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[57] ABSTRACT

High strength alloy steels and production thereof con-
sisting essentially of about: 3 to 12% of metal of the
group nickel and copper, copper when present not ex-
ceeding one-half the nickel content, 0.2 to 7% cobalt, up
to 2% each of manganese, chromium and aluminum, up
to 1.5% silicon, up to 3.5% molybdenum, up to 0.5%
vanadium, up to 0.4% columbium, up to 0.25% tanta-
lum, up to 0.75% tungsten, up to 0.1% boron, up to
0.3% carbon, and the balance substantially all iron.
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1
HIGH STRENGTH ALLOY STEEL COMPOSITIONS
AND PROCESS OF PRODUCING HIGH STRENGTH
STEEL INCLUDING HOT-COLD WORKING

Matter enclosed in heavy brackets [ 1 appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application is a continuation-in-part of our co-
pending application Ser. No. 169,076, filed Jan. 26,
1962, and now abandoned.

This invention pertains to high-strength allow steels
of novel composition, to methods of heat treating and
of mechanically working and heat treating the same,
for imparting excellent combinations of high-strength,
ductility and toughness, and to the steels as thus pro-

- cessed for imparting these properties.

There has recently been substantial activity in the de-
velopment of extremely high-strength alloy steels for
aerospace and other structural components, such as
vessels subjected in use to external pressure and im-
pact, where strength-to-weight ratios are important. As
a result, a number of newly developed steels have be-
come available, which in general are superior to the
steels previously available for such applications. Cer-
tain of these are described in copending applications of
common ownership with the instant application, these
comprising an application of J. P. Tarwater, Ser. No.
140,072, filed Sept. 21, 1961, and an application of J.
T. Shimmim, Jr., et al., Ser. No. 206,182, filed June
29, 1962.

The researches resulting in said copending and in-
stant applications, provide a series of allow steels, of
relatively low alloy contents, which are characterized
as appropriately heat treated or as mechanically
worked and heat treated as hereinafter set forth herein,
in excellent combinations of strength and ductility,
combined also in general with good toughness.

Although a-number of alloy steels have been recently
developed by others, which are heat treatable to pro-
vide good combinations of strength and ductility, those
of relatively low alloy content, although possessing ex-
cellent ductility and toughness as heat treated, are nev-
ertheless somewhat deficient in strength as compared
to those of substantially higher alloy content, while the
latter in addition to being unduly expensive for this rea-
son, nevertheless do not possess the combinations of
ductility and toughness at the higher heat treated
strength levels, of the steels of the instant and copend-
ing applications referred to.

In the steels of the instant invention, cobalt and
nickel are essential constituents, in small to moderate
amounts of about 3—12% nickel and 0.2-7% cobalt, to-
gether with carbon in the range of about 0.1-0.65%.
Also in the steels of this invention which contain car-
bon over about 0.3%, one or more metals of the group
chromium, molybdenum, vanadium and columbium
must be present as an essential constituent in minimum
total amount of about 0.1% and preferably about 0.2%
The steels of the invention also in general contain small
to moderate amounts of manganese and silicon and
may also contain small amounts of each of aluminum,
tantalum and tungsten. The broad composition range
of the steels of the invention is as follows:

10

15

20

25

30

35

40

45

50

55

60

65

2
Element Weight percent of total alloy
Carbon 0.10-0.65
Nickel 3-12
Cobalt 0.2-7
Manganese 0-2
Silicon 0-1.5
Chromium 0-2
Molybdenum 0-3.5
Vanadium 0-0.5
Aluminum 0-2
Columbium 0-0.4
Tantalum 0-0.25
Tungsten 0-0.75
Boron 0-0.1

and not over about 0.04% each of sulfur and phospho-
rus, the remainder being iron with incidental impuri-
ties.

The nickel content of any particular steel in accor-
dance with the invention may be replaced by copper up
to about one-third of the nickel content that would oth-
erwise be used, the replacement being on a 1:1 per-
centage basis. Copper, therefore, will not exceed one-
half the nickel content in the steel.

Part or all of the elements vanadium, aluminum and
silicon may be replaced by one or more of the elements
titanium, zirconium and the rare earth elements.

