
7.5 Nickel and its Alloys

Oxidation

Pure Nickel

Although the oxidation of nickel has been extensively studied it is only
recently that the process has been clearly understood. The relative simplicity
of the system in which only a single-phase layer of oxide, NiO, forms has
encouraged research, and a further simplification is that the expansion coef-
ficients of the oxide and metal are similar, (17.1 and 17.6 x lO~ 6 °C~ l ,
respectively,) so that the effects of thermal cycles can be largely neglected.

Nickel, in comparison with metals such as iron, cobalt and copper, has a
relatively good resistance to oxidation at high temperatures. The growth of
the oxide generally follows a parabolic law, but deviations are observed
depending on the surface preparation, alloy purity and microstructure.
Figure 7.35 shows a comparison of the parabolic rate constant for the oxida-
tion of high-purity nickel with the tracer lattice diffusion coefficient of nickel
in NiO, and it can be seen that it is only at temperatures in excess of about
1 20O0C that the activation energies of the two processes become similar
(230-250 kJ mol"1)1. At lower temperatures the rate of oxidation is increas-
ingly greater than would be predicted by assuming that the process is con-
trolled by bulk diffusion in the oxide lattice, with activation energies being
reported in the range 155-170 kJ mol"1. The effect of prior cold-work in the
nickel is to increase the oxidation rate, but the observed rate law is usually
less than parabolic. Both these observations suggest that the rate of oxida-
tion is controlled by grain boundary diffusion in the oxide; the less than
parabolic rate observed in the cold-worked material occurs because the
initially fine-grained oxide coarsens during the oxidation process thereby
eliminating some short-circuit diffusion paths. Models have been developed
to describe the oxidation reaction where the rate is controlled by dual-lattice
and grain-boundary diffusion, in which the effective diffusion coefficient is
given by,

Defi = Dl + 2 ( D ' d ) / g (7.10)

where g is the grain size normal to the growth direction, 6 is the grain boun-
dary width, and D' and D1 are the diffusion coefficients of the boundary



Fig. 7.35 Arrhenius plot of the parabolic rate constant for the oxidation of Ni to NiO (after
Atkinson1)

and the lattice, respectively. This model has been used by Atkinson1 to
calculate parabolic rate constants for nickel where grain boundary diffusion
dominates, and there was good agreement between the calculated values and
those obtained experimentally, as shown in Fig. 7.35.

A single layer of nickel oxide forms during the early stages of growth of
the oxide, but as the layer thickens a duplex structure develops; this consists
of an inner region of equiaxed, fine-grained crystallites and an outer region
of large columnar crystals. The inner layer is generally more pronounced on
less pure material, and is believed to be due to the presence of impurities
segregating to the grain boundaries thereby inhibiting grain growth. Tracer
diffusion studies have shown that the outer layer grows by movement of
nickel vacancies along the grain boundaries, and the inner layer by molecular
oxygen penetration along microcracks and fissures which are present in the
outer layer due to the build-up of stress in that layer. In the case of nickel
oxide, compressive stresses result because of the constraints imposed on the
oxide layer by the receding metal.

Dilute Nickel Alloys

The resistance of nickel to oxidation may be modified considerably by alloy-
ing, although the rate of oxidation still in general obeys a parabolic rate

lo
g

lo
(k

p
/c

m
z
s

"1 )

Calculated from
La t t i ce Di f fus ion
of Ni in NiO

Growth of NiO
Solid points: Measured in oxidation

Rhines and Conned (1977)
Atkinson et al (1982)
Graham and Cohen (1972)
Open points: Calculated from

Grain Boundary Dif fusion of
Ni in NiO and Grain size

measurements



law, the rate constant increasing exponentially with temperature. In general
the rate constant increases linearly from the value for nickel with increasing
additions of a second element, but above a given level, which depends on
the solute, the change becomes slower and for some elements the rate con-
stant then decreases. Results obtained by Horn2 are illustrated in Fig. 7.36,
which shows that beryllium, silicon and chromium in particular can pro-

SoIute metal (At.0/.)

Fig. 7.36 Effect of alloying on the rate constant for oxidation of nickel at 90O0C2
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*Kip - (A"soiu«e - A"niCkei)/atomic %
solute, where /fnickei is approximately
20 x 10"8.

duce enhanced oxidation resistance. From the linear portions of the rate
constant/concentration curves, Horn calculated the difference in rate con-
stant from that of nickel produced by 1 atomic % of each of the solutes
investigated and obtained the values given in Table 7.14. The concentration
at which the curves deviate from linearity is associated with that at which the
oxide of the solute begins to form a complex oxide with NiO, e.g. NiCr2O4,
or a discrete second phase. At the lower concentrations the effect had been
attributed to lattice distortion due to the solute ion; but it is now generally
believed to be associated with either Wagner Hauffe doping of the lattice
(Section 1.8), where there is significant solubility in the oxide lattice, or with
modification of the grain boundary structure where segregation is an impor-
tant effect.

It would appear that the effects of impurities at the grain boundary must
be either (a) to increase the diffusion rates or (b) to influence the micro-
structure and increase the number of short-circuit paths. However, theore-
tical modelling of the grain boundary structure by Duffy and Tasker3 and

Table 7.15 'Alloying factor of oxidation' for nickel alloys*

Element

Chromium
Manganese
Tantalum
Molybdenum
Copper
Niobium
Platinum

Ft for stated addition
(Wt. <7o)
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* Derived from curves of Reference 5.
t Approximate oxidation rate of alloy relative to that of pure nickel.

*ln the tables and figures K x 10* indicates that the actual values given are K x 10~A.

Element

Be
Ca
Al
Si
Ti
Zr
Ce
Th
Cr
Mo
W
Mn
Cu
Au

KSP* x 108

17
216

15-8
102
78-7

204
275
383
48-2
26-5
66-5
35-5
24-4

7-3

Table 7.14 Relative specific scaling rate constant
for binary nickel alloys at 90O0C2
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Fig. 7.37 Diffusion coefficients for some impurities in NiO grain boundaries compared with
the corresponding lattice diffusivities (the grain boundary width is assumed to be 1 nm) (after

Atkinson and Taylor4)

experimental measurements of grain boundary diffusion rates4 indicate that
impurities often decrease grain boundary diffusion rates (Fig. 7.37). Thus it
would appear that the effects of impurities in increasing the oxidation rate
of nickel most probably result from a reduction in the oxide grain size with
a consequent increase in the number of short-circuit diffusion paths.

