
3.7 High-nickel Cast Irons

Composition and Properties

The addition of about 20% nickel to cast iron produces materials with a
stable austenitic structure; these materials are sometimes known as austenitic
cast irons but are more often referred to commercially as Ni-Resist cast
irons. The austenitic matrix of these irons gives rise to very different mech-
anical and physical properties to those obtained with the nickel-free grey cast
irons. The austenitic matrix is more noble than the matrix of unalloyed grey
irons and it was shown in the early work of Vanick and Merica1 that the
corrosion resistance of cast iron increases with increasing nickel content up
to about 20% (Fig. 3.42).

Although the Ni-Resist irons, due to their austenitic matrix, are tougher
and more shock resistant than the nickel-free grey irons, those in which the
carbon is present in the flake graphite form (F.G. irons) still exhibit certain
disadvantages due to the graphite structure. Much better strength and impact
properties can be obtained by treating the iron with a small quantity of
magnesium sufficient to give a residual content of 0-05-0-1%, which con-
verts the graphite to a spheroidal form (S.G. irons). The Ni-Resist irons
are available in both flake and spheroidal graphite forms and typical struc-
tures, consisting of flake or spheroidal particles dispersed throughout the
austenitic matrix, are shown in Figs. 3.43 and 3.44. The matrix also contains
small amounts of carbides, the amounts of which increase with increasing
chromium content.

The first alloys in the Ni-Resist series, containing about 20% nickel, were
introduced in the 1930s and soon became established in both corrosion and
heat resistance applications. The range of alloys has been extended over the
years and a total of twenty grades of austenitic irons have been developed
with nickel contents varying from 13 to 35%. Each material has somewhat
different characteristics so that the most appropriate grade must be selected
to obtain the most advantageous properties for any particular application.
The compositions and mechanical properties of the principal grades of
austenitic cast irons are summarised in Table 3.46. There are six basic grades
of flake graphite austenitic iron and five basic grades of spheroidal graphite
austenitic iron. There is no spheroidal austenitic iron corresponding to Type
1 Ni-Resist since it is difficult to obtain a good spheroidal graphite struc-
ture in an austenitic iron containing more than 2% copper. A considerable
number of modified grades also exist which differ in composition and proper-
ties from these basic grades. Specifications for eight commonly used grades
of austenitic cast irons are given in BS 3468:1962.



Fig. 3.43 Structure of typical flake graphite austenitic iron

Nickel content (•/•)

Fig. 3.42 Effect of nickel content on corrosion resistance

C
or

ro
si

on
 r

at
e 

in
 N

aO
H 

so
lu

tio
n 

(Q
rT

f2CT
1)

NaOH solution

5 Vo H2SOA solution
C

or
ro

si
on

 r
at

e 
in

 5
°/.

 H
2S

O
4 (

gm
"2cT

1)



Fig. 3.44 Structure of typical spheroidal graphite austenitic iron

The tensile strengths of the spheroidal graphite irons are generally about
twice those of their flake graphite equivalents and can be further improved,
by about 8 x 107 Nm~2, by quenching the iron in oil or water from temper-
atures of 925-1 00O0C. This treatment is even more effective when applied
to chill castings but the ductility of these is lower because of the increased
amount of carbide formed as a result of chilling. The impact resistance of
the spheroidal graphite grades is much better than that of the equivalent flake
graphite irons and elongation values as high as 40% can be attained with the
S. G. irons. The mechanical properties of the austenitic irons are also good
at low temperatures which can be useful in a number of chemical plant and
cryogenic applications.

The austenitic irons show excellent casting properties and good machin-
ability, which, in combination with the good mechanical properties and good
corrosion resistance, ensures wide use of these materials in many applications.

Aqueous Corrosion Behaviour

The austenitic cast irons show better corrosion resistance than the ferritic
irons primarily due to the nickel content of the austenitic matrix.

Potential-current density (E-i) curves, which have been determined2 for
a number of the austenitic cast irons and also for the nickel-free ferritic
irons, indicate that in general the austenitic cast irons show more favourable
corrosion characteristics than the ferritic irons in both the active and passive
states.

In de-aerated 10% sulphuric acid (Fig. 3.45) the active dissolution of the
austenitic irons occurs at more noble potentials than that of the ferritic irons
due to the ennobling effect of nickel in the matrix. This indicates that the
austenitic irons should show lower rates of attack when corroding in the
active state such as in dilute mineral acids. The current density maximum
in the active region, i.e. the critical current density (/crit) for the austenitic
irons tends to decrease with increasing chromium and silicon content. Also
the current densities in the passive region are lower for the austenitic irons



Brinell
hardness

Minimum
tensile strength
( X l O 7 N/m2)

Composition (wt. % )

CuCrNiMnSiC

Ni-Resist
type

BS 3468
designation

130-170
125-170
120-160
150-210
100-125

248 max.

140-200
140-200
170-240
130-180

230 max.

17
17
17
17
14
19

37
37
42
37
37

5-5-2-5
0-5 max.
0-5 max.
0-5 max.
0-5 max.
0-5 max.

1-75-2-5
1-75-2-5
2-5 -3-5
4-5 -5-5
0-1 max.
1-8 -4-5

1-75-2-5
2-5 -3-5
4-5 -5-5
O- 1 max.

1-2-5

13-5-17-5
18-22
28-32
29-32
34-36
18-22

18-22
28-32
29-32
34-36
18-22

1-1-5
0-8-1-5
0-4-0-8
0-4-0-8
0-4-0-8

1-1-5

0-7-1
0-5 max.
0-5 max.
0-5 max.

1-1-5

1-2-8
1-2-8
1-2
5-6
1-2

4-5-5-5

1-75-3
1-5-2-8

5-6
1-5-2-8
4-5-5-5

3-0
3-0
2-6
2-6
2-4

1-6-2-2

3-0
2-6
2-6
2-4
3-0

Typel
Type 2
Type 3
Type 4
Type 5

Type D-2
Type D-3
Type D-4
Type D-5

AUSlOlA
AUS102A
AUS105

AUS104

AUS202A
AUS205

AUS204

Table 3.46 Composition and properties of principal grades of flake and spheroidal graphite austenitic case irons



E (mV, S.C.E.)

Fig. 3.45 Potential-current density curves in 10% sulphuric acid solution at 250C

than for the ferritic. These observations indicate that the austenitic irons,
particularly those of higher chromium and silicon content, should show
superior passivating properties to the ferritic irons.

Similar curves determined in 50% sodium hydroxide solution at 6O0C
show (Fig. 3.46) that the austenitic irons exhibit more noble active dissolu-
tion and also lower current densities in the active and passive regions than
the ferritic irons; the current densities in both regions decrease markedly
with increasing nickel content (Fig. 3.47).

In 3% sodium chloride solution at 6O0C the austenitic irons again show
superior characteristics to the ferritic. The breakdown potentials determined
in this environment, which provide a relative measure of the resistance to
attack in neutral chloride solutions, are generally more noble for the auste-
nitic irons than for the ferritic (Table 3.47). This indicates that the austenitic
irons should show better corrosion resistance in such environments.

The more favourable electrochemical characteristics exhibited by the
austenitic irons in this range of environments are reflected in the corrosion
behaviour of the alloys discussed below.

One of the outstanding properties of the austenitic irons is their resistance
to graphitic corrosion or 'graphitisation'. In some environments ferritic cast
irons corrode in such a manner that the surface becomes covered with a layer
of graphite. This compact graphite layer, being more noble than the matrix,
markedly increases the rate of attack. The austenitic irons rarely form this
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Nickel (%)

Fig. 3.47 Current densities in active and passive regions for ferrite and austenitic cast irons
in 50Vo NaOH
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E(mV,S.C£.)

Fig. 3.46 Potential-current density curves in 50% sodium hydroxide solution at 6O0C
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graphite layer and consequently, in environments where graphitic corrosion
is a problem, perform much better than low alloy cast irons.

