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6 The Noble Metals

Introduction

The outstanding characteristics of the noble metals are their exceptional
resistance to corrosive attack by a wide range of liquid and gaseous sub-
stances, and their stability at high temperatures under conditions where base
metals would be rapidly oxidised. This resistance to chemical and oxidative
attack arises principally from the inherently high thermodynamic stability of
the noble metals, but in aqueous media under oxidising or anodic conditions
a very thin film of adsorbed oxygen or oxide may be formed which can con-
tribute to their corrosion resistance1. An exception to this rule, however, is
the passivation of silver and silver alloys in hydrochloric or hydrobromic
acids by the formation of relatively thick halide films.

Their high initial cost, combined with a mechanical strength which is
generally inferior to that of base metals, results in the noble metals being
used as sheaths, linings, or other thin coatings on strong supporting struc-
tures. They are also widely used as electrodeposits, as described in Section
14.9. Silver and, to a lesser extent, platinum and its alloys are sometimes
employed in more massive section for the construction of chemical plant,
as for example distillation stills and bushings for the glass industry. The
chemical, synthetic-fibre, glass and metallurgical industries make very wide
use of the noble metals and their alloys wherever equipment must be pro-
tected from chemical attack, or a product protected from contamination by
the products of corrosion or erosion.

Physical and Mechanical Properties

Although in the majority of their applications the choice of noble metals is
determined by their chemical rather than by their physical and mechanical
properties, some consideration of the latter is necessary. The relevant infor-
mation for the noble metals as a whole is given in Tables 6.1 and 6.2, and
details relating to the individual metals will be found in the following
paragraphs.

Silver

Silver in the fully annealed state is a soft, ductile metal which is easily
fabricated into the very wide range of forms employed in industry by the



Table 6.1 The physical properties of the noble metals
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Platinum
Iridium
Osmium
Palladium
Rhodium
Ruthenium
Silver
Gold

Table 6.2 The mechanical properties of the noble metals

Hardness
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elasticity
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Elongation
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W
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40
220
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40
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26
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417
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40
5

10
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124
1 100

172
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496
139
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Platinum
Iridium
Osmium
Palladium
Rhodium
Ruthenium
Silver
Gold



normal metal-working techniques such as drawing, spinning, rolling, etc.
Silver work-hardens appreciably during fabrication. The mechanical
strength of silver is markedly affected by an increase in temperature, and falls
to about 25% of the initial value for cold, hard-worked silver when the metal
is heated to just over 20O0C.

Silver, with a thermal conductivity of 419 W/m°C is a somewhat better
conductor of heat than copper, and this property is often utilised in the con-
struction of heat exchangers, evaporator linings, etc.

Gold

Gold is an extremely soft and ductile metal, and exhibits very little work-
hardening during deformation. Very severe cold rolling can increase its hard-
ness from 20 HV in the fully annealed state to 70 to 75 HV, but this produces
only a slight increase in its strength. The ultimate tensile strength of pure
gold is too low to allow self-supporting structures of any size to be con-
structed of this metal —its use is almost entirely restricted to thin linings or
electrodeposits on base-metal equipment.

Platinum and its Principal Alloys

Pure platinum is soft, ductile and easily fabricated. Its mechanical properties
are profoundly affected by the degree of cold working to which it has been
subjected and by the presence of slight impurities or alloying constituents.
In its applications it is frequently alloyed with another metal of its group —
the melting points of its alloys with Rh, Ir, Os and Ru being higher than
the parent metal, those with Pd being lower. In most cases the strength,
rigidity, hardness and resistance to corrosion are improved by alloying.
Addition of certain base metals, however, can lead to embrittlement and
failure of platinum and its alloys even if the base metal is present only in trace
quantities.

Platinum work-hardens at approximately the same rate as palladium or
copper, a 25% cold reduction in thickness raising the hardness from about
40 HV in the fully annealed state to 75 HV. Cast platinum is usually slightly
harder than the same grade of metal in the wrought and annealed state.

Alloys with rhodium Rhodium alloys readily with platinum in all propor-
tions, although the workability of the resulting alloy decreases rapidly with
increasing rhodium content. Alloys containing up to about 40% rhodium,
however, are workable and find numerous applications. The principal
physical and mechanical properties of rhodium-platinum alloys are listed in
Table 6.3.

The resistance of rhodium-platinum alloys to corrosion is about the same
as or slightly better than that of pure platinum, but they are much more
stable at high temperatures. They have excellent resistance to creep above
1 00O0C, a factor which largely determines their extensive use in the glass
industry, where continuous temperatures sometimes exceeding 1 50O0C are
encountered. Rhodium additions to platinum reduce appreciably the volati-
lisation of pure platinum at high temperatures.



Alloys containing more than 40% rhodium, while very difficult to fabri-
cate, are almost immune from attack by aqua regia. The Pt- 10Rh alloy is
particularly resistant to attack by free wet chlorine such as that produced by
the combustion of halogenated organic vapours.

Table 6.3 Physical and mechanical properties of rhodium-platinum alloys

Rhodium
content
(wt ̂ o)

O
5

10
20
30
40

Melting
point
(0Q

769
825
850
900
920
940

Hardness
(annealed)

(HV)

40
55
65
82
95

100

Hardness
(hard)
(HV)

100
130
160
210
250
290

Tensile strength
(hard)

(MWm2)

124
206
310
480
550
620

Alloys with iridium Iridium alloys with platinum in all proportions, and
alloys containing up to about 40% iridium are workable, although consider-
ably harder than pure platinum. The creep resistance of iridium-platinum
alloys is better than that of rhodium-platinum alloys at temperatures below
50O0C. Their stability at high temperatures, however, is substantially lower,
owing to the higher rate of formation of a volatile iridium oxide.

Alloys with ruthenium Additions of ruthenium have a most marked effect
upon the hardness of platinum, but the limit of workability is reached at
about 15% ruthenium, owing to the fact that ruthenium belongs to a crystal-
lographic system different from that of platinum. Apart from a somewhat
greater tendency to oxide formation at temperatures above 80O0C, the
resistance to corrosion of ruthenium-platinum alloys is comparable to that
of iridium-platinum alloys of similar composition.

Chemical Properties

The factors leading to the high resistance of the noble metals to chemical
attack, i.e. their thermodynamic stability over a wide range of conditions
and the possibility of the formation of very thin protective films under
oxidising conditions, have already been mentioned. A factor tending to
reduce corrosion resistance in aqueous solutions is the tendency of these
metals to form complexes with some anions.