A semi-quantitative indication of the effects of different elements on the
resistance to oxidation of nickel is given in Table 7.15 which lists values for
the relative oxidation rate with respect to that of nickel for different con-
centrations of solute element. These values are approximately valid over
quite wide ranges of time and temperature5.
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Nickel-Chromium Alloys

Isothermal Oxidation The alloys based on the nickel-chromium system are
of paramount importance in the field of high-temperature alloys. As shown
in Tables 7.16 and 7.17, addition of chromium to nickel has a complex effect
on the oxidation behaviour; small additions are deleterious, the isothermal
oxidation rate increasing with chromium content to a maximum at about 7%
chromium. With less than about 9% Cr, internal oxidation occurs and the
chromium content of the matrix is sufficiently reduced for the alloys to
appear magnetic (Table 7.17), although before oxidation only alloys with
less than 1% Cr are magnetic. A progressive improvement in oxidation
resistance results from further additions of chromium up to a chromium
level reported variously as about 20% and 40-90%, depending on tempe-
rature, and these alloys are more resistant than either of the constituent
metals although pure crack-free chromium gives oxidation values very
similar to those for commercial Ni-20Cr alloys8.

Barrett and his colleagues9, and Kosak10 have summarised existing infor-
mation on the scales formed on nickel-chromium alloys. Up to about 10%
Cr, the thick black scale is composed of a double layer, the outer layer being
nickel oxide and the inner porous layer a mixture of nickel oxide with small
amounts of the spinel NiO-Cr2O3. Internal oxidation causes the formation
of a subscale consisting of chromium oxide particles embedded in the nickel-
rich matrix. At 10-20% Cr the scale is thinner and grey coloured and consists
of chromium oxide and spinel with the possible presence of some nickel
oxide. At about 25-30% Cr a predominantly chromium oxide scale is

Table 7.16 Oxidation data for nickel-chromium alloys6

Chromium
content

(%)

0-0
1-97
4-12
5-89
8-0

0-0
0-3
1-0
3-0

10-0

0-0
0-32
0-92
2-0
3-45
5-67
7-64
8-71

11-1
14-9
20-0

Temperature
(0Q

900
900
900
900
900

000
000
000
000
000

096
096
096
096
096
096
096
096
096
096
096

P O2
(atm)

air
air
air
air
air

Rate constant (K p )
Cg 2Hi-V 1XlO 2)

0-28
4.9
5-8
8-2
0-0

3-48
15-0
25-8
28-3

5-55

5-48
23-6
29-7
39-6
46-8
58-5
67-8
30-8
3-79
0-35
0-07

Mal



* Irregular attack; t and M, magnetic; W, weakly magnetic; N, non-magnetic.

observed and Barrett associates optimum scaling resistance with the mini-
mum chromium concentration necessary for the exclusive formation of this
oxide rather than the spinel. Other workers have reported results very similar
to those described above. Some workers11 have also reported the presence
of considerable amounts of nickel oxide in the scale on an 80Ni-20Cr alloy
after oxidation for relatively short periods (10Oh) in air. The nickel oxide
results from the initial transient oxidation stage where both nickel and
chromium oxide crystals nucleate simultaneously and a period of time
is required to establish a complete healing layer of Cr2O3

12. However,
Pfeiffer13 considers that the spinel formed initially is reduced to chronic
oxide by a displacement reaction, while Pfeiffer14 and Douglas and
Armijo15, have associated the protective effect with the presence of the
spinel constituent. The varying reports on the exact nature of the scale
formed can be explained by the marked dependence of the oxidation beha-
viour on experimental conditions.

The binary Ni-20Cr alloys find their main application in the resistance
heater field for both domestic and industrial purposes. Ternary additions,
e.g. silicon or manganese at a level of the 3 wt%, can further improve the
good oxidation resistance of these materials due to the formation of layers
of silica or of manganese spinel, respectively. Wei and Stott16 showed that
addition of 1 % Al to Ni-29Cr prevented the formation of NiCr2O4 during
the transient oxidation stage, probably because of the more rapid nucleation
of Cr2O3. It is suggested that this is due to the presence of an oxygen accep-
tor (aluminium) which reduces diffusion of oxygen into the matrix and
thereby promotes the establishment of the Cr2O3 layer. However, there is
some doubt about the validity of this mechanism, and an alternative possi-
bility is that the additional nuclei of alumina are suitable sites for the nuclea-
tion and growth of the scale. Stott and Wood17 found that addition of
4% Al to Ni-29Cr was sufficient to promote exclusive formation of alumina.

Other more complex alloys based on the nickel-chromium system are the

Table 7.17 Results of oxidation tests on nickel-chromium alloys7

Material
composition
(%)

Ni

100
97
96
94
92
91

91
88
86
85
82
80

Cr

3
4
6
8
9

9
12
14
15
18
20

4 days at 10380C

Weight gain
(gm'V'xlO4)

6-6
10

8

3-6

0-64

0-28
0-22

Oxide thickness (mm)

Outer scale

0-127
0-127

0-254

0-152*

0-178*
Thin

Thin
Thin

Inner zone

0.0
0-076

0.076

0-076*

0-127*
Nil

Nil
Nil

Magnetic
response}

M
M

M

M

W
N

N
N

8 days at 954 0C

Mass gain
(gm'V'xlO4)

0-61

0-50

0-03

0-01

Maximum
penetration

(mm)

0-056

0-061

<0-025

<0-025



high-temperature creep-resistant or super-alloys, whose rapid development
was closely associated with that of the aircraft gas turbine. The nickel-
chromium base was selected originally on the grounds of good oxidation
resistance at high temperatures, but subsequent development has been
directed largely towards enhanced high-temperature strength. The main
strengthening elements used almost universally are titanium and aluminium
and although Fig. 7.36 shows that small additions of either of these metals
reduce the oxidation resistance of nickel, the effect particularly of aluminium
in nickel-chromium alloys is beneficial18. Whilst the basic constituents of
the scale on the nickel-chromium alloys with small ternary additions are
generally unchanged, the compositional changes near the surfaces of such
alloys during oxidation indicate that aluminium and titanium must be
involved in the process19. The presence of alumina has been detected in the
oxide formed on Udimet 500, a Ni-19Cr-3Al alloy and alumina together
with Ni-Al spinel and chromium oxide on Udimet 700 (Ni-15Cr-4Al)20.

Other compositional modifications of the nickel-chromium base to pro-
mote high-temperature strength have involved additions of many elements,
notably carbon, cobalt, molybdenum and/or tungsten, and niobium. Each
of these has its own effect on oxidation resistance, and although relevant ter-
nary alloys have been investigated, the variations of composition are now so
numerous that measurements of oxidation resistance have in general been
made on selected established compositions (Tables 7.18 and 7.19), and no
systematic attempt has been made to follow the detailed interaction effects
of the separate elements. A useful summary of results published on various
nickel-base superalloys is included in a paper by Pettit and Meier24. They
draw attention to the generally excellent resistance to oxidation of such
alloys, but again emphasise the beneficial role of aluminium in enhancing
this property. Figure 7.38 is a diagram showing the type of scale that would
form on a number of nickel-base alloys as a function of composition when
exposed in air at 1 10O0C (see Table 7.20 for alloy composition).