Practical experience indicates that the corrosion resistance of the flake
and spheroidal graphite irons is similar in many environments; however, the
spheroidal graphite irons have shown superior corrosion resistance to the
equivalent flake graphite grades in a number of cases3.

Atmospheric Corrosion

Although the Ni-Resist irons will not remain rust-free when exposed to the
atmosphere their corrosion resistance is much better than that of plain cast
iron or mild steel. The results of a 7.5 year exposure trial carried out in a

Exposure (months)

Fig. 3.48 Results of a 7.5 year exposure test programme on 150 x 100mm panels at Kure
Beach, N.C.

marine environment at Kure Beach, North Carolina, USA are shown in
Fig. 3.48. The corrosion rates derived from the curves after 7.5 years
exposure are given in Table 3.48.

0-2%Cu steel

Plain cast iron

Types 1 and 2 Ni-Resist irons
Type 4 Ni-Resist iron
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Table 3.47 Breakdown potentials evaluated

from E-i curves in 3% NaCl at 6O0C

,4//oy

AUSlOlA
AUS102A
AUS202A
AUS205
AUS204
Ferritic S. G. cast iron
Ferritic F. G. cast iron
Mild steel

Breakdown potential
(mV vs S.C.E.)

-470
-520
-570
-620
-620
-670
-720
-620



Natural Waters

Water which is used for cooling purposes in refineries and chemical plant can
cause severe problems of corrosion and erosion. Ordinary cast irons usually
fail in this type of environment due to graphitic corrosion or corrosion/
erosion. Ni-Resist irons however show better corrosion resistance, due to the
nobility of the austenitic matrix, and are preferred for use in the more
aggressive environments such as those containing appreciable amounts of
carbon dioxide or polluted with chemical wastes or sea-water.

The austenitic irons have also been shown to exhibit better corrosion
resistance than the ferritic irons in sea-water. Tests over long periods of
time have shown that Ni-Resist irons of Types 1, 2 and 3 corrode at rates
of 0-020 to O-OSSmmy'1 in relatively quiet sea-water. Under similar con-
ditions low alloy cast irons have shown corrosion rates ranging from 0-066
to 0-53 mmy~1(4). The Ni-Resist irons maintain this superiority over a wide
variety of conditions (Figs. 3.49 and 3.50) both in stationary and flowing
sea-water. In a test lasting 740 days in sea-water moving at 1 • 5 m/s low

Good grade
cast iron

Admiralty gunmetal

Total hours run

Fig. 3.49 Relative corrosion of Ni-Resist iron, cast iron and gunmetal in aerated sea-water
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Alloy

0-2% Cu steel
Cast iron
Types 1 and 2 Ni-Resist
Type 4 Ni-Resist

Corrosion rate
(mm y"1)

0-020
0-010

<0-003
<0-003

Table 3.48 Corrosion rates after exposure for
7 • 5 years at Kure beach



alloy cast iron showed a corrosion rate of l-Smmy"1 compared to 0-050
mmy"1 for Type 2 Ni-Resist. In tests carried out at controlled temperature
at a higher velocity of 8 m/s (Table 3.49) the Ni-Resist irons again showed
better properties than low alloy cast irons or mild steel.

Acids

Under certain conditions of temperature and concentration the austenitic
cast irons show useful resistance to hydrogen-evolving mineral acids.

The austenitic irons can be usefully applied in handling very dilute solu-
tions of sulphuric acid at ambient or moderately elevated temperatures
under conditions which can be very corrosive to ordinary cast iron and
carbon steel. Austenitic irons have also given satisfactory service in handling

Alloy

Cast iron
2% Ni cast iron
Type 1 Ni-Resist
Type 2 Ni-Resist
Type 3 Ni-Resist

A verage
corrosion rate

(mm y ~ l )

6-9
6-1
0-74
0-79
0-53

Temperature (0C)

Fig. 3.50 Corrosion rate versus temperature in de-aerated sea-water; continuous test exposure
for 156 d

Table 3.49 Sea-water corrosion/erosion test
carried out at 8 m/s at 280C for 60 d

Carbon steel
Cast iron
Ni-Resist type D-2
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concentrated sulphuric acids, but although they show low corrosion rates in
such environments they are not markedly superior to the unalloyed cast
irons. Type 1 Ni-Resist and the high silicon grades AUS104 and AUS204 are
the types most generally used in sulphuric acid environments.

The austenitic irons are superior to ordinary cast iron in their resistance
to corrosion by a wide range of concentrations of hydrochloric acid at room
temperature (Table 3.50). However, for practical uses where such factors as
velocity, aeration and elevated temperatures have to be considered, the
austenitic irons are mostly used in environments where the hydrochloric acid
concentration is less than O • 5%. Such environments occur in process streams
encountered in the production and handling of chlorinated hydrocarbons,
organic chlorides and chlorinated rubbers.

Table 3.50 Corrosion of Type 1 Ni-Resist, cast iron and
carbon steel in unaerated hydrochloric acid solutions at room

temperature

Acid
concentration

W

1-8
3-6
5-0

10-0
20-0
27-0
36-0

Corrosion rate (mmy !)

Ni-Resist

0-13
0-38
0-46
0-41
1-1
3-0
9.4

Cast iron

23
30
38
30
32
30
28

Carbon steel

15
36
46
48
69
60
30

The austenitic irons are also useful in some circumstances for handling
organic acids such as dilute acetic, formic and oxalic acids, fatty acids and
tar acids. They are more resistant to organic acids than unalloyed cast irons,
e.g. in acetic acid the austenitic irons show corrosion rates 20-40 times lower
than the ferritic iron (Table 3.51).

Table 3.51 Corrosion of Type 1 Ni-Resist
and ferritic cast iron in acetic acid in laboratory

tests at 150C

Acid
concentration

W

5
10
25
50

Corrosion rate (mmy *)

Cast iron

17
22
20
16

Ni-Resist

1-0
0-5
0-5
2-0

The austenitic irons show poor resistance to solutions of nitric acid even
when dilute and at low temperatures.



and the irons containing about 30% nickel, such as Type 3 Ni-Resist, show
the best resistance. This high corrosion resistance enables Ni-Resist cast irons
to be used in caustic soda processes where both high temperature and con-
centrations are encountered (Table 3.52). One of the most important uses
for the austenitic irons has for many years been in caustic soda production
plant where the materials find use in many components. Molten caustic soda
is very much more aggressive than aqueous solutions and a corrosion rate
of 6-6HiHIy"1 has been recorded5 for austenitic iron in molten sodium
hydroxide at 67O0C.

The austenitic irons also show good corrosion resistance in caustic alkalis
containing sulphides and mercaptans and have therefore proved useful
materials for the construction of pumps, valves and piping in caustic soda
regenerators in oil refineries.

Alloy

Cast iron
Carbon steel
Ni-Resist Type 1
Ni-Resist Type 2
Ni-Resist Type 3
Ni-Resist Type D-2

Corrosion rate (mmy !)

14% NaOH
(880C)

0-2
0-2
0-07

74% NaOH
(1270C)

1-93
0-38

0-15
0-06
0-13

Fig. 3.51 Effect of nickel additions to cast iron in reducing corrosion by caustic alkalis

Table 3.52 Corrosion of Ni-Resist irons, cast iron and
carbon steel in caustic soda solutions

Alkalis

Austenitic cast irons show particularly good corrosion resistance in alkaline
environments, even better than that shown by low alloy cast irons. The
resistance to corrosion improves with increasing nickel content (Fig. 3.51),
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Applications

The individual characteristics and uses of the basic grades of the austenitic
irons are given in Table 3.55. The major uses for these materials occur in the
handling of fluids in the chemical and petroleum industries and also in the
power industry and in many marine applications. The austenitic irons are
also used in the food, soap and plastics industries where low corrosion rates
are essential in order to avoid contamination of the product. Ni-Resist
grades Type 2, 3 or 4 are generally used for such applications but the highly
alloyed Type 4 Ni-Resist is preferred where low product contamination is of
prime importance.

