
4.5 Nickel and Nickel Alloys

Physical and Mechanical Properties

Composition of Metal and Alloys

Commercially pure nickel has good mechanical properties and good resis-
tance to many corrosive environments and therefore finds application where
this combination of properties is required. Of more importance, however,
is the fact that nickel forms a wide range of alloys having desirable engineer-
ing and corrosion-resistant properties. With regard to corrosion resistance
to aqueous solutions, among the most important of these alloying elements
are Cr, Fe, Cu, Mo and Si. Since the range of corrosion-resistant nickel
alloys includes some that owe their corrosion resistance to passivity and
others that are resistant because they are sufficiently noble not to displace
hydrogen from acidic solutions, the corrosive environments in which nickel
alloys can be successfully used are very varied, embracing acids, salts and
alkalis (both oxidising and non-oxidising in character) sea-water, natural
waters and the atmosphere and combinations of these encountered
industrially.

In addition to nickel alloys, nickel also forms an important alloying
element in stainless steels and in cast irons, in both of which it confers addi-
tional corrosion resistance and improved mechanical and engineering pro-
perties, and in Fe-Ni alloys for obtaining controlled physical and magnetic
properties (see Chapter 3). With non-ferrous metals nickel also forms impor-
tant types of alloys, especially with copper, i.e. cupro-nickels and nickel
silvers; these are dealt with in Section 4.2.

Nickel is also widely used as an electrodeposited underlay to chromium
on 'chromium-plated' articles, reinforcing the protection against corrosion
provided by the thin chromium surface layer. Additionally the production
of articles of complex shape to close dimensional tolerances in nickel by
electro forming — a high-speed electrodeposition process —has attracted con-
siderable interest. Electrodeposition of nickel and the properties of electro-
deposited coatings containing nickel are dealt with in greater detail in Section
14.7.

The nominal compositions of commercially pure wrought nickel and the
main types of modern corrosion-resistant nickel alloys are given in Table
4.21; some of these supersede earlier variants no longer in production.
Applications of nickel alloys are not confined to those where corrosion
resistance to aqueous solutions is a prime requirement, and the complete



range of nickel alloys that are available commercially for other specialised
uses, notably those involving service at high temperatures, is therefore much
greater than indicated by Table 4.21. The corrosion and oxidation resistance
of nickel alloys at elevated temperature, is described in Section 7.5.

In general, the alloys listed in Table 4.21 are confined to those in which
nickel is the principal alloying element, but it should be noted that highly
alloyed stainless steels containing 20-30% Cr, and 20-30% Ni with addi-
tions of molybdenum and copper have some features in common with the
Ni-Cr-Fe-Mo-Cu alloys given in the table.

In addition to the alloys in Table 4.21, Ni-Sn and Ni-Ti alloys also possess
useful corrosion resistance. Ni-Sn alloys are extremely brittle and, because
of this, are used only as electrodeposited coatings. Ni-Ti alloys over a wide
range of compositions have been studied, of which perhaps the intermetallic
compound NiTi (55-06Ni-44-94Ti) has attracted the most interest.

Structural Features and Physical and Mechanical Properties

Nickel normally crystallises in the f.c.c. structure; it undergoes a magnetic
transformation at 3570C and is ferromagnetic below that temperature. In all
the alloys shown in Table 4.21 the f.c.c. (austenitic) structure is substantially
retained, and in consequence most of the alloys possess the combination of
properties required of materials for widespread industrial acceptability, i.e.
tensile strength, ductility, impact strength, hardness, hot and cold work-
ability, machinability and fabrication.

Table 4.22 gives the physical properties for nickel and a range of nickel
alloys; Table 4.23 shows the mechanical properties. The data given in these
tables are those published by manufacturers. It is seen that, compared with
nickel, the alloys have considerably lower thermal conductivity and much
higher electrical resistivity. As with nickel, some of the alloys undergo
magnetic transformation; e.g. the Ni-Cu alloy 400 has a transformation
temperature close to O0C. The mechanical properties in Table 4.23 are
generally those of wrought material in the annealed condition those of
materials in other conditions and of cast alloys may differ appreciably. In
all cases alloying considerably increases the proof stress and tensile strength.
The elongation values of wrought alloys are generally only slightly below
those of nickel. The hardness values of wrought alloys are generally below
200 Hv for annealed material.

As with stainless steels, some nickel alloys have a propensity to form
intergranular precipitates of carbides and intermetallic phases during heat
treatment and sometimes during welding. The presence of such intergran-
ular precipitates may render the materials susceptible to intergranular
attack in certain corrosive environments. To minimise this possibility, the
content of carbon and, in some cases, other alloying elements is carefully
controlled. The subject of intergranular corrosion of specific nickel alloys
and of methods of avoiding it is dealt with in greater detail later in this
chapter.



Table 4.21 Nominal compositions of corrosion-resistant nickel alloys

OtherWNb
Nominal composition (weight per cent)

Fe Mo Cu Ti AlCrNi + CoCType and designation

Ti:C 15( + )

ZrO-02(-)

Ti:C30( + )

Nb:C8( + )
N 0-05

VO-35(- )

VO-35( - )

2

0-75
2-5

3-7

3-0

5-0

0-25 X
0-7 X

0-2(-)

3 - 6 X

1-4

0-4
0-4

0-6

0-1
0-2
0-3

0-2

0-1
0-1

0-2
0-4(-)

0-5

0-4 0-4
0-4

3-05 1-0
9

7-0 2-0
5-0 1-7
3-0 2-2 0-9
6-2 2-2 0-8
3-0 2-2 2-1
2-5 3-5
3-5 1-2

16-0
15-5 0-7(-)
13-0
9-0 0-2

28-0

0-2
0-2

8-0
8-0

14-1
9-5

BaI.
BaI.

BaI.
19

19-5
15-0
BaI.
BaI.
BaI.
BaI.
BaI.

5-5
3'0(-)
3
2-5

2'0(-)

15-5
15-5
23-0
30-0
21-0
21

19-0
22

22-2
29-5
21-5
21-0
21-0
20-0
27-0

15-5
16-0
22-0
21-5

l'O(-)

99-6
99-6

BaI.
BaI.
BaI.
BaI.
32-5
32-0

52-5
BaI.

BaI.
BaI.
42-0
42-5
42-0
37-2
31-0

BaI.
BaI.
BaI.
BaI.

BaI.

0-08
0-01

0-08
0-025(-)
0-05
0-03
0-05
0-03(-)

0-03
0-03(-)

0-007
0-03(-)
0-03
0-025(-)
0-02
0-02(-)
0-015(-)

0-005
0-015(-)
O-Ol(-)
0-05

O-Ol(-)

Ni
200
201

Ni-Cr-Fe
600
60OL
601
690
800
80OL

Ni-Cr-Fe-Mo
718
H-9M

Ni-Cr-Fe-Mo-Cu
G 3
G 30
825
825 h Mo
925
20
28

M-Cr-Mo
C 276
C4
C 22
625

Ni-Mo
B2

Xincl.Ta.
2-7

31-5
29-5 0-6

( + ) minimum

1-2
1-0

(-) maximum

BaI.
BaI.

0-2
0-1

M-Cw
400
K 500

BaI. - substantially the balance of the alloy composition, although other elements such as deoxidants and impurities in small amounts are included in the balance-



Table 4.22 Physical properties of corrosion-resistant nickel alloys

Modulus of
elasticity
(GPa)

Electrical
resistivity

(Qm)

Thermal
conductivity

(Wm- 1 K-1)

Mean coefficient
of thermal expansion

(K-1)

Specific
heat

( J R g - 1 K ' 1 )

Density
(kgm- 3)

Melting range
(0QType and designation

214
207

214
214

206.5
210
196
200

204

199
202
198
200
201
195
195

205
211
206
208

217

179
179

0.09 x 10~6

0.08

1.03
1.05
1.22
1.15
0.99
0.97

1.24

1.13
1.16
1.00
1.10
1.17
1.03
0.99

1.30
1.25
1.14
1.29

1.37

0.51
0.62

74.9
79.2

14.9
14.8
11.2
13.9
11.7
11.5

11.4

10.0
10.2
11.1
12

11.7
10.8

9.4
10.1
10.1
9.8

11.1

21.8
17.5

13.3 x 10~6

13.3

13.3
14.0
13.75
14.5
14.2
15.9

14.2

14.6
12.8
13.9
15.0
13.2
14.9
15.0

11.2
10.8
12.4
12.8

10.3

14.1
13.7

456
456

461
460
448
450
460
550

430

453

441
500
435
500
442

427
406
414
410

373

419
419

8.89 x 103

8.89

8.42
8.45
8.05
8.14
8.02
8.0

8.2

8.30
8.22
8.14
8.3
8.14
8.05
8.0

8.89
8.64
8.69
8.44

9.22

8.83
8.46

1435-1445
1435-1445

1370-1425

1300-1370

1355-1385

1370-1400

1310-1365
1370-1425
1330-1370

1325-1370

1355-1400
1290-1350

1300-1350
1315-1350

Ni
200
201

Ni-Cr-Fe
600
60OL
601
690
800
80OL

Ni-Cr-Fe-Mo
718
H-9M

Ni-Cr-Fe-Mo-Cu
G 3
G 30
825
825 h Mo
925
20
28

Ni-Cr-Mo
C 276
C4
C 22
625

Ni-Mo
B2

M-Cw
400
K 500



Table 4.23 Typical mechanical properties of corrosion-resistant nickel alloys

Type and designation

Ni
200
201

Ni-Cr-Fe
600
60OL
601
690
800
80OL

Ni-Cr-Fe-Mo
718

H-9M

Ni-Cr-Fe-Mo-Cu
G 3

G 30

825
825 h Mo
925
20
28

Ni-Cr-Mo
C 276

C 4
C 22

625
Ni-Mo

B2

M-Cw
400
K 500

Form of material

Annealed sheet
Annealed

Annealed sheet
Annealed
Annealed sheet
Annealed
Annealed
Annealed

Solution annealed,
precipitation
hardened

Annealed sheet

Solution heat-
treated plate

Solution heat-
treated plate

Annealed sheet
Annealed
Annealed rounds
Annealed
Solution heat-

treated sheet

Solution heat-
treated sheet

Annealed sheet
Solution heat-

treated sheet
Annealed sheet

Annealed sheet and
plate

Annealed
Annealed sheet

0.2% proof
stress

(M Pa)

157
103

269
180 min.
292
300 min.
249
180 min.

