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ABSTRACT
A nickel based, high silicon alloy exhibits very high corro
sion resistance in high temperature sulfuric acid environ
ments. The alloy may be cast and is sufficiently ductile to be
fabricated and machined. The alloy is ductile and has
sufficient resistance to mechanical and thermal shock to be
reliable in service when used as rotating parts. The alloy may
have the following composition, in percent by weight:

Nickel
Silicon
Niobium
Cerium
Boron
Cesium
Lanthanum
Neodymium
Iron
Carbon

about
about
about
about
about
about
about
about
about
about

82-86%
9-11%
3-6%
0-0.1%
0.-0.11%
0.1-0.7%
0.04-0.3%
0.04-0.3%
0-0.65%
0-0.08% .

20 Claims, No Drawings
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CORROSION RESISTANT NICKEL-BASED
ALLOY

14.5% Si have been used for a broad range of concentrations
and up to the boiling point of sulfuric acid. This high
resistance comes at the cost of low tensile strengths and
extreme brittleness. A conventional alloy used in concen
trated sulfuric acid is Hastelloy D™, which is a nickel based
alloy containing silicon and copper. Although Hastelloy D™
shows excellent corrosion resistance in concentrated sulfuric
acid, this alloy is hard and brittle.
The instant invention overcomes this brittleness in con
ventional nickel-based high silicon alloys and yet retains,
and may improve, the corrosion resistance.
In accordance with the present invention, there is pro
vided a nickel-based alloy having high corrosion resistance
to severe sulfuric acid environments. The alloy may have a
nickel content of between about 82 to 86%, a silicon content
of between about 9 to 11% by weight, preferably between
about 9.8 to 10.6%, a niobium content of between about 3
to 6% by weight, preferably between about 3.3 to 5.5% and
more preferably about 3.3 to 4.4%, a boron content of
between about 0-0.11%, a cerium content of between about
0% to 0.10%, and the balance comprising misch-metal (50%
cesium, 20% lanthanum; 20% neodymium). These percent
ages are by weight. The alloy of the present invention has a
high resistance to corrosion while maintaining sufficient
ductility for machining. A ductility of greater than 1%
elongation to fracture can be achieved. This ductility is
effective to be cast and machined. The alloy is resistant to
mechanical and thermal shock. The alloy can be used in
rotating machinery, such as pump parts, which require
mechanical strength.
It is an object of the present invention to provide an alloy
for use in highly corrosive environments.
It is an object of the present invention to provide an alloy
which is resistant to corrosion in a concentrated sulfuric acid
environment.
It is an object of the present invention to provide an alloy
which is resistant to corrosion and has sufficient ductility to
be fabricated and survive in service.
It is an object of this invention to provide a high silicon
nickel based alloy having high corrosion resistance in con
centrated sulfuric acid environments.
It is an object of this invention to provide a high silicon
nickel based alloy having improved ductility.
It is a further object of this invention to provide a high
silicon nickel based alloy which is substantially free of
elements which reduce alloy ductility, while providing an
alloy having high corrosion resistance in hot mineral acids,
such as hot concentrated sulfuric acid.
It is a further object of this invention to provide a high
silicon nickel based alloy which is castable, machinable and
weldable.
These and other objects of the invention will be apparent
from the following Description of the Preferred Embodi
ments.

TECHNICAL FIELD
The present invention relates generally to high silicon
corrosion resistant alloys and, more particularly, to nickelbased alloys which are used in corrosive environments, for
example, environments containing hot mineral acids.
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BACKGROUND OF THE INVENTION
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Applicant is aware of the following U.S. patents, the
disclosures of which are incorporated by reference herein:
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1,984,474
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3,565,698
5,201,965

