construction, economy in the use of
titanium can often be achieved by using it in the form of thin linings upon
a thicker load-bearing support. The soundest and most economical method
of achieving this is by explosively bonding thin titanium sheet to thick steel
plate. This technique, coupled with that of welding the duplex plate into
large reaction vessels, is well established30"31'66. The decision as to whether
to use solid titanium or to employ explosively clad steel, depends upon the
size and wall thickness of the construction and is largely decided upon
economic grounds. The reader is advised to consult the specialist suppliers
and fabricators before deciding which form to employ.

For some chemical plant applications the iron content of the titanium
employed can influence its behaviour, e.g. in some strengths of nitric acid,
and in chlorine dioxide, preferential weld attack may occur if the iron



content of the titanium is above a certain critical level. This effect is only
encountered in a few specific environments66, but where these are involved,
it is recommended that titanium with an iron content of less than 0-05% is
specified.

There are also occasions, particularly in hydrogen-containing atmo-
spheres, when surface contamination of the titanium with iron can result in
localised corrosion and embrittlement. This effect can be countered by
avoidance of undue contamination with iron during fabrication, by post-
fabrication cleaning and by post-fabrication anodising10'16'67. It should be
emphasized, however, that in general use in the marine and chemical
industries discussed below, iron levels up to 0-2% do not adversely affect
corrosion resistance.

Examples of the use of titanium in the chemical industry are briefly sum-
marised below. For more detailed treatment the reader is advised to consult
Reference 32.

Titanium is being employed in the bleaching industry36 where the good
corrosion resistance of the material makes it particularly suitable for equip-
ment in both textile and paper pulp bleaching processes. In the dye-stuffs
industry, the inertness of titanium eliminates any products of corrosion
which might cause discoloration of the products. A similar situation can also
exist in areas like the plastics, Pharmaceuticals, and food-stuffs industries.33

Equipment lined with titanium has been employed for organic reaction
vessels used in contact with nitric acid at elevated temperatures and pres-
sures34, in a large rotary ammonium chloride dryer35, for emulsion pans
holding photographic solutions35, and for general service in corrosive
liquors. Shell and tube heat exchangers have been used to handle hydro-
chloric acid containing free chlorine37 and chromic acid38, while titanium
pumps have been found to be useful for organic chlorides containing hydro-
chloric acid and free chlorine40.

Important applications for titanium have been developed in processes
involving acetic acid, malic acid, amines, urea, terephthalic acid, vinyl
acetate, and ethylene dichloride. Some of these represent large scale use of
the material in the form of pipework, heat exchangers, pumps, valves, and
vessels of solid, loose lined, or explosion clad construction. In many of these
the requirement for titanium is because of corrosion problems arising from
the organic chemicals in the process, the use of seawater or polluted cooling
waters, or from complex aggressive catalysts in the reaction.

Titanium is the only one of the more common structural metals which is
not attacked by wet chlorine gas and it is thus widely used as a heat exchange
material for cooling the gas after the electrolysis stage. Preheating of sodium
chloride brine is carried out in titanium plate heat exchangers, while titanium
butterfly valves, demisters, and precipitators handle the chlorine gas pro-
duced in the cell. The most important use of titanium in chlorine production
is as anodes in place of graphite in the electrolytic process. This is covered
in more detail later.

The resistance of titanium in nitric acid is good at most concentrations and
at temperatures up to boiling32-33. Thus tubular heat exchangers are used in
ammonium nitrate production for preheating the acid prior to its introduc-
tion into the reactor via titanium sparge pipes. In explosives manufacture,
concentrated nitric acid is cooled in titanium coils and titanium tanks are



used in the reprocessing of spent nuclear fuel elements by dissolution in nitric
acid.