In the absence of complexing agents the noble metals are extremely resis-
tant to corrosion by aqueous solutions of alkalis and salts, and to dilute
acids. The resistance of gold and the platinum metals to corrosion by con-
centrated acids is summarised in Table 6.4, and to halogens in Table 6.52.
The resistance of silver to oxidising acids is generally lower than that of
the other noble metals, while in halogen acids it forms a protective film of
insoluble halide. Silver also differs from the other noble metals in forming



a sulphide tarnish film in industrial atmospheres, due to the action of sulphur
compounds.

In reviewing the corrosion resistance of the individual metals in aqueous
solutions it is useful to compare the observed behaviour with that predicted

Table 6.4 Corrosion ratings of noble metals in acid

Acid

Aqua regia

HI, 60%

HBr, 62%

HCl, 36%

HF, 40%
Nitric, 70%
Nitric, 95%

Perchloric, s.g. 1-6

Phosphoric, 100g/l

Selenic, 42%

Sulphuric, 98%

Temp.
(0C)

Room
100
Room
100
Room
100
Room
100
Room
Room
Room
100
Room
100
Room
100
Room
100
Room
100

Au

D
D
A

A

A
A
A
A
B

A
A

A
A
A
A
A

Ir

A
A
A
A
A
A
A
A
A
A
A
A

A
A

A
A

Os

D
D
B
C
A
C
A
C
A
C
D
D

D

A
A

Pd

D
D
D

D
D
A
B
A
D
D
D
A
C
A
B
C
D
A
C

Pt

D
D
A
D
B
D
A
B
A
A
A
A
A
A
A
A
A
C
A
A

Rh

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

A
A
A

A
B

Ru

A
A
A
A
A
A
A
A
A
A
A
A

A
A
A

A
A

A No appreciable corrosion
B Some attack, but not enough to preclude use
C Attacked enough to preclude use
D Rapid attack

Table 6.5 Corrosion ratings of noble metals in halogens

Halogen

Sat. Cl water

Moist Cl
Dry Cl
Sat. Br water
Moist Br
Dry Br
I in alcohol
Moist I
Dry I

Temp.
(0C)

Room
100
Room
Room
Room
Room
Room
Room
Room
Room

Au

D

D
B
D
C
D
B
A
A

Ir

A

A
A
A
A
A
A
A
A

Os

C
A

B
D

A
B

Pd

A
D
D
C
B
D
D
B
B
A

Pt

A
A
B
B
A
C
C
A
A
A

Rh

A

A
A
A
A
A
B
B
A

Ru

B

A
A
B
A
A
B
A
A

A No appreciable corrosion
B Some attack, but not enough to preclude use
C Attacked enough to preclude use
O Rapid attack
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Fig. 6.1 Theoretical domains of corrosion, immunity and passivation of silver, at 250C

Silver, with a standard electrode potential £Ag+/Ag = 0-79 V, is exceeded
in nobility only by gold and the platinum-group metals. The thermo-
dynamics of the behaviour of silver in reducing acids, in the presence or
absence of oxygen or complexing agents, has been considered in Section 1.4.
Reference to the AgXH2O diagram3 (Fig. 6.1) shows that at low potentials
— below about 0-4 V —the metal remains immune to attack over almost the
whole pH range. This diagram, of course, is of limited value, and is con-
siderably modified in the presence, for example, of CN" or Cl" ions. The
presence of halides, with the exception of fluoride, substantially increases
the zone of passivity, owing to the very low solubility products4 of silver
halides. (Solubility products at 250C: AgCl = 1 -7 x 1(T10; AgBr = 5-0 X
1(T13; AgI = 8-5 x 1(T17; AgF-very soluble.)

On the other hand, the presence of CN" ions greatly increases the zone
of corrosion, owing to the formation of complex ions. Silver, therefore, is
thermodynamically stable in reducing acids, e.g. hydrochloric acid, acetic
acid, phosphoric acid, provided oxidising substances are absent.

E
(V

)

Passivation

Corrosion

Immunity

by the pH-potential diagrams developed by Pourbaix and his co-workers3.
On the following diagrams the limits of stability of water are indicated by
the dotted lines a and b.

Silver

The behaviour of silver in different environments is determined by three prin-
cipal factors: (a) the high nobility of the metal, (b) the formation of passive
protective films and (c) the tendency of the metal to form complex ions in
solution.



Oxidising acids, e.g. nitric acid, hot sulphuric acid at concentrations
exceeding 80% and reducing acids containing oxidising agents, will be cor-
rosive to silver, and the diagram shows that an extensive zone of corrosion
occurs at elevated potentials in the acid region.

When silver is passivated by a halide film, as is formed for example in
hydrochloric acid, the film is tenacious, self-healing and highly insoluble. It
may be reduced to the metal, however, by coupling the silver with such
metals as zinc, aluminium, and, in the case of chemical plant, Hastelloy. In
such instances the silver will continuously corrode.

As may be seen from the diagram, silver in highly alkaline solution cor-
rodes only within a narrow region of potential, provided complexants are
absent. It is widely employed to handle aqueous solutions of sodium or
potassium hydroxides at all concentrations; it is also unaffected by fused
alkalis, but is rapidly attacked by fused peroxides, which are powerful
oxidising agents and result in the formation of the AgO+ ion5. Table 6.6
gives the standard electrode potentials of silver systems.

Silver is attacked by most compounds of sulphur, becoming covered with
a yellow, brown or black sulphide film.

Table 6.6 Standard electrode
potentials of some silver systems 5

System

Ag+XAg
Ag2+XAg+

AgO + XAg2 +

Ag2OXAg
AgOXAg2O
Ag2O3XAgO

Potential
(V)

0-799
1-98
2-1
0-344
0-57
0-74

Table 6.7 Standard electrode
potentials of some gold systems

System

Au + XAu
Au 2 +XAu+

Au3XAu2 +

Au 3 + XAu +

Au3 +XAu
AuBr2

-XAu
AuCl4

-XAu
H2AuO3

-XAu

Redox
potential

(V)

1-68
< l - 2 9
< l -29

1-41
1-50
0-96
1-0
0-7

Gold

The high resistance of gold to attack by a very wide range of corrosive
media results from its very high nobility. It may be seen from Fig. 6.2 that
gold is immune to attack over the whole range of pH values at redox poten-
tials below about 0-4 V, and that the zone of immunity extends to higher
potentials at the lower end of the pH range. Gold, however, is easily com-
plexed, and its solubility in hydrochloric acid containing an oxidising agent
(e.g. nitric acid) results from a combination of high redox potential and
the formation of chlor-auro complex ions6, AuCl4". The unstable Au+ ion
and the easily reducible Au3+ ion also readily form stable complexes. The
Au2+ form is not stable in aqueous solutions, existing only in the solid,
insoluble sulphide form. Standard electrode potentials of gold are given in
Table 6.7.
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Fig. 6.2 Theoretical conditions of corrosion, immunity and passivation of gold, at 250C

Gold is unaffected in alkaline solutions, but in the presence of cyanides the
Au(CN)2" ion is readily formed:

Au(CN)2- + e~ -> Au + 2CN~; E = 0-6 V

The dissociation constant for the reaction

Au(CN)2- -> Au+ + 2CN-

is K = 5 x 10~39. Thus in the presence of cyanide ions gold is a powerful
reducing agent and is readily oxidised by oxygen. This reaction forms the
basis for the extraction of gold from its ores on an industrial scale.