Indeed, for operation at temperatures above 1 00O0C (now required of
advanced aircraft turbine blading materials) it appears that reliance must be
placed on alumina as the protective layer, partly because in high velocity
oxidising gas streams volatility of CrO3 leads to appreciable loss of scale by
the oxidation of the Cr2O3 layer, and partly because alumina is inherently a
much better diffusion barrier.

Particular mention should also be made of molybdenum which is a con-
stituent, usually up to 5 %, of a large proportion of the materials intended
for service at the very highest temperatures. The extremely poor oxidation
resistance of molybdenum itself and of its alloys is well known, and is attri-
buted to the volatility of the oxide MoO3 which prevents the formation of
a stable protective scale. Table 7.15 indicates a deleterious effect of moly-
bdenum on the oxidation resistance of nickel, although Preece and Lucas25

report only a slight increase in oxidation rate caused by addition of moly-
bdenum to nickel, and state that no volatilisation of MoO3 was noticed,
probably because of the moving atmosphere used. Whilst for the commercial
superalloys containing about 5% Mo acceptable oxidation resistance can be
maintained at temperatures within the normal operating range, a deleterious
effect of such additions is noticed during heat treatment at temperatures
above about 1 10O0C.



Table 7.18 Oxidation data for nickel-base high-temperature alloys21

Rate constant K (g2m 4S ')Composition
(%)

1 2040C1 1490C10930C9280C9270C8710C8160COthersAlMoCrNi

Alloy

22

36

378-417

6.2-9.2

161-184

89-124

3.1-3.8

82-83

66-80

0.97-2.5

8.9-25.3

4.7-5.6

16.9-19.2

132-179

1135-1253

2.8-4.4

37-50

1.8-3.6

11-12

1.1-3.9

1.1-2.2

0.83-0.97

3.6-7.2

0.27

0.69-0.72

0.15-0.24

1 Nb

0.5Ti

1.9Ti

7Fe
-2.4Ti
-INb

7Fe

4

3

1.3

1

7

20

19

20

20

15

16

5

15

15

76

80

79

Balance

Balance

Balance

Balance

Balance

Al-modified
Nichrome V

Nichrome V

Nb-modified
Nichrome V

Inconel 702

Hastelloy 235

Hastelloy W

Inconel X

Inconel



Table 7.19 Oxidation data for commercial nickel-chromium-base alloys

Weight change
(g/m2)

Gain in 6Oh
micro balance23

Loss after 10Oh at
temperature, and descaling22

Composition
(%)

Alloy

UOO0C95O0C80O0C110O0C100O0C95O0C90O0C80O0CAlTiFeMoCoCrNi

20

40

40

60

11

13

6

3.8

89.2

112.6

112.3

116.1

66.6

59.6

104

16.1

40.0

39.6

55.0

8.7

11.8

26.2

25.2

2.7

5.5

6.4

4.6

0.8

1.2

1.2

5.0

0.4

2.4

2.4

1.55

16

20

20

20

20

11

Balance

Balance

Balance

Balance

Nimonic 75
NC20T
Nimonic 8OA
NC20TA
Nimonic 90
NCK20TA
Nimonic 100
NCKD20TA

Note: 80 g/m2 corresponds to a depth of about 0.01 mm assuming uniform metal loss over the whole specimen surface.



Fig. 7.38 Diagram showing the type of oxide scales formed as continuous layers upon a
number of superalloys at temperatures of about 1 10O0C (after Pettit and Meier24)

Table 7.18 shows that the rate constants at 9280C for the Hastelloy alloys
are considerably higher than those for molybdenum-free compositions,
although the very low chromium content of Hastelloy W is doubtless a signi-
ficant factor in this connection. It is noteworthy that the molybdenum-
containing low-chromium alloy listed in Table 7.19 is generally superior to
the others but this high resistance to oxidation is associated with its relatively
high aluminium content.

Niobium appears to have a slightly beneficial effect on the oxidation resist-
ance of nickel-chromium-base alloys, although at 1 20O0C the addition of
niobium to Nichrome (Table 7.18) produces a much higher rate constant.
Titanium on the other hand appears to have a slightly deleterious effect on
oxidation resistance at low temperatures.

Cyclic Oxidation In many industrial applications it is particularly impor-
tant for the component to be resistant to thermal shock; for example,
resistance-heating wires or blading for gas turbines. Chromia, and especially
alumina, scales that form on nickel-base alloys are prone to spalling when
thermally cycled as a result of the stress build-up arising from the mismatch
in the thermal expansion coefficients of the oxide and the alloy as well as that
derived from the growth process. A very useful compilation of data on the
cyclic oxidation of about 40 superalloys in the temperature range 1 000-
1 15O0C has been made by Barrett et al.26.



Table 7.20 Nominal compositions3 of some alloys discussed in this chapter

OtherFeZrBAlTiNbWMoCoNiCrSiMnCAlloy

4.3Ta
1.75Ta

1.0V

3.9Ta
0.02Mg

2.7ThO2

0.1 Y
0.4Cu

0.5Cu

0.35
0.5

0.5
1.0

18.5

4.0
46
BaI
8

0.08
0.10
0.05
0.06
0.1
0.05
0.05

0.05

0.105
0.01
0.015
0.014
0.012
0.02
0.012
0.003
0.02
0.015

6
3.4
5.0
5.5
6.1
3.2
1.5
1.2
2.5
4.25

4.5
0.4

0.35

1.0
3.4
2.0
4.7
0.8
4.2
3.0
2.3
5.0
1.75

0.4

0.3

0.1
0.9
1.0

2.0

1.0
0.7

1.75

0.1
2.6

12.5

3.9

1.5
3.5
0.6

6
1.75

3.0
4.2
2
1.5

3
1.75
9.0

10
8.5

10
15

9
20.0
20.0
15
10
2.5

BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
32.5
21.5
BaI

8
16
9

10.0
12.5
12.7
24.5
28.5
18
15.5
21.8
21
16
21
25
16

0.25
0.3

0.2
0.2
1.0

0.5
1.5
0.5

0.2
0.2

0.1
0.2
1.0

0.8
2.0
1.0

0.1
0.17
0.15
0.18
0.12
0.21
0.05
0.05
0.07
0.15
0.15
0.1
0.04
0.08
0.08
0.08

B-1900
IN 738
Mar M 200
IN 100
IN 713
IN 792
IN 597
IN 587
U 710
MM 421
Hast X
TD NiCr
Cabot Alloy 214
Cabot Alloy 600
310SS
Incoloy 800

a All compositions are given in weight percent



Small additions of 'active elements' (i.e. elements with a high affinity
toward oxygen) and notably the rare earths are known to be very effec-
tive in promoting the formation of an adherent oxide layer that is resis-
tant to thermal cycles. The active element can be added in elemental form
or as an oxide dispersoid. In the latter case a novel series of alloys produced
by mechanical alloying, the so-called oxide dispersion strengthened (ODS)
materials that have been developed primarily for enhanced high tempera-
ture strength, also show good oxidation resistance27. The alloy MA6000
(Ni-15Cr-4-5Al-4W-2-5Ti-2Mo-2Ta-l - IYjO3) is now being used in some
gas turbine applications. Early versions of this type of material, e.g. thoria
dispersed (TD) alloys, were evaluated some time ago and Stringer et al.2S

reported that TD-Ni20Cr had excellent resistance to spalling and reduced
oxidation rates compared with the simple binary alloy.