The excellent corrosion resistance of titanium in sea water has led to
one of the largest present and potential future uses for the material outside
the aerospace industries. To all intents and purposes, commercially pure
titanium is completely unattacked by seawater at ambient and moderately
elevated temperatures. This has resulted in titanium becoming firmly estab-
lished as a heat exchange material for power station condensers, for desali-
nation plant, and in on-shore and off-shore oil installations39 where
seawater or other polluted waters are used as the cooling medium. Titanium
fittings are replacing stainless steel for racing yachts90 and the material is
also being used for many applications in Naval vessels, particularly mine-
sweepers where its non-magnetic properties are an advantage.

A rapidly growing use in the medical field91 is for surgical implants as
either bone plates and screws, joint replacements, or for the repair of cranial
injuries. Here, titanium and its alloys have the advantages of complete com-
patibility with body fluids, low density, and low modulus. Applications also
exist in dentistry.

Titanium impellers have been used in pumps employed for the conveyance
of corrosive and erosive ore slurries, for organic chlorides containing
hydrochloric acid and free chlorine40, for handling moist chlorine gas, and
in the wood-pulp and the textile-bleaching industry, particularly with
sodium hypochlorite36.

In the electroplating industry, the use of titanium as hooks41 and as
heating and cooling coils for temperature control of certain acidic liquors
has improved the control of plating baths38'42. Perhaps the most significant
advance has been in the nickel plating industry where solid nickel anodes
have been largely replaced by titanium baskets holding nickel shot and nickel
shapes. In this development, the titanium itself is anodically passivated, but
at the same time the passive film allows electron transfer to occur between
contacting surfaces of titanium and nickel so that the latter is anodically
dissolved.

Anodic passivation also allows titanium to be employed as a jig for
aluminium anodising baths43, because the protective anodic film formed on
titanium allows passage of electronic current to the metal contact while vir-
tually suppressing flow of ionic current through the anodically-formed sur-
face film. This aspect is discussed in more detail in relation to special
applications.

In the field of electrowinning and electrorefining of metals, titanium has
an advantage as a cathode, upon which copper particularly can be deposited
with finely balanced adhesion that allows the electrodeposited metal to
strip easily when required. Titanium anodes are also being employed as a
replacement for lead or graphite in the production of electrolytic manganese
dioxide.

In the field of nuclear energy, titanium has been used for processing of fuel
elements, where this demands use of nitric acid or aqua regia44"45, and for
control-rod mechanism, in which the short half-life of irradiated titanium is
of advantage.

Environmental considerations in recent years have dictated that sulphur
bearing compounds are removed from the exhaust gases of coal burning
power stations in order to reduce the incidence of 'acid rain'. The flue gas



desulphurisation process (FGD), while removing the sulphur, also changes
the character of the waste gases and makes them more corrosive to the
materials from which power station chimneys are normally constructed.
Considerable service experience has now demonstrated that titanium is resis-
tant to the conditions and this represents one of the most promising uses of
the material for the future.

Special Applications

Anodic Passivation

It has already been indicated that titanium is not particularly resistant to cor-
rosion in hot, strong acids of the type that usually generate hydrogen upon
reaction with metals —acids such as sulphuric or hydrochloric. In contact
with such acids, corroding titanium assumes a negative electrical potential
(approximately -0-7 V, S.C.E.).

If this negative potential is artificially raised by slow increments, a critical
potential level may be attained, at which corrosion dramatically ceases and
the metal acquires a protective film. The potential level at which this occurs
usually lies between -0-5 V and -0-2 V (S.C.E.), and it is evident that at
this potential level the metal/electrolyte interface has attained a ther-
modynamic state conducive to the formation of a stable, insoluble titanium
dioxide46. This protective surface film has been shown to consist mainly of
anatase, a tetragonal form of the oxide, and if the potential is further raised,
the film thickens, giving a series of interference tints until it reaches a dark
purple colour at a maximum limiting thickness of about 2 X 10~7m. Once
this film has become established, there is very little further passage of current
into the electrolyte and corrosion virtually ceases as long as the 'protective'
potential is applied. The most obvious means of attaining this potential is by
application of an anodic direct current from an external source, but the same
effect can also be attained to some extent by coupling the titanium to a more
noble element such as carbon, or one of the platinum group metals. The lat-
ter method is, however, of limited application because it is dependent upon
the potential level attained by the noble element, and this may not be
sufficiently high to provide a mixed potential which is above the critical value
for film formation (see Sections 1.4 and 1.5). Nevertheless, Stern and his
associates47"49 have shown that the addition of 0-2% palladium to titanium
produces a discrete dispersion of palladium particles at the surface, which
permits the combination to offer an adequate resistance to corrosion in 5%
boiling sulphuric and hydrochloric acids. Cotton3*50'51 has shown that
application of a d.c. potential of about 2 V between titanium and a suitable
cathode can prevent corrosion in a wide range of strong non-oxidising acids
at concentrations and temperatures which present considerable handling
difficulties with most metallic materials of construction81'84.

