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[57] ABSTRACT

A structural steel which possesses both high strength
and high toughness and has particular application for
cryogenic uses. The steel is produced by the utilization
of thermally induced phase transformation following
heating in a three-phase field in iron-rich alloys of the
Fe-Ni-Ti system, with a preferred composition of 12
percent nickel, 0.5 percent titanium, the remainder
being iron.
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HIGH STRENGTH AND HIGH TOUGHNESS
ALLOY

BACKGROUND OF THE INVENTION

The invention described herein was made in the
course of, or under, Contract No. W-7405-Eng-48,
with the United States Atomic Energy Commission,

This invention relates to structural steels, and more

particularly to a structural steel and method for pro-
ducing a steel possessing both high strength and high
toughness suitable for use in cryogenic service.
. The design requirements of structures intended for
cryogenic service are demanding and complex. Among
the most important of these is safety. Consequently,
high fracture toughness is mandatory. Another require-
ment is that the yield strength should be as high as pos-
sible to minimize section thickness. The user of thinner
material enhances fracture toughness and minimize
cost.

Steels generally used for cryogenic service are lim-
ited in number. A commonly used austentic steel has a
high toughness, but a low strength (about 40,000 psi
yield strength). Another common steel contains low
carbon and 9 percent nickel has about 120,000 psi
yield strength; this steel has a relatively low toughness.
Efforts, particularly by the Japanese, have been di-
rected to developing a steel similar to the present in-
vention, but these efforts have resulted in alloys con-
taining carbon in the composition. It is known that even
some quantities of carbon and nitrogen in steels cause
embrittlement at low temperatures and thus reduce the
toughness. Accordingly, carbon containing steels are
not entirely satisfactory for cryogenic application.
Thus, there is a need for a structural steel which elimi-
nates carbon and possesses both high strength and high
toughness, such a steel having particular applicability
for cryogenic service.

SUMMARY OF THE INVENTION

The present invention fills the above-mentioned need
in the art for structural steels which possess both high
strength and high toughness at low temperatures, this
being accomplished by a thermally induced phase
transformation in iron-rich alloys of the Fe-Ni-Ti sys-
tem.

Therefore, it is an object of the invention to provide
a high strength, high toughness steel.

A further object of the invention is to provide a cryo-
genic steel which includes no carbon in the composi-
tion thereof.

Another object of the invention is to provide a high
toughness cryogenic steel which utilizes a thermally in-
duced phase transformation in the processing thereof.

Another object of the invention is to provide a
method for producing a high strength, high toughness
steel.

Another object of the invention is to provide a
method for producing an Fe-Ni-Tj steel.

Other objects of the invention will become readily
apparent from the following description and accompa-
nying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a phase diagram of the inventive Fe-Ni-Tj
system showing the transformation temperatures for
the 12Ni-0.5Ti steel;

FIG. 2 graphically illustrates the heat treating tem-
perature vs. the room temperature hardness for the
12Ni-0.5Ti steel,

FIG. 3 graphically illustrates the heat treating tem-
perature vs. the Charpy-V notch value at —196°C for
the 12Ni-0.5Ti steel, with the heavy bar on the abscissa
indicating the three phase region (a+y+ NigTi); and

FIG. 4 is a comparative plot of the yield strength and
the toughness, both measured at —196°C, for two prior
art commercial cryogenic steels and the inventive Fe-
Ni-Ti system for the 12Ni-0.5Ti steel.

DESCRIPTION OF THE INVENTION

As pointed out above, the design requirements of
structures intended for cryogenic service are demand-
ing and complex, safety being the most important of
these requirements, thus high fracture toughness is
mandatory. Also, the yield strength should be as high
as possible to minimize section thickness.

Steels generally used in cryogenic service are limited
in number. One commonly used austenitic steel (AISE
TYPE 304) has a high toughness, but a low strength
(about 40,000 psi yield strength). Another common
steel which is utilized contains low carbon and 9 per-
cent nickel has high strength (about 120,000 psi yield
strength), but has a relatively low toughness. Thus nei--
ther of these conventionally used cryogenic structural
steels possess both high strength and high toughness.
Again, it is pointed out that carbon and nitrogen cause
embrittlement of the steel at low temperatures.