As well as improving adhesion of the scale, the active element addition
also reduced the growth rate and the concentration of chromium or alumi-
nium required for preferential formation of the scale, particularly for the
chromia-forming alloys. Whittle and Stringer29 reviewed the various
theories that have been proposed to account for this effect; these include
enhanced scale plasticity, formation of a graded seal, modification to the
oxide growth process, stronger chemical bonding at the interface, elimina-
tion of voids by inert oxide particles acting as vacancy sinks, and oxide pro-
trusions into the alloy which act as 'pegs' to improve adhesion. More
recently, Luthra and Briant30, Smeggil et #/.31 and Lees32 have proposed
that segregation of sulphur to the scale/alloy interface is responsible for the
poor adhesion of the oxide, and that the effect of the 'active element' is to
scavenge the sulphur present in the alloy and so restore the intrinsically
strong bond between the oxide and the substrate. Luthra and Briant33 have
been unable to confirm this effect experimentally, but both Funkenbusch
et a/.34 and Smialek35 have reported results that indicate that, for high
purity alloys with sulphur contents of less than about 10 ppm, adherent oxide
scales were formed on alumina-forming nickel-base alloys without rare earth
alloying additions.

A lively debate continues on this topic and the protagonists of the various
mechanisms discussed their respective positions in a recent issue of Oxida-
tion of Metals36. The effect of active elements was also thoroughly reviewed
at a recent conference37 where it was suggested that, for the alumina-
forming alloys, the sulphur effect was important as was the effect on the
plasticity of the scale. For chromia-forming alloys, however, improved
adhesion was claimed to result from modification to the oxide growth pro-
cess by the action of the rare earth elements segregating to the oxide grain
boundary and thereby altering diffusion processes. It was suggested that in
the latter case complete blocking of grain boundary diffusion might occur so
that lattice diffusion could then control the overall growth rate. It is clear,
however, that no one theory can satisfactorily explain all the experimental
observations.

Intergranular Oxidation Intergranular penetration of oxide can be a
serious problem particularly when thin-walled components are used in load-
bearing applications such as cooled turbine blades. Mass change data often
do not adequately reflect the extent of this type of attack, and examination



of polished cross-sections is required. This latter method is not straightfor-
ward since frequently the extent of attack is quite variable around the cir-
cumference of the specimen or component. Nicholls and Hancock38 have
advocated the use of statistical methods to achieve a more complete descrip-
tion of the corrosion process and in the case of internal penetration, where
the maximum depth of attack must be determined, use of extreme value
statistics increases the confidence of the measurements. The depth of inter-
granular penetration generally increases parabolically with time as would
be expected for a process controlled by inward diffusion of oxygen and
severe attack has been reported for alloys which have relatively low con-
centrations of alloying addition that are insufficient to promote external
oxide formation.

Nickel-Iron and Nickel-Chromium-Iron Alloys

There are no significant high-temperature applications for alloys of nickel
with iron. The scales formed in air consist of nickel oxide and iron oxide
and the latter is usually present in the form of the spinel, NiO-Fe2O3

39.
In the case of the more dilute nickel alloys, internal oxidation of nickel
was observed40. Substitution of a substantial proportion of nickel by iron
results in a deterioration in the oxidation resistance of nickel-chromium

+• Ni(%)

Fig. 7.39 Iso-corrosion lines for Ni-Cr-Fe alloys heated in air41

a. 2-5 mm/y, 8710C c. 2-5 mm/y, 1 0930C
b. 2-5 mm/y, 9820C d. 3-8 mm/y, 1 2040C



alloys with chromium contents below about 16%. At higher chromium
levels, however, the effect of iron is less significant, except perhaps at very
high temperatures. Figure 7.39, which illustrates the results of investigations
on a range of cast nickel-chromium-iron alloys, shows that, as iron replaces
nickel, a higher chromium content is required to ensure satisfactory corro-
sion resistance in air.

For economic reasons, and because of their advantages in more complex
atmospheres, which will be discussed later, nickel-chromium-iron alloys
have been developed for many kinds of industrial heating applications.
Typical compositions contain about 20 or 40% Fe with 15-20% Cr, the
balance being substantially Ni. Under fluctuating heating conditions, the
depletion of nickel content results in reduced resistance to scaling, particu-
larly at higher temperatures. Cyclic heating tests on a range of materials of
varying iron, nickel and chromium contents have been made by Eiselstein
and Skinner42 (Table 7.21) who concluded that the minimum nickel and
chromium contents to promote adequate scaling resistance were 10Ni-14Cr
at 76O0C, 15Ni-18Cr at 8710C, and 35Ni-20Cr at 9820C. Trueman and
Pirt43 carried out a detailed study on the cyclic oxidation of numerous com-
mercial austenitic steels which confirmed the pronounced beneficial effects of
chromium, aluminium and silicon. Nickel was also beneficial for alloys
with chromium contents greater than 20%, but contrary to Eiseltein and
Skinner42, it was found43 that it was detrimental at chromium contents of
11-16%. Manganese and titanium were also detrimental, while additions of
molybdenum, vanadium, tungsten and niobium had no apparent effect on
behaviour. Table 7.22 lists the main results obtained in terms of tempe-
ratures for breakdown of protective behaviour and temperatures for a given
weight gain in 42 h.