One full-scale practical application of this principle of anodic passivation
is found in titanium heat exchangers handling 8% sulphuric acid containing
hydrogen sulphide and carbon disulphide employed in viscose rayon process-
ing9'52. It is conservatively estimated that each of these anodically passi-
vated units performs the duty previously undertaken by three graphite heat
exchangers. In doing this they require a current of only 1 -5 A supplied at
15V.



Use as Anodes

As indicated above, when a positive direct current is impressed upon a piece
of titanium immersed in an electrolyte, the consequent rise in potential
induces the formation of a protective surface film, which is resistant to pass-
age of any further appreciable quantity of current into the electrolyte. The
upper potential limit that can be attained without breakdown of the surface
film will depend upon the nature of the electrolyte. Thus, in strong sulphuric
acid the metal/oxide system will sustain voltages of between 80 and 100 V
before a spark-type dielectric rupture ensues, while in sodium chloride solu-
tions or in sea water film rupture takes place when the voltage across the
oxide film reaches a value of about 12 to 14V. Above the critical voltage,
anodic dissolution takes place at weak spots in the surface film and appre-
ciable current passes into the electrolyte, presumably by an initial mechanism
involving the formation of soluble titanium ions.

Thus titanium by itself cannot function as an efficient anode for the
passage of positive direct current into an electrolyte. The surface film of
oxide formed upon the titanium has, however, a most useful property: while
it will not pass positive direct current into an electrolyte (more correctly,
while it will not accept electrons from negatively charged ions in solution),
it will accept electrons from, or pass positive current to, another metal
pressed on to it. Hence a piece of titanium which has pressed on to its surface
a small piece of platinum will pass positive direct current into brine and into
many electrolytes, at a high current density, via the platinum, without undue
potential rise, and without breakdown of the supporting titanium53'54.

Platinised titanium anodes (titanium carrying a thin surface film of
platinum, of the order of O-0025 mm thick) have proved successful in
cathodic-protection systems employing impressed-current techniques, as
electrodes for electrodialysis of brackish water, and in many applications
where established anode materials suffer significant corrosion. Platinum-
coated titanium anodes can operate without breakdown at very high current
densities, of the order of 5000A/m2, in sea water, as although the very
thin platinum coating may be porous the underlying titanium exposed at the
pores will become anodically passivated55.

In aqueous chloride where it is necessary to use platinised titanium anodes
coated over only part of their surface, e.g. titanium rod tipped with a thin
platinum film, it may be necessary to limit the applied voltage to 12V.

The development of platinised titanium has been extended to include the
replacement of platinum by deposits of other forms of corrosion-resistant
conducting surfaces, such as platinum-iridium and ruthenium oxide. Apart
from their corrosion resistance, these surfaces have the ability of operating
electrochemically at lower overvoltages than plated platinum or graphite.
Thus, for a range of electrochemical cells used in the chlor-alkali industry
for the production of chlorine and sodium chlorate, etc. there is a significant
advantage in using them compared with graphite82, and they are now the
preferred choice for such applications.