Platinum-group Metals

All the six platinum-group metals are highly resistant to corrosion by most
acids, alkalis, and other chemicals. Their high nobility is the main factor
determining their chemical resistance, and the formation of ,complex ions
in solution is principally responsible for their dissolution under certain
conditions.

As may be seen from the potential-pH diagram2'14 (Fig. 6.3) platinum is
immune from attack at almost all pH levels. Only in very concentrated acid
solutions at high redox potentials (i.e. under oxidising conditions) is there
a zone of corrosion. This accounts for the solubility of platinum in aqua
regia. Platinum is also prone to complex-ion formation, and this can lead

Immunity

Corrosion ?

Passivation

E(
V)
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Fig. 6.3 Theoretical domains of corrosion, immunity and passivation of platinum, at 250C

to difficulties in interpreting the pH-potential diagrams when practical
aqueous solutions are evaluated.

Platinum is unaffected by most organic compounds*, although some com-
pounds may catalytically decompose or become oxidised on a platinum
surface at elevated temperatures, resulting in an etched appearance of the
metal. Carbon and sulphur do not attack platinum at any temperature up to
its melting point. Molten platinum may dissolve carbon, but the solubility
of the latter in solid solution is virtually zero.

The resistance of rhodium to chemical attack is remarkable, and sur-
passes that of platinum. Its domain of stability (as seen from Fig. 6.4) is
extremely wide, and in the absence of complexing agents it is stable in
aqueous solutions of all pH values. In the massive form it is unattacked by
caustic alkalis, acids and oxidising agents, including aqua regia. When finely
divided, however, it is attacked by concentrated sulphuric acid and aqua
regia.

The behaviour of iridium is closely analogous to that of rhodium; its cor-
rosion diagram is very similar and it is, with rhodium, one of the least cor-
rodible of metals. It is unattacked by alkalis, acids or oxidising agents in
aqueous solution, although a fused mixture of caustic potash and potassium
nitrate will attack it. The metal has an excellent resistance to fused lead
oxide, silicates, molten copper and iron at temperatures up to 1 50O0C. Addi-
tions of iridium to platinum considerably raise the corrosion resistance of the
latter to a very wide range of reagents.

Compared with platinum, rhodium and iridium, palladium has much less
resistance to chemical attack. Its theoretical corrosion diagram is depicted
in Fig. 6.5, from which it may be seen that the metal is stable in the presence

*Certain organic compounds form complexes with platinum, and this accounts for the fact that
the thin coating of platinum on titanium is rapidly corroded when platinised titanium is used
as an anode in plating baths containing organic addition agents.
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Fig. 6.5 Theoretical domains of corrosion, immunity and passivation of palladium, at 250C

of aqueous solutions of all pH values with the exception of strong oxidising
agents and complexing substances. In practice, palladium is not attacked
by chlorine water, except at high temperatures, and is not tarnished in moist
air. Non-oxidising acids, e.g. acetic, oxalic, hydrofluoric and sulphuric
acids, have no effect on the metal at ordinary temperatures. Strongly oxidis-
ing acids, however, e.g. hydrochloric acid containing nitric acid, rapidly
attack palladium. Dilute nitric acid attacks palladium only slowly, but the
metal is rapidly corroded by the concentrated acid. Alloys of palladium with

Passivation
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Passivation
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Fig. 6.4 Theoretical domains of corrosion, immunity and passivation of rhodium, at 250C
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platinum, however, retain most of the corrosion resistance of platinum. In
ordinary atmospheres palladium is resistant to tarnish, but some discolora-
tion due to sulphide-film formation may take place in industrial atmospheres
containing sulphur dioxide. Alkaline solutions, even in the presence of
oxidising agents, are without effect on the metal. This may be due to a thin
passivating film of PdO which is more stable than Pd(OH)2 and which
prevents further attack.

Ruthenium and osmium are decidedly less noble than the other four
metals of the platinum group. Both exist in numerous valency states and
very readily form complexes. Ruthenium is not attacked by water or non-
complexing acids, but is easily corroded by oxidising alkaline solutions, such
as peroxides and alkaline hypochlorites.

High-temperature Properties of the Noble Metals7

Silver and Gold

Owing to their relatively low melting points and mechanical strengths, silver
and gold find very few applications at elevated temperatures. Silver below
its melting point has considerable resistance to oxide-film formation, but
molten silver dissolves appreciable quantities of oxygen, which comes out of
solution as silver oxide or bubbles dispersed throughout the metal when the
metal solidifies. Gold is not subject to oxide-film formation at any tempera-
ture up to its melting point, but may be covered by a thin adsorbed layer of
oxygen. The absence of an oxide film enables gold to be pressure-welded to
itself at room temperatures.

Platinum-group Metals

The excellent resistance of platinum, rhodium and iridium to oxidation at
high temperatures finds numerous applications in technology, in particular
in the form of platinum-based alloys. Osmium and ruthenium form volatile
oxides which may be isolated (OsO4 and Ru2O3), and they are not widely
used.