The present invention provides a superior cryogenic
alloy which utilizes an intermetallic compound be-
lieved to be Niy-Ti, to provide high strength, with no
carbon or nitrogen content, and thus does not embrittle
at low temperatures, thereby producing a steel which
possess both high strength and high toughness.

The inventive cryogenic alloy was discovered by
using the basic principles of materials science. In terms
of defect theory, strength is enhanced by immobilizing
dislocations. Toughness is increased, at a given strength
level, by providing a high density of mobile disloca-
tions. The latter are necessary for the degree of plastic-
ity that is required for high fracture toughness. This de-
sirable combination is generally absent in the prior art
cryogenic alloys, but is found in the present inventive
structural steel, whereby high strength and high tough-
ness are obtained.

In view of the need in the cryogenic field for a struc-
tural steel having both high strength and high tough-
ness, this problem was resolved by the present inven-
tion by utilizing a thermally induced phase transforma-
tion which would allow selective decoration of some,
but not all, dislocations. An example of such a transfor-
mation is found in the iron-rich alloys of the Fe-Ni-Ti
system. (These alloys are not steels in the conventional
sense, but are often classed as such),

Although the temperature vs. composition of the
alpha (a) or body-centered-cubic (BCC) and the
gamma (y) or face-centered-cubic (FCC) phase
boundaries in the Fe-Ni-Ti system are not precisely
known, for small concentrations of titanium (Ti) it was
found by dilatometric tests that they were similar to,
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but slightly higher than, those of the Fe-Ni system. The
phase diagram shown in FIG. 1 is based on dilatometric
and metallographic tests of the steel or alloy composi-
tion chosen (12 percent Ni, 0.5 percent Ti) to conduct
the tests, and it is clear that iron-rich Fe-Ni-Ti system
consists of a two phase (BCC) region (i.e.,a+Ni, Ti,) at
low temperatures (up to about 650°C); three phases
(i.e., a+y+ Niz Ti) at an intermediate temperature
(about 650°C to about 720°C); and a single phase (¥)
in the FCC region at the highest temperature (above
about 720°C). The nickel-titanium phase is believed to
be hexagonal NisTi.

The existence of the three phase region at intermedi-
ate temperature, as illustrated in FIG. 1 between the
dash lines, provides for selectively decorating some dis-
locations, with the opportunity to allow others to be
free to move when a stress exceeding the yield strength
is applied. The ¥ — a transformation during fast cool-
ing presumably produces dislocations that are free to
move. The upper (right) dash line in FIG. 1 represents
the start of the y — & transformation, while the lower
(left) dash line represents the end of the y —» « trans-
formation on cooling. The precipitation of Ni,;Ti occurs
only on dislocations in the BCC phase, and only at ele-
vated temperatures. Hence, the ratio of the densities of
immobilized and mobile dislocations can be controlled
by regulating the ratio of the volume fractions of BCC
(a) and FCC () phases during heat treatment in the
three phase field. The latter ratio is uniquely deter-
mined by the heat treating temperature. Upon quench-
ing to room temperature, the FCC phase trnsforms to
BCC by a martensitic reaction, producing a large num-
ber of mobile dislocations. Thus, based on the experi-
ments conducted on the inventive alloy, in principle, it
should be possible to produce alloys with different
combinations of strength and toughness.

The influence of the heat treating temperature on the
hardness at room temperature is shown in FIG. 2, while

the influence of the heat treating temperature on the
toughness (as measured by the Charpy-V-notch value
at —196°C), is shown in FIG. 3. The heavy bar shown
on the abscissa of FIG. 3 indicates the approximate
temperature range (about 650°C to 720°C) of the three
phase region described above with respect to FIG. 1.
For heat treating temperatures associated with the sin-
gle phase (y) region (see FIG. 1), both the hardness
and the toughness were low, as indicated in FIGS. 2 and
3. For temperatures corresponding roughly to equal
proportions of gamma and alpha (between the dash
lines in FIG. 1), with a small volume fraction of Ni,Ti,
the toughness was approximately eight times greater
than that resulting from quenching from the single
phase (y) region (see FIG. 3). For decreasing tempera-
tures between about 720°C and 650°C, corresponding
to increasing volume fractions of « relative to v, the ex-
pected increase in hardness was observed (see FIG. 2).