By a mechanism similar to that discussed in relation to platinum coating,
titanium can function as a conducting jig to support aluminium components
and assemblies in conventional anodising baths. In this application the
exposed titanium acquires the insulating film, but allows current to pass to
the aluminium at the points of contact56.



Pyrophoric Tendency

If titanium is exposed to certain vigorously oxidising environments, oxida-
tion does not cease at the surface, and a rapid exothermic reaction in depth
ensues. The fundamental reason for this remarkable change in the character
of the oxidation is not known with any certainty, but it is significant that in
almost every instance the presence of a small quantity of water, sometimes
in trace amounts, prevents this rapid oxidation in depth.

Investigation into the effect has been mainly devoted to reactions with red
fuming nitric acid57. It seems that in red fuming nitric acid a preliminary
reaction results in the formation of a surface deposit of finely divided
metallic titanium; ignition or pyrophoricity can then be initiated by any
slight impact or friction. The tendency to pyrophoricity increases as the
nitrogen dioxide content of the nitric acid rises from zero to maximum
solubility at about 20%, but decreases as the water content rises, the effect
being nearly completely stifled at about 2% water.

Other media in which titanium is subject to pyrophoricity are anhydrous
liquid or gaseous chlorine58, liquid bromine, hot gaseous fluorine, or
oxygen-enriched atmospheres at moderately low pressures.

Titanium Alloys

Mechanical properties of various titanium alloys are given in Table 5.16. In
general the corrosion behaviour of those titanium alloys developed for the
aircraft industry is very similar to that of unalloyed titanium59. The addi-
tion of some alloying elements may increase resistance to one medium, but
decrease it to others60.

Additions of zirconium confer a significant increase in corrosion resis-
tance, particularly in sulphuric and hydrochloric acids59'61. At alloying
additions of the order of 50% Zr, however, there can be a significant diminu-
tion in resistance to oxidation62 and the welding of titanium to zirconium is
not advisable, because within the welded zone the proportion of titanium to
zirconium will almost inevitably fall within the sensitive composition range.

The addition of 0-2% palladium to titanium decreases the corrosion rate
in boiling 5% sulphuric acid by a factor of 500, and in boiling 5% hydro-
chloric acid by a factor of 1 500, in relation to the rates obtained with
unalloyed titanium. The addition of palladium in these quantities thus pro-
vides an adequate measure of resistance to relatively weak concentrations of
the acids mentioned48.

From the corrosion-resistance aspect, one of the most effective additions
to titanium is that of molybdenum. According to Yoshida and his col-
leagues63"64, the addition of 15% Mo produces an alloy fully resistant to
virtually all concentrations of sulphuric and hydrochloric acid at room
temperatures, while with 30% Mo, the alloy is resistant to all strengths of
boiling sulphuric acid up to a concentration of 40% by weight, and to 10%
boiling hydrochloric acid.

The stress-corrosion cracking hazard for titanium alloys containing
aluminium is significantly higher than that obtaining for commercially pure
titanium, and in addition to stress-corrosion cracking in methanol and red



Table 5.16 Mechanical properties of some titanium alloys

Production
range

Stress for
O- J % total

plastic strain
in WO H
(MPa)

Density
(g/cm3)

Bend
radius

on 2 mm

Fatigue
limit

(% of T.S.)

Young's
modulus
(typical}
(GPa)

Elongation
(min)
(%)

Tensile
strength
(MPa)

0-2% proof
stress (min)

(MPa)

Nominal composition in weight
% and characteristics

S, B, W, E4-562/60-65105-12016540-770400

S, B, W, E4-5660-65105-12010650-880525

Ductile medium Annealed
strength Ti-2-5Cu
alloy, weldable and
age hardened Solution
BSTA 21-24, treated
52-55, 58 and aged

S4-511/50105-12025330-420170
Small additions of Pd giving
improved resistance to non-
oxidising acids

S4-425/55-60105-1208960-1270900

B, W, E4-4255-60105-1208900-1160830

Medium strength Sheet
TJ-6A1-4V alloy
BS TA10-13, 28,
56 Rod

B, E
465 at
40O0C

4-6050-60110-13091100-1280960
High strength Ti-4Al-4Mo-2Sn
0-5Si alloy. Creep resistant up
to 40O0C BSTA 45-51, 57