2,184,926
3,000,770
3,600,159
5,588,982

2,220,792
3,559,775
4,767,278
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Equipment used in highly corrosive environments typi
cally is constructed of metal alloys designed to offer greater
corrosion resistance, such as stainless steel or other high
alloys. These alloys are necessary to withstand the extremely
corrosive effects of chemicals such as hot concentrated
sulfuric acid and the like. High silicon alloys such as
Hastelloy-D™ (Ni-10Si-3Cu) and Duriron™ (Fe-15Si3.5Mo) are commonly used in the chemical processing
industry for these environments. These alloys provide good
high temperature corrosion resistance in these environments
within limitations. However, both alloys are susceptible to
brittle failure due to poor ductility, for example, less than 1%
elongation on a tensile test. Equipment manufactured from
these alloys is susceptible to failure when subjected to either
mechanical or thermal shock loads and the very low ductility
limits the use of these alloys in fabrication of some parts.
A typical application requiring use of high alloy material
is the recovery of spent sulfuric acid. The production of
titanium dioxide via the sulfate process results in a waste
stream of 20% sulfuric acid. Historically, this waste stream
was disposed of by a variety of methods, such as, deep well
injection or neutralization followed by landfill. Environmen
tal concerns have eliminated these disposal methods. A
common method of recovering this waste stream is to
increase the acid concentration to 93%, for example, using
a forced circulation evaporator. The concentrated acid may
then be reused in the production of titanium dioxide. The
acid concentration is normally carried out in multiple stages
and the acid temperature is kept as high as possible to
minimize vacuum requirements. Stainless steel or other high
alloy materials offer acceptable corrosion resistance in the
20 to 60% and 80 to 93% concentration range at tempera
tures approaching the boiling point. However, metallic com
ponents handling acid in the 60 to 80% concentration range
at high temperature must be handled with Ni-9Si-3Cu
(H astelloy D™) alloy or Fe-15.5Si-3.5M o alloy
(Duriron™), based on acceptable corrosion resistance.
The alloy of this invention offers significantly improved
life for fluid handling equipment in this environment and in
similar corrosive environments. In particular, the greatly
improved ductility increases the durability of parts formed
from the instant alloy.
SUMMARY OF THE INVENTION
Nickel and iron based alloys have long been known to be
highly resistant to sulfuric acid. Alloys with as much as
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS
60
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The alloy of the invention is a corrosion-resistant nickelsilicon intermetallic alloy. The alloy contains from between
about 9.9% to 11% silicon, preferably between about 9.8 to
10.6%, between about 3 to 6% niobium, preferably 3.3 to
5.5% and most preferably between about 3.3 to 4.4%,
between about 0% to 0.11% boron, between about 0.2% to
1.3% misch-metal (approximately 50% cesium, 20%
lanthanum, and 20% neodymium). The balance of the alloy
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is nickel, with normal residual elements. The amount of
residues, such as sulfur, phosphorous and like materials, is
kept below the level at which they would have a deleterious
effect on the properties of the alloy. Preferably the aggregate
of all such trace materials is below about 0.2% by weight.
Further, the carbon content is between about 0 to 0.8% and
the iron content is between about 0 to 0.65%.
The principal alloying element of the intermetallic alloy,
after nickel, is silicon. The high silicon content provides
corrosion resistance in both oxidizing and reducing envi
ronments. The niobium content provides ductility to the
alloy. The substitution of a portion of the niobium with
titanium does not detract from the ductility of the alloy.
Titanium and combined titanium-niobium addition s
enhance ductility, however, corrosion resistance in 60% to
80% sulfuric acid is not as high as alloys containing niobium
and no titanium. Flowever, the presence of niobium espe
cially enhances the ductility of the alloy and the resulting
alloy has high corrosion resistance throughout a broad
temperature range of 20 to 93% sulfuric acid. Consequently,
the niobium modified alloy is preferred for broad range
service.
The boron content is preferably between about 0% to
0.ff% , based on the total weight of the alloy. The presence
of boron additionally enhances ductility in the high silicon
alloy of the invention. A further modifier is cerium, prefer
ably added at between about 0 to 0.f%. The amount of these
modifiers is not critical, but they should not be added in
excessive amounts and generally at less than about 0. 15%
by weight.
M ischm etal (approxim ately 50% cesium , 20%
lanthanum, and 20% neodmium) addition of between about
0.2% to 1.3% by weight promotes grain refinement in the
ascast condition and improves ductility in the as-cast con
dition. That is, cesium may be present at between bout 0.1
to 0.7%; lanthanum between about 0.04 to 0.3% and neodymum between about 0.04 to 0.3%.
The remainder of the alloy consists of nickel and residual
elements and impurities, such as carbon, phosphorus, sulfur,
carbon and iron.
Chromium, molybdenum, and copper additions are con
ventionally used to enhance corrosion resistance in sulfuric
acid environments. However, the addition of these elements
can drastically reduce ductility of the instant alloy in both
the as-cast and solution annealed conditions. It is a feature
of this invention that the presence of these elements in the
alloy is kept to a minimum that does not interfere with the
ductility of the resultant alloy.
The alloy of the instant invention may be produced by
conventional modern foundry practice suitable for high
alloys, such as in an induction furnace. Laboratory heats
were produced in an induction furnace under an argon
atmosphere and the test samples were cast in graphite molds.
The alloy of the instant invention is suitable for producing
cast parts and may be used in the as-cast condition. Further
conventional treatment can enhance the properties of the
alloy, for example, heat treatment can improve the homo
geneity of the alloy, and dissolve detrimental gamma phase
needles and alpha phase dendrites.
The preferred alloy is primarily beta phase; it exhibits a
transgranular fracture and is readily weldable. Conventional
machining techniques, such as milling and grinding, may be
used to shape cast parts. The produced parts are durable and
have the strength and shock resistance necessary for rotating
machinery, such as pump impellers used in handling hot
concentrated sulfuric acid.