1035 min.

372

311

324

317
240 min.
356
240 min.
220 min.

355

421
407

414 min.

412

216
275 min.

Tensile
Strength
(M Pa)

450
403

629
550 min.
675
600 min.
592
450 min.

1240 min.

730

692

689

672
550 min.
769
550 min.
500 min.

792

801
800

827 min.

894

542
620 min.

Elongation
(%)

44
50

42
30 min.
46
45 min.
30 min.
35 min.

12 min.

57

58

56

42
25 min.
49
30 min.
35 min.

61

54
57

30 min.

61

51.5
25 min.

Hardness
(HV)

100 max.

180 max.

151 max.

179

172

176
220 max.
225 max.

192

200
205

247 max.

215

170 max.

Methods of Fabrication

Nickel and wrought nickel alloys may be fabricated by welding or, less com-
monly, by brazing or silver soldering. In order to minimise the deleterious
effects that may result from integranular precipitation, either low-heat-input
welding procedures employing flux-coated electrodes, or the MIG, TIG or
plasma arc procedures, are recommended. Thick sections may be welded
using the submerged arc process and a relatively restricted heat input.
Oxyacetylene welding is rarely used because of the high heat input and the
danger of carbon transfer into the metal.



Corrosion Behaviour in Aqueous Environments

Theoretical Considerations

Nickel occupies an intermediate position in the electrochemical series;
^Ni2VNi = —0-227 V, so that it is more noble than Zn and Fe but less noble
than Sn, Pb and Cu. Figure 4.21 shows a revised potential-pH equilibrium
(Pourbaix) diagram for the Ni-H2O system at 250C1. The existence of the
higher anhydrous oxides Ni3O4, Ni2O3 and NiO2 shown in an earlier dia-
gram2 appears doubtful in aqueous systems in the absence of positive
identification of such species. It is seen that:

1. Nickel is thermodynamically stable in neutral and moderately alkaline
solutions although not in acidic or strongly alkaline solutions.

2. The metal would be expected to dissolve in acidic solutions forming
Ni2+ ions with liberation of H2.

3. The metal should be capable of passivation by forming a surface layer
of Ni(OH)2 and perhaps NiO (see later) of nickel in neutral and
moderately alkaline solutions.

4. The metal may be unstable in strongly alkaline solutions, dissolving to
form Ni(OH)3" ions.

5. In strongly oxidising neutral and alkaline conditions passivation should
be possible through formation of a film of NiOOH.

On the basis of these data, nickel is considered to be a slightly noble metal,
although in practice, as will be seen below, it is considerably more corrosion
resistant in both acidic and alkaline solutions than would be predicted from
Fig. 4.19.

Several complications are involved in the calculation of potential-pH
equilibrium diagrams for temperatures other than 250C3'4'5, including the
fact that the pH scale itself varies with temperature; thus, diagrams in which
the pH scale refers to the temperature for which the equilibria are calculated
are probably preferable for most purposes5. The most notable consequence
of increasing temperature on the equilibria appears to be a widening of
the pH range within which the hydroxide Ni(OH)2 is thermodynamically
stable.

Anodic Behaviour of Nickel

Many investigators have studied the anodic behaviour of nickel. A complete
discussion of the reactions occurring during anodic dissolution and passiva-
tion of the metal is outside the scope of this chapter, which is confined to
a brief summary of the main features of practical significance.

Anodic E-i curves for nickel obtained by potentiostatic, potentiokinetic
or, in earlier days, galvanostatic techniques, have been published by many
workers. Unfortunately, good agreement is not always found between data
from different sources. The principal reasons for the discrepancies appear
to lie in the nature and amount of impurities in the metal6'7'8 or in the solu-
tion9'10, both of which may have a profound effect on the shape of the
curve, and in variations in experimental procedure11"17.



Fig. 4.19 Potential-pH equilibrium diagram for the Ni-H2O system at 250C (after Silverman1)

Figure 4.20 shows a curve for nickel in 0.5MH2SO4
18 which illustrates

the main features of the anodic behaviour of the metal that are of interest
with regard to its corrosion resistance. It is seen that in acidic solution nickel
is capable of passivation and that the extent of the passive range (DE) is con-
siderable, *0-5 V. The passivation of nickel in acidic solution is a feature
not predicted by the potential-pH equilibrium diagram (see Section 2.1) and
is one reason why, in practice, the corrosion resistance of the metal in acidic
solutions is better than that indicated from consideration of thermodynamic
equilibria. A second, perhaps more important, reason lies in the fact that
in the active range (ABC) the anodic overpotential is substantial because
the exchange current density for nickel dissolution is small (Table 21.17).
This, coupled with the fact that in the electrochemical series nickel is only
moderately negative with respect to hydrogen, E^+ = —0-227 V, equi-
librium, means that in practice the rate of dissolution of nickel in acidic
solutions is slow in the absence of oxidants more powerful than H+ or of
substances capable of making the anodic reaction kinetically easy. The
anodic dissolution current density of nickel in the active state as a function

NiOOH

Ni2+

Ni(OH)2

Ni (OH)-

*H
<V

)

Ni



of potential does, however, depend in a critical manner on the rate at which
the measurements are made13'17'19 and on pH13. To explain this, Sato and
Okamoto13 proposed that in acidic solution anodic dissolution of nickel is
catalysed by OH~ and proceeds by way of the following reaction sequence:

Ni + OH' -> NiOH(ads.) + e~
NiOH(ads.) -» NIOH+ + e~

NiOH+ -> Ni2+ + OH-

the overall rate of reaction being controlled by the concentration of OH ~
ions. Burstein and Wright17 consider that the first stage in the sequence, i.e.
formation of NiO(ads.) to form a pre-passive layer is the rate determining
step. This mechanism appears to provide a basis for explaining the sluggish
anodic dissolution of nickel in acidic solution and also to account in part
for the variations in the anodic behaviour reported from different sources.
In solutions containing high concentration of Ni2+ and SO2T Vilche and
Arvia20 consider that dissolution of Ni to Ni2+ and formation of Ni(OH)2
are competing processes in the pre-passive region.

The anodic dissolution of nickel is also dependent on the amount of cold
work in the metal19'21, and in the active region the anodic current density of
cold worked material at a given potential is up to one order of magnitude
greater than that of annealed material.

^H (V)

Fig. 4.20 Potentiostatic E-\og i curve for nickel, anodically polarised in O-05 M H2SO4
saturated with N2 at 250C (after Sato and Okamoto18)

At high potentials in acidic solution nickel becomes transpassive (EF)9
and in this region corrosion occurs preferentially at grain boundaries21, as
with stainless steels. In the passive and transpassive states anodic dissolution
results in the formation of Ni2+ ions in solution21. At still higher potentials
nickel exhibits secondary passivity (FG), and although the anodic current
is several orders of magnitude greater than in the passive region (DE) it is
not localised at grain boundaries21. At potentials above the range of secon-
dary passivity the anodic current density increases and dissolution proceeds
through an oxide film, probably NiOOH and is accompanied by evolution
of O2. In this region grain boundaries are preferentially attacked again21.
The corrosion behaviour of nickel in acidic solutions in the regions of trans-
passivity, secondary passivity and beyond, is of limited practical signifi-
cance, since these potentials are beyond the range of the redox potentials of
most aqueous solutions.
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£H (V) At test temperature

Fig. 4.21 Effect of temperature on the anodic behaviour of nickel in O-025 M H2SO4 +
0-025 M K2SO4 (pH 1-3) de-aerated with H2. The curves were determined potentiokinetically
at a scan rate of 2 V/h and proceeding from negative to positive (after Cowan and Staehle3)

As with most other metals, the anodic behaviour of nickel is influenced by
the composition of the solution in which measurements are made, partic-
ularly if the solution is acidic. Acidic solutions containing Cl" ions22"29 or
certain sulphur compounds9 in particular have a pronounced influence both
in increasing the rate of anodic dissolution in the active range and in prevent-
ing passivation, and in stimulating localised corrosion30. Thiourea and
some of its derivatives have a complex effect, acting either as anodic stimula-
tors or inhibitors, depending on their concentration30.