Salts

The corrosion rates of the Ni-Resist irons in salt solutions depend upon the
chemistry of the salt. Solutions which are alkaline or neutral in reaction are
not generally corrosive to high nickel irons and even brines containing
calcium and magnesium chloride can be safely handled by the austenitic
irons (Table 3.53). Those salts which hydrolyse to give an acidic solution are
more corrosive to high-nickel irons although the corrosion rate is still less
than for unalloyed cast iron in the same medium. The corrosion rates of
Type 1 Ni-Resist and cast iron given in Table 3.54 demonstrate that the
austenitic iron shows better resistance than the nickel-free cast iron in a wide
range of salt solutions.

Table 3.53 Corrosion of Type 1 Ni-Resist and cast iron in brine solutions

Salt solution

Aluminium sulphate
Aluminium chloride
Aluminium chloride
Aluminium sulphate
Aluminium citrate
Aluminium thiocyanate
Potassium aluminium sulphate
Zinc chloride
Ammonium nitrate
Manganese chloride
Ammonium chloride

Concentration
W

5
5
5
5

30
50
5

30
5

10
20

Temperature
(0Q

16
16
93
16

Room
27
16

Boiling
Room

77
93

Corrosion rate (mmy ')

Ni-Resist

0-41
0-08
0-15
0-15
1-5
0-38
0-25
2-0
0-23
0-038
0-25

Cast iron

1-0
1-3
4-8
0-76

550
3-3
0-76

16
0-76
0-79
5-8

Table 3.54 Corrosion of Type 1 Ni-Resist and cast iron in various inorganic salt solutions

Environment

\4% NaCl + 16-7% CaCl2 -I- 3-4% MgCl2. pH «• 6
Saturated NaCl

Temperature
(0C)

69
93

Corrosion rate (mmy !)

Ni-Resist

0-08
0-12

Cos/ /row

0-53
1-85



The modified grades of Ni-Resist are often sufficiently different to the basic
grades to be used in additional applications. Ni-Resist Types IB, 2B and
D-2B have a higher chromium content than the corresponding basic grades
which increases the erosion resistance of the materials; these grades are less
expensive than the other grades with good erosion resistance, i.e. Ni-Resist
Types 3 and 4. A chromium-free grade of austenitic iron, Ni-Resist Type
D-2C, has particularly good ductility and shows good mechanical properties
down to -10O0C. Even better low temperature properties are, however,
obtained with Ni-Resist Type D-2M, a chromium-free 4% manganese grade,
which was specially developed for cryogenic applications such as the separa-
tion of aromatic hydrocarbons and the production of ethylene. Ni-Resist
Type D-4A is a recently developed grade of austenitic iron which has par-
ticularly good resistance to high temperature oxidation and better ductility
than the standard Type D-4 grade6.

A. C. HART
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BS 3468
Designation

AUSlOlA

AUS102A
AUS202A

AUS105
AUS205

AUS104
AUS204

Ni-Resist
type

Typel

Type 2
Type D-2

Type 3
Type D-3

Type 4
Type D-4

TypeS
Type D-5

Characteristics

Least expensive austenitic iron;
good corrosion resistance
particularly in acidic media

Good corrosion resistance;
better than Type 1 in alkaline
environments

Good thermal shock resistance;
high resistance to erosion
particularly in alkaline media

Best corrosion resistance and
erosion resistance of the
austenitic irons

Very low thermal expansion;
good dimensional stability

Good resistance to high
temperature oxidation; good
corrosion resistance in
sulphuric acid

Uses

Pumps, valves, furnace
components

As for Type 1 but preferable
for alkaline solutions; used in
soap and plastic industries

Pumps, valves, pressure
vessels, filter parts, exhaust gas
manifolds

Castings for industrial
furnaces; used in food industry
for low contamination of
product

Scientific instruments, glass
moulds

Pumps and valves

Table 3.55 Characteristics and uses of basic grades of austenitic cast irons



3.8 High-chromium Cast Irons

Composition

There is no clear demarcation between high-chromium steels and high-
chromium cast irons other than the fact that components are fabricated from
the steels, and cast in the irons. In practice, however, the irons are usually
found to have carbon contents of between 0-6 and 3%, while most of the
steels contain less than 0-3% carbon.

Of the high-chromium irons, those used for components requiring a high
degree of corrosion resistance normally contain 25-35% chromium,
although it has been suggested by Kiittnerl that much higher contents may
sometimes be necessary to give adequate resistance in certain environments.
It is commonly agreed2 that a useful formula for the minimum chromium
content of a corrosion-resistant iron is:

%Cr = (%C X 10) 4- 12

i.e., a 1-5% carbon alloy should contain not less than 21% chromium. This
is supported by work carried out by Kiittner1 with various solutions,
although his own interpretation of his results is regarded as faulty.

The limitations imposed by this formula, together with the fact that the
alloys in practice rarely contain more than 35% chromium, suggest that the
maximum carbon content of the irons should be 2 • 3%, and in fact the irons
normally contain between 1-0% and 2-0% carbon, unless some property
other than corrosion resistance is the most important.

Silicon may be present in high-chromium irons in amounts varying
between 0-5 and 2-5%. Its effect is to increase fluidity in the foundry and
improve the surface quality of castings. Further effects are to refine the
eutectic carbides in the iron, to produce a more uniform structure and to
raise the temperature at which the matrix transforms from ferrite to auste-
nite with consequent dimensional changes. Additions above 2-5%3 '4 have
an embrittling effect.

Structure

Irons of the compositions indicated above all have structures similar to that
shown in Fig. 3.52, that is, a uniform dispersion of chromium-iron complex
carbides in a matrix of chromium-containing ferrite. The chromium content
of the ferrite is not known, although it is assumed to be about 10-13%. The



Fig. 3.52 Microstructure of 30% chromium iron. Analysis: total C 1 -6, Si 1 -8, Cr 31. Etched
in Murakami's reagent, total magnification x 150

carbides are probably mixtures of the types Cr7C3 and Cr23C6, in which
some of the chromium has been replaced by iron5.

Mechanical Properties

Broadly speaking, the high-chromium irons are hard but not completely
unmachinable. Typical properties for irons of the compositions described
above in the as-cast state are:

Brinell hardness 320 HB
Transverse strength 695 MN/m2

Tensile strength 463 MN/m2

The hardness of the alloys makes them particularly useful in environments
where abrasion or wear resistance may be important.

Production

As already indicated, these irons are used for the production of components
by casting.

The principal difficulties in the production of castings in this alloy are its
high shrinkage, which entails some tendency to the development of porosity,
and the ready formation of oxide skin, which may cause cold laps in the
casting. Castings must in consequence be produced by methods similar to
those employed for steel castings and care must be taken to avoid the
introduction of oxide into the mould.



Corrosion Resistance

The high-chromium irons undoubtedly owe their corrosion-resistant pro-
perties to the development on the surface of the alloys of an impervious
and highly tenacious film, probably consisting of a complex mixture of
chromium and iron oxides. Since the chromium oxide will be derived from
the chromium present in the matrix and not from that combined with the
carbide, it follows that a stainless iron will be produced only when an ade-
quate excess (probably not less than 12% I > 2> of chromium over the amount
required to form carbides is present. It is commonly held, and with some
theoretical backing, that carbon combines with ten times its own weight of
chromium to produce carbides1. It has been said that an increase in the
silicon content increases the corrosion resistance of the iron1; this result is
probably achieved because the silicon refines the carbides and so aids the
development of a more continuous oxide film over the metal surface. It
seems likely that the addition of molybdenum has a similar effect, although
it is possible that the molybdenum displaces some chromium from combina-
tion with the carbon and therefore increases the chromium content of the
ferrite.