The following tables summarize data from representative
heats.
TABLE I
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Composition W eight Percent
By Analysis
SAM PLE

10

15

20

1
2
3
4

(616B)
(617B)
(A679)
(A681)

Si

Nb

B

Ce

Ni

10.4
10.0
10.2
10.2

3.25
4.20
4.6
4.65

0.10
0.10
0.10
0.12

0.08
0.08

Balance
Balance
Balance
Balance

—

0.06

The materials were tested for corrosion resistance in
sulfuric acid over the course of six days. Table II shows the
corrosion rates for the materials after 3 days and Table III
shows the corrosion rates of the materials after an additional
3 days. The tested samples were solution heat treated at 950°
C. for 24 Hours.
TABLE II
Static Corrosion Laboratory Tests in Sulfuric Acid
Rates - mils per year (0.001 inch per year)
_______________ First Three Days________________

25

______________ Sulfuric A cid Concentration

30

Sample

60%

1
2
3
4

805
685
60
—

(616B)
(617B)
(A679)
(A681)

70%

80%

89
—

—

26.5 + /- 0.7

110
4

—

—

35

TABLE III
Rates - mils per year (0.001 inch per year)
___________ Second Three Days___________
40

Sulfuric A cid Concentration

45

Sample

60%

70%

1
2
3
4

460
563
480
—

25 + /- 0.7

(616B)
(617B)
(A679)
(A681)

—

18
0.3

80%
—

6.5 + /- 0.7
—

—

TABLE IV

50

M echanical Test Data

Sample

Tensile
Strength (ksi)

% Elong.2 inch gage length

92 +/- 5.7
85.5 + /- 3.5

114.2 + /- 2.5
114.2 + /- 0.7
110
95

2.2 + /- 0.4
2.5
3.0
1.8

55

1
2
3
4

60

Various changes and modifications may within the pur
view of this invention, as will be readily apparent to those
skilled in the art. Such changes and modifications are within
the scope and teachings of this invention as defined by the
claims appended hereto. The invention is not be limited by
the examples given herein for purposes of illustration, but
only by the scope of the appended claims and their equiva
lents.

65

(616B)
(617B)
(A679)
(A681)