In alkaline solutions, except possibly in high concentrations at elevated
temperatures, nickel is normally passive.

Passivity of Nickel

In many aqueous solutions nickel has the ability to become passive over a
wide range of pH values. The mechanism of passivation of nickel and the
properties of passive nickel have been studied extensively —perhaps more
widely than for any other element, except possibly iron. In recent years the
use of optical and surface analytical techniques has done much to clarify the
situation31'32. Early studies on the passivation of nickel were stimulated by
the use of nickel anodes in alkaline batteries and in consequence were con-
ducted in the main in alkaline media. More recently, however, attention has
been directed to the passivation of nickel in acidic and neutral as well as
alkaline solutions.

Most authorities nowadays accept the view that passivity of nickel, as of
most other metals, is due to the formation of a film of oxide or hydrated

The influence of temperature on the anodic behaviour of nickel has been
studied3'8, and in acidic and neutral solutions the active-passive transition
is not observed at temperatures greater than about 10O0C (Fig. 4.21).
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oxide. Ellipsometric measurements, both in alkaline solution33 and in acidic
solution34, support the existence of surface oxide films on passive nickel
several nanometres thick, although impedance measurements35 suggest
that, in acidic solutions at least, the passive layer is electrically complex and
is not an ideal dielectric.

In acidic solutions the film has been reported to be hydrated nickel
oxyhydroxide, NiOx (OH)2 _2y. MH2O in which y is greater in the passive
film than in the pre-passive film formed in the active region36. In neutral
solutions films consisting of NiO37 and Ni(OH)2

32 possibly with some NiO31

have been described. In alkaline solutions Ni(OH)2 has been reported38'39.
In alkaline solutions, galvanostatic measurements40 suggest that passiva-

tion of nickel is due to formation of a monolayer of Ni(OH)2. This prob-
ably forms by a solid state process involving nucleation and growth, accord-
ing to the general model for such growth proposed by Armstrong, Harrison
and Thirsk. In some alkaline conditions, particularly concentrated solutions
at higher temperatures, thicker films are undoubtedly formed.

As indicated when discussing anodic behaviour the mechanism of film
formation is complex, involving adsorption of OH" ions to form a pre-
passive layer followed by either dissolution or film formation as alternative
processes.

In certain concentrated acidic solutions, e.g. H2SO4, nickel, whilst not
truly passive, may exhibit 'pseudo-passivity' owing to crystallisation of a
layer of nickel salt (in cone. H2SO4 probably /3-NiSO4-6H2O) on the
surface41.

Influence of Alloying on Anodic Behaviour of Nickel

During recent years a considerable amount of information has been
published on the anodic behaviour of nickel alloys. The data include studies
both of binary alloy systems in which nickel forms the major alloying com-
ponent and of more complex commercially produced nickel alloys. The data
are sufficiently numerous to permit a rational and fairly complete interpreta-
tion of many of the corrosion-resistant properties of nickel alloys on the
basis of their anodic behaviour.

Potential/anodic current density curves illustrating the influence of binary
alloying additions to nickel are shown as follows: Cr, Fig. 4.22; Fe,
Fig. 4.23; Cu, Fig. 4.26; Mo, Fig. 4.28 (curve for Alloy B); Si, Fig. 4.29;
Sn, Fig. 4.30; Ti, Fig. 4.31; Al, Fig. 4.32; and Mn, Fig. 4.33. The deductions
that may be drawn from the data about the influence of these alloying
elements on the anodic behaviour of nickel are summarised in Table 4.24.

It should be noted that the data refer mostly to the behaviour of the alloys
in H2SO4. Passivity is, however, influenced by the composition of the solu-
tion as well as that of the metal and for this reason the influence of alloying
additions may be different in solutions containing other ions. In particular,
Cl" and other similarly aggressive ions have a large influence and may pre-
vent passivation, either completely or partially. If passivity cannot be main-
tained over the entire surface of the metal, pitting develops, and this is
considered later.

Broadly speaking the binary alloying additions fall into two categories:
(1) those that improve passivity of Ni, viz. Cr, Si, Sn, Ti, Al and (2) those
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Fig. 4.23 £"-log /' relationship for the anodic behaviour of Ni-Fe alloys in O-5 M H2SO4

(de-aerated with H2) at 250C (after Economy, et a/.43; see also References 44-46

^H(V)

Fig. 4.22 Effect of chromium content on the anodic behaviour of Ni-Cr alloys in 0-5 M
H2SO4 (de-aerated with H2) at 250C; the potential was increased incrementally by 0-025 V

every 3 min (after Hodge and Wilde42)
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Table 4.24 Influence of alloying on anodic behaviour of nickel

Influence on anodic behaviour

Passive regionc.d. in passive
region, /p

Potential of
passivation, Ep

Max. c.d. prior to
passivation, /crit

Active region

Fig.
no

Alloy addition
(^)

Potential range increased

Potential range reduced

Potential range reduced,
eliminated above «50%
Cu

No passivation

Potential range increased

Potential range much
increased

Potential range much
increased

Potential range increased

Potential range greatly
decreased

Considerable
decrease

Little effect

Large increase

No passivation

Large decrease

Large decrease

0-1% Al
considerable
decrease

Large increase

Less noble

More noble

More noble, no
passivation
above «50%
Cu

No passivation

Less noble

Much less noble

Much less noble?

Less noble

More noble

Large decrease

Little effect on magnitude,
but potential range of
max. c.d. increases.

Oscillations often observed
within max. c.d. range

Increase

No passivation

Decrease

Decrease

Large increase

Potential range reduced

Potential range increased

Potential range increased

Potential range moved
to more noble
potentials

Potential range moved
to less noble potentials

Potential range moved
to much less noble
potentials

Disappears

Potential range increased

Potential range increased
to much more noble
potentials

4-22

4-23

4-26

4-28

4-29

4-30

4-31

4-32

4-33

0-40Cr

0-70 at. % Fe

0-70Cu

0-28Mo

0-16-5Si

Electrodeposited
Sn-35Ni

0-100Ti

0-10A1

0-62 at % Mn



EH (V)

Fig. 4.24 Anodic behaviour of Alloy 600 in O-5 M H2SO4 (de-aerated with N2) at 240C
containing different concentrations of Cl~ ions (after Piron, et a/.41)

that ennoble Ni, viz. Cu and Mo. Iron and manganese do not belong in either
category. Although Ni-Fe alloys can be passivated, their passivity is less than
that of nickel and they are also less noble than nickel. In the presence of
chromium, however, iron has a considerably beneficial influence on passi-
vity, as may be seen by comparing the curve for the Ni-15Cr-SFe Alloy
600 in Fig. 4.24 with the curves for binary Ni-Cr and Ni-Fe alloys in
Figs. 4.22 and 4.23 respectively.

Alloying elements which enhance the passivity of nickel are expected to
improve the corrosion resistance to oxidising media, in particular acidic
solutions containing oxidants. Generally, this is found to be so in practice,
although it should be noted that strongly oxidising acids, e.g. HNO3 and
H2CrO4, or other acidic solutions containing powerful oxidants may render
such alloys transpassive, in which condition the corrosion resistance may be
impaired. In less oxidising media, particularly in acidic solutions where
hydrogen evolution is the cathodic process, not all alloying elements which
improve passivity are beneficial, although some are. In these circumstances
chromium, silicon and probably aluminium are unhelpful and might be
expected to confer little benefit, because the passivation potential, although
displaced to slightly more negative values, is not displaced sufficiently to
permit passivity to develop in hydrogen-evolving acidic solutions. In con-
trast, alloying additions of titanium and tin (in the electrodeposited Sn-35Ni
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E H (V)

Fig. 4.25 Anodic behaviour of Alloy F and Alloy G in boiling 10% H2SO4 de-aerated
with H2 (the potential was increased incrementally every 3 min;. after Leonard48; see also

Reference 49)

alloy) are undoubtedly beneficial because the active/passive transition is
displaced to sufficiently negative potentials that enable passivity to be main-
tained in non-oxidising acidic solutions.

In fact silicon is also often beneficial, especially in H2SO4. In dilute
H2SO4, Ni-Si alloys containing about 10% Si do not passivate sponta-
neously, but the rate of anodic dissolution rapidly falls to a low value owing
to the formation of a silicon-rich surface layer. In concentrated H2SO4 such
Ni-Si alloys are passive, whilst in H2SO4 of intermediate concentration
the corrosion behaviour is complex, being governed by the nature of the
cathodic process, which changes as corrosion proceeds53.

The alloying elements molybdenum and copper do not, by themselves,
enhance passivity of nickel in acid solutions, but instead ennoble the metal.
This means that, in practice, these alloying elements confer benefit in pre-
cisely those circumstances where chromium does not, viz. hydrogen-evolving
acidic solutions, by reducing the rate of anodic dissolution. In more oxidis-
ing media the anodic activity increases, and, since binary Ni-Mo and Ni-Cu
alloys do not passivate in acidic solutions, they are generally unsuitable in
such media.