The irons are most useful in environments containing a plentiful supply
of oxygen or oxidising agents; anaerobic or reducing conditions may lead to
rapid corrosion. Physical effects such as abrasion or sudden dimensional
changes induced by temperature fluctuations may rupture the film and allow
corrosion to take place. The iron will also be subject to corrosion by solu-
tions containing anions, such as those of the halides, which can penetrate
surface films relatively readily.

Atmospheric Corrosion

Provided there is a suitable excess of chromium over carbon in the alloy, the
irons will not rust when exposed to the atmosphere in the as-cast state. Alloys
which have been found to tarnish in the as-cast state because of an inade-
quate excess of chromium may be found to be completely stainless in the
machined and polished state, presumably because a thin film is more likely
to be continuous on a smooth surface than on a rough one.

Natural and Industrial Waters

Because of its mechanical properties and the difficulties associated with its
production, high-chromium iron is mostly used in environments which are
particularly aggressive to other cast alloys. It is most useful for handling acid
waters containing oxidising agents, for example mine waters and industrial
effluents. Because many of these waters tend to contain solid matter in
suspension, which can lead to abrasion of metals exposed to them, the very
hard high-chromium iron is often the most suitable material for pumps
handling these solutions. There is always a possibility that abrasive slurries



may damage components made from this material by breaking down the
oxide film and allowing corrosion to take place, but provided there is a
plentiful supply of oxygen or oxidising agent at the metal surface this danger
is reduced by the rapid healing of the film.

Acids

The most comprehensive data available about the corrosion behaviour of
high-chromium irons in a wide variety of acid, basic and saline solutions are
those issued by Bergische Stahl-Industrie of Remscheid, Germany6, and
this has formed the basis of all the following comments. Additional data
given by Kiittner1 and Houdremont and Wasmuht7 are generally, but not
completely, in agreement with this.

Figure 3.53 has been derived from data6 for corrosion by nitric acid solu-
tions of an alloy nominally containing 29% chromium and 0-8% carbon. It

%HN03 by weight

Fig. 3.53 Resistance of high-chromium iron to nitric acid solutions

Corrosion rate
not more than

O 127mm/y

Corrosion rate
not more than

1 27mm/y

Corrosion rate
greater than

V27mm/y

Boiling point
curve

Te
m

pe
ra

tu
re

 (
0C

)



is interesting to note that the very useful resistance afforded by this alloy in
these solutions is roughly complementary to that of the high-silicon irons,
the high-chromium iron being more suitable for dilute solutions and the
high-silicon iron for concentrated solutions. Because of the lack of informa-
tion about the method of obtaining the results on which this and the subse-
quent diagram are based, it must be understood that the diagram gives only
an indication of corrosion rates likely to be encountered and should not be
considered as authoritative.

The data available6 suggest that high-chromium irons have no useful
resistance to sulphuric acid of more than 10% concentration at any tempera-
ture. At temperatures above 2O0C corrosion rates in excess of 1 • 27 mm/y are
probable even for acid of less than 10% concentration. The addition of 2%
molybdenum appears to produce an appreciable increase in the resistance to
this acid at very low and very high concentrations (Fig. 3.54).

It is doubtful whether the irons have any useful resistance to hydrochloric
acid solutions at any concentration or temperature. It has, however, been
claimed that the molybdenum-containing alloy is attacked by 1% acid at
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Fig. 3.54 Resistance of high-chromium iron containing 2% molybdenum to sulphuric acid
solutions
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2O0C at rates not exceeding 1 • 27 mm/y; 2% acid, however, attacks this alloy
at rates greater than 1-27 mm/y.

Although the irons have such poor resistance to sulphuric acid solutions,
they are reported to be much more resistant to sulphuric acid/nitric acid
mixtures which rarely cause corrosion rates of more than 1-27 mm/y. Aqua
regia is corrosive to the alloys, although Kiittner1 has reported that an
increase in the chromium content of the alloys, apparently according to the
formula

%Cr = (%C x 5) +36

is effective in producing a resistance to this solution.
Other acids are completely resisted by the irons at room tempera-

ture, although high corrosion rates can sometimes develop at elevated
temperatures.

Alkalis

The data available suggest that the high-chromium irons do not offer any
better resistance to alkalis than unalloyed grey iron, which would normally
be preferred in view of its lower cost and its mechanical properties.

Salt Solutions

Many salts which are corrosive towards unalloyed iron because of their
tendency to hydrolyse to release acid, e.g. calcium and zinc chlorides, are
not dangerous to high-chromium irons. The more corrosive salts, typified
by aluminium sulphate and ferric chloride, are, however, corrosive to high-
chromium irons. Hot aluminium sulphate solutions can give corrosion rates
greater than 1 • 27 mm/y although cold solutions corrode the alloys at rates
not exceeding O-127 mm/y.

Ferric chloride solutions are particularly aggressive to high-chromium
irons. Rates of attack greater than 12 mm/y have been recorded for a 25%
solution at 2O0C. The useful resistance of the alloys to mine waters which
contain this salt is probably because the concentration involved is very much
lower than this.

Kiittner! has indicated that irons of the higher chromium content which
he reports as being able to resist aqua regia are also resistant (corrosion rate
not more than O-127 mm/y, to a cold 30% solution of ferric chloride.

Resistance to High Temperature Corrosion

Irons containing around 12% chromium8 may be used for service up to
90O0C whilst those in the range 30-35% chromium, 1-2% carbon and 1-2%
silicon have a scaling resistance up to 105O0C9'10, being employed for
furnace hearths, kiln furniture, heat exchangers, etc. The composition
range represents a compromise between ease of founding, avoiding ferrite/



austenite changes on thermal cycling and maximum scaling resistance consis-
tent with the avoidance of the long term embrittling effect of a-phase forma-
tion in the temperature range 600-80O0C11.

Corrosion-Erosion Resistant High Chromium Alloy Iron12

High-chromium alloys with carbon contents in the range O -5-2 -0% afford
a useful compromise between resistance to corrosion and resistance to
abrasion. As the carbon content is increased, the resistance to abrasion
improves, but corrosion resistance is reduced. The matrix structure of this
range of high-chromium alloy irons can be largely austenitic or it can be
transformed to martensite by heat treatment. There has been increased
interest in this series of alloy irons in recent years because they would seem
to offer a cost-effective solution to problems encountered in handling
abrasive slurries arising from gas scrubber installations in coal-fired power
stations. They are also seen as candidate materials for the high-speed high-
pressure pumps necessary in coal liquefaction projects, since they are able
to resist abrasion at temperatures at which many abrasion-resistant steels
would soften.

Legend

pH value of abrasive slurry

Fig. 3.55 Influence of pH value on weight loss in the slurry abrasion test
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Tests carried out on the slurries encountered in gas scrubber installations
in power-generating plants have shown that corrosion is generally less
damaging than abrasion. Thus, it has been possible to utilise irons of higher
carbon contents than the traditional corrosion-resistant chromium irons.
Development of alloy irons to resist abrasion in somewhat corrosive environ-
ments has benefited from the data generated in recent years on the effect of
alloying elements such as nickel, copper, manganese and molybdenum, on
the hardenability of the high-chromium irons and on the stability and pro-
perties of high-chromium austenites.

Figure 3.55 shows that the high-chromium irons containing 2-2-5% car-
bon and 2028% chromium have relatively good resistance to slurry abrasion
at pH values down to 4. In more acidic environments, metal loss rates
accelerate rapidly. Alloys with lower carbon content or those with higher
molybdenum and nickel contents have been developed for service in more
aggressive environments. Potentiodynamic polarisation curves generated for
three high-chromium irons13 show that the lower carbon material exhibits
passivation behaviour in all four test solutions at current densities and poten-
tials that show some promise of significant corrosion resistance (Figs. 3 • 56-
3-59). This has been borne out in field trials on erosion-corrosion resistant

Potential, V vs. S.C.E.

