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(57) Disclosed is a nickel-base alloy for use under "super oxidizing” environments, for example, concentrated sulfuric acid,

fuming nitric acid, chromium acid and mixtures containing chromic acid. The alloy has good strength and may be
precipitation hardened. Its thermal stability and weldability are excellent. The alloy has a high degree of resistance to
pitting. The composition contains, in percent by weight, 11 to 29 chromium, 1 to 3 copper, 0 to 19 iron, 1 t0 6.5
molybdenum, 3.5 to 6.5 silicon and the balance nickel plus normal impurities and incidental elements.
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CORROSION RESISTANT NI-CR-SI-CU ALLOYS

This invention relates to nickel-base alloys
containing chromium, silicon, copper and, optionally,
other elements to provide valuable engineering
characteristics for use in severe corrosion and high-
temperature expores.

Many industrial products and processes are limited-
because of restraints relating to the mechanical and/or
chemical properties of component parts. For example,
turbine engines would operate more efficiently if the
component parts had longer life at higher temperatures.
Also, the processing of products, such as chemicals would
be more efficient if the component parts of the
processing apparatus were more resistant to corrosion
and/or high-temperature exposures.

The nickel-base alloys in the art do not meet all
the needs of the industry because of many deficiencies in
corrosion and mechanical properties. For this reason,
many nickel-base alloys must be designed to meet these
needs. The differences among new nickel-base alloys may
be slight, or even subtle, as they often must be
developed to possess certain combinations of properties

as required under specific conditions 6f use.
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Table 1 lists a number of alloys in prior art
patents. All compositions given in this specification
and in the claims are in percent by weight (wt/o) unless
otheruise specified. Each of the alloys generallly
provides excellent corrosion resistance or excellent weld
ductility or excellent Charpy impact strength or
excellent age hardening characteristics. Some of the
alloys may provide more than one of these properties;
however, none provides a good combination of all these
properties. The compositions of prior art nickel-base
alloys in Table 1 nearly all may contain, among other
elements, chromium, copper, molybdenum and silicon. For
the most part, the alloys are liﬁited for use as castings
because of the combined high chromium, silicon, carbon
and copper contents.

There has remained a need for alloys that
succeésfully resist the precipitation of carbide and
intermetallic phases while still providing the wide range
qf corrosion resistance to highly oxidizing conditions in
the solution annealed condition. Prior art alloys do not
offer sufficient corrosion resistance in some highly
oxidizing environments.

The principal object of the present invention is to
provide nickel-base alloys with excellent corrosion
resistance to oxidizing environments in the annealed,

welded and thermally aged conditions.
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Another object is to provide such alloys that not
only possess excellent corrosion resistance but which
also have outstanding thermal stability and resistance to
loss of mechanical properties as a result of structural
changes during ageing or thermo-mechanically forming.

Still another object is to provide alloys resistant
to stress-corrosion cracking in chloride environment in
the precipitation-strengthened condition.

It is a further object to provide solid solution
nickel-base alloys which can be readily produced in
wrought or cast forms and fabricated and are homogeneous
in the state of equilibriunm.

In accordance with the present invention, the above
objectives and advantages are obtained by carefully
controlling the composition of the essential elements
Wwithin the broad range set forth in Table 2. All
experimental alloys contained the optional elements,
aluminium, carbon, columbium, cobalt, iron, nitrogen,
titanium and tungsten essentially within the broad range
as presented in Table 2. In most cases deliberate
additions of these elements were not made and their
contents are within normal impurity levels.

The alloys are resistant to many diverse oxidizing
acids in a variety of concentrations and temperatures.

They have excellent weld ductility as weld bend test
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results will show. The thermal stability, as shown by

Charpy impact test results, is very favourable. The .
alloys have good age hardening properties. The alloys are

also resistant to stress—-corrosion cracking in the age-

hardened condition.

Test Results

Corrosion. A series of tests was conducted to
determine the effects of chromium, silicon, molybdenum and
copper on corrosion. The beneficial effects of
combinations of chromium and silicon to resist highly
oxidizing solutions such as concentrated sulfuric acid
have been shown in many patents. However, it was
discovered that the levels of silicon required are quite
critical and depends on the chromium level. As shown in
Table 3, for highly oxidizing environments (environment B
in Table 3), the higher the silicon, the more resistant
the alloy. In slightly less oxidizing environments
(environments A and C), the corrosion rate goes through a
maximum with silicon, with small amounts of silicon (up
to 3%) detrimental and higher amounts being beneficial.
In even lower oxidizing acids such as environment D in
Table 3, silicon is detrimental and chromium is
beneficial. Hence the chromium-to-silicon ra£1o has to
fit within a certain interval for the alloy to possess
resistance to a wide variety of environments. These

opposing effects of Si and Cr are presented in
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Figure 1 as relative corrosion rate vs. 2 Si/Cr ratio (the
2 to take into effect the higher efficiency of silicon and
lower atomic weight). From Figure 1, it seems that this
ratio would fall between
0.3 - 0.6 for overall resistance to a uide variety of
oxidants. This ratio is in addition to limits on Cr and
Si.