B, E4-6240-50110-13081250-14201095
Very high strength
Ti-4Al-4Sn-4Mo-0-5Si alloy
BSTA 38-42

B, E
385 at
45O0C

4-8455-60105-11081110-1340970

High strength
Ti-llSn-5Zr-2-25Al-lMo
alloy, creep resistant up to
45O0C BSTA 18-20, 25-27



Table 5.16 (continued)

B, E

B, E300

4-45

4-45

50

50

125

125

6

9

990-1140

620-780

850

480

Medium strength Room
Ti-6Al-5Zr-
O -5Mo-O -2Si
alloy, weldable and
creep resistant up
to 52O0C BSTA
43, 44 52O0C

B, E

B, E300

4-51

4-51

50

50

120

120

10

12

950 min

590 min

820

460

Medium strength Room
Ti-5-5Al-3-5Sn-
3Zr-INb-O- 3Mo-
O -3Si alloy
weldable and creep
resistant up to
55O0C 54O0C

B4-5255-6010510900-1200800Medium strength Ti-6Al-7Nb
alloy for surgical implant
applications

B4-51601206

9

1030

585

910

450

Medium strength Room
Ti-5-8Al-4Sn-
3-52r-0-7Nb-0-5
Mo-0-35Si-0.06C
alloy, weldable and
creep resistant up
to 60O0C 60O0C

St4-929641035-1350965High strength Ti-15Mo-3Nb-
3Al-0-25i alloy, oxidation
resistant

B, E4-821061112501180High strength Ti-3-5Al-
8V-6Cr-4Mo-4Zr alloy, deep
hardenable and corrosion
resistant



Table 5.17 Physical properties of unalloyed zirconium

Thermal neutron
absorption cross-section.

Reactor grade

MacroscopicMicroscopic

Standard
electrode
potential

(V)

Thermal
expansion

per 0C

Specific
heat

(J/g°Q

Temperature
coefficient

of resistivity
(0Q

Electrical
resistivity
(at 2O0C)
OiQ/cm)

Thermal
conductivity
(W/m 0K)

Density
at 2O0C
(g/cm3)

Melting
point
(0Q

Crystal structure

Above
8650C

Below
8650C

Atomic
weight

Atomic
number

0-08 mm0-180
barn/atom-1-535-89 x

10~60-2764439-7226-4901845

b.c.c.
at 90O0C

a = 3-6lA

c. p. hex
at 250C
a = 3-232A
c = 5-15A

91-240



fuming nitric acid, cracking has been observed in salt solution, in hot solid
sodium chloride and in uninhibited chlorinated hydrocarbons. Because of
the importance of these alloys to the aircraft industry there has been con-
siderable laboratory investigation of the effect and the reader is advised to
consult References 65 and 66 and the literature for a comprehensive treat-
ment of the subject, (see also Section 8.5)

Viewed in perspective, evidence of failure in service has been rare and the
practical hazard is certainly very much lower than would appear from the
results of laboratory tests. In chlorinated hydrocarbons the effect can be con-
trolled by the addition of inhibitors, and, for example, the appropriate com-
mercial degreasants containing these inhibitors are specified in a British
detence standard*.

ZIRCONIUM

The growth of nuclear engineering with its specialised demands for materials
having a low neutron absorption coupled with adequate strength and cor-
rosion resistance at elevated temperatures, has necessitated the production
of zirconium in relatively large commercial quantities. This specific demand
has resulted in development of specially purified zirconium, and certain
zirconium alloys, for use in particular types of nuclear reactor.