Platinum, while it does not form a measurable oxide film, is covered by
a tenaciously held layer of adsorbed oxygen8. It volatilises at an increasing
rate as its temperature rises above 1 00O0C, and in the presence of moving
oxygen or air the rate of volatilisation is considerably increased. In the
presence of oxygen the volatilisation proceeds via the formation of a volatile,
unstable oxide which has not to date been identified9. Rhodium, iridium
and palladium exhibit oxide-film formation, the last named at temperatures
as low as 60O0C10. Palladium oxide dissociates again at temperatures above
87O0C, the metal appearing bright up to its melting point. Absorption of
oxygen without film formation occurs, however, and the palladium increases
in weight. Platinum is more volatile than rhodium and iridium in the range
900-1 20O0C, but their volatilities are about equal at temperatures around
1 30O0C. Below 1 10O0C the alloys of platinum with rhodium and palladium
are less volatile than pure platinum, but palladium-platinum alloys are not



employed at these temperatures owing to the oxygen absorption of the
palladium already referred to11. Rhodium-platinum alloys at high tempera-
tures show no preferential loss of either metal, and are widely used. Iridium-
platinum alloys show greater loss of weight on heating in air, because of the
greater rate of oxidation of iridium and the higher volatility of the oxide of
this metal. Iridium is thus lost preferentially from iridium-platinum alloys.

Volatilisation of platinum and its alloys when subjected to continuous
high operating temperatures may be substantially reduced by avoiding con-
tact with oxygen, especially oxygen which is in movement or circulation
owing to convection currents. This is achieved by completely embedding the
metal in a high-grade pure alumina refractory cement or block —flame-
sprayed coatings, for example, are effective in preventing free circulation of
air over the metal. Only very high-grade alumina, free from silica or other
oxides more easily reduced under reducing conditions can be employed,
otherwise contamination and embrittlement of the platinum may result from
partial reduction of such oxides.

Grain-growth of platinum and its alloys when operating continuously at
high temperatures is often responsible for failure of the metal, resulting from
weaknesses developed by large inter-crystal boundaries. This defect may be
obviated to a considerable extent by the use of sintered metal produced by
powder-metallurgical techniques12, or by the incorporation of a small
amount of a refractory oxide, carbide or nitride in powder form in the body
of the metal. The latter method provides a source of nuclei for crystal forma-
tion, and the resulting pure metal or alloy has considerably higher strength
and longer life at high temperatures13

Applications of the Chemical Properties of the
Noble Metals

Protective Linings and Sheaths

Many chemical-plant vessels constructed of mild steel, copper, or other base
metals may be protected from corrosive attack by their contents by means
of a lining of one of the noble metals. This form of construction utilises the
higher strength of the base metal —as, for example, in the walls of pressure
vessels — and at the same time a minimum amount of a much more expensive
noble metal is used. The use of noble metals in plant is frequently determined
by the desire to avoid contamination of valuable reactants or substances by
the products of corrosion of base metals.

Silver linings are generally 0-5 mm to 1 mm thick, although occasionally
greater thicknesses are employed. The interior of the vessel to be lined must
be free from roughness, projections, etc. and maximum radii of corners
must be ensured. Exit pipes are lined similarly, and continuous fusion-
welded seams ensure that no contact between base-metal vessel and corrosive
contents takes place. A very large range of chemical plant may be lined with
silver, but a solid silver construction is sometimes employed for condenser
coils, distillation heads, etc. In such instances the silver is generally 1 mm to
2-5mm thick. Stirrers, thermocouple pockets, inlet tubes, etc. are either



constructed of solid silver or sheathed with this metal to prevent contact of
the base with corrosive materials.

Linings in silver may be of two types, viz. 'loose' and 'bonded'. Loose lin-
ings provide good contact between vessel and lining—adequate for good heat
transfer —but the establishment of a partial or full vacuum in the vessel
would cause the air gap between lining and vessel to expand, resulting in col-
lapse and failure of the lining.

Bonded silver linings are fabricated for mild steel or copper vessels. They
are soldered in situ to the walls of the vessel by means of a special tin-silver
solder. The melting point of this solder is approximately 28O0C, and 20O0C
is recommended as the maximum continuous operating temperature for lin-
ings bonded with it. Since the whole of the silver is firmly adherent to the
vessel, bonded linings are suitable for operation under vacuum conditions,
and provide excellent heat-transfer characteristics.

Platinum and rhodium-platinum and iridium-platinum alloys are fre-
quently employed to line and sheath autoclaves, reactor vessels and tubes,
and a wide range of equipment. Linings are generally 0-13 mm to O- 38 mm
thick, and for certain applications co-extruded platinum-lined Inconel or
other metal reactor or cooling tubes are fabricated. In such cases the
platinum is bonded to the base metal, but in all other instances platinum
linings are of the 'loose' type.

Bursting Discs

Bursting discs are the simplest and most certain form of protection against
the effect of over-pressure in a closed system. They cannot fail to operate,

Thickness (mm)

Fig. 6.6 Relationship between bursting pressure and original thickness for seven disc materials
in a standard 1 in (25-4 mm) orifice
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they have low inertia, they open immediately and they provide a full-bore
passage for the discharge of pressure. Bursting discs are completely leak-
proof until they burst, and can be made to withstand full vacuum. A most
valuable aspect of their behaviour is their inherent tendency always to 'fail
safe'.

The protection of vessels containing corrosive materials presents a special
problem for the selection of bursting discs —a rapid rate of corrosion can
lead to a high frequency of failures. In addition, the 'creep' of a metal disc
when under tension at elevated temperatures would tend to weaken it and
result in premature failure.

Bursting discs may be fabricated of gold, silver, platinum or palladium.
The recommended maximum temperatures for continuous use are 8O0C for
gold, 15O0C for silver, 30O0C for palladium and 45O0C for platinum. Figure
6.6 gives bursting pressure/disc thickness data for these metals and for
aluminium and nickel.

Spinnerets

The spinning of viscose rayon for the production of yarn, tyre cord and
staple fibre involves the extrusion of an alkaline solution of cellulose into an
acid bath. The orifices through which individual fibres are extruded are often
extremely small —down to 30 /mi or less in diameter, and their dimensional
accuracy must be maintained to a very high degree for long periods while
operating in two highly corrosive media simultaneously. Often many thou-
sands of such orifices are contained in a single spinneret.

Platinum-gold alloys are widely employed as materials of construction
for rayon spinnerets, in particular the 3OPt-TOAu containing 0-5 Rh as a
grain-refining additive. This alloy, capable of being hardened substantially
by suitable heat treatment, allows the orifices to be pierced at a hardness
of about 120 HV and after treatment provides a finished spinneret with a
hardness of approximately 220 HV. This greater hardness permits a high
polish to be produced in a scratch-resistant exit face. Small grain size
ensures that the holes produced have a high grade of uniform circularity.
Other alloys for spinneret construction include rhodium-platinum,
iridium-platinum, iridium-rhodium-platinum, ruthenium-platinum and
ruthenium-palladium.