Table 7.21 Oxidation of nickel-base alloys and nickel-chromium steels in
cyclic temperature tests of 100 h duration42

(heating cycle: 15 min at temperature, air cool for 5 min)

Material
type and composition

Nickel
Ni-20Cr
Nimonic 75 (Ni-20Cr-0-5Ti)
Inconel (Ni-15Cr-7Fe)
Ni-15Cr-22Fe
Incoloy (Fe-42Ni-13Cr)
Type 310 stainless steel

(Fe-20Ni-25Cr)
Type 309 stainless steel

(Fe-13Ni-23Cr)
Type 347 stainless steel

(Fe- 11 Ni- 18Cr)
Type 329 stainless steel

(Fe-4Ni-23Cr)

Weight change at test temperature (%)

76O0C

-0-016

-0-225
-0-066

-0-024

0-023

0-320

8710C

3-6
-0-016

0-225
0-0

-0-527
0-151

-0-283

0-086

-37-6

-26-1

9820C

-0-398
0-433

-0-173
-0-546
-1-22

-20-7

-31-5



Nickel-Aluminium Alloys

The transition from non-protective internal oxidation to the formation of
a protective external alumina layer on nickel aluminium alloys at 1 000-
1 30O0C was studied by Hindam and Smeltzer44. Addition of 2% Al led to
an increase in the oxidation rate compared with pure nickel, and the develop-
ment of a duplex scale of aluminium-doped nickel oxide and the nickel
aluminate spinel with rod-like internal oxide of alumina. During the early
stages of oxidation of a 6% Al alloy somewhat irreproducible behaviour was
observed while the a-alumina layer developed by the coalescence of the rod-
like internal precipitates and lateral diffusion of aluminium. At a lower
temperature (80O0C) Stott and Wood45 observed that the rate of oxidation
was reduced by the addition of 0-5-4% Al which they attributed to the
blocking action of internal precipitates accumulating at the scale/alloy inter-
face. At higher temperatures up to 1 20O0C, however, an increase in the
oxidation rate was observed due to aluminium doping of the nickel oxide and
the inability to establish a healing layer of alumina.

The discovery of ductile intermetallics, by addition of small amounts of
boron for example, combined with their good oxidation resistance, has
stimulated interest in their use as structural materials, and the development
of Ni3Al and NiAl is now being actively pursued46. These intermetallics
have been used for many years as coatings for gas turbine blades to improve
oxidation resistance47. Despite the technical importance of the system there
have been relatively few detailed studies of its oxidation behaviour. How-
ever Hindam and Smeltzer48 investigated the formation of a-alumina on
/3-NiAl, which was shown to grow initially by inward diffusion of oxygen,
but in the fully developed layer counter-current diffusion of aluminium and
oxygen in the grain boundaries and aluminium diffusion in the oxide lattice
was observed; the oxide contained 0-5% Ni in solution.

Nickel-Copper Alloys

The literature on the oxidation of nickel-copper alloys is not extensive and
emphasis tends to be placed on the copper-rich materials. The nickel-rich
alloys oxidise according to a parabolic law and at a rate similar to that for
nickel; Corronil (Ni-BOCu) exhibited a parabolic rate behaviour below
85O0C but a more complex behaviour involving two parabolic stages above
90O0C. Electron diffraction examination of the oxide films formed on a
range of nickel-copper alloys showed the structures of the films to be the
same as for the bulk oxides of the component metals and on all the alloys
examined only copper oxide was formed below 50O0C and only nickel oxide
above 70O0C49.

Sulphidation

Pure Nickel

The behaviour of nickel is very dependent upon the type of sulphidising
gas that is used, and the effects of sulphur vapour, hydrogen sulphide,



Table 7.22 Commercial austenitic stainless steels. Analysis, breakdown temperature range and temperatures for scaling indices 1, 5, and 1043

vtppi c Breakdown c, a OI b CI c
fo C Si Mn S P Cr Ni Mo Ti OtHe* f™' temperature *<> fj> ^

n°' range (0C) ( C) ( C) ( e)

4^ 0.05 0.51 1.04 0.021 0.025 18.68 10.03 304S15 850-900 860 880 915
42 0.07 0.76 0.80 0.008 0.020 18.25 8.95 0.43 321S12 800-850 820 860 890
43 0.05 0.40 0.76 0.013 0.017 18.28 9.95 0.77Nb 347S17 800-850 820 860 890
44 0.07 0.49 1.57 0.008 0.030 18.65 9.42 1.25 800-850 800 810 820
45 0.05 0.19 1.69 16.38 10.50 2.52 700-800 700 820 845
46 0.05 0.43 1.56 0.015 0.024 17.47 11.41 2.68 316S16 800-850 850 820 875
47 0.07 0.51 1.50 0.284 0.028 18.00 9.10 0.33 303S21 950-1000 950 960 970
48 0.09 0.33 1.54 0.267 0.022 17.40 9.60 0.40 0.70 325S21 850-900 860 900 955
49 0.03 0.59 2.85 0.014 0.014 18.90 10.50 0.196N2 800-850 800 830 860
50 0.03 0.40 2.85 0.017 0.015 18.40 12.10 2.7 0.192N2 800-850 810 870 910
51 0.06 0.34 0.75 0.021 0.031 12.55 12.52 650-700 660 710 755
52 0.06 0.41 8.65 0.013 0.010 17.70 4.23 0.165N2 284S19 650-700 660 740 800
53 0.09 0.27 1.09 0.005 0.017 16.82 11.58 1.31 0.90Nb 700-750 700 810 870
54 0.17 0.53 0.98 0.005 0.018 14.20 9.80 2.18 0.78 2.50Cu 700-750 750 775 810
55 0.17 0.40 0.96 13.85 16.98 2.33 0.63 2.53Cu 800-850 845 910 970
56 0.11 0.47 1.17 0.010 0.020 22.00 14.38 1050-1100 980 1060 1070
57 0.07 0.48 1.49 0.006 0.021 25.20 20.24 310S24 1050-1100 1030 1090 1180
58 0.05 0.34 0.63 0.004 0.017 23.42 17.90 0.43 1000-1050 960 1070 1110
59 0.09 0.55 0.80 0.016 0.027 23.03 17.28 0.71 1000-1050 940 1030 1075
60* 0.15 1.04 0.96 23.68 10.56 0.72W 1000-1050 1005 1060 1075
61* 0.18 0.93 0.76 22.82 11.24 2.8W 1000-1050 1005 1050 1050
62 0.29 1.12 0.88 0.055 0.021 20.42 7.83 2.16W 850-900 860 955 950
63 0.52 0.10 3.94 0.006 0.013 20.50 3.94 0.432N2 349S52 700-750 740 840 890
64 0.045 0.60 1.12 0.003 0.021 20.32 33.50 0.25 0.33A1 1000-1050 970 1010 1140
65* 0.16 2.16 0.82 0.017 0.020 18.62 29.78 0.24 7.60Co 1000-1050 1005 1085 1130
66* 0.35 0.48 1.20 0.018 0.019 18.95 38.88 950-1000 995 1115 1135

a SI1 = temperature in 0C for mass gain of 1 mg cm~2 in 42 h
b SI5 = temperature in 0C for mass gain of 5 mg cm~2 in 42 h
c SI10 = temperature in 0C for mass gain of 10 mg cm"- in 42 h
* Casting



sulphur dioxide and sulphur trioxide, will be considered in separate
sections.