Within the above broad composition ranges there are

preferred ranges for various elements, depending upon
the carbon content and the end use of the steel as fol-
lows. For carbon contents below about 0.3%, the steel
should preferably contain from about 0.5-1.5% each of
chromiunm and molybdenum; while for carbon contents
above this amount, chromium and molybdenum should
preferably be present in amounts of about 0.25-0.5%
each. .
Where the end use of the steel is for high temperature
applications, one or more of the elements of the group
aluminum, silicon, tantalum and tungsten should be
present on the high side of the above ranges therefor;
whereas for normal atmospheric temperature applica-
tions, each of these elements when present, should be
held to the low side of its range, and particularly in the
case of aluminum the content thereof should be limited
to about 0.02% maximum.

The steels of the invention may in general be sub-
jected to martensitic hardening and strengthening, by
first austenitizing and thereupon- quenching with suffi-
cient rapidity to a sufficiently low temperature, includ-
ing refrigeration if necessary, to convert the austenite
to substantially 100% martensite, and thereupon aging
for about one to two hours at temperature within the
range of about 400-1000° F., depending upon the tem-
perature required for austenitizing any particular anal-
ysis. :

This heat treatment in general imparts to the steel,
particularly for the low carbon analyses containing not
over 0.3% carbon, as shown by the test results hereinaf-
ter presented, excellent combinations of high yield and
ultimate strength and high ductility and toughness for
normal or atmospheric temperature applications. For
example, a typical steel within the aforesaid low carbon
range containing about 0.25% carbon, 9% nickel, 4%
cobalt and 1% each of chromium and molybdenum,
when austenitized, quenched and tempered at 1050°F.,
gave yield strengths on the order of 200 k.s.i. (thou-
sands of pounds per square inch), ultimate tensile
strengths on the order of 215 k.s.i., Charpy V-notch im-
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pact energy values of the order of 55 ft-1b. at room tem-
perature and 35 ft-lb. at —320° F.

The aforesaid martensitic strengthening of these
steels may also in general be improved by subjecting
the steel to a certain amount of mechanical working or
plastic deformation, as by forging or rolling, at temper-
ature above that of martensite formation and outside
the range of bainite formation, prior to quenching to
produce martensite and thereafter tempering. That is
to say, in accordance with this processing of the steels
of the invention, the steel is mechanically worked at el-
evated temperature and in the austenitic state and
thereafter the worked article is rapidly cooled toward
and sometimes to or below room temperature in order
to convert substantially all of the austenite to martens-
ite while avoiding the formation of bainite. For exam-
ple, if a time-transformation-temperature curve (here-
inafter referred to as a “TTT curve” and wherein time
at a constant temperature is plotted as abscissa on a
logarithmic scale and temperature as ordinates on a
straight arithmetical scale) be drawn which is charac-
teristic of a particular steel according to the invention,
there will be found an area at the left of the curve in
which a certain amount of mechanical working can be
accomplished within the time permitted prior to actual
transformation taking place to one or more of the vari-
ous transformation products, such as bainite, which are
possible. If, therefore, the mechanical working (re-
ferred to herein as hot-cold working) is effected in this
range, and the steel thereupon quenched to a suffi-
ciently low temperature and with sufficient rapidity to
convert substantially all the austenite to martensite,
and the steel thereafter tempered, the aforesaid im-
proved strength and ductility combinations will be ob-
tained as shown by the test data presented below.

As regards this aspect of the invention, the prior art
has almost always preferred to effect the working of
alloy steels at a temperature not far above the start of
martensite formation or the “M;” line or temperature
(shown on the TTT plot as a broken horizontal line).
Thus, in the patent to Schmatz et al., No. 2,934,463,
granted Apr. 26, 1960, there is shown in FIG. 2 thereof
what is substantially a TTT curve of one particular kind
having a lower nose or loop portion immediately above
the M line where transformation to lower temperature
products, particularly bainite, starts. In this same draw-
ing of the Schmatz et al. patent, there is an upper loop
portion of the curve having a nose extending to the left
which is somewhat over 1200° F. in temperature. The
teaching of Schmatz et al. is to operate in a so-called
“deformation range’’ which is in the bay between these
two loop portions of the TTT curve. This is possible
with certain alloys giving the type of curve shown in
FIG. 2 of the Schmatz et al. patent.