Two Charpy bars of the 12Ni-0.5Ti alloy, given solu-
tion heat treatments of 800° and 700°C, respectively,
were broken at —196°C and the high degree of plastic-
ity associated with the fracture of the bar treated at
700°C was evident. The specimen heat treated in the
700°C three phase region (a+y+ Ni,Ti) exhibited a
higher degree of plastic deformation and a much
greater toughness (140 ft. 1bs.) as opposed to the one
heat treated in the 800°C single phase (y) region (30
ft. 1bs.).
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The toughness and yield strength at —196°C for the
two above-mentioned commercial steels, namely; AISI
Type 304 and 9Ni, are contrasted with those of the in-
ventive 12Ni-0.5Ti steel in FIG. 4. As pointed out
above, but clearly illustrated in FIG. 4, the AISI Type
304 steel (An FCC steel) has high toughness but low
yield strength, while the 9Ni steel (a BCC steel) has
high yield strength but low toughness. As clearly seen
by comparison of FIG. 4 the inventive Fe-Ni-Ti steel (a
BCC steel) has the high toughness of the type 304 steel
and the high yield strength of the 9N, thereby filling a
need for a structural steel which possess both desired
characteristics.

While the above description and the following pro-
cessing description is directed to an Fe-Ni-Ti system
wherein the Ni is 12 percent by weight and the Ti is 0.5
percent by weight, it is not intented to limit the inven-
tive steel to these percentages, since nickel in the range
of 8-16 percent and titanium in the range of 0.25 to 1
percent, with the remainder iron, produces a satisfac-
tory steel in both high toughness and yield strength.
Also, it is not intended to restrict the use of the inven-
tive structural steel to cryogenic applications (—196°C)
but the steel or alloy can be effectively utilized wher-
ever a need for similar requirements as to toughness
and yield strength are found.

To illustrate the process for producing the inventive
steel, the following is directed to the operational se-
quence for producing the 12Ni-0.5Ti alloy: 1. Heat to
800° - 1,000°C for a time period long enough to de-
solve the Ni-Ti compound. This time will vary from 15
minutes to several hours, depending on the thickness of
the material. 2. Cool rapidly to room temperature. Thin
pieces may be air cooled, with thicker pieces being
water or oil quenched. 3. Reheat to 650° — 720°C. The
furnace utilized may be a commercial furnace utilized
for heat treating stainless steels. This step dissolves the
fraction of the volume of the compound that is in the
high temperature phase (FCC). The part of the volume
that remains in the low temperature phase (BCC) does
not dissolve. This temperature is maintained from 15
minutes to 8 — 10 hours, depending on the material
thickness. 4. Cool to room temperature. If thick, over
% inch for example, it may be desirable to oil or water
cool, otherwise air cooling is sufficient.

It has thus been shown that the invention has pro-
vided a structural steel which contains no carbon and
possesses both high strength and high toughness, thus
having particular application for cryogenic service.

While a particular embodiment of the invention has
been described, it is not intended to limit the invention
to the particular composition, and it is intented to
cover in the appended claims all embodiments which
come within the spirit and scope of the invention.

What we claim is:

1. A method for producing an iron rich alloy contain-
ing a nickel-titanium compound phase having both high
strength and high toughness utilizing thermally induced
phase transformation following heating in a three-
phase field in an iron-rich alloy of a Fe-Ni-Ti system
comprising the steps of: heating to a single high temper-
ature gamma phase region at a temperature in the
range of about 800° to 1000°C an alloy composition
composed of about 12 percent nickel, about 0.5 per-
cent titanium, with the remainder iron for sufficient
time to dissolve the nickel-titanium compound; rapidly
cooling the thus heated alloy to room temperature and
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a two phase region of alpha phase and nickel-titanium
compound, reheating the thus cooled alloy to a three
phase region of alpha phase plus gamma phase plus
nickel-titanium compound at a temperature in the
range of about 650° to 720°C for sufficient time to dis-
solve the fraction of the volume of the compound that
is in the high temperature gamma phase; and cooling
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the thus reheated alloy to room temperature.

2, The method defined in claim 1, wherein the step
of rapidly cooling is carried out by air cooling.

3. The method defined in claim 1, wherein the step

of rapidly cooling is carried out by quenching.
L I I I