Noble Metal Solders

Joining one metal to itself or to another has frequently presented many
metallurgical and chemical problems. For a number of years palladium-
containing brazing alloys have found widespread applications, as they offer
several advantages over other conventionally used materials:

(a) They possess considerable strength at high temperatures.
(b) They have low vapour pressures, and are thus suitable for applications

in vacuum systems.
(c) They permit brazing of metals such as cobalt-based alloys, Nimonics,

tungsten, zirconium, molybdenum and beryllium which could not
otherwise be joined.



(d) They have little erosive effect on parent metals, permitting thin sections
to be joined.

(e) They permit ceramics to be joined directly to low-expansion alloys.
(J) They have a high resistance to corrosion.

Silver-copper-palladium alloys with liquidus temperatures of 800-
1 00O0C have very low vapour pressures combined with good wetting and
flow characteristics and are widely employed in vacuum work. They exhibit
a lower tendency to stress corrosion than silver-copper, and do not form
brittle alloys with other metals.

Silver-palladium-manganese brazes possess excellent creep characteristics
and have been developed for high-temperature applications involving the
use of cobalt or nickel-based alloys, heat-resistant steels, molybdenum and
tungsten. Their liquidus temperatures lie in the range 1 100-1 25O0C.

Nickel-manganese-palladium brazes are resistant to attack by molten
alkali metals and find applications in sodium-cooled turbine constructions.
Their freedom from silver and other elements of high thermal neutron-
capture cross-section allows them to be used in liquid-metal-cooled nuclear
reactors.

Copper-palladium-nickel-manganese brazes give very low erosion of the
parent metals to be brazed, and are therefore used to join thin sections of
stainless steels and high-nickel alloys.

Gold-copper alloys exhibit exceptional resistance to corrosion, and have
very low vapour pressures. Gold-nickel alloys, with similar low vapour pres-
sure, are somewhat stronger than gold-copper at high temperatures. Both
series of alloys are widely employed in vacuum systems.

The addition of beryllium and silicon to nickel-palladium alloys gives very
good high-temperature brazes, especially for alloys containing aluminium
and titanium.

Pure ruthenium powder or mixed ruthenium-molybdenum powders have
been found able to effect good joints between molybdenum and tungsten.
A eutectic melting above 1 90O0C is formed, and joints produced in hydro-
gen atmospheres at 2 10O0C operate satisfactorily at 1 50O0C. A cobalt-
palladium-gold alloy has also been reported to be useful in brazing
molybdenum.

Silver-based low-temperature brazing alloys have been known for many
years and are widely employed throughout the engineering and chemical
industries. Their output is measured in many tonnes per year, and their
utility in joining almost all the commonly used materials of construction has
made them indispensable for the production of a very wide range of plant,
equipment and structures of all kinds. They exhibit a high resistance to cor-
rosion by industrial atmospheres and possess excellent strengths at temper-
atures considerably higher than may be employed for lead or tin-based
solders (see Section 10.5).

Anodic Behaviour of the Noble Metals

As with the chemical behaviour of the noble metals in aqueous solutions,
their anodic behaviour closely follows the predictions of the Pourbaix
diagrams2'14, if due allowance is made for the formation of complexes.



Silver generally corrodes anodically below the reversible oxygen potential,
unless an insoluble oxide or salt is formed. When silver is used as an anode
in sulphuric acid solutions, its behaviour shows an analogy with that of lead.
Silver sulphate, Ag2SO4, is first formed, and this acts as a passive film15.
When the potential is raised the sulphate is oxidised to AgO, which may be
cathodically reduced back to Ag2SO4 at a potential lower than that required
for its initial formation. When made anodic in nitrate solutions, silver
generally dissolves quantitatively as Ag+, and this forms the basis of the
electrorefining techniques widely used in industry. Similar considerations
apply to the anodic behaviour in cyanide solutions where silver forms a
complex cyanide. In chloride solutions silver anodes become covered with
a layer of silver chloride. When made anodic in alkaline solutions, silver
becomes covered with a thin film of Ag2O silver oxide, which protects it
from further attack.

In chloride solutions, gold, when made anodic, initially dissolves in accor-
dance with the equation Au + 4Cl ~~ -» AuCl4" +3e. The dissolution grad-
ually decreases, and the gold surface becomes passive owing to an adsorbed
layer of oxygen16. Gold anodes in perchloric acid are passivated by a film of
oxide, Au2O3, if used at potentials above 1 -4 V. If the potential is raised
above 1-95 V, the oxide film becomes flaky, and the gold is severely
attacked17. In sulphuric acid an initial period of dissolution exists in accor-
dance with the equation Au -» Au+, followed by passivation resulting from
a film of hydroxide, Au(OH)3

8. Ozone may be produced at sufficiently high
current densities and the Au(OH)3 is deposited with an accompanying
attack on the gold below it to form an unstable peroxide. Continued produc-
tion of oxide on the surface produces increasing passivity.

The anodic behaviour of platinum and certain of its alloys is of con-
siderable technical importance, since they can be employed under a wide
range of conditions without appreciable corrosion, and often in circum-
stances where no other metal can be used. Their use industrially has
recently been extended by applying them as thin coatings to a substrate of
a passive metal such as tantalum or, more commonly nowadays, titanium,
to reduce the cost. Platinised titanium anodes are discussed in detail in
Section 11.3.

Platinum can be used as an anode for the evolution of oxygen without cor-
rosion over the whole pH range. At one time it was considered that the
platinum was inert, so that oxygen could be evolved reversibly in the thermo-
dynamic sense. However, it has been found that the reversible oxygen poten-
tial is not normally attained at a platinum surface, and that adsorbed oxygen
or an oxide film play a part in the reaction. The nature of the surface film
on platinum and some of the other noble metals has been the subject of con-
siderable study19. Its exact nature is still in dispute, and probably varies for
the different metals and under different conditions. The important point for
technical applications is that it is very thin and is conductive, so that
platinum anodes can operate at high current densities without excessive
polarisation. However, the overpotential for the evolution of oxygen or
chlorine on the surface of the thin oxide film is appreciably greater than
on the bare metal surface which is considered to be a serious limitation in
relation to the successful use of platinum in fuel cells20. Comparatively
thick oxide films are only produced on platinum by direct currents with a



considerable superimposed a.c. component or by alternating current under
some conditions21.

For chlorine evolution, platinum generally shows very low rates of attack,
and platinum anodes can be used for cathodic protection in sea-water22,
and for chlorine production. However, in strongly acid solutions at low cur-
rent densities platinum can be attacked; due to the complexing action of the
chloride ion, the area of the potential-pH diagram (Fig. 6.3) in which corro-
sion occurs is somewhat enlarged, so that an anode operating at low over-
voltage may be at a potential within this region. At higher current densities
the overvoltage rises and passivation occurs.