Relatively small amounts of molybdenum in Ni-Cr-Fe alloys, as in stain-
less steels, render passivation much easier and it may be seen from Fig. 4.25
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Fig. 4.26 Anodic behaviour of Ni-Cu alloys in 0-5 M H2SO4 (de-aerated with N2) at 250C;
the curve was determined potentiokinetically at 0-4V/h for the 78-3 and 49-9% Ni alloys
and at 3 V/h for the 30-4°7o Ni alloy proceeding from more positive to more negative (after

Osterwald and Uhlig50)

that the further addition of 2% Cu enhances the effect. The major effect is
to reduce the maximum current density prior to passivation, /crit , although
the current density in the passive range, /p, is also reduced. Potential/
anodic current density curves of Ni-Cr-Fe-Mo and Ni-Cr-Fe-Mo-Cu
alloys plotted in the conventional way do not show these effects clearly,
but they may be illustrated by employing fast scan rates49 or elevated tem-
peratures (see Fig. 4.25). Because of the effect on /crit , Ni-Cr-Fe-Mo and
Ni-Cr-Fe-Mo-Cu alloys have good corrosion resistance to acidic solu-
tions both in oxidising conditions and when corrosion is accompanied by
hydrogen evolution.

The addition of chromium to Ni-Mo alloys containing about 15% Mo
confers passivity, as may be seen by comparing the curves in Fig. 4.28 for
Alloy B (Ni-28Mo), Alloy N (Ni-16-5Mo-TCr) and Alloy C (Ni-16Mo-
15-5Cr). Chromium, however, displaces the active region in these alloys to
more negative potentials, so that whilst the chromium-containing alloys are
more corrosion resistant than the chromium-free alloy in oxidising acidic
media, they are less resistant in most hydrogen-evolving acidic solutions.

An interesting illustration of the effect that quite small alloying addi-
tions may sometimes have on anodic behaviour is seen in Fig. 4.2751 from
a comparison of the Ni-SOCu alloy Alloy 400 with its age-hardening variant
Alloy K500, which contains 2-7% Al and 0-6% Ti. The presence of these
elements in the latter alloy is responsible for a well-defined passive region,
whereas the former alloy shows only a slight tendency to passivate in acidic
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Fig. 4.27 Anodic behaviour of Ni-Cu alloys in 10% H2SO4 at ambient temperature.
1, Ni; 2, Alloy 400; 3, Alloy K500 solution treated; 4, Alloy K500 aged (after Flint and

Barker51)

solutions. Furthermore, a clear distinction may be seen between the passivity
of the age-hardening alloy in the solution-treated condition, where alumi-
nium and titanium are substantially in solid solution, and in the aged condi-
tion, where the alloy is strengthened by precipitates of Ni3Al and Ni3Ti. In
addition to the removal of most of the aluminium and titanium from solid
solution, precipitation also increases the effective copper content of the
matrix. Both of these effects may be responsible for the reduction in passivity
of the aged material.

Another indication of the influence of precipitated phases on anodic
behaviour may be seen in the curve for Alloy C in Fig. 4.28, where the small
peak in the middle of the passive range is probably attributable to anodic
dissolution of an intermetallic phase (JJL) and M6C carbide58.

The influence of minor alloying elements and the effect of formation of
other phases on the anodic behaviour of nickel alloys are thus not negligible
and should not be ignored.

Pitting (Section 1.6)

Pitting of nickel and nickel alloys, as of other metals and alloys, occurs when
passivity breaks down at local points on the surface exposed to the corrosive
environment, at which points anodic dissolution then proceeds whilst the
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Fig. 4.29 Anodic behaviour of Ni-Si alloys in 25% H2SO4 (de-aerated with N2) at ambient
temperature (after Barker and Evans52)

EH (V)

Fig. 4.28 Anodic behaviour of Alloys B, C and N in boiling 10% H2SO4 de-aerated with H2;
the potential was increased incrementally (after Leonard48)
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Fig. 4.31 Anodic behaviour of Ni-Ti alloys in HCl + 3-5% NaCl(pH 1), de-aerated with
argon, at 22-20C; the potential was increased by 0-02 V every minute (after Sedriks, eta/.55)

major part of the surface remains passive. Since most (sometimes all) of the
cathodic reaction accompanying corrosion is distributed over the passive
surface, it follows that the fewer the number of sites of breakdown the more
intense is the anodic dissolution at each site, i.e. the fewer the pits the faster
they grow, at least in the early stages. Pitting of nickel has been shown to
develop preferentially near structural features in the metal, such as grain
boundaries, and also at imperfections in the surface, such as scratches59.

^H(V)

Fig. 4.30 Suggested anodic behaviour of electrodeposited Sn-35Ni alloy; 1, 'observed' curve;
2a, H2 evolution; 2b, H2 oxidation; 3, 'true' anodic curve (after Clarke and Elbourne54)
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Fig. 4.32 Anodic behaviour of Ni-Al alloys in 0-5 M H2SO4, de-aerated with H2, at 220C;
the potential was increased by 0-01 or 0-02 V every 3 min in the active range and by 0-04 V

in the passive range (after Crow, etal.56)

Electropolishing appears to be helpful in reducing the tendency of pits to
develop at surface imperfections, but not necessarily at sites associated with
structural features of the metal.

In practice, pitting of nickel and nickel alloys may be encountered if the
corrosive environment contains chloride or other aggressive ions and is more
liable to develop in acidic than in neutral or alkaline solutions24. In acidic
solutions containing high concentrations of chloride, however, passivity is
likely to break down completely and corrosion to proceed more or less
uniformly over the surface. For this reason nickel and those nickel alloys
which rely on passivity for their corrosion resistance are not resistant to HCl.

Figure 4.34 illustrates, by means of potential/anodic current density
curves, the influence of pH and Cl" ions on the pitting of nickel22. The
tendency to pit is associated with the potential at which a sudden increase in
anodic current density is observed within the normally passive range (Zs8 on
Curve 1 in Fig. 4.34). It can be seen that in neutral 0-05 M Na2SO4 contain-
ing 0-02 M Cl~ (Curve 1) EB has a value of approximately 0-4 V £"H. When
pitting develops, the solution in the pits becomes acidic owing to hydrolysis
of the corrosion product (see Section 1.6) and when this occurs the anodic
current density increases by at least two orders of magnitude and tends to
follow the curve obtained in O-05 M H2 SO4 + O -02 M NaCl (Curve 2).
Comparison of Curves 2 and 3 illustrates the influence of Cl ~ ions on the
pitting process.

Owing to the hydrolysis reaction, pit development is an autocatalytic
process and often there is an induction period before pit growth attains
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Fig. 4.33 Anodic behaviour of Ni-Mn alloys in 0-5 M H2SO4 saturated with H2 at 2O0C
(after Horton etal.57)

observable proportions. In some circumstances, e.g. neutral and alkaline
solutions, the induction period may be very long in practice. As with other
passive metals and alloys, development of pitting in nickel may be inhibited
in flowing solutions60.

Figure 4.3561 illustrates the effect of temperature on the rate of develop-
ment of pitting, measured as a corrosion current in an acidic solution con-
taining Cl"; it is seen that quite small increments in temperature have large
effects. The influence of temperature is of considerable significance when
metals and alloys act as heat transfer surfaces and are hotter than the cor-
rosive environment with which they are in contact. In these circumstances,
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Fig. 4.35 Influence of temperature on breakdown of passivity of nickel in H2SO4 -I- Na2SO4
solution (pH 0-4) containing 0-05 M Cl~ (after Gressmann61)

*H<V)

Fig. 4.34 Influence of pH and Cl ~ ions on the anodic behaviour of nickel in SO4" -I- Cl ~ ion
solutions at 2O0C (potentiokinetic polarisation at 0-05 V/min). 1, 0-05 M Na2SO4 -I- 0-02 M
NaCl; 2, 0-05 M H2SO4-I-0-02 M NaCl; 3, 0.05 M H2SO4 + 0-05 M NaCl (after

Szklarska-Smialowska 22)
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deep pointed pits may develop rather than the shallower rounded pits usually
found when there is no thermal gradient. A possible explanation is that
anodic dissolution becomes concentrated at the base of the growing pit in
preference to its sides under the influence of the thermal gradient in the
metal.

Figure 4.36 shows the influence of pH on the breakdown potential of
nickel in alkaline solutions containing Cl~ ions, and it is apparent that the
breakdown potential becomes more positive as the pH increases, i.e. break-
down is unlikely unless the solution has a very high redox potential.

PH

Fig. 4.36 Influence of pH and Cl ~ ion on the breakdown potential of commercial nickel in
alkaline solutions (0-001-5 M NaOH) de-aerated with N2 (after Postlethwaite62)

Alloying nickel with other elements has a marked influence on the sus-
ceptibility to pitting. Figure 4.37 shows the variation of the breakdown
potential with chromium concentration for binary Ni-Cr alloys63, and it is
seen that breakdown becomes significantly less probable as the chromium
increases above 10%. Alloying with iron in addition to chromium yields a
further improvement, as may be seen from Fig. 4.24, which shows that the
Ni-ISCr-SFe alloy Alloy 600 exhibits little tendency to breakdown even in
an acidic solution containing 1% NaCl. In practice, Ni-Cr-Fe alloys exhibit
a high degree of pitting resistance and, as with stainless steels, the addition
of a few per cent molybdenum improves their resistance even further.