In its natural state, zirconium is associated with hafnium, and for use in
nuclear reactors it is essential to separate the two because hafnium readily
absorbs neutrons. This situation gives rise to bulk production of two forms
of raw zirconium metal, a hafnium free reactor grade and a commercially
pure hafnium bearing quality (ASTM designations R60001 and R60702
respectively). A number of different zirconium alloys are also commercially
available including one containing tin, iron, chromium, and nickel additions
(R60802) and a similar material (R60804) but without the nickel. Both of
these are used in water cooled nuclear reactors. A zirconium 2j % niobium
alloy (R60901) provides a heat treatment capability, while in the chemical
industry a similar alloy (R60705) offers good corrosion resistance and better
strength than commercially pure zirconium.

Generally, for the chemical engineer not particularly associated with
atomic energy, unalloyed zirconium containing hafnium is an appropriate
choice for those occasions which require the special corrosion resistant pro-
perties exhibited by the metal.

Physical and Mechanical Properties

The physical properties of unalloyed zirconium are recorded in Table 5.17.
Mechanical properties of these grades of zirconium depend to a large

extent upon the purity of zirconium sponge used for melting. Hardness
and tensile strength increase rapidly with rise in impurity content, notably
oxygen, nitrogen and iron. Typical mechanical properties of chemical grades
of zirconium are listed in Table 5.18.

* The Cleaning and Preparation of Metal Surf aces, Defence Standard 03-2/1 (1970), obtainable
from the Ministry of Defence, First Avenue House, High Holborn, London, W.C.I.



Behaviour of Commercially Pure Zirconium in
Aqueous Environments

Zirconium, like titanium, depends upon the integrity of a surface film,
usually of oxide, for its corrosion resistance, but there are differences in
behaviour between the two metals when they are exposed to aggressive
aqueous environments.

In general, zirconium does not equal titanium in resistance to certain
oxidising media, but it is superior in non-oxidising acids, and in caustic
alkalis. The presence of certain impurities in zirconium influences the corro-

Table 5.18 Mechanical properties of chemical grades of zirconium

ASTM
designation

R 60702

R 69705

0-2% proof stress
(MPa)

207 (min)

379 (min)

Tensile strength
(MPa)

379 (min)

552 (min)

Elongation
W

16 (min)

16 (min)

Bend radius

St

3t

Table 5.19 Physical properties of Zr-Sn-Cr-Ni alloy

Alloy
nominal

composition
W

Zr-I -5 Sn-
0-1 Cr-O- 12 Fe
-0-05 Ni

Density at
2O0C

(g/cm2)

6-57

Electrical
resistivity
at 210C
0*fl cm)

74

Coefficient of linear
thermal expansion

(0Q

20-70O0C

6-5 x 10~6

25-60O0C

—

Thermal neutron
absorption

cross-section

Micro-
scopic

0-22-0-24
barn*/
atom

Macro-
scopic

—

*1 barn = 10""24CHl2.

The mechanical properties of the alloys will vary slightly according to the
purity of sponge, and also with heat treatment.

Table 5.20 Minimum mechanical properties of nuclear grade zirconium alloys

ASTM
designation

R 60001

R 60802

R 60804

R 60901

R 60901

Condition

Annealed

Annealed

Annealed

Annealed

Cold worked

Direction of
test

Transverse

Transverse

Transverse

Transverse

Transverse

0-2% proof stress
(MPa)

207

303

303

344

385

Tensile strength
(MPa)

296

386

386

448

510

Elongation
W

18

25

25

20

15

Table 5.19 gives the physical properties of Zr-Sn-Cr-Ni alloy.



sion behaviour, and while small amounts of hafnium are not deleterious,
carbon in amounts greater than O • 06% lessens resistance to hot concentrated
hydrochloric acid by a factor of several hundreds68'69. The contrast in
behaviour between titanium and zirconium in a wide range of media is illu-
strated in detail in Table 5.15.