The rate of corrosion of platinum anodes in chloride solutions increases
if a considerable a.c. component is superimposed on the d.c. supply23.

Rhodium and iridium have a resistance to anodic corrosion comparable
with that of platinum, and are more resistant to the influence of alternating
currents. A platinum-iridium alloy, in the form of a coating on titanium, is
preferred to pure platinum for the production of chlorine from brine24, due
to its improved corrosion resistance and lower overvoltage.

Palladium is considerably less resistant to anodic corrosion than platinum,
though it may be used for evolution of oxygen from alkaline solutions. It is
attacked rapidly when used as an anode in sea-water, and dissolves quan-
titatively in acid chloride solutions.

Ruthenium dissolves anodically in alkaline solutions, as predicted by
Pourbaix3, but its corrosion resistance when made anodic in acid solutions
is variable. Under some conditions the volatile and toxic tetroxide is evolved.
Osmium is even more reactive anodically than ruthenium.

Recently it has been shown that the oxides of the platinum metals can have
a higher corrosion resistance than the metals themselves25, and have suffi-
cient conductivity to be used as coatings for anodes, e.g. with titanium cores.
Anodes with a coating of ruthenium dioxide are being developed for use in
mercury cells for the electrolysis of brine to produce chlorine26, since they
are resistant to attack if in contact with the sodium-mercury amalgam.

The use of small platinum pins to promote the formation of lead dioxide
on lead anodes is described in Section 11.3.

Alloying Additions of Noble Metals
to Facilitate Passivity

The addition of a small percentage of a noble metal to a base metal such
as stainless steel or titanium can provide sites of low overvoltage for the
cathodic reduction of dissolved oxygen or hydrogen ions. This permits larger
currents and hence more positive potentials to be obtained at the anodic
region, and promotes passivation under some circumstances27. This effect
has been demonstrated for stainless steels2 but has not been adopted in
practice, since under other conditions the noble metal addition accelerates
corrosion27.

The method is more useful with titanium, and the effect of alloying
titanium with a small amount of palladium is described in Section 5.4. The
use of platinum in the prevention of hydrogen embrittlement in tantalum,



considered in Sections 5.5 and 1.7, also depends on the low hydrogen over-
voltage of the added element.

High-temperature Applications of the
Platinum-group Metals

The principal applications of the outstanding stability of platinum and its
alloys at high temperatures lie in their use as materials of construction for
equipment to handle molten glass and as electrical resistance windings for
high-temperature furnaces.

In handling molten glasses at temperatures which sometimes reach
1 50O0C, and frequently lie around 1 40O0C, platinum alloys fulfil several
functions:

(a) They protect refractory bricks and equipment from the erosive effect of
flowing glass, thus greatly prolonging the life of those parts which
would otherwise have to be replaced frequently.

(b) They protect the glass from contamination either by particles of refrac-
tory broken off by erosion or by the dissolution of refractory bricks or
parts.

(c) They enable very high dimensional accuracy to be maintained when
used to line or construct equipment designed to meter, control, or form
molten glass.

The most usual forms of platinum or, more frequently, of the platinum
alloys containing 5 or 10% of rhodium, are thin protective sheaths con-
toured to conform with the shape of the underlying refractory. Sheaths of
this type, generally 0-25 mm to 0-65 mm thick, are widely employed to pro-
tect tank lips, skimmer blocks, stirrers, thermocouple pockets, etc. More
substantial —thicknesses-up to 2-5 mm thick —are used to protect orifices
whose dimensional accuracy must be maintained to a high degree.

Bushings for the manufacture of glass fibre contain a large number of
small, accurately shaped orifices which must maintain their dimensional
accuracy to a very high degree. In addition, such bushings must remain free
from distortion and act as electrical resistance heaters providing an even
temperature profile to give uniform rates of flow through individual orifices.
Operating continuously at temperatures around 1 40O0C, such bushings have
to give long life under very arduous conditions. They are generally made of
Pt-IORh and supported by accurately shaped refractory bricks.

Rhodium in rhodium-platinum alloys imparts a slight grey colour to
glasses, especially to those of high lead content, so that pure platinum is
utilised for the construction of crucibles or other equipment to handle high-
quality colour-free optical glasses. Even platinum can impart traces of
colour if the glass is high in alkali content, but the effect is reduced in oxidis-
ing atmospheres.

Investigations on the wettability of platinum alloys by glasses have
established that this property, as measured by the contact angle between
glass and metal, is strongly dependent on the surrounding atmosphere. It
rises sharply as the atmosphere changes from oxidising to reducing, and is
also dependent on the affinity for oxygen of the alloying constituent, which
is generally rhodium but may also be gold, beryllium, or iridium.



Rhodium-platinum alloys containing up to 40% Rh are used in the form
of wire or ribbon in electrical resistance windings for furnaces to operate
continuously at temperatures up to 1 75O0C. Such windings are usually com-
pletely embedded in a layer of high-grade alumina cement or flame-sprayed
alumina to prevent volatilisation losses from the metal due to the free circu-
lation of air over its surface. Furnaces of this type are widely employed for
steel analysis, ash fusions and other high-temperature analytical procedures.

Working with Noble Metals

Silver

Silver is available in three principal grades for industrial purposes —fine
silver, the normal commercial product containing a minimum of 99-95%
silver which is used in most plant and equipment; chemically pure silver con-
taining a minimum of 99-99% silver, used for catalytic and special purposes
where the presence of certain trace impurities may adversely affect its
resistance to corrosion, and oxygen-free silver. The latter grade is as pure as
fine silver and is used for equipment which may be heated in the presence of
hydrogen without danger of embrittlement resulting from combination of
the hydrogen with oxygen dissolved in the metal.

Silver is available in many standard forms —sheet, strip, foil of thicknesses
down to 0-013 mm, rod, wire down to 0-013 mm diameter, gauze, tubes,
bi-metal as silver-clad copper or phosphor-bronze and many others. It is
easily fabricated by the normal techniques of rolling, spinning, drawing,
etc. and readily joins to itself by fusion-welding using argon-arc welding.
Welding by oxy-hydrogen flame may also be employed, but the resulting
weld is not as satisfactory owing to the possibility of oxygen absorption while
the metal is molten, followed by embrittlement by hydrogen. Fine silver filler
rods may be used, and hammering the weld fillet down to the contour of the
surrounding metal produces a very strong joint. A wide range of silver-based
or soft (tin-based) solders may also be used.