Nickel alloys which rely on nobility for their corrosion resistance, viz.
Ni-Cu and Ni-Mo alloys in acidic solution, do not usually pit in these
circumstances. It should be noted, however, that the Ni-Cu alloy Monel 400
normally forms a protective oxide film in neutral and alkaline solutions, and
this is of particular significance with regard to its corrosion resistance to
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Fig. 4.37 Influence of the chromium content of Ni-Cr alloys on the breakdown potential in
O - 1 M NaCl at 250C de-aerated with N2 (after Horvath and Uhlig63)

sea-water. In circumstances where the supply of O2 is insufficient to main-
tain the film in good repair, as in stagnant conditions, pitting may develop.

Crevice Corrison (Section 1.6)

In recent years crevice corrosion has received increased attention owing
to the serious hazards that develop if this type of localised attack is over-
looked or ignored. Crevice corrosion can be an especially serious problem
with passive metals and alloys because breakdown of passivity in the de-
oxygenated solution that develops in crevices leads to anodic dissolution.
Of the nickel alloys those containing molybdenum and, to a lesser extent,
copper offer the best-resistance to this form of attack. Ni-Cr-Mo alloys
are among the most resistant of metallic materials to crevice corrosion,
although their resistance may be impaired if intergranular precipitates of
molybdenum-rich M6C carbide are allowed to form64 (see Intergranular
Corrosion). In cast materials at least, solution heat-treatment of the 625 type
of alloy is beneficial and if such a heat-treatment is given, reduction of the
niobium content of the alloy may be cost-effective65.

Intergranular Corrosion (Sections 1.3 and 1.7)

As with most other metal and alloys systems, nickel and certain of its alloys
may suffer intergranular corrosion in some circumstances. In practice, inter-
granular corrosion of nickel alloys is usually confined to the vicinity of welds
as a result of the effects produced by the welding operation on the structure
of the material in those regions. Alloys that are subjected to other similarly
unfavourable thermal treatments may also become susceptible. The com-
positions of most commercial nickel alloys that are marketed today are,
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however, carefully controlled to minimise the possibility of intergranular
corrosion developing in welded material during service.

Intergranular corrosion of nickel and its alloys is nearly always associated
with grain boundary precipitates. In certain commercial grades of nickel,
which contain carbon as an impurity, lengthy exposure to high temperatures
may result in the formation of a grain boundary film of graphite which in
some circumstances renders the material susceptible to intergranular cor-
rosion on subsequent exposure in an environment to which the material is
otherwise well suited, viz. caustic alkalis; with nickel this form of corrosion
may be intensified by stress in the metal. For these reasons, the low-carbon
grade of commercial nickel, Nickel 201, is, in practice, preferred where this
form of attack is a possibility. With material of higher carbon content the
possibility of intergranular corrosion developing to a serious extent may be
minimised by applying a stress-relieving heat treatment after fabrication.
The presence of other elements in nickel, notably sulphur, may also render
the metal liable to intergranular penetration and embrittlement.

The types of chromium-containing nickel alloys that owe their corrosion
resistance to passivity, viz. Ni-Cr-Fe, Ni-Cr-Fe-Mo and Ni-Cr-Fe-Mo-Cu
alloys, may become susceptible to intergranular corrosion in circumstances
broadly similar to those that produce susceptibility in stainless steels66'67.
In these materials, preferential attack by the corrosive environment occurs
at zones immediately adjacent to grain boundaries at which precipitates of
the chromium-rich carbides M23C6 or possibly M7C3 have formed, the
attack being concentrated on the chromium-depleted zones adjacent to the
precipitate, since these zones cannot become passivated68'69'70. As with
stainless steels, the appropriate preventative measures are to minimise car-
bide formation by controlling the carbon content of the material to levels as
low as practicable —nowadays 0-02% C max. is attainable —to increase the
chromium content and to add elements such as titanium and niobium to
form carbides more stable than M23C6 with the residual carbon and thus
prevent chromium-depletion. It should be noted, however, that owing to the
higher activity of carbon in nickel-rich alloys than in stainless steels, a greater
proportion of stabilising element such as titanium is needed in the former
materials than in the latter71. Intergranular corrosion of stainless steels and
Ni-Cr-Fe alloys has been observed to occur in the absence of grain boundary
carbide precipitates in the alloy during laboratory tests in highly oxidising
acidic solutions such as HNO3 containing chromates or dichromates72'73,
and is associated with segregation of P and Si to grain boundaries. A review
of intergranular corrosion of alloys in the Fe-Ni-Cr system, including stain-
less steels and nickel alloys, is available72.

Another type of nickel alloy with which problems of intergranular cor-
rosion may be encountered is that based on Ni-Cr-Mo containing about
15% Cr and 15% Mo. In this type of alloy the nature of the grain boundary
precipitation responsible for the phenomenon is more complex than in
Ni-Cr-Fe alloys, and the precipitates that may form during unfavourable
heat treatment are not confined to carbides but include at least one inter-
metallic phase in addition. The phenomenon has been extensively studied
in recent years58'64'74'79. The grain boundary precipitates responsible are
molybdenum-rich M6C carbide and non-stoichiometric intermetallic /x



phase (Ni, Fe, Co)3 (W, Mo, Cr)2
58. Depending on the nature of the cor-

rosive environment attack in this type of alloy may be either at depleted
zones adjacent to grain boundaries or on the grain boundary precipitates
themselves. Thus two different mechanisms of intergranular corrosion
operate in this type of alloy, one involving attack on the depleted regions
being observed in HCl (and perhaps other hydrogen-evolving acidic solu-
tions), the other, in which the precipitates themselves are preferentially
attacked, being observed in more highly oxidising acidic media. An observa-
tion of significance made some years ago was that limiting the silicon content
of this type of alloy to very low levels reduced the tendency for formation
of the intermetallic phase during welding75 and this led to the introduction
of improved commercial alloys of the C276. More recently a composition
possessing even greater thermal stability, i.e. C4, has been developed, in
which iron and tungsten present in the earlier alloys have been largely
replaced by nickel79 and further alloys have been introduced with higher Cr
and lower Mo contents, e.g. C22 and 625 (see Table 4.21).

Ni-Mo alloys containing about 28% Mo are a third category of nickel
alloy liable to intergranular corrosion in the welded condition. In these alloys
preferential corrosion may develop at zones adjacent to welds exposed to
HCIl and other hydrogen-evolving acids in which this type of alloy is used.
Corrosion is preferentially concentrated on molybdenum-depleted zones
adjacent to grain boundaries in which molybdenum-rich M6C carbide has
precipitated. The susceptibility of this type of alloy to intergranular corro-
sion is reduced by controlling the carbon and iron content to levels as low
as is practicable and also by addition of about 2% V80 or 3-5-5% W81.
Niobium may also be a beneficial addition80, but titanium and zirconium
accelerate intergranular corrosion of this type of alloy81.

Bimetallic Corrosion

Owing to their intermediate position in the galvanic series, nickel and nickel
alloys may stimulate corrosion of metals less noble to themselves when in
bimetallic contact and thus receive cathodic protection or suffer intensified
corrosion from contact with more noble metals and graphite. In general, in
mild environments such as unpolluted atmospheric conditions, nickel and
nickel alloys are compatible with a fairly wide range of other metals and
alloys, but in strong electrolytes such as sea-water and marine atmospheres
the range of compatible couples is less. Table 4.25 gives guidance in very
general terms, but should not be assumed to apply in every circumstance,
since other factors may influence the issue. The relative surface areas of the
two metals in contact plays a large part in determining whether bimetallic
corrosion is serious or not, and the combination of a small area of the more
negative (less noble) metal or alloy in contact with a large area of the more
noble material is usually the most dangerous situation (see Section 1.7). Pro-
tection of the less noble metal by painting or other means, if properly carried
out, is usually effective in minimising bimetallic corrosion. In aggressive
environments nickel and the different types of nickel alloy are not necessarily
wholly compatible one with another.



Corrosion in Natural Environments

The Atmosphere

Nickel and nickel alloys possess a high degree of resistance to corrosion
when exposed to the atmosphere, much higher than carbon and low-alloy
steels, although not as high as stainless steels. Corrosion by the atmosphere
is, therefore, rarely if ever a factor limiting the life of nickel and nickel alloy
structures when exposed to that environment.

Table 4.25 Bimetallic corrosion effects of nickel, and nickel alloys
(General guidance only; other factors, including relative surface areas, often exert an important

influence)

Corrosive
environment

Most
atmospheric
conditions
except marine
atmospheres

Sea-water and
marine
atmospheres

Corrosion of nickel or
nickel alloy is

stimulated by bimetallic
contact with:

Au
Pt

C (graphite)
Graphitised cast iron
Au
Pt

Bimetallic contact
with nickel or nickel

alloy has little or
uncertain influence*:

Rh
Pd
C (graphite)
Ti
Cu and Cu alloys
Stainless steels
Cr plate
C steelt
Al and Al alloys!
Mg and Ntg alloys!