Sulphur Vapour/Hydrogen Sulphide The rapid attack due to sulphidation
of metals forming low-melting-point sulphides has been referred to in
Section 7.1; nickel is a classic example of such metals. The binary
nickel-sulphur phase diagram shows that the sulphide Ni3S2 forms a eutec-
tic with nickel which melts at 6350C, and the maximum solubility of sulphur
in nickel is only about O -005%. At temperatures well below the eutectic
temperature, contamination of nickel by sulphur leads to serious inter-
crystalline attack and resultant embrittlement, the rate of penetration being
greatest at temperatures in the region of 550-65O0C. Sulphur attack on
nickel during heating is produced by even the smallest amounts of sulphur-
bearing contaminant and is virulent under reducing; neutral or oxidising
conditions. Since oxidation too can proceed inter granular Iy, a method of
identifying the nature of the attack is often useful. Etching the affected
material in an aqueous solution containing 20% sodium nitrate will stain
sulphur-affected boundaries but leave oxidised boundaries unattacked.

The attack upon nickel by sulphur is so rapid at elevated temperatures and
is produced by such small traces of contaminant that the most stringent
precautions and cleaning schedules are required prior to the heating of nickel
in service and during processing; storage time should be minimised and the
metal protected to avoid atmospheric contamination, and handling should
be with clean gloves, all possible contact with grease or oil being eliminated.
Even with such precautions the use of a thorough cleaning process is to be
recommended immediately before heating50. At low partial pressures of
sulphur, intercrystalline attack is not observed either below or above the
eutectic temperature of 6350C and the observed embrittlement under such
conditions has been attributed to hardening of the grains by sulphur in solid
solution in the matrix. At a pressure of about 130Pa of sulphur vapour,
however, sulphides are readily observed in the grain boundaries.

Pfeiffer51 contends that, in undeoxidised nickel at least, the low sulphur
contents normally found are insufficient to cause grain-boundary embrittle-
ment and that the latter is, generally, due to intergranular oxides. In the
presence of sulphur-containing gases, however, the level of sulphur required,

Table 7.23 Comparison of properties of Ni, NiO and NiS52'53

Ni

NiO

NiS

Sulphidation
kP

(E2Cm-4S-1)

1.1 x 10~6

(62O0C)

Self-diffusion coeff
(Dm Cm2S'1)
1.1 x IQ-11

(100O0C)

1.4 x 10~8

(80O0C)

Oxidation
kP

(S2Cm-V1)

9.1 x IQ-1 1

(100O0C)

Deviation from
stoichiometry

0.0001
(100O0C)

0.080
(70O0C)

AG(IOOO0C)
AJ mol"1

-127

-88

mp
(0Q
1984

810
(Ni-Ni3S2 635)



i.e. about O-1%, is readily attained and deposits of sulphide are observed.
Rates of sulphide formation are very much greater than those found
for oxides due to the more defective sulphide structure. Mrowec52 and
Kofstad53 have compared the relevant properties of nickel sulphide and
oxide (see Table 7.23). The mobile species in nickel sulphide is believed to
be the doubly-charged nickel vacancy, V1?, and using classical point defect
theory it can be shown that the parabolic rate constant, Arp, should be pro-
portional to p(S2)

l/2. However, the observed dependence is p(S2)
1/3°.

Mrowec52 has suggested that, because of the high defect concentration,
extended defects form which invalidate assumptions based on the classical
theory of point defects. At temperatures between 48O0C and 62O0C
Tideswell54 using X-ray and electron difTractometry, identified a thick inner
layer of Ni3S2 with a thin outer layer of NiS. It has been suggested55 that
differences in behaviour were observed when nickel was exposed in H2XH2S
mixtures or in sulphur vapour, but it is now realised that similar rates of
attack are found in both cases56.

Sulphur Dioxide An excellent account of the reaction of nickel with SO2

and SO3 (SO2 + O2) has been given by Kofstad53 and is summarised below.

Temperature °C

Wotton + B irks

Kofstad +
Akesson

Seiersten +
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Nakai +
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Worrell
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Fig. 7.40 The temperature dependence of the linear rate constant for reaction of nickel with
SO2 at temperatures in the range 500-1 00O0C and at pressures from 0-013 to 1 atm (after
Kofstad53, Wotton and Birks58, Kofstad and Akesson59, Luthra and Worrell60, Nakai and

Takasawi61 and Seiersten and Kofstad62)



In sulphur dioxide linear kinetics are generally observed due to control by
phase boundary reactions, i.e. adsorption of SO2. Rahmel57 suggested that
this is one of the conditions which favours simultaneous nucleation of
sulphide and oxide at the gas/scale interface. The main reaction products
are NiO, Ni3S2, Ni-S//<7 and NiSO4, depending on the temperature and gas
pressure; for example, according to the following reaction:

7Ni + 2SO2-> 4NiO + Ni3S2

The sulphide usually forms an interconnected network of particles within
a matrix of oxide and thus provides paths for rapid diffusion of nickel to
the interface with the gas. At high temperatures, when the liquid Ni-S phase
is stable, a duplex scale forms with an inner region of sulphide and an outer
porous NiO layer. The temperature dependence of the reaction is complex
and is a function of gas pressure as indicated in Fig. 7.4058"62. A strong
dependence on gas pressure is observed and, at the higher partial pressures,
a maximum in the rate occurs at about 60O0C corresponding to the point at
which NiSO4 becomes unstable. Further increases in temperature lead to
the exclusive formation of NiO and a large decrease in the rate of the reac-
tion, due to the fact that Ni3S2 becomes unstable above about 8060C.

Sulphur Trioxide (SO2 H- O2) Linear reaction rates are observed due to
phase boundary control by adsorption of the reactant, SO3. Maximum
rates of reaction occur at a SO2XO2 ratio of 2:1 where the SO3 partial
pressure is also at a maximum. With increasing O2:SO2 ratio the kinetics
change from linear to parabolic and ultimately, of course, approach the
behaviour of the Ni/NiO system. At constant gas composition and pressure,
the reaction also reaches a maximum with increasing temperature due to the
decreasing SO3 partial pressure with increasing temperature, so that NiSO4
formation is no longer possible and the reaction rate falls.

Dilute Nickel Alloys

Dilute binary alloys of nickel with elements such as aluminium, beryllium
and manganese which form more stable sulphides than does nickel, are more
resistant to attack by sulphur than nickel itself. Pfeiffer63 measured the rate
of attack in sulphur vapour (13 Pa) at 62O0C. Values around O- ISgHi-2S"1

were reported for Ni and Ni-O-SFe, compared with about 0-07-0-1 gHi-2S"1

for dilute alloys with 0-05% Be, O- 5% Al or 1-5% Mn. In such alloys a para-
bolic rate law is obeyed; the rate-determining factor is most probably the
diffusion of nickel ions, which is impeded by the formation of very thin sur-
face layers of the more stable sulphides of the solute elements. Iron additions
have little effect on the resistance to attack of nickel as both metals have
similar affinities for sulphur. Alloying with other elements, of which silver
is an example, produced decreased resistance to sulphur attack. In the case
of dilute chromium additions Mrowec52 reported that at low levels (<2%)
rates of attack were increased, whereas at a level of 4% a reduction in the
parabolic rate constant was observed. The increased rates were attributed to
Wagner doping effects, while the reduction was believed to result from the



formation of a heterophase duplex scale in which a thiospinel formed and
reduced rates of diffusion.