Fig. 3.56 Potentiodynamic polarisation curves for high-chromium white irons in nitrogen-
saturated solution containing 800mg/l Cl~, pH 3.5, 250C
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Potential, V vs. S.C.E.

Fig. 3.58 Potentiodynamic polarisation curves for high-chromium white irons in nitrogen-
saturated solution containing 800 mg/1 Cl~, pH 7, 250C

Potential, V vs. S.C.E.

Fig. 3.57 Potentiodynamic polarisation curves for high-chromium white irons in nitrogen-
saturated solution containing 4000 mg/1 Cl~, pH 3.5, 250C
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Potential, V vs. S.C.E.

Fig. 3.59 Potentiodynamic polarisation curves for high-chromium white irons in nitrogen-
saturated solution containing 4000 mg/1 Cl ~, pH 7, 250C

pump alloys providing the corrosion conditions were not severe. Although
the high-chromium high-carbon alloy irons are clearly not suitable for ser-
vice in highly corrosive conditions, they offer a cost-effective solution to
severe abrasion in many important applications, particularly when measures
are taken to control pH.

J. DODD
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3.9 Silicon-Iron Alloys

Composition and Structure of Silicon Irons

The normal silicon content of cast iron (up to about 3%) has little effect upon
the corrosion resistance of the alloys. In alloys containing much greater
amounts of silicon, however, the silicon is responsible for the development
of a marked increase in chemical resistance. These alloys can be divided into
two types: those containing 4 to 10% silicon, which are used in applications
requiring an iron with good resistance to oxidation at high temperatures, and
those containing 12 to 18% silicon, which are used in applications requiring
an iron with very high resistance to acid attack. These last are commonly
referred to as the 'high-silicon irons'.

The alloys containing less than 11% silicon have resistances to low-
temperature corrosion not substantially different from those of low-silicon
irons containing similar amounts of other alloying elements, and will not be
further discussed in this section.

Table 3.56 Analysis of typical silicon-iron alloys

Name

Grey cast iron
Hypersilid 14/16
Duriron
Durichlor 51
Hypersilid 16/18

Total
carbon
W

3-5
0-65
0-85
1-00
0-35

Si
(%)

2-0
14-5
14-5
14-5
17-0

Mn
№)

0-5
0-5
0-6
0-6
0-5

S
(<7o)

0-1
0-02

<0-05
<0-05

0-02

P
W

0-1
0-15

<0-1
<0-1

0-1

Ni
(<7o)

-

Cr
W

5-0

Mo
(%)

1-0*

Table 3.57 Mechanical properties of silicon-iron alloys

Name

Grey cast iron
14-5% silicon iron
Durichlor

Ultimate tensile
strength

(MN/m2)

23
129
108

Elongation
2 in (50 mm)
gauge length

2%
Nil
Nil

Brinell
hardness

no.

180
540
450

The analyses of typical high-silicon irons are given in Table 3.56 and their
typical mechanical properties in Table 3.57.



All these alloys are characterised by high hardness values and low
resistance to impact. In this they are probably more similar to stoneware
than to other metals but they are superior to stoneware in thermal conduc-
tivity and in their resistance to thermal shock, which, however, is poor com-
pared with that of other metals. Moreover, it is usually easier to make
castings of silicon iron than to fabricate required parts from stoneware.

The microstructure of the high-silicon irons containing less than 15-2%
silicon consists of a matrix of a silico-ferritel in which the majority of the
carbon present in the alloy is distributed as fine graphite flakes. A typical
microstructure of Fe-14- 5 Si is shown in Fig. 3.60. The use of chromium or
molybdenum in the alloy will result in some carbides appearing in the
microstructure. Since the amount of free graphite in the microstructure is
critical to the performance of the alloy in service it is necessary to increase
the total carbon content to compensate for that lost as carbides. The irons
containing more than 15-2% silicon some 17 phase is also present1. The
hardness and brittleness of the silicon iron is due to the nature of the silico-
ferrite. An attempt2 has been made to produce high-silicon iron with a
nodular graphite structure, with the intention of improving the mechanical
properties of the alloy, but because the low strength of these alloys is due to
the matrix rather than to the graphite form, the nodular graphite irons have
proved to be little, if at all, superior in strength to the conventional alloys.

Fig. 3.60 Typical structure of 14-5% silicon iron

All the components made in silicon irons are produced by casting. The
high-silicon irons are best melted in crucible or electric furnaces and their
production tends to be concentrated in the hands of a few highly specialised
foundries. Because the mechanical properties of these high-silicon irons
preclude any machining other than grinding, it is necessary to design the
castings made from these alloys in such a way that the necessity for subse-
quent treatment is kept to the minimum; for this reason the closest liaison
between designer and foundry is essential.



In view of the poor mechanical properties of the high-silicon irons, the
development of any stresses in the castings during solidification is very
dangerous, since they may cause the casting to crack in subsequent service.
To overcome this risk, it is often desirable to strip the castings from the
moulds while they are still red hot and to anneal them at 85O0C for 4-5 h,
followed by slow cooling3.

General Corrosion Behaviour

The outstanding resistance to corrosion exhibited by the high-silicon alloys
is believed to be due to the development of a corrosion-resistant film contain-
ing a large proportion of silica. The full protective value of the film does not
develop for most applications until at least 14-25% silicon is present in the
alloy (Fig. 3.61). Increase in the content of silicon above 14-5% does not
have a dramatic effect upon the corrosion resistance of the alloy (Fig. 3.61),
although the further increase in film density is of service if the casting is to
be exposed to solutions containing halide ions, especially hydrochloric acid.

% Silicon

Fig. 3.61 Dependence of corrosion resistance of high-silicon iron on silicon content.
A 70% HNO3, £20% H2SO4 at b.p., C 10% HNO3 at b.p., D 10% HCI at 8O0C

Since the formation of the silica film does not depend on any particular
property of the corrosive environment, high-silicon irons can resist attack by
a very wide range of environments. Solutions which are capable of dissolving
silica, even in a small degree, are, however, inimical to silicon irons, and
there are also a few ions capable of penetrating the silica film, which can
cause relatively serious corrosion of the metal. The presence of chromium
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Time (h)

Fig. 3.62 Variation of corrosion rate of 14.5 Si iron in boiling 30% H2SO4 with time
(Duriron Co. data)

in the alloy has been found to greatly strengthen the protective film and
thus prevent the selective penetration by these corrosive ions. This is espe-
cially true of the chloride ion which is so commonly encountered in chemical
applications.

Before the silica film can form, some corrosion of the metal must neces-
sarily take place, and it follows that initial corrosion rates are high. Fig. 3.62
illustrates this point and suggests that uniform rates of corrosion are not
reached until at least 100 h after the onset of the attack. As a result, useful
data on the corrosion of high silicon irons can be obtained only from tests
of at least this duration.

Corrosion in Natural Environments

Although the high-silicon irons are often used in circumstances which expose
them to atmospheric, water or soil corrosion, they are rarely installed
specifically to resist these agencies. Their corrosion resistance is such, how-
ever, that in fact no normally occurring environment ever causes serious
attack. This is not to say that these irons can be regarded as stainless, and
in fact alloys containing less than 14 -1% silicon have been reported as
becoming rusty in a moist atmosphere3.

Corrosion in Industrial Environments

Acids

Since the corrosion resistance of the high-silicon alloys depends upon the
permanence and impermeability of a thin silica film on the surface of the
metal, it is obvious that any reagent which can damage the film will cause
accelerated corrosion of the metal. For this reason all solutions containing
hydrofluoric acid must be regarded as incompatible with the alloys.
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As silica is not attacked by any acid other than hydrofluoric it might
be expected to act as an effective barrier to attack by any other acid solu-
tions, but in fact, while the high-silicon iron is resistant to attack by most
acids, it is corroded relatively severely by hydrochloric, hydrobromic and
sulphurous acids. The aggressive character of the two halogen acids may
be ascribed to the readiness with which their relatively small anions can
penetrate a passive film.