Ag and Ag brazing
alloys

Cu and Cu alloys
Pb
Sn
Soft solders
Other Ni alloys

Bimetallic contact
with nickel or nickel

alloy stimulates
corrosion of:

Pb
Sn
Soft solders
Cd
Zn
Galvanised steel
Al clad
Carbon steelj
Al and Al alloysj
Mg and Mg alloys!

Austenitic cast
iron§

Low-alloy steels
Cast iron

(ungraphitised)
Wrought iron
Carbon steel
Cd
Al and Al alloys
Zn
Mg and Mg alloys

* Little effect in most atmospheres, except marine. Effects in sea-water and marine atmospheres depend on surface area
relationships.

t If properly painted. \ If unpainted or improperly painted. § Contact with small area of Alloy 400 has little effect.

The appearance of bright nickel is, however, impaired by exposure to
moist, polluted atmospheres owing to the phenomenon known as fogging.
Vernon showed more than 60 years ago that for Togging' of nickel to occur,
a high humidity —greater than about 70% r.h.— and the presence of SO2

were both necessary82. Fogging is due to the catalytic oxidation of SO2 in
polluted atmospheres by the nickel surface and subsequent corrosion of the
nickel by the liquid film of H2SO4 *hus formed on the surface, the corro-
sion product —a basic nickel sulphate —being responsible for fogging. In the
early stages the film can be readily removed by wiping with a cloth, but once
the surface has become fogged the bright appearance cannot be restored
merely by wiping and mild abrasion is needed. Some nickel alloys, viz. the
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Fig. 4.38 Atmospheric corrosion of nickel and nickel alloys during exposure tests at sites in
the USA. 1, Nickel 200; 2, Alloy 600; 3, Alloy 800; 4, Alloy 825; 5, Alloy 400 (after van Rooyen

and Copson85)

Ni-30 Cu Alloy 400 also undergo fogging, but alloys containing 15% Cr or
more do not exhibit this phenomenon. Fogging is prevented by a very thin
film of chromium deposited on the surface—a fact which forms the basis for
the bright appearance of decorative chromium-nickel plate (see Sections
13.7 and 13.8).

Nickel and nickel alloys do not form thick layers of corrosion products
when freely exposed to outdoor atmospheres in circumstances where the
surface is periodically washed by rain, but such deposits may form on
sheltered surfaces. Quantitative data on the rate of loss of metal and of pit-
ting of nickel and nickel alloys exposed to outdoor atmospheres are avail-
able83'86. Figure 4.38 shows results obtained at three sites in the USA over
a 7 year period85 and Fig. 4.39 gives results from a 10 year test at Birming-
ham86. In both series of tests, Ni-Cr-Fe alloys gave lower weight losses
than nickel itself or Ni-Cu alloys and the American results bring out the
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Fig. 4.39 Atmospheric corrosion of nickel and nickel alloys at Birmingham, England, during
exposure tests of 10 year duration. 1, Nickel 200; 2, Alloy 600; 3, Alloy DS (Fe-37Ni-

18Cr-2Si); 4, Alloy 400; 5, Alloy K500; 6, Ni-28Mo (after Evans86)

point that over long periods the corrosion rate of Ni-Cr-Fe alloys in the
atmosphere declines to a very low value whilst that of nickel and Ni-Cu
alloys remains approximately linear. Comparison of the data in Figs. 4.38
and 4.39 shows that corrosion at the UK site was several times greater than
that at the most aggressive American site. This has also been observed with
stainless steels in a test programme where a direct comparison was made
between identical test samples87.

Fresh Water

Nickel and nickel alloys are normally resistant to fresh water and natural
waters at temperatures up to normal boiling point; there may, however,
sometimes be a risk of pitting in waters of high acidity or high salinity in stag-
nant conditions. In flowing conditions, oxygen dissolved in the water is
normally sufficient to maintain passivity. Aerobic bacteria appear to have
little influence, but corrosion may become severe in the presence of bacteria-
induced decay products.88 Steam condensates containing O2 and CO2 may,
however, be aggressive towards nickel and Ni-Cu alloys, in which circum-
stances Ni-Cr-Fe alloys are more resistant.

Sea-water

Nickel and nickel alloys possess good resistance to sea-water in conditions
where the protective properties of the passive film are fully maintained. As
pointed out above, Ni-30 Cu Alloy 400, in contrast to its behaviour in
acidic solution, normally forms a protective film in neutral and alkaline
environments, including sea-water; this alloy and its age hardening variant
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Alloy K500 is widely used in sea-water. A particularly valuable feature of the
behaviour of nickel and its alloys in sea-water is the ability of the protective
surface film to remain in good repair in highly turbulent and erosive condi-
tions. Because of this the alloys are used extensively in pumps and valves and
other similar equipment in contact with sea-water flowing at high velocity.
The protective film on nickel, Ni-Cu and Ni-Cr alloys is normally kept in
good repair providing the effective sea-water velocity is greater than approx-
imately 2m/s89 and in these circumstances overall corrosion rates are nor-
mally of the order of 0*01 mm/y.

In sea-water flowing at slower velocities and more especially in stagnant
conditions, pitting and crevice corrosion may develop, particularly beneath
deposits and marine growths at the surface of the metal. Some data for the
Ni-30 Cu Alloy 40O90 are shown in Fig. 4.40; the corrosion was mostly
pitting.

Time (years)

Fig. 4.40 Corrosion of Monel 400 in sea-water at Port Hueneme Harbour, CaI., USA (after
Brouillette90)

Ni-Cr-Fe alloys are liable to suffer more intensive pitting than Ni-Cu
alloys and nickel itself in low velocity sea-water89, but the addition of a few
per cent of molybdenum to Ni-Cr-Fe alloys greatly improves the resistance
to pitting and crevice corrosion. Table 4.26 shows some data reported by
Niederberger, Ferrara and Plummer91 which illustrate the magnitude of the
improvement. It will be seen from Table 4.26 that Ni-Cr-Mo alloys possess
the best resistance to corrosion and pitting in sea-water. A specimen of Ni-
Cr-Mo alloy has been reported to be immune to corrosion in sea-water over
a 10 year period, having suffered no weight loss and no pitting92. With cast
material annealing may improve resistance to crevice corrosion if niobium
is also present in the alloy65. When immersed in deep sea-water nickel and
nickel alloys undergo less corrosion than in shallow conditions93.
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Conditions of exposure: Quiet sea-water — suspended from raft.
Slow moving sea-water — velocity 0-3-0-6 m/s.

Location: Harbor Island, Wrightsville, Beach, N.C., USA.
Duration of test: 2 years; panel size 12 x 3 in (0-305 x 0-076 m).

crevice area 1 x 1 in (0-025 x 0-025 m).

Underground

As other cheaper materials usually give satisfactory performance, nickel and
nickel alloys are not normally required for applications involving resistance
to corrosion underground. Data on their behaviour in these circumstances
are therefore sparse; in particular, whether micro-organisms responsible for
the accelerated corrosion of ferrous and other metals in certain anaerobic
soils have any influence on nickel and its alloys, is uncertain.

Corrosion in Chemical Environments

Acids

The wide range of corrosion-resistant nickel alloys that are produced com-
mercially is capable in practice of handling most types of acid. Since the
nickel-alloy range includes some that are corrosion resistant by virtue of
their relative nobility and others that owe their resistance to passivity, alloys
suitable both for hydrogen-evolving acids and for more oxidising acids are
available. Table 4.27 contains a summary of data mainly derived from
laboratory corrosion tests to illustrate the behaviour of individual alloys in
some common mineral and organic acids.

Table 4.26 Corrosion of nickel alloys in quiet and in slow moving sea-water
(after Niederberger, et al91)

Alloy
composition

Ni-35Cu
Ni-30Cu-3Al
Ni-16Cr-7Fe
Ni-35Cr-2Fe
Ni-47Fe-

20Cr
Ni-27Mo
Ni- 16Mo-

7Cr-4Fe
Ni-30Fe-

21Cr-3Mo
Ni-22Cr-

9Mo-2Fe
Ni-20Cr-

5Mo-6Fe
Ni-16Cr-

16MO-4W

Quiet sea- water

Wt. loss
(g)

20-40
19-50
11-85
9-32

15-72
42-80

0-50

0-25

Nil

0-20

Nil

Range of pit depth
(mm)

Exposed

0-0-5
0-55-0-65

3-25
3-0

3-4
0-5-0-53

Nil

0-0-03

Nil

Nil

Nil

Crevice

0-75-0-8
0-55-0-58

3-25
0-15-0-7

3-63
0-33-0-35

0-0-05

0-0-23

Nil

0-35-0-63

Nil

Slow moving sea- water

Wt. loss
(g)

21-10
24-40
12-55
7-62

24-50
54-80

1-45

0-20

0-25

0-15

0-10

Range of pit depth
(mm)

Exposed

0-25-0-38
0-8-1-0

3-25
3-0

3-63
0-25-0-35

Nil

0-08-0-15

Nil

0-0-05

Nil

Crevice

0-6-0-68
0-5-0-7

0-73-3-25
0-38-1-65

3-63
0-2-0-4

0-08-0-1

0-03-0-65

Nil

Nil

Nil



The data in Table 4.27 refer to solutions of pure acids; in practice the
presence of impurities often has a large influence and modifies the corrosion
resistance to a greater or lesser extent. Oxygen from the air stimulates corro-
sion of alloys of the relatively noble type, including nickel itself, Ni-Cu and
Ni-Mo alloys, but may be helpful in maintaining passivity of the other type,
viz. alloys containing 15% Cr or more. Other oxidants such as Fe3+ or
Cu2+ (which may sometimes in practice be present through corrosion of
ferrous and copper-base alloys also in contact with the acidic environment)
usually have a similar influence. The presence of halide ions, especially Cl"
and F~, in H2SO4, H3PO4 and HNO3 is usually highly detrimental to the
corrosion resistance of both the noble and passive types of alloys. It should
be noted, however, that Alloy 690 possesses sufficient resistance to HNO3-
HF mixed acids to be practically useful and that a Co-20Cr-15W-10Ni alloy
is similarly resistant to certain HNO3-HCl mixtures.