To summarise, zirconium performs well in nitric acid at all concentrations
up to 10% and temperatures up to 20O0C68, but it will react pyrophorically
in a fashion similar to titanium in concentrated nitric acid containing free
nitrogen dioxide. If there are appreciable amounts of hydrochloric acid pre-
sent together with nitric acid, there may be severe attack, and, in contrast
to titanium, zirconium is not resistant to aqua regia containing three parts
nitric to one part hydrochloric acid. Towards chromic acid, zirconium is
resistant at least up to a strength of 50% at a temperature of 9O0C. In
saturated chlorine water the corrosion rate of zirconium is virtually nil, but
unlike titanium it is attacked in moist gaseous chlorine and not in dry
chlorine at room temperature70. In solutions of metal chlorides, behaviour
appears to depend upon whether the chloride solution tends to be oxidising
or reducing, and in general zirconium is not as resistant as titanium. Thus
it is not resistant to boiling ferric or cupric chlorides at strengths greater than
10%, but it is resistant to mercuric, stannic, manganous, nickel, ammonium,
zinc, magnesium, barium and sodium chlorides, and to sea water. Behaviour
in aluminium chloride is worth noting, for zirconium is resistant to boiling
25% aluminium chloride, while titanium is attacked. Both metals corrode in
boiling 62% calcium chloride.

In resistance to hydrochloric and sulphuric-acids zirconium shows a signi-
ficant advantage over titanium68. With pure hydrochloric acid at 10O0C the
corrosion rate is negligible up to the constant boiling strength, i.e. 20% w/w
at atmospheric pressure, but at 20O0C under pressure there is appreciable
attack at acid strengths greater than 18% by weight. The presence of traces
of copper and iron in the hydrochloric acid can result in a significantly
increased rate of attack, and, for example, in boiling 20% acid 1 000 p.p.m.
of iron or copper raises the rate of attack from less than O • 0075 mm/y to the
barely acceptable level of O- 5 mm/y. In sulphuric acid where traces of metal
ions do not appear to be unduly troublesome, there is no appreciable corro-
sion up to 66% w/w at boiling point; the rate of attack, however, increases
rapidly in boiling 70% acid, and at 20O0C under pressure there is significant
uniform corrosion at about 40% w/w. The presence of chlorine in sulphuric
acid can seriously increase the rate of corrosion.

With phosphoric acid the performance of zirconium is again distinctly
superior to that of titanium, for while, in general, use of titanium is limited
to strengths less than 30% w/w, for zirconium there is no appreciable corro-
sion at room temperature up to 80% strength. As temperature rises there is
an inflection in the corrosion-rate curve, an unacceptable rate being reached
in boiling acid at 50% strength. As temperature rises beyond this, the corro-
sion rate again decreases68, until at 20O0C, under pressure, there is again
negligible attack in 80% acid.

Neither titanium nor zirconium is recommended for use in hydrofluoric
acid.

Zirconium is also resistant to attack in a wide range of organic acids, one
useful difference from titanium being that it is not corroded in boiling



deaerated formic acid at concentrations of 25% and upwards, in which
titanium exhibits borderline passivity. In strong chlorinated organic acids,
however, there may be some attack at elevated temperatures.

It is in its behaviour to caustic alkalis that zirconium shows itself to be
superior to those other elements of Groups IV and V whose resistance to
corrosion results primarily from an ability to form surface films. Thus, in
contrast to tantalum, niobium and titanium, zirconium is virtually com-
pletely resistant to concentrated caustic solutions at high temperatures, and
it is only slightly attacked in fused alkalis. Resistance to liquid sodium is
good. Zirconium is thus an excellent material of construction for sections of
chemical plant demanding alternate contact with hot strong acids and hot
strong alkalis —a unique and valuable attribute.

Because of its good performance in mineral acids, there is little need or
incentive to invoke anodic passivation techniques for zirconium. The metal
can be anodised in sulphuric acid, but, again in contrast to the behaviour of
titanium, it does not form a stable anodic film in chloride solutions, and even
in neutral sodium chloride, zirconium rapidly corrodes if an anodic potential
of 2 V is applied.