Additionally, the beneficial effects of Mo and Cu can

be seen in 90% H SO (environment C). Copper is
2 4

especially beneficial in this environment. However, too
high a level of copper (above 3.5%) is detrimental to
pitting resistance and processability. For optimunm
benefits, a maximum of 3.0% copper is recommended: about
2% is preferred.

Weld Ductility. Alloys of this class must have a

high degree of weldability. A series of tests was
conducted as shown in Table 4. Weld bend ductility was
determined by the well-known 2-T Radius Bend Test.
Results of the test indicate that the ratio of Ni to Fe
pnust be over 1.0. Ratios less than 1 define iron-base
alloys, for example, 20 type steels and duplex steel which
do not have the corrosion resistance to a varied
combination of acids.

Silicon in stainless steels and some Ni alloys is

notorious for creating weld cracking problems and lowering
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weld ductility. However, the alloys in this invention
are surprisingly resistant to these problems provided the
nickel content is above a certain range. This is a major
point of this invention. The weld bend test results are
shown in Table 4. It can be seen from Table 4 that if the
nickel content is low (less than about 12X) or if the
nickel content is above a certain level (about 25%), the
welds pass the 2-T bend test. Below 12% Ni (in the 20 Cr,
12 Co, 5 Si alloys), the alloy has some ferrite in the
microstructure and it is well-known that small amounts of
ferrite at the beginning of the weld solidification is
beneficial for ductility. However, this condition is not
found in homogeneous solid solution nickel-base alloys of
this invention. While a small amount of ferrite in
stainless steel is beneficial for resisting cracking
during welding, ferrite can lead to enhanced cracking
during‘exposure to temperatures of 1600°F which are
encountered during hot forming operations. However, the
high Ni alloys are resistant to cracking in these
temperatures also.

Thermal Stability. The thermal stability of a series

of alloys uas'inpact tested after exposure at 871°C
(1600°F) for six minutes and thirty minutes. Results of
the test are shown in Table 5. The data show an alloy of

this invention (Alloy 5-8) to have adequate impact

oy
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toughness although the sample was subsize. Alloy 5-9 of
the invention was exposed at 871°C (1600°F) for six
minutes and one hour. Both alloys had good impact
toughness when compared to the alloys with a

(20-Fe x Si-3) value less than 5. Iron must be less than
19%.

Age Hardening. A further benefit of these alloys is
the ability to be substantially hardened by heat
treatment. Silicon acts similarly to Al and Ti, but
there are considerable differences. The ageing
temperature required to induce hardening is lower for the
Si alloy rendering them easier to age-harden. The iron
content has to be less than about 19% and the silicon
content has to be greater than 3%. The number
(20~-Fe) ¥ (Si-3) has to be greater than 5 for hardening to
be observed. The data are shown in Table 6. -

fhe examples and test results.define the invention.
Test data show the alloy of this invention has a unique
combination of engineering properties. The ratios and
composition ranges have been established as identifying
the alloy in a pragmatic manner. Although the exact
mechanism of ihe invention is not completely understood
it haérbeen determined that the ratios as established
will yield best results. Thus, the invention requires
not only the specific composition ranges for the critical

elements but also the ratios among certain elements as

disclosed.
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Experimental examples of the alloy of this invention
were made in the form of sheet, castings, welding
materials and the like with no processing difficulties.
The alloy of this invention may be produced in the form of
cast, wrought and powder products as well as articles for
use in welding processes and weldments.

It will be apparent to those skilled in the art that
the novel principles of the invention disclosed herein in
connection with specific examples thereof will support

various other modifications and applications of the same.
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CLAIMS

1. A nickel-base alloy consisting essentially of, in
weight percent, up to 1.5 aluminium, up to 0.06 carbon,
up to 3 columbiunm, 11 to 29 chromium, up to 20 cobalt,

1 to 3.0 copper, up to 19 iron, up to 2 manganese,

1 to 6.5 molybdenum, up to 0.2 nitrogen, 3.5 to 6.5
silicon, up to 2 titanium, up to 2.5 tungsten and the
balance nickel and normal impurities wherein the value
{(20-Fe) x (Si-3) is greater than 5.

2. The alloy of claim 1 containing up to .5 aluminiunm,
up to .04 carbon, up to 1 columbium, 16 to 23 chromiun,
up to 10 cobalt, 1 to 3 copper, 1 to 10 iron, up to 1
manganese, 1 to 5 molybdenum, up to .1 nitrogen, 4 to 6
silicon, up to 1 titanium, and up to 1 tungsten.

3. fhe alloy of claim 1 containing up to .3 aluminiun,
up to .02 carbon, up to .3 columbiunm, 189 to 21 chroriunm,
up to 5 cobalt, 1.5 to 2.5 copper, 3 to 7 iron, up to .5
manganese, 1.5 to 3 molybdenum, up to .03 nitrogen, 4.5
to 5.5 silicon, up to .2 titanium and up to .5 tungsten.
4, The alloy of claim 1 wherein the value 2 Si/Cr is
between .35 and .6 and the value Ni/Fe is greater than 2
to provide improved resistance to corrosion and high

temperature exposures.
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5. The alloy of claim 1 in the form of wrought, cast,

powder or welding materials.
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