Attempts made to produce an alloy more resistant to hydrochloric acid
have resulted in alloys containing 17-18% silicon or 14-5% silicon and
chromium plus 3% molybdenum. The first is produced in Britain, and the
second in the United States. The reason for the increase in resistance to
hydrochloric acid of the Fe-18 Si alloy is thought to lie primarily in the
increased density of the silica-rich film left on the metal by initial corro-
sion. The addition of 6% chromium with some molybdenum to Fe-14-5 Si
causes the formation of extremely stable complex carbides with the conse-
quent complete elimination of graphite1 plus the formation of a more
penetration-resistant silica film, probably containing chromium in substan-
tial quantity.

HCl concentration (%by weight)

Fig. 3.63 Limits of use of silicon irons for handling hydrochloric acid solutions (former
Ministry of Supply data) for Fe-ISSi and Fe-14-5Si alloys

Figure 3.63 was prepared by a Silicon Iron Advisory Panel to the former
Ministry of Supply between 1940 and 1945 as a guide to the ranges of
hydrochloric acid concentration and temperature in which the two types of
high-silicon iron could be safely used. The limits to the ranges are set by those
conditions outside which the corrosion rate exceeds O - 1 mm/y. It should be
emphasised that these curves give a guide to operating conditions only, and
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are not always in complete agreement with other published work. Border-
line cases should always be checked by corrosion tests, and in the interpreta-
tion of these the large variations in corrosion rate which may arise because
of subtle differences between laboratory and plant conditions must always
be borne in mind.

The evidence at present available concerning the corrosion of high-silicon
irons by sulphurous acid is insufficient to allow the formation of any theory
about the mechanism by which the silica film barrier is broken down in the
presence of this acid. As far as is known, this acid is corrosive to all types
of high-silicon iron.

Probably the most useful characteristic of the high-silicon irons is their
ability to withstand sulphuric acid at all temperatures and concentrations.
The maximum rate of corrosion which can develop has been reported to be
O-482 mm/y in 30% sulphuric acid at boiling point4, and this falls to a
minimum rate of 0-025 mm/y when the acid concentration exceeds 60% and
the temperature is at boiling point (Fig. 3.64). The former Ministry of Supply

H2SO^ Conceniration (% by weight)

Fig. 3.64 Variation of corrosion rate with concentration of boiling sulphuric acid (Duriron
Co. data)

Advisory Panel prepared a chart to indicate the regions of temperature and
acid concentration in which the corrosion rate of Fe-14-5 Si was less than
O-1 mm/y (Fig. 3.65). This curve is at variance with the results from which
Fig. 3.64 is derived, which suggest that the dotted curve in Fig. 3.65 may
represent the true state of affairs. At best, Fig. 3.65 can be regarded only as
a guide and the remarks already made about the interpretation of Fig. 3.63
are also applicable here. Even a 12% silicon-containing alloy provides satis-
factory corrosion resistance to boiling sulphuric acid and has been applied
on occasion in the commercial concentration of this acid. The lower silicon
alloy has improved mechanical properties which allows it to resist better the
rigours of a higher temperature service.

It has been reported5 that oleum is corrosive to high-silicon iron and it is
not normally recommended for withstanding this acid.

Nitric acid is also withstood by high-silicon iron. The concentrated acid
is believed to reinforce the silica film by the formation of a passive iron oxide
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H2SO^ concentration (% by weight)

Fig. 3.65 Limits of use of silicon iron for handling sulphuric acid solutions

film, and this assumption is supported by the fact that the highest rates of
attack are associated with hot dilute solutions. The curve prepared by the
former Ministry of Supply Advisory Panel to indicate the regions of acid
concentration and temperature in which the corrosion rate of Fe-14-5 Si is
less than O-1 mm/y is shown in Fig. 3.66. Fontana6 has published a similar
curve which is at variance with that produced in the UK for concentrations
of less than 30%, as shown by the dotted line in Fig. 3.66.

The results published in the literature suggest that solutions of ortho-
phosphoric acid at all concentrations and temperatures are not corrosive to
high-silicon irons. Kosting and Heins7 quote figures given by Duriron Co.
together with figures obtained in their own tests of 24 hours duration; these
are given in Table 3.58.

It will be observed that (probably mainly because of the short test period
they used) their results indicate significantly higher corrosion rates than
those given by Duriron Co. but neither source suggests that the rates are
dangerously high. It seems probable that solutions of pyrophosphoric or
tetraphosphoric acid are liable to give rise to excessive corrosion, although
there is evidence to suggest that pyrophosphoric acid may be handled safely
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HNO3 concentration (% by weight )

Fig. 3.66 Limits of use of silicon iron for handling nitric acid solutions

Table 3.58 Corrosion of high-silicon irons by ortho-phosphoric solutions

in the cold and even possibly up to 80 to 9O0C. Most crude phosphoric acid
contains appreciable amounts of fluoride which lead to excessive corrosion
rates.

Acid
concentration

W

10

25

50
87

Temperature
(0C)

82-88
98

82-88
98
98

82-88

Corrosion rate
(mm/y)

0-007
0-147
0-010
0-038
0-185
0-010

Origin of
data

Duriron Co.
Kosting & Heins7

Duriron Co.
Kosting & Heins7

Kosting & Heins7

Duriron Co.

Data from the former
Ministry of Supply

Corrosion rate
not more than

0-1 mm/y

Boiling point
curve

Fontana



High silicon iron offers excellent resistance to attack by all concentra-
tions of nitric-sulphuric acid mixtures. The mixed acid corrodes the iron at
rates never greater and often lower than the individual acids of comparable
concentration.

All organic and other weak acids commonly encountered in industry are
satisfactorily handled by high-silicon irons.

Alkalis

High-silicon irons are inferior to unalloyed grey irons in their resistance
to attack by alkalis. For example, boiling 20% caustic soda solution or
50% caustic soda at 8O0C will attack high-silicon irons at rates of the order
of l-27mm/y (grey iron would be attacked at rates not greater than
0-25mm/y).
The irons are not recommended even for so weak a base as ammonium

hydroxide, if the liquid temperature is greater than 2O0C. The alternate
handling of acids (for which the alloy is normally resistant) and alkalis may
also prove troublesome since the alkali will normally prevent the formation
of the protective silica film on which its acid resistance depends.

Salts

Salts giving an alkaline reaction may be corrosive to the irons, and while
neutral solutions can be handled safely there is usually little point in using
high-silicon irons for these relatively innocuous solutions. The irons are use-
ful in handling acidic solutions, subject to the restrictions already referred
to regarding the halide, sulphite and phosphate ions.

Resistance to High-temperature Corrosion

High-silicon irons may be used at elevated temperatures if the process
requires it. For example, 20-in diameter (O-5m) pipe has been used for
acid concentrations handling boiling 95% sulphuric acid at approximately
2850C where the products of combustion reach temperatures of the order
of 59O0C. The principal limitation on their use is imposed by their relatively
low thermal conductivities and susceptibility to cracking from thermal
shock; this demands that the rate of application or removal of heat should
not be rapid.

Cathodic Protection

The use of high-silicon irons as anodes for impressed-current cathodic-
protection systems is described in Sections 10.3 and 10.4.

J. DODD
W. A. LUCE
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3.10 Amorphous (Ferrous and

Non-ferrous) Alloys

Structural Characteristics

Amorphous alloys stable at ambient and higher temperatures consist of at
least two components without any long-range atomic order. They are pro-
duced by a variety of constituents from the gas, liquid and aqueous phases.
Vitrification of metal surfaces is also caused by destruction of the long-range
atomic order in the surfaces of solid metals.