Applications in Industry

The chemical industry now provides a major area for the use of zirconium
equipment. The material is employed in the form of heat exchangers,
stripper columns, reactor vessels, pumps, valves, and piping for a wide
variety of chemical processes. These include hydrogen peroxide production,
rayon manufacture, and the handling of phosphoric and sulphuric acids and
ethyl benzene. Gas scrubbers, pickling tanks, resin plants, and coal gasifica-
tion reactors are some of the applications where the good corrosion resis-
tance of zirconium towards organic acids is utilised. A particularly useful
attribute is the ability of the material to withstand environments with alter-
nating acidity and alkalinity.

Special Applications

It has already been indicated that the principal use for zirconium is in the
field of nuclear engineering. The very nature of this application demands the
lowest possible corrosion rate, and this has necessitated a great deal of
investigation into the oxidation rate of zirconium, when exposed to hot
water, steam and carbon dioxide.

When zirconium oxidises in these environments at elevated temperatures
the reaction kinetics follow a law which can be formulated as

w = Ktn

where w = weight gain, / = time, and K and n are constants at a constant
temperature. Initially n has a value of between j and {, and the rate of
oxidation decreases with time. However, when a certain thickness in the
surface film is attained, the value of n may change and become equal to or
greater than unity. The corrosion rate will then become constant or will



increase. This type of behaviour, which can occur with several metals or
alloys, has been called 'breakaway' corrosion. Within the period at which
the value of n remains below unity, the monoclinic oxide film produced on
zirconium is hard, glossy, adherent and usually black or dark coloured.
When the kinetic change takes place the character of the film changes, and
continued oxidation may lead to heavy surface spalling.

Unalloyed zirconium produced from Kroll sponge quickly reaches the
breakaway point when exposed to steam or hot water at reactor tempera-
tures. Early investigation in the United States established that this behaviour
resulted from the almost inevitable presence of nitrogen, but that the
deleterious effect could be countered by an addition of tin71, and the alloy
known as Zircaloy 2, containing about 1 • 5% Sn, O • 1 % Fe, O • 1 % Cr, O • 05%
Ni was developed for use in water-cooled reactors. Even with this alloy,
metallurgical treatment during fabrication is known to affect performance,
and a rigorous scheme of corrosion testing is employed72'73 to ensure that
the semi-fabricated material and finished product conform to a high degree
of corrosion resistance. This test involves the autoclaving of carefully
prepared coupons for fourteen days in pure steam at a temperature of 40O0C
and a pressure of 1OMPa. At the conclusion of the test, satisfactory material
has a weight gain of 28 ± lOmg/dm2, and is covered with a glossy black
lustrous film. Defective material manifests itself by high weight gains (up to
as much as 100mg/dm2) and the appearance in the surface film of white
corrosion product.

Most of the considerable volume of published work on the behaviour of
zirconium relates to its use in nuclear reactors in contact with water or steam,
e.g. in pressurised steam the control of oxidation by use of boric acid has
been reported75. The reader is advised to consult the reviews on this impor-
tant aspect of the subject cited under References 76 and 77.

It should be noted that swarf from a zirconium-titanium alloy containing
approximately 50% by weight of each element is prone to pyrophoricity in
air. It has also been reported62 that when zirconium is welded to titanium,
the welded zone is much more sensitive to corrosion than either of the parent
metals. If, therefore, it is proposed to use any construction in which zir-
conium is welded to titanium, caution should be observed in the machining
of welds, and the corrosion behaviour of the weld should be checked by prior
testing in the environment with which the construction will be employed.

The pyrophoric tendency of zirconium in contact with red fuming nitric
acid has already been mentioned.

There is some evidence that the increase in corrosion recorded when zir-
conium is exposed to hydrochloric acid at 20O0C under pressure results from
intergranular penetration78.

Finally, perhaps, it should be pointed out that because the behaviour of
zirconium is often adversely influenced by the presence of impurities in cor-
rosive environments, corrosion testing prior to use should be carried out in
actual plant liquors rather than in purer synthetic solutions.

J. B. COTTON
B. H. HANSON
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