In addition to impurities, other factors such as fluid flow and heat transfer
often exert an important influence in practice. Fluid flow accentuates the
effects of impurities by increasing their rate of transport to the corroding
surface and may in some cases hinder the formation of (or even remove) pro-
tective films, e.g. nickel in HF. In conditions of heat transfer the rate of cor-
rosion is more likely to be governed by the effective temperature of the metal
surface than by that of the solution. When the metal is hotter than the acidic
solution corrosion is likely to be greater than that experienced by a similar
combination under isothermal conditions. The increase in corrosion that
may arise through the heat transfer effect can be particularly serious with any
metal or alloy that owes its corrosion resistance to passivity, since it appears
that passivity breaks down rather suddenly above a critical temperature,
which, however, in turn depends on the composition and concentration of
the acid. If the breakdown of passivity is only partial, pitting may develop
or corrosion may become localised at hot spots; if, however, passivity fails
completely, more or less uniform corrosion is likely to occur.

Table 4.27 provides a basis for selecting the nickel alloy type likely to
be suitable for service in particular acids. The Ni-Cr-Fe-Mo-Cu and
Ni-Cr-Fe-Mo alloys, both wrought and cast, are the types most often
selected for H2SO4, and they possess the additional advantage that their
resistance is not greatly affected by the presence of SO2. Cast Ni-Si alloys
containing 9% Si or more and, preferably, alloying additions of copper,
titanium and molybdenum94'95 are also used for H2SO4. Most nickel alloys
have good resistance to pure H3PO4, but the presence of halide ion impuri-
ties reduces the resistance in the higher concentration range. Alloy 690
possesses good resistance to HNO3 and is one of the few metals able to
withstand the combination of HNO3 plus HF; it is not, however, resistant
to mixtures of HNO3 and HCl. Among metallic materials Alloy B2 is one
of the most suitable for handling HCl, particularly in the absence of air and
other oxidants; in oxidising conditions Ni-Cr-Mo alloys are usually more
suitable. Nickel itself and Alloy 400 both possess good resistance to HF; in
practice Alloy 400 is used for aqueous and anhydrous HF, but precautions
are necessary against stress-corrosion cracking. In practice, nickel and nickel
alloys have good resistance to most organic acids.



Alkalis

Nickel and its alloys are among the most resistant metallic materials to
caustic alkalis. Nickel itself possesses outstanding resistance to NaOH and
KOH and is used to contain these substances over the entire concentration
and temperature ranges that are of practical interest, viz. 0-100% and up to
35O0C. At the higher concentrations and temperatures KOH is significantly
more corrosive than NaOH towards nickel and in these circumstances the
metal is sometimes cathodically protected.

At temperatures above 30O0C, low-carbon nickel (0-02% C) is preferred
to avoid the possibility of intergranular attack developing after long expo-
sure; if material of higher carbon is employed it should be annealed after
fabrication and before exposure to caustic alkalis to prevent stress-assisted
intergranular corrosion.

The corrosion rate of nickel in sodium hydroxide is adversely affected by
heat transfer by small amounts of oxidisable alkaline sulphur-containing
salts, e.g. Na2SO3, Na2S2O3, Na2S and, at high temperatures, by alkaline
oxidising agents, viz. NaClO3 and Na2O2. In the former circumstance Alloy
600 is more resistant than nickel, but not in the latter. When Alloy 600 is used
for service in caustic alkalis, it should be stress relieved after fabrication to
minimise the possibility of stress-corrosion cracking.

Other nickel alloys, notably Alloy 600, also possess good resistance to
caustic alkalis.

Salts

Nickel and nickel alloys generally possess good corrosion resistance to
acidic, neutral and alkaline salts, including halides, that are not oxidising in
character. Oxidising salts are usually corrosive towards Ni, Ni-Cu and
Ni-Mo alloys, but not to Ni-Cr and Ni-Cr-Fe-Mo-Cu alloys unless they
contain appreciable quantities of both oxidiser and halide ions, e.g. FeCl3,
CuCl2, NaOCl. Ni-Cr-Mo alloys are among the few metallic materials that
are resistant to oxidising halide salts.

Wet and Dry Gases

Nickel and its alloys are usually resistant to dry gases, including NH3, SO2,
F2, Cl2, HCl and HF even at high temperatures, and are often the preferred
materials for handling such gases. Nickel and Alloy 600 are used in service
at elevated temperatures with dry Cl2, HCl, F2 and HF. Alloy 600 and cer-
tain other nickel alloys are resistant to dry SO2 and dry NH3. When moist
or under dew-point conditions these gases are in many instances appreciably
more corrosive towards nickel and most nickel alloys, with some exceptions.
Ni-Cr-Mo alloys do, however, possess good resistance to condensates con-
taining SO2 and Cl at temperatures well in excess of 10O0C, and also to
solutions containing NH3 and its salts. Ni-Cr-Mo alloys are among the
most resistant metallic materials to moist halogens.



Table 4.27 Corrosion resistance of nickel and nickel alloys to acidic solutions

Other acidsHFHClHNO3H3PO4H2SO4Alloy

Acetic, B, 0-100%, BP
Formic,/!, 0-90% (1), RT

Acetic, A, 0-100% (1), RT
B, 0-40% (2), RT
B, 65-100%(2), RT

Acetic, /1,0-100%, BP
Formic, A, 0-90%, RT, BP
B, 0-60%, 650C

Acetic, A, 0-100%, BP
Formic, A, 0-90%, 650C
B, 0-90%, 650C

(continued opposite)

B9 0-70% (1), RT
>4,0-90%(1), RT

B, 0-60% (1), RT
A9 >90%(1), RT

A9 0-45% (1), RT

A, 0-5%, RT
B9 5-45%, RT

A, 0-45%, RT

/1,0-10%(1)

,4,0-8%(1), RT

X, 0-37% < !>, RT
B, 0-25% (1), 650C
B9 0-2%, BP

A9 0-37%, RT
A9 0-2%, 650C
B9 2-37%, 650C
/1,0-1%, BP

U

U

U

A9 0-70%, RT
A9 0-30%, 650C
B9 30-70%, 650C
B9 0-10%, BP

A9 0-85% (1), RT

y4,0-90%(1), 10O0C

A9 0-85% (1), 650C
A9 0-50%, BP

A9 0-85%, 650C
A9 0-50%, BP

A9 0-30%, BP
B9 30-85%, BP

A9 0-20%(1), RT
B9 0-50% (1), 7O0C

/1,0-85%(1), 3O0C
B9 0-60% (1), 950C
B9 25-85% (2), 3O0C

A9 0-96% (l), 650C
A9 0-50%, BP

A9 0-96%, 650C
B9 0-10%, BP

B9 0-10%, BP

Nickel 200
and 201

Alloy 400

Alloy B2

Alloy C276
C4
C22

Alloy G



Table 4.27 (continued)

Other acidsHFHClHNO3H2PO4H2SO4Alloy

Acetic, /1,0-100%, BP
Formic, A, 0-100%, BP
Oxalic, A, 0-10%, BP

B, 10-50%, BP

Acetic, A, 0-100%, RT

B 38-70%, 6O0C

SA9 0-2%, RT
B, 2-15%, RT(3)

A9 0-30%, BP
B, 30-70%, BP
A9 0-70%, 750C

A9 0-20%, BP
B9 20-80%, BP
A9 0-80%, 750C

A9 0-80%; RT(3)

A9 0-5%, 8O0C
B9 0-45%, BP
B9 40-80%, 10O0C

A9 0-70%, RT(3)

Alloy 825

Alloy 600

The data show corrosion resistance as a function of acid composition, concentration and temperature. Since the data are mostly derived from laboratory corrosion tests in pure solutions, they should not be
taken as a firm indication of performance in service.