Amorphous alloys are free of defects associated with the crystalline state,
such as grain boundaries, dislocations and stacking faults. Because the for-
mation of the structure without long-range atomic order is based on the
prevention of solid state diffusion during solidification, amorphous alloys
are free of compositional fluctuations resulting from solid state diffusion
such as second phases, precipitates and segregates. The amorphous alloys
are, therefore, regarded as chemically ideal homogeneous alloys which are
thermodynamically metastable single-phase solid solutions supersaturated
with alloy constituents. The formation of the single-phase supersaturated
solid solution is quite suitable for the production of new alloys possessing
specific properties by alloying with necessary amounts of the appropriate
elements.

Corrosion Resistance

The corrosion behaviour of amorphous alloys has received particular atten-
tion since the extraordinarily high corrosion resistance of amorphous iron-
chromium-metalloid alloys was reported1. The majority of amorphous
ferrous alloys contain large amounts of metalloids. The corrosion rate of
amorphous iron-metalloid alloys decreases with the addition of most second
metallic elements such as titanium, zirconium, vanadium, niobium, tanta-
lum, chromium, molybdenum, tungsten, cobalt, nickel, copper, ruthenium,
rhodium, palladium, iridium and platinum l~9. The addition of chromium
is particularly effective. For instance amorphous Fe-8Cr-13P-7C alloy
passivates spontaneously even in 2 N HCl at ambient temperature10. (The
number denoting the concentration of an alloy element in the amorphous
alloy formulae is the atomic percent unless otherwise stated.)



Chromium content, x, at %

Fig. 3.67 Changes in corrosion rates of amorphous Fe-, Co- and Ni-base alloys measured in
1 N HCl at room temperature as a function of alloy chromium content13'14

Some metal-metal alloys also form an amorphous structure. From a
corrosion point of view, amorphous metal-metal alloys containing valve
metals are particularly useful. In strong acids with high oxidising power,
such as boiling nitric acid, the alloys whose corrosion resistance is based
mostly on the presence of chromium are corroded, but amorphous alloys
containing valve metals, such as tantalum, show very high corrosion resis-
tance which is much higher than that of the crystalline metal (Fig. 3.69)16.
Some of these alloys are spontaneously passive even in azeotropic boiling
6 N HCl17. Phosphoric acid does not contain a particularly aggressive
anion, but because of their high boiling points, boiling concentrated
phosphoric acids are quite corrosive. As shown in Fig. 3.7018, amorphous
Ni-Ta alloys are more corrosion resistant than crystalline tantalum metal in
hot concentrated phosphoric acid, and various amorphous alloys have cor-
rosion resistance comparable with crystalline tantalum metal.

Amorphous Fe-3Cr-13P-7C alloys containing 2 at % molybdenum, tung-
sten or other metallic elements are passivated by anodic polarisation in 1 N
HCl at ambient temperature11. Chromium addition is also effective in
improving the corrosion resistance of amorphous cobalt-metalloid12 and
nickel-metalloid13'14 alloys (Fig. 3.67). The combined addition of chromium
and molybdenum is further effective. Some amorphous Fe-Cr-Mo-
metalloid alloys passivate spontaneously even in 12 N HCl at 6O0C. Critical
concentrations of chromium and molybdenum necessary for spontaneous
passivation of amorphous Fe-Cr-Mo-13P-7C and Fe-Cr-Mo-ISC alloys in
hydrochloric acids of various concentrations and different temperatures are
shown in Fig. 3.6815.
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Fig. 3.69 Corrosion rates of amorphous Ni-Nb, Ni-Ta and Ni-Nb-Ta alloys in boiling 9 N
HNO3 with and without 100 ppm Cr6+ ion16

Chromium/at.%

Fig. 3.68 Critical concentrations of chromium and molybdenum necessary for spontaneous
passivation of amorphous Fe-Cr-Mo-13P-7C and Fe-Cr-Mo-ISC alloys in hydrochloric acid

of various concentrations and temperaturesl5
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Fig. 3.70 Corrosion rates of amorphous and crystalline alloys measured in 87 wt% H3PO4 at
16O0C18

Passive Film

X-ray photoelectron spectroscopic study19 of the spontaneously passive
amorphous Fe-IOCr-13P-7C alloy in 1 N HCl revealed that the passive
film consists of Cr3+, O2", OH~ and H2O, and hence the passive film
has been called a passive hydrated chromium oxyhydroxide film
(CrOx(OH)3-2J^H2O). Subsequent investigations have revealed that
chromium enrichment occurs not only in passive films formed on amorphous
alloys13"15'20"22, but also in those on crystalline23"25 alloys whose corrosion
resistance is owing to the presence of chromium. It has been shown26 that
the resistance against passivity breakdown is higher when the chromium con-
tent of the passive film is higher. Thus, the higher the ability of an alloy to
concentrate chromic ion in the passive film, the higher is the corrosion
resistance of the alloy. The concentration of chromic ion in passive films
formed on amorphous alloys is far higher than the concentration in films on
crystalline alloys (Table 3.59).

The passive films formed by the addition of sufficient amounts of valve
metals to amorphous nickel-valve-metal alloys are exclusively composed of
valve-metal oxyhydroxides or oxides such as TaO2(OH)16, NbO2(OH)16 or
Ta2O5

18. Consequently, amorphous alloys containing strongly passivating
elements, such as chromium, niobium and tantalum, have a very high ability
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Table 3.59 Concentration of chromic ion in passive films formed on amorphous alloys and
stainless steels in 1 N HCl at ambient temperature

Amorphous alloys
Fe-10Cr-13P-7C
Fe-3Cr-2Mo-13P-7C
Co-10Cr-20P
Ni-10Cr-20P

Stainless steel
Fe-30Cr-(2Mo)
Fe-19Cr-(2Mo)

Cr3+ /Total metallic ions

0.97
0.57
0.95
0.87

0.75
0.58

Passivation

Spontaneous
Anodic polarisation
Spontaneous
Spontaneous

Anodic polarisation
Anodic polarisation

Reference

19
11
21
22

24
25

to concentrate beneficial ions in their passive films and have a high corrosion
resistance resulting from spontaneous passivation.

Chemical Homogeneity

The high corrosion resistance of amorphous alloys disappears on heat treat-
ment that produces crystallisation27"32. Figure 3.71 shows an example of the
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Fig. 3.71 Change in polarisation curve of amorphous Fe-10Cr-13P-7C alloy in 1 N HCl with
the time of heat treatment at 723 K. The time of heat treatment is expressed in the figure in

minutes30



effect of heat treatment in the case of Fe-I OCr- 13P-7C30. A microcrystal-
line metastable phase is formed in the amorphous matrix by heat treatment
at 703 K for 100 min. The alloy becomes no longer spontaneously passive in
1 N HCl as soon as the microcrystalline phase appears in the amorphous
matrix, and the anodic dissolution current continues to increase with increas-
ing time of heat treatment. This occurs because of the introduction of
chemical heterogeneity into the homogeneous single phase of the amorphous
alloy. Rapidly solidified microcrystalline stainless steels also have high pit-
ting corrosion resistance33'34, and detrimental defects on which a stable
passive film does not form are mostly precipitates and segregates of impuri-
ties34. The chemically homogeneous single-phase nature of amorphous
alloys which are free of defects resulting in the formation of a uniform
passive film is responsible for the high corrosion resistance of these alloys.