Despite their improved resistance to general corrosion by sulphur, the
dilute alloys with many elements are sensitive to intergranular attack and
embrittlement, and, at temperatures above 6350C, to eutectic formation.

In general, greatly reduced rates of attack are observed for impure or
dilute nickel alloys compared with pure nickel when exposed to SO2 + O2
atmospheres. Haflan et al.64 have attributed this to the segregation of
impurities at the sulphide/oxide interface causing breakup of the sulphide
network. For example in the case of silicon additions, it has been shown that
silicates form and it has been proposed that these alter the wetting charac-
teristics of the sulphide and prevent the establishment of an interconnected
sulphide network.

Nickel-Chromium Alloys

Sulphur Vapour/Hydrogen Sulphide At very low partial pressures of
sulphur its great affinity for chromium results in an increased rate of attack
as the chromium content of nickel-chromium alloys is raised65, at higher
sulphur potentials (e.g. 1 atm) and after longer times even small additions of
the order of 1% chromium produce increased resistance to attack, while
larger additions modify considerably the behaviour of nickel in sulphur-
containing atmospheres. In general chromium is much less attacked than
nickel, which suggests that the sulphide is, to some extent at least,
protective66'67. Chandler and McQueen68 have noted the higher activation
energy for sulphidation of chromium (HTkJmol"1) than that for nickel
(9IkJmOl"1) and suggest that this reflects the protective nature of the
sulphide on chromium compared to that on nickel. In nickel-chromium
alloys with chromium contents upwards of 10%, the greater affinity of
sulphur for chromium results in the formation of chromium rather than
nickel sulphide, at the metal surface or internally. This compound, which
does not form a low-melting-point eutectic, has a melting point of 1 55O0C.
Furthermore, while attack upon the nickel-chromium alloys is partially
intergranular, the sulphides form as isolated globules rather than as con-
tinuous films. At low sulphur potentials a duplex, compact and adherent
scale is formed, kinetic measurement69 indicating that these two layers
grow according to a parabolic law, the rate constant for the outer nickel-rich
scale being some four times greater than that for the chromium sulphide
inner layer. Whilst initially inward migration of sulphur probably occurs
beneath the protective scales, subsequent growth of both layers is apparently
by diffusion of metal ions outwards70. Variation of sulphur potential at
sub-atmospheric values has little effect on the rate of attack at 70O0C but
considerable variation is reported for the stoichiometry of both scale layers
from CrS to Cr2S3 and from NiS to Ni3S2, and Nowak et al.11 showed that
the thiospinel, NiCr2S4, could form on Ni-23Cr and Ni-33Cr in H2S or S2.

Mixed Oxidants (sulphidising and oxidising gas mixtures) Many industrial
environments consist of gas mixtures containing both sulphurous and oxidis-
ing components so that, as shown in the previous section, there is competi-



tion between oxide and sulphide formation. In the case of Ni-Cr alloys,
Cr2O3 can form in 'reducing' atmospheres where H2S is stable. An example
application of this process that has been extensively studied recently is coal
gasification plant operating at about 900-1 00O0C, where typically gas mix-
tures (coal gasification atmospheres - CGA) have oxygen partial pressures
of about 10"13Pa and sulphur partial pressures of about 10"2Pa. Under
these conditions iron and nickel oxides would not be stable but Cr2O3,
Al2O3 and both nickel and iron sulphide are stable (see Fig. IAl)12. Many
workers have studied the transition between the formation of protective
oxide or of non-protective sulphide, and it has been demonstrated that the
transition does not correspond to the conditions predicted from purely ther-
modynamic considerations. Kinetic factors, such as the diffusivity of the
different alloying elements and of the reactive species as well as the mor-
phology of the scale, can determine the reaction path. Natesan73 has termed
this transition the kinetic boundary, and for alloys of nickel with about
20% Cr, the protective oxide formation is observed at a pO2 about two to
three orders of magnitude greater than would be predicted from the phase
stability diagram. A 46% chromium-nickel binary alloy is reported to form
a very stable chromia layer in these conditions74.

Another factor that determines the long-term stability of the protective
oxide layer is its ability to prevent sulphur penetration which would lead to
the eventual formation of chromium sulphide beneath the external oxide
layer. With most commercial nickel chromium alloys internal sulphidation

Log Po2 (Pa)

Fig. 7.41 A typical coal gasifier atmosphere at 8710C plotted in the M-O-S thermodynamic
stability diagram for elements commonly present in stainless steels and high temperature alloys

(after Perkins72)
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is observed and this usually heralds breakaway where rates of attack are
greatly increased, with the tendency for this to occur increasing with increas-
ing pS2 and decreasing /XI)2. It is proposed that sulphur can penetrate the
scale either by lattice or grain boundary diffusion, or as molecular species
through pores and microcracks in the oxide layer. The consensus is that
penetration is largely as the molecular species75. If sulphur diffusion does
occur then, as shown by Benbyamani et a/.76, grain boundary transport is
the dominant process at temperatures up to 1 00O0C.

Extensive studies have been carried out by Giggins and Pettit77 and by
Vasantasree and Hocking78 on a range of nickel chromium alloys with up
to 50% alloying addition. Generally the principles outlined above can be
used to interpret the experimental observations, where the thermodynamics
of the reaction are a major factor determining the rate of attack, depending
upon whether oxide or sulphide is the stable phase.

Continued exposure of the nickel-chromium alloy to more severely sul-
phurising and reducing atmospheres results in local depletion of chromium
to such an extent that nickel sulphide and the eutectic are formed internally.
The latter constituents are not often observed in service failures, but the
relative instability of nickel sulphide in the presence of chromium sulphide
can result in its reduction to nickel during slow cooling on shut down. That
nickel sulphide is formed is suggested by the frequent occurrence of blisters,
associated with the formation of molten eutectic on the surface of sulphur-
attacked specimens67.