A = < 0-1 mm/year % = concentration w/w (1) = air-free solutions; aeration increases corrosion
B = 0-1-0-5 mm/year RT = room temperature (3) = saturated with air
S = no data, but often suitable in service BP = boiling point (3) = not resistant at high temperatures
U = unsuitable



Organic Compounds

Nickel and nickel alloys are resistant to many organic compounds and are
often suitable for handling organic acids, alcohols and halogenated hydro-
carbons. It should be borne in mind, however, that halogenated organic
compounds may undergo hydrolysis in the presence of water or steam and
release appreciable quantities of the corresponding halogen hydracid, and
this will often dictate the choice of the alloy. Detailed information should
be sought concerning the suitability of alloys for particular circumstances.

Water and Steam at High Temperatures

The corrosion rates of nickel and nickel alloys in pure water and steam at
elevated temperatures are generally extremely low, typically of the order of
1 /xm/year. The metal and its alloys are therefore often selected for service
in these environments in circumstances where contamination of the water by
metal ions is to be avoided. It should be noted, however, that the possibility
of stress corrosion may need to be taken into account in certain circum-
stances (see below). Additionally where phosphate water treatment has been
used in PWR secondary heat exchangers, severe localised corrosion has
occurred when alkaline phosphates have been permitted to accumulate98'99.

Conjoint Action of Stress and Corrosion (Chapter 8)

As with alloys of other metals, nickel alloys may suffer stress-corrosion
cracking in certain corrosive environments, although the number of alloy
environment combinations in which nickel alloys have been reported to
undergo cracking is relatively small. In addition, intergranular attack due to
grain boundary precipitates may be intensified by tensile stress in the metal
in certain environments and develop into cracking. Table 4.28 lists the major
circumstances in which stress corrosion or stress-assisted corrosion of nickel
and its alloys have been recorded in service and also shows the preventive and
remedial measures that have been adopted, usually with success, in each
case.

With regard to stress-corrosion cracking in the Ni-Cr-Fe system, includ-
ing both nickel-base alloys and stainless steels, a vast number of papers has
been published. A detailed review of work published before 1969 is avail-
able96 and the authors have since published additional data97.

The susceptibility of nickel alloys, principally Alloys 600 and 800 to stress-
corrosion in water-cooled nuclear reactor heat-exchanger circuits has
received much attention. The influence of both metallurgical variables (e.g.
alloy composition, heat-treatment) and water chemistry (additives, inhibi-
tors) have been extensively studied and reviewed.99"102

In recent years several new Ni-Cr-Fe-Mo and Ni-Cr-Fe-Mo-Cu have
been introduced with improved resistance to sulphide stress cracking in sour
oil and gas environments.103"104



Table 4.28 Stress corrosion of nickel and nickel alloys

IG = Intergranular; TG = Transgranular.

High-temperature Corrosion and Oxidation

Nickel and Ni-Cr alloys are among the most resistant metallic materials to
corrosion and oxidation at high temperatures and are widely used to resist
corrosion by gases and molten salts at elevated temperatures (see Sections 7.1
and 7.5).

Applications in Industry

As will have become apparent, nickel and corrosion-resistant nickel alloys
have wide ranges of application, particularly in industries where strongly
acidic, strongly alkaline or strongly saline environments are encountered.
Table 4.29 lists some of the more important applications in those industries
where these conditions most frequently arise, i.e. in the chemical, petro-
chemical, oil and gas, nuclear and conventional power generating, textile,
paper, marine, desalination and food processing industries. The list is by
no means exhaustive and there are many other applications of a similar
nature in these and other industries. The table should, nevertheless, serve

Alloy type

Nickel 200

Alloy 600 )
Alloy 400

Ni-Cr-Fe
and Ni-Cr-
Fe-Mo-Cu
(Ni approx.
<40»7o)

Alloy 600
Alloy 800

Alloy 800

Alloy 400

Ni-Cr-Fe-
Mo and
Ni-Cr-Fe-
Mo-Cu

Environment

Caustic alkalis, high
concentrations and
high temperature

Caustic alkalis, high
concentrations and
high temperature

Chloride solutions at
elevated temperature

Water-cooled nuclear
reactor circuits

Polythionic acids

Hydrofluoric acid

Sour oil and gas

Type of
cracking

IG

Usually IG

TG

Usually IG

IG

Usually IG

IG

Preventive or remedial
measures

1 . Stress-relieve after fabrication
2. Use low-carbon nickel (0-02% C

max.)
Anneal after fabrication

1 . Use alloys with higher nickel
content %

2. Control amounts of minor
alloying elements and
impurities96

3. Remove or reduce Cl ~ in
environment if possible

1 . Control alloy composition and
processing

2. Control water chemistry
3. Stress relieve after fabrication
Stabilise material against

intergranular corrosion
1 . Stress relieve after fabrication
2. Control composition of weld

electrode/filler
3. Control residual O2 and other

oxidising agents
1 . Select appropriate alloy and

strength level



Table 4.29 Applications of Ni and corrosion-resistant nickel alloys

Industry

OtherFoodTextile and
paper

Marine and
desalination

Nuclear and
powerPetrochemicalChemical

Alloy type

Production
of fine
chemicals

Pickling of
steel

Handling
waste gases
containing
SO2

Processes where
freedom from
metallic
contamination
is necessary

Processes and
storage where
freedom from
contamination
is necessary

Processes where
freedom from
stress
corrosion is
necessary

Production of
viscose rayon

Paper pulp
production
(alkaline
processes)

Steam-heated
dryers

Textile rolls

Wood pulp
digesters

SO2 strippers
Synthetic fibre

manufacture

Fluorination
processes

Fuel element
processing in
HNO3 +
fluorides

Heat exchangers
in water-
cooled reactors

Fluorination
processes

Superheater
tubes

Fuel element
processing

Chlorination
processes

Oxy-chlorination
processes

Production of
phenolic resins

Production of
synthetic rubber,
plastics

Production of
chlorinated
hydrocarbons

Production of
halogenated
hydrocarbons
and phenolic
resins

Reforming
processes

Handling acid
sludges

Hydrocarbon
processes
involving H3PO4

Production of
caustic alkalis

Production of
phenol

Salt evaporators

Production of
caustic alkalis
especially in
the presence of
S

HNO3 condensers

Production of
fertilisers

Sulphonation
processes

Ni

Ni-Cr

Ni-Cr-Fe (approx.
75Vo Ni)

Ni-Cr-Fe (approx.
32% Ni)

Ni-Cr-Fe-Mo
Ni-Cr-Fe-Mo-Cu

(continued opposite)



Table 4.29 (continued)

Industry

OtherFoodTextile and
paper

Marine and
desalination

Nuclear and
powerPetrochemicalChemical

Alloy type

Pickling of
steel

Handling
refrigerating
brines.

Salt production.
Evaporators

Bleaching
operations

Applications
where no
pitting and no
loss of
reflectivity are
necessary

Valves,
impellers,
propeller
shafts,
fasteners.

Demisters in
desalination
plants

Fluorination
processes

Distillation columns
containing acidic
chlorides

HF alkylation
processes.

Sulphur stripping
columns.

Distillation columns
containing acidic
chlorides.

Handling acid
sludges

Chlorination
processes

Processes
involving HCl
and non-
oxidising acidic
chlorides

Production and
recovery of HF

Processes
involving cone.
H2SO4

Ni-Cr-Mo

Ni-Mo

Ni-Cu

Ni-Si



to indicate the wide range of corrosive conditions in which nickel and its
alloys are used in practice.

A major feature to note is that in many applications the requirement is not
only for a corrosion-resistant material but also for one that will not con-
taminate the product. This is particularly so in the food processing industry,
where freedom from metallic contamination is important both from the
point of view of preserving the product in good condition and also to avoid
rendering it toxic. Nickel is advantageous in both respects. Similar con-
siderations of product purity arise in the production of certain chemical
intermediates, notably phenol that is to be used for production of synthetic
fibres. Another application where, in addition to a very high degree of
integrity of the material, minimum release of corrosion product is required
is in the heat exchangers of water-cooled nuclear reactors. Alloys 600 and
800 have been widely used in the heat exchangers of pressurised water-
reactors.

Increasing concern over environmental pollution from sulphur-bearing
flue gases has led to the development of new and improved nickel alloys
for flue gas scrubber systems; (e.g. the Ni-Cr-Fe-Mo alloys in Table 4.21).

Nickel and most nickel alloys are available in the usual wrought forms —
plate, sheet, bar, tube, etc. — and also in some cases as clad steel plate. Sheet
material may be employed as corrosion-resistant liners in process vessels
and some of the alloys may also be used as weld overlays to provide a
corrosion-resistant surface. In applications where a higher strength than that
normally available is required, high-strength variants of some of the mate-
rials, i.e. Ni, Ni-Cu and Ni-Cr alloys, are available. These materials are
strengthened by precipitation hardening, and heat treatment is necessary to
develop the full strength. Nickel and most of the nickel alloy types are
available in cast form, and it should be noted that the Ni-Si alloy and some
of the Ni-Cr-Fe-Mo-Cu alloys with higher than normal silicon are only
available as castings. These materials are used primarily for pumps and
valves. Certain wrought nickel, Ni-Cr-Fe and Ni-Cu alloys can be supplied
and fabricated to meet the statutory requirements for pressure-vessel
construction.

T. E. EVANS
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