Yield
Strength (ksi)
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We claim:
1. A low copper, high silicon, nickel-based alloy, said
alloy having a nickel content of between about 82 to 86%,
a silicon content of between about 9% to 11%, a niobium
content of between about 3.3% to 5.5%, a boron content of
between about 0-0.11% and cerium being present in the
alloy at less than about 0.15%, wherein all percents are by
weight, whereby said alloy has sufficient ductility, in the as
cast condition as well as when heat treated, to produce
machine parts having sufficient mechanical strength for
rotating machinery and being resistant to fracture from
thermal and mechanical shock.
2. The alloy of claim 1, wherein said alloy has a transgranular fracture mode.
3. The alloy of claim 1, wherein said alloy has a high
corrosion resistance to severe mineral acid environments.
4. The alloy of claim 3, wherein said alloy is highly
corrosion resistant in hot sulfuric acid environments.
5. The alloy of claim 4, wherein said alloy is highly
corrosion resistant in hot sulfuric acid concentrations of
between about 60% to 80% by weight.
6. The alloy of claim 1, wherein said alloy is castable.
7. The alloy of claim 1, wherein said alloy is weldable.
8 . The alloy of claim 1, wherein said alloy is machinable.
9. The alloy of claim 1, wherein part of the niobium is
replaced by titanium.
10. The alloy of claim 1 wherein the alloy has a ductility
of at least 1% elongation to fracture.
11. A high silicon nickel-based alloy having high corro
sion resistance to severe sulfuric acid environments, said
alloy having a nickel content of between about 82% to 86%,
a silicon content of about 10.6%, a niobium content of about
3.3%, a boron content of about 0.10% and a cerium content
of about 0.08%, wherein all percents are by weight, said
alloy having a high resistance to corrosion while maintain
ing sufficient ductility for machining and having sufficient
resistance to mechanical and thermal shock to be durable in
service.
12. A nickel-based high silicon alloy having high corro
sion resistance to severe sulfuric acid environments, said
alloy having a nickel content of between about 82% to 86%,
a silicon content of about 9.8%, a niobium content of about
4.4%, a boron content of about 0.10% and a cerium content
of about 0.08%, wherein all percents are by weight, said
alloy having a high resistance to corrosion while maintain
ing sufficient ductility for machining and having sufficient
resistance to mechanical and thermal shock to be durable in
service.
13. A nickel based high silicon alloy having very high
corrosion resistance, the alloy consisting essentially of
between about 9 to 11% by weight silicon, between about
3.0 to 6% by weight niobium, up to about 0.11% by weight

boron, cerium being present in the alloy at up to about 0.1%
by weight, up to about 0.7% by weight cesium, up to about
0.3% by weight lanthanum, up to about 0.3% by weight
neodymium, the balance, being nickel and trace elements,
the alloy having very high corrosion resistance to hot
sulfuric acid solutions in a broad range of acid
concentrations, the alloy further having substantial ductility
said ductility being sufficient to produce cast and machined
parts having sufficient mechanical strength for rotating
machinery and resistant to fracture from thermal and
mechanical shock.
14. A high silicon, nickel-based alloy, the alloy having a
silicon content above about 9% by weight a niobium content
of between about 3 to 6% by weight, and cerium being
present in the alloy at up to about 0.1% by weight, the silicon
and nickel content being effective in combination to provide
high corrosion resistance to the alloy and the niobium and
cerium content in combination being effective in the alloy to
provide sufficient as cast ductility to produce machine parts
having sufficient mechanical strength for rotating machinery
and being resistant to fracture from thermal and mechanical
shock.
15. The alloy of claim 14, wherein part of the niobium is
replaced by titanium.
16. The alloy of claim 14, wherein the alloy is highly
corrosion resistant in hot sulfuric acid of concentrations of
between about 60 to 80% by weight.
17. The alloy of claim 14, wherein the alloy is castable.
18. The alloy of claim 14, wherein the alloy is weldable.
19. The alloy of claim 14, wherein the alloy is machin
able.
20. The alloy of claim 14, wherein the alloy has a very
high corrosion resistance in mineral acid environments,
including hot sulfuric acid concentrations of between about
60 to 80% by weight, the alloy consisting essentially of
between about 9.8 to 10.6% by weight silicon, between
about 3.3 to 4.4% by weight niobium, up to about 0.11% by
weight boron, cerium being present the alloy at up to about
0.1% by weight, up to about 0.7% by weight cesium, up to
about 0.3% by weight lanthanum, up to about 0.3% by
weight neodymium, the balance, being nickel and trace
elements, the alloy having very high corrosion resistance to
hot sulfuric acid solutions in a broad range of acid
concentrations, the alloy being weldable and the alloy fur
ther having substantial ductility of above at least 1% elon
gation to fracture, said ductility being effective to produce
cast and machined parts having sufficient mechanical
strength for rotating machinery and resistant to fracture from
thermal and mechanical shock.
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