The detailed appearance of an attacked alloy can vary markedly, depend-
ing on the conditions of exposure. In practice the conditions are frequently
intermittently oxidising and reducing. The mechanism of attack then
involved appears to be that the initial formation of chromium sulphide
results in a gradual impoverishment of the matrix with respect to chromium
and a consequent loss of oxidation resistance. Rapid internal oxidation of
the chromium remaining in the matrix then occurs, to give the intimate mix-
ture of oxide and metallic nickel characteristic of attacked regions. The loss
of chromium from the surface regions also raises the Curie temperature
towards the value for nickel and attacked specimens therefore appear mag-
netic. Oxidation of a pre-sulphidised Ni-ISCr alloy was shown by Spengler
and Viswanathan79 to result in further penetration of the alloy by sulphur
with consequent nucleation of fresh chromium sulphide particles in advance
of the oxidation front, supporting the self-regeneration mechanism pro-
posed by some earlier workers.

Although iron sulphide also forms a eutectic with the metal this melts at
9880C, and at temperatures in the region of 700 to 80O0C alloys with sub-
stantial proportions of nickel replaced by iron and a chromium level main-
tained at about 20% show advantages over nickel-chromium-base alloys in
resistance to sulphur attack.

The successful application of nickel-chromium-iron alloys as structural
components of industrial furnaces and as chambers and containers in
chemical processing under conditions of exposure involving sulphur sub-
stantiates their good resistance to this form of corrosion. These materials are
used for service temperatures in the range 750-1 20O0C, the upper limit of
serviceability being determined largely by the chromium content of a
particular alloy. Results of corrosion tests (Table 7.24)80 on cast nickel-



Exposure time, h1/2

Fig. 7.42 Long-term exposure of selected high temperature alloys at 9320C in a coal gasifica-
tion atmosphere containing 0-5% HiS (after Hill and Meyer81)
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Table 7.24 Corrosion resistance of nickel-chromium-iron alloys in oxidisng and reducing
flue-gas atmospheres of varying sulphur content80

Material
composi-

tion
W

Ni. Fe Cr

70 20 10
70 15 15
70 10 20
40 50 10
40 45 15
40 40 20

Metal loss (mm/y)

Reducing atmosphere

9820C

Sulphur content (g m~3)

O 0.115 2.3 6.9 11.5

0.25 0.5 0.5 25 >10
<0.25 <0.5 0.5 10 >\0
<0.25 <0.5 <0.5 2 >10

1 2 15 >25 -
0.25 0.5 2 >25 -

<0.25 <0.5 <0.5 >25 -

10930C

Sulphur
content
(gm-3)

0.115 11.5

2 >75
1 50
0.5 2

Oxidising atmosphere

9820C

Sulphur
content
(gm~3)

0.115 2.3 6.9

1-2 2 <0.5
<0.5 0.5 <0.5
<0.5 <0.5 <0.5

3 3 2
0.5 0.6 <0.5

<0.5 <0.5 -

10930C

Sulphur
content
(gm-3)

0.115 2.3

<1 <0.5

8 1
1.5 -

<1

chromium-iron alloys in oxidising and reducing flue-gas atmospheres
illustrate the beneficial effect of increased chromium content and the
deleterious effects of increased temperature and sulphur content of the
atmosphere. A very large testing programme on alloys for possible use in

Legend
800
310
HK-AO
6B



coal gasification plants was carried out in the U.S.A. involving exposures for
periods of up to 10 000 h at temperatures up to about 1 00O0C. The results
showed that, while many iron chromium-nickel alloys showed protective
behaviour in the early stages, breakaway was frequently initated after about
100Oh exposure as the results shown in Fig. 7.42 illustrate81. At about
90O0C the transition to breakaway for nickel-base alloys was relatively insen-
sitive to the chromium content of the alloy compared with the behaviour of
iron- and cobalt-base alloys, but at about 100O0C an increase in the
chromium content from about 25% to 30% resulted in a significant increase
in the time to breakaway in these materials. The breakaway reaction is
believed to occur due to the presence of liquid sulphide phases on top of the
protective chromia scale. The chromia layer has often been described as
'leaky' since it is an imperfect barrier to diffusion of cations so that iron and
nickel from the underlying alloy can diffuse to the surface and react to form
the molten sulphide.

It is widely recognised that improved resistance to sulphur attack can
be obtained in commercial alloys by small additions of certain elements,
notably manganese, silicon and aluminium. Figure 7.43 shows how the depth
of metal converted to scale, and more particularly the total penetration by
sulphur, is reduced by increasing silicon content in nickel-chromium-iron

Total affected depth

Depth converted to scale

Si (%)

Fig. 7.43 Effect of silicon content on corrosion of Ni-Cr-Fe alloys in a reducing flue-gas
atmosphere containing 6-9g m"3 S (100-h tests at 9820C)80

a. Ni-28Fe-12Cr b. Ni-SOFe-ISCr
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Hot-salt Corrosion

Reactions of contaminants in the fuel or air in the combustion zone can
result in the formation of compounds which can condense as molten salts
onto cooler components in the system. This type of process can occur when
fuels containing sulphur or vanadium are burnt. In the case of sulphur con-
taminants, alkali sulphates form by reactions with sodium which may also
be present in the fuel or in the combustion air, and for vanadium-containing
fuels low-melting-point sodium vanadates or vanadium pentoxide are pro-
duced, particularly when burning residual oils high in vanadium. Attack by
molten salts has many features in common which will be illustrated for the
alkali-sulphate-induced attack, but which will be subsequently shown to be
relevant to the case of vanadate attack.

Alkali Sulphate-induced A ttack

Sulphur attack on nickel-chromium alloys and nickel-chromium-iron alloys
can arise from contamination by deposits resulting from the combustion
of solid fuels, notably high-sulphur coals and peat. This type of corrosion,
which has been observed on components of aircraft, marine and indus-
trial gas turbines and air heaters, has been associated with the presence of
metal-sulphate and particularly sodium sulphate83'84 arising directly from
the fuel or perhaps by reaction between sodium chloride from the environ-
ment with sulphur in the fuel. Since such fuels are burned with an excess
of air, corrosion occurs under conditions that are nominally oxidising
although the deposits themselves may produce locally reducing conditions.

alloys. A similar marked effect of aluminium is observed for an addition of
about 1% with a further slight gain at 4-5% Al (Table 7.25). Grabke et al.15

showed that addition of 2-4% aluminium to Incoloy 80OH and Type 310
stainless steel was beneficial in conditions where an alumina layer formed
under the chromia scale and thus prevented outward diffusion of iron, nickel
and manganese. Lai82, however, reported that the nickel-chromium-
aluminium alloy, Haynes 214, was not resistant to sulphidation in the
temperature range 750-1 00O0C.

Table 7.25 Effect of aluminium on the corrosion at 9820C
of Fe-35Ni-15Cr alloy in a reducing flue-gas atmosphere

containing 2-3 g m~~3 of sulphur (100-h test period)80

Aluminium content
W

O
0-25
0-5
1-1
2-5
4-25

Metal loss
(mm/y)

5
5-9
7-2
0-22
0-22
0-1

Total penetration
(mm/y)

65
45
70
4-5

10
9
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