Gold

Gold is available for industrial purposes in a grade containing a minimum
of 99-9% gold in a wide range of forms —sheet, foil, tube, wire, etc. It is
easily fabricated, and when it is being joined to itself may be fusion-welded
with an oxy-hydrogen flame or hammer-welded at temperatures well below
the melting point. Soft-soldering is not recommended.

The Platinum-group Metals

Platinum is capable of being refined to an extremely high degree of purity,
resulting in a metal of remarkably consistent and reproducible properties.
Certain traces of impurities, however, have profound effects on some of its
properties, and the correct grade of platinum must always be selected for any
particular application. Among the applications for which special grades of
platinum have been developed may be listed the following:



Chemical and catalytic. This grade of platinum is for conversion to
catalysts, gauzes and chemical compounds. Spectrographic analysis is
employed to control the presence of trace impurities harmful in these
applications.

High-temperature. Depending on the intended continuous operating
temperature, specific impurities known to affect the mechanical properties of
platinum at these temperatures are excluded. Grain-stabilised platinum con-
taining a refractory additive to reduce grain growth to a minimum and to
increase its resistance to creep and mechanical strength is also available.

Equipment. The impurities in this grade of platinum, intended for all
normal purposes in chemical plant, electrodes, crucibles, etc. other than for
use above 1 00O0C, consist only of traces of the other platinum metals.

Platinum in the forms detailed above and in its more usual alloys with
other noble metals is available as sheet, foil down to 0-0064 mm thick, tube,
rod, wire down to 0-0064 mm diameter, Wollaston wire down to 0-001 mm
diameter, and clad on thin sections of base metals, e.g. copper, nickel,
Inconel, etc.

Platinum, palladium and the normal alloys of platinum used in industry
are easily workable by the normal techniques of spinning, drawing, rolling,
etc. To present a chemically clean surface of platinum and its alloys after
fabrication, they may be pickled in hot concentrated hydrochloric acid to
remove traces of iron and other contaminants —this is important for cer-
tain catalytic and high-temperature applications. In rolling or drawing thin
sections of platinum, care must be taken to ensure that no dirt or other
particles are worked into the metal, as these may later be chemically or elec-
trolytically removed, leaving defects in the platinum.

When platinum or its alloys are being joined, properties of the weld or
solder must be such that it is no less corrosion or oxidation-resistant for the
application in question than the parent metal. Platinum and its alloys are
readily joined to themselves and to certain base metals, e.g. iron, nickel,
copper. The principal methods for joining platinum are as follows:

(a) Fusion welding, using a platinum or alloy filler rod of the same com-
position as the parent metal and a shielded electric arc or an oxy-
hydrogen flame (an oxy-acetylene flame may cause carbon pick-up by
the molten metal). The weld fillets are then cold hammered to the con-
tours of the surrounding metal to provide a strong joint.

(b) Hammer-welding. Platinum and rhodium-platinum alloys when
cleaned are readily hammer-welded to themselves and to each other at
temperatures in the range 800-1 00O0C. The welds so produced are
completely homogeneous.

(c) Soldering. Fine gold, copper, silver-palladium or platinum-palladium-
gold-copper alloys may be used to solder platinum to itself, to its alloys,
or to steels, nickel, etc. No fluxes are used, and soft solders should not
be employed.

Economies Gained by Using Noble Metals

In spite of their high initial cost, the noble metals in industry offer substantial
advantages and economies in use. They avoid the frequent and expensive



replacement of plant on account of corrosion, they protect the product from
contamination, allowing a higher quality with its attendant premium on
value to be produced, and they frequently permit the carrying out of opera-
tions which would not otherwise be possible.

When they have served their purpose or become damaged the noble metals
will realise a very high proportion of their initial cost. No matter in what
form they are utilised, very efficient processes are available for effecting their
complete recovery. This factor often makes noble metals the most economic
in use in the chemical and engineering industries. For many applications, no
other metal or group of metals can fulfil their function as efficiently, com-
bined with such a low net cost to their user.

Recent Developments

Investigations into the electrochemical corrosion of the noble metals, partic-
ularly gold and platinum, have been reported widely over the past decade.
Both gold and silver have a high dissolution rate in acidic thiourea solutions
containing iron ions as an oxidant; this rate depends on thiourea and iron
concentration9. The anodic dissolution of gold in potassium cyanide solu-
tion is of interest to a number of industries. In aqueous alkaline cyanide,
a study as a function of potential within the range — 0 - 9 to +0'4V (SCE)
showed three maxima at —0-65, + O-04 and + O-38 V. The decrease in
the dissolution current between these peaks were ascribed to film forma-
tion30"32. A single electron transfer reaction was predicted over the potential
range -0-9 to +0-3V.

James and Hagee33 have reported a study of the high temperature vapor-
ization chemistry in the Au-Ce system including the formation of vapour
complex species of gold and silver with copper and iron.

The selective dissolution of Ag-Au alloys showed that the anodic dis-
solution is controlled by non-steady state diffusion of silver from the bulk
alloy to the surface at low potentials34. This effect increases with increase in
potential and caused by the formation of vacancies in the surface layer, the
concentration of which depends on potential. Above a certain critical poten-
tial, characterisation of each of the alloys studied, the dissolution increased
because of the destruction of the gold-enriched surface layer. In a similar
vein, Forty35 has looked at the TEM of surface morphology changes during
selective dissolution of silver in 5OAuSOAg alloy by nitric acid. It was
revealed that surface diffusion of gold plays an important part in depletion
gilding. As the surface silver atoms dissolve, residual gold atoms re-form
into gold-rich islands so that fresh silver atoms are continuously exposed to
the corrosive agent, layer by layer.

Duncan and Frankenthal36 report on the effect of pH on the corrosion
rate of gold in sulphate solutions in terms of the polarization curves. It was
found that the rate of anodic dissolution is independent of pH in such solu-
tions and that the rate controlling mechanism for anodic film formation and
oxygen evolution are the same. For the open circuit behaviour of ferric oxide
films on a gold substrate in sodium chloride solutions containing low iron
concentration it is found that the film oxide is readily transformed to a lower
oxidation state with a Fe2+XFe ratio corresponding to that of magnetite37.