Fast Passivation

When the chromium-enriched passive film is formed on amorphous and
crystalline iron-chromium alloys, containing no noble metals such as nickel,
the composition of the alloy surface just under the chromium-enriched
passive film is almost the same as that of the bulk alloy24. Hence, the for-
mation of a chromium-enriched passive film results from selective dissolu-
tion of alloy constituents unnecessary for passive film formation. When an
alloy is able to passivate, fast active dissolution of the alloy results in rapid
enrichment with beneficial ions. The passivating ability is, therefore, closely
related to the activity of the alloy14. The thermodynamically metastable
nature of amorphous alloys is responsible for their high reactivity when they
are not covered by a passive film, and hence is responsible for the fast
passivation by the formation of the film in which the beneficial ions are
highly concentrated. As shown in Fig. 3.67 for iron-, cobalt- and nickel-
based alloys, when the alloy chromium content is not high enough to cause
spontaneous passivation, the more active iron-based alloys dissolve rapidly
and the more noble nickel-based alloys dissolve slowly. The fast dissolution
in iron-based alloys is effective in concentrating the chromic ions, so that
iron-based alloys passivate spontaneously with the addition of a small
amount of chromium. In contrast, the slowly dissolving noble nickel-based
alloys require the addition of larger amounts of chromium for spontaneous
passivation.

Metastable Nature

Amorphous alloys are in a thermodynamically metastable state, and hence
essentially they are chemically more reactive than corresponding thermo-
dynamically stable crystalline alloy1'27'35. If an amorphous alloy crystallises
to a single phase having the same composition as the amorphous phase,
crystallisation results in a decrease in the activity of the alloy related to the
active dissolution rate of the alloy35.

Since amorphous alloys can be regarded as metallic solids with a frozen-
in melt structure, the liquid structure freezes at different temperatures



depending upon quenching conditions with the consequent formation of
different amorphous states. Accordingly, even for amorphous alloys of the
same composition, anodic dissolution currents are not always identical
owing to different structural relaxation intensities36"38.

Effect of Metalloids

As can be seen in Fig. 3.67, the corrosion resistance of amorphous alloys
changes with the addition of metalloids, and the beneficial effect of a metal-
loid in enhancing corrosion resistance based on passivation decreases in the
order phosphorus, carbon, silicon, boron39 (Fig. 3.72). This is attributed
partly to the difference in the speed of accumulation of passivating elements
due to active dissolution prior to passivation40.
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Fig. 3.72 Average corrosion rates of amorphous Fe-IOCr-IQB-IX and Fe-10Cr-13P-7A'
alloys in O - 1 N H2SO4 at 3O0C, where X is one of the metalloids indicated on the abscissa39

The effect of metalloids on the corrosion resistance of alloys also varies
with the stability of polyoxyanions contained in their films. Phosphorus and
carbon contained in iron-chromium-metalloid alloys do not produce
passive films of phosphate and carbonate in strong acids, and so do not inter-
fere with the formation of the passive hydrated chromium oxyhydroxide



film20'40. In contrast, boron-containing alloys require the addition of large
amounts of chromium to increase the passivating ability by concentrating the
chromium oxyhydroxide in the surface films because the films contain
chromium borate21'40.

The thickness of the passive films discussed above is up to 3-4 nm. In con-
trast, the surface film on an amorphous Cu-40Zr alloy continues to grow to
over 100nm in 1 N H2SO4, but the addition of only 2 at% phosphorus is
effective in depressing the film growth to a few tens of nanometres41'42. The
addition of a few atomic percent of phosphorus to amorphous Ni-SOTa
alloys results in a decrease in the corrosion rate in boiling 6 N HCl by about
four orders of magnitude18.

The corrosion rate of amorphous Ni-P alloys in 1 N HCl is lower than
those of crystalline nickel metal and amorphous Fe-P-C alloy by factors of
about 5 and 250, respectively, and is further decreased by the addition of
various elements43 (Fig. 3.73).

Alloying content, X/at %

Fig. 3.73 Average corrosion rates of amorphous Ni-P alloys measured in 1 N HCl at 3O0C.
Included are average corrosion rates of crystalline nickel and nickel-base alloys43

Silicon-containing amorphous metal-metalloid alloys form surface films.
Sputter-deposited Fe-Si alloys containing 25 at.% or more silicon are passi-
vated by anodic polarisation in dilute sulphuric acid owing to the formation
of a SiO2 film44. Melt-spun amorphous Fe-39Ni-10B-12Si alloy is more
resistant against pitting corrosion than the amorphous Fe-40Ni-20B alloy
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owing to the formation of a silicon-enriched surface film45. An increase in
the silicon content of amorphous Fe-B-Si alloys extends the passive poten-
tial range46. Increasing the silicon content of amorphous Fe-IOCr-SMo-
B-Si alloys leads to a decrease in current densities in both the active and
passive regions in 6 N HCl at 250C without changing the open circuit corro-
sion potential owing to the formation of a SiO2-like substance along with
the hydrated oxyhydroxide film47.

Passivity Breakdown

The chemically homogeneous amorphous alloys with high passivating ability
form uniform passive films in which beneficial ions are highly concentrated.
Passivity breakdown occurs in the form of general corrosion only when the
whole film is dissolved under very aggressive conditions48. The high passi-
vating ability also provides high resistance against crevice corrosion49'50.
The crevice corrosion potentials and protection potentials of these alloys are
very high.

Active Path Corrosion

Stress-corrosion cracking based on active-path corrosion of amorphous
alloys has so far only been found when alloys of very low corrosion resis-
tance are corroded under very high applied stresses51'52. However, when the
corrosion resistance is sufficiently high, plastic deformation does not affect
the passive current density or the pitting potential53, and hence amorphous
alloys are immune from stress-corrosion cracking.

Hydrogen Embrittlement

Amorphous alloys are capable of absorbing far higher amounts of hydrogen
than conventional crystalline steels54. Thus, some amorphous alloys fail by
hydrogen embrittlement when they are corroded under tensile-stressed con-
ditions. However, increasing corrosion resistance by alloy modifications,
such as increasing the chromium and/or molybdenum contents of amor-
phous iron-based alloys, reduces hydrogen absorption and hence hydrogen
embrittlement55.

Oxidation

The oxidation behaviour of amorphous alloys studied below their crystallisa-
tion temperature is not greatly different from that of crystalline metals,
although the presence of large amounts of metalloids complicates the
situation56'58.

The amorphous structure favours internal oxidation unless a protective
oxide film is formed as, for example, under low oxygen partial pressures59.



Production Methods

The thickness of amorphous alloys is dependent upon production methods.
Rapid quenching from the liquid state, which is the most widely used
method, produces generally thin amorphous alloy sheets of 10-30 pirn thick-
ness. This has been called melt spinning or the rotating wheel method. Amor-
phous alloy powder and wire are also produced by modifications of the melt
spinning method. The corrosion behaviour of amorphous alloys has been
studied mostly using melt-spun specimens.

Laser and electron beam processing are effective methods for preparing
amorphous surface alloys covering conventional crystalline bulk metals60'61.

Sputter deposition is capable of producing thick alloys. The corrosion
behaviour of amorphous sputter deposits is similar to that of their melt-spun
amorphous counterparts62'63. However, sputter deposits prepared using
conventional sputtering apparatus have never been defect-free, and hence
the substrate metals are corroded in aggressive environments64. Tech-
nological improvements to the sputter deposition process have enabled the
preparation of defect-free sputter deposits. Sputtering is particularly
suitable for the production of special amorphous alloys such as Cu-Ta65,
Al-Nb66 and Al-Ta66, which cannot be prepared even in crystalline phase
mixtures by conventional methods, e.g. melting, because the boiling points
of copper and aluminium are far lower than the melting points of the valve
metals. These alloys containing tantalum or niobium have very high corro-
sion resistance.

Various amorphous alloys can be prepared by plating67. Plating is par-
ticularly suitable for the preparation of thinner amorphous alloys than is
possible by melt spinning, e.g. < 1 /im, although production of defect-free
alloys is difficult.

Ion implantation and ion mixing produce amorphous alloys as thin as only
several tens of nanometres. Implantation of metalloids such as phosphorus
in austenitic stainless steel has been known to produce amorphous surface
alloys having high corrosion resistance68'69.

K. HASHIMOTO
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