Nicol has reported extensively on the anodic oxidation of gold38 4^ For
acidic solutions40, a potential pH diagram is shown delineating the zones of
compound stability in aqueous solutions and a graph depicts the standard
reduction potentials of gold complexes with cyanide, thiosulphate, iodide,
sulphite, bromite and chloride ions as well as with thiourea and water. A
table summarises the reactions with the principal Zigadns, describes anodic
products, states gold yields and indicates passivation states by oxides. For
reactions in alkaline solutions39, particularly alkaline cyanides, cyanide
appears to be the species in which gold has the most stable anodic reaction
at high pH values. It is concluded that gold-cyanide reactions have, so far,
not been explained adequately.

Gold electro-deposits on stainless steel and nickel-based alloys have been
assessed in a variety of laboratory and industrial test atmospheres, and the
extent of tarnishing determined from contact resistance measurements41.
Angerer and IbI42 report on the electrodeposition of cobalt hardened gold
from an acid citrate both in terms of current efficiency, deposit carbon and
cobalt content, porosity and morphology for a variety of current densities
and electrolyte flow rates. The process became mass transport limited at
50mAcm~2. Cobalt additions decrease the current efficiency caused by a
decrease in the Rydropen over potential and an increase in the over potential
of gold deposition. The properties of gold deposits produced by a pulsed
current density and asymmetric a.c. plating instead of d.c. for a cyanide-
citrote-sulphate electrolyte without alloy addition is considered by Dini and
Johnson43.

Several gold based alloys used for electrical contacts have been evaluated
by exposure to oxidation, H2S or SO2

44 whilst the corrosion failure mech-
anism associated with gold metallisation in electronic circuits have been
reported45'46. Growth of gold shorts from a cathodic conductor occurs if
chloride ions are present whilst a voluminous reaction product of Au(OH)3
is produced by the anodisation of an anodically biased conductor. No elec-
tronic circuit using gold conducting paths, is totally immune to corrosion
failure.

The stress corrosion cracking of low carat gold alloys during manufacture
and storage is a perennial problem and has been reviewed by Dugmore and
DesForges47.

The importance of gold dental alloys is apparent from the many papers
regularly being published on the subject. Cracks in gold crowns cemented on
amalgam restorations are seen as evidence of stress corrosion48 with the
possibility of mercury diffusion into the crown and electrochemical dissolu-
tion of the grain boundaries. Laser welded dental gold alloys show less cor-
rosion than soldered alloys and the different solidification conditions have

. been held responsible49. Similarly, the micro-segregation of silver- and/or
copper-rich phases are thought to be the cause of the low chloride resis-
tance of 45% and 65% gold dental alloys50. Laub and Stanford discusses
the position and future testing of new gold dental alloys with reference to
their tarnish resistance and corrosion behaviour51 whilst Prasad52 summa-
rises the papers presented at the second annual conference of the Inter-
national Precious Metals Institute covering both the physical and chemical
metallurgy aspects of gold dental alloys. Finally, whilst considering gold,
Chaston53 provided an extensive review of the industrial uses of gold.

Mal



The thermodynamic behaviour of silver and solubilities of silver and its
compounds have been computed in an electrochemical study of silver in
potassium hydroxide solutions at high temperature54.

Platinum has also had its share of attention in recent years. The effect of
phosphoric acid concentration on the oxygen evolution reaction kinetics
at a platinum electrode using O-7m-17-5m phosphoric acid at 250C has
been studied with a rotating disc electrode55. The characteristics of the
ORR are very dependent on phosphoric acid concentration and H2O2 is
formed as an intermediate reaction. Also, platinum dissolution in concen-
trated phosphoric acid at 176 and 1960C at potentials up to 0-9 (SHE) has
been reported56.

A study of the corrosion of platinum in alkaline solutions at 20 and 7O0C
show the rate to be higher in the presence of oxygen than that in inert atmo-
sphere the difference decreasing as the potential varies from 0-9 to 1 -2 V57.
The dissolution appears to involve the intermediate formation of surface
oxides either by discharge of water molecules or by interaction with mole-
cular oxygen. Biss58 has reported on the oxygen evolution at platinum elec-
trodes in alkaline solution whilst the temperature and concentration effects
on the electrochemical reduction of oxygen in potassium hydroxide solu-
tions has also been considered59. An interesting approach to anodic dissolu-
tion has been provided by using both radioisotopes and electrochemical
methods60. The electrolyte employed was alkaline gallate and corrosion was
under conditions simulating the electrorefining of gallium metal. The corro-
sion loss of platinum increases with gallium content of the electrolyte; SEM
showed that dissolution may be localised near non-metallic inclusions.

Turning now to the acidic situation, a report on the electrochemical
behaviour of platinum exposed to O - I M sodium bicarbonate containing
oxygen up to 3970 kPa and at temperatures of 162 and 2380C is available61.
Anodic and cathodic polarisation curves and Tafel slopes are presented
whilst limiting current densities, exchange current densities and reversible
electrode potentials are tabulated. In weak acid and neutral solutions con-
taining chloride ions, the passivity of platinum is always associated with the
presence of adsorbed oxygen or oxide layer on the surface62. In concen-
trated hydrochloric acid solutions, the possible retardation of dissolution is
more likely because of an adsorbed layer of atomic chlorine62.

A number of bi-electrodes have been studied for application as insoluble
anodes in electroplating63; platinised titanium, Ti-Pt, Ti-Cu and Ti-Ag.
Anodic polarisation measurements in various copper, nickel, chromium and
tin plating solutions together with passivation current densities are used to
discuss performance and suitability.

The oxidation kinetics of both gold and palladium alloys as a function
of temperature and pressure have been reported by Opara et al64 and the
behaviour of palladium and palladium oxide when heated in gaseous hydro-
chloride acid at 20-1000° by Ivashentsev and Ryumin65.

A potential pH diagram for the Pd-H2O-Cl system is presented and
described66 whilst the rest potentials of palladium electrodes in oxygen-
saturated solutions of different pH values have been determined67. From
the latter, dEr/dpH = — 65 mV in acid and —35 mV in alkaline solutions,
and dEr/dlgP02 = 3OmV for both pH ranges.

The weight change with time for pure rhodium annealed at 140O0C in



vacuum and subject to oxygen, nitrogen or air at 1400-180O0C and pressures
of 0-0001-760 tarr is used to discuss the metal's resistance to oxidation and
sublimation by the formation of volatile oxides68. The stability of rhodium
is found to be sensitive to temperature. Air and nitrogen atmospheres
decrease the sublimation of 180O0C.

Finally, reviews of the oxidation reactions of the platinum metals69 and
new metallurgical developments in the field of precious metals70 have been
published.

G. W. WALKIDEN
R. A. JARMAN
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