However, it has been found undesirable to work
some steels in this temperature range or in this bay for
the reason that the actual working which is done oper-
ates to shift the lower loop portion of the TTT curve
substantially to the left, so as to make it difficult, and
sometimes substantially impossible, to cool the worked
specimen or piece to room temperature without there
being a substantial amount of the original austenite
transformed to products other than martensite, usually
to bainite, which is undesirable in the martensitic
strengthening of steels according to the present inven-
tion.
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It has been found in accordance with a further aspect
of the invention that while the strength of the steel of
the invention may be greatly increased by the martens-
itic heat treatment, with or without prior mechanical
working in the manner aforesaid, that nevertheless the
resulting toughness of the steel processed in this way is
not as great as that obtainable by first austenitizing and
thereupon quenching to a temperature above that of
martensitic formation, followed by holding or isother-
mal transformation to a substantially complete or fully
bainitic structure. This isothermal heat treatment of the
steel of the invention to form substantially complete
bainite therefore constitutes a further feature thereof
for securing high strengths combined with the highest
degree of toughness obtainable for any particular com-
position of the steel. The formation of this bainitic
structure may also be preceded to advantage by hot-
cold working in the same manner as above described
with reference to the formation of the martensitic hot-
cold worked structures.

It is also a part of the present invention, from the
point of view of processing, that the steels of the inven-
tion may be used in an as-cooled or quenched condi-
tion, or may thereafter be tempered in a manner similar
to the tempering operation used on other steels follow-
ing the heating and quenching thereof.

It has also been found that while the martensitic pro-
cessing hereinabove set out, is efficacious generally in
converting a large portion of the austenite (to which
the composition is completely converted by the original
high heating and which still remains following the hot-
cold working portions per se of the process) to mar-
tensite, certain additional features may be resorted to
in order to minimize the percentage of austenite which
is retained unconverted at the completion of the pro-
cess. This conversion is believed to be promoted by a
judicious selection of the amounts of certain of the al-
loying ingredients. It may also be effected by resorting
to very low temperatures to which the material is sub-
jected following the original quenching or cooling sub-
stantially to room temperature, for example, by reduc-
ing the temperature of such material down to the tem-
perature of liquid nitrogen, i.e., about —320° F. These
results can similarly be obtained by lowering the tem-
perature to or approaching the M, temperature (i.e.,
that temperature at which conversion of austenite to
martensite is finished or completed) by any other tem-
perature controlling means. Further strengthening of
the product by converting more of the retained austen-
ite can be obtained if, after the temperature is origi-
nally lowered to a subzero value, the material is then
brought up to a tempering temperature of, for example,
about 600° F., held for a time at that temperature, and
then again quenched to substantially room temperature
and then chilled to a subzero temperature. The repeti-
tion of this heating to tempering temperature and chill-
ing to a subzero temperature, all relatively rapidly, i.e,
in not over about one day, serves to convert a little
more of the austenite, each time, to martensite. Usually
two. such cycles are sufficient to obtain the optimum
results considering the cost of further repetitions of this
portion of the process.

Inasmuch as the present invention pertains both to
the alloy steel composition and to the process applica-
ble thereto as above described, it is important to note
that the processes per se may also be used on other
compositions and, therefore, are not restricted to use



Re. 28,523

5

with the particular compositions herein disclosed and
claimed as such.

Other and further objects of the present invention
will become apparent from the following particular dis-
closure and will be more specifically pointed out here-
inafter.

In the accompanying drawings:

FIG. 1 is a chart showing the relationship of carbon
and cobalt reauired in order to obtain different
strengths in steels according to the invention as sub-
jected to the martensitic heat treatment consisting of
austenitizing and quenching to martensite followed by
tempering, the strengths in each instance being at-
tained not only as a function of the composition itself,
but also of the quenching and tempering treatment.

FIG. 2 is a graphical plot of one type of the TTT
curve for one alloy steel composition, the details of
which are given hereinafter in discussing this subject
matter, showing also the effect of working in various
ranges and the results thereof.

FIG. 3 is a similar TTT curve for another alloy steel
composition as given below, in this instance a double
lobe curve wherein the upper lobe indicates transfor-
mation to higher temperature transformation products
such as ferrites and pearlites, while the lower lobe
shows transformation to lower temperature transfor-
mation products such as bainite.

FIG. 4 is a TTT curve similar to FIG. 3 for another
alloy steel composition as given below.

In FIGS. 2, 3 and 4 there are also illustrated the ef-
fects of working in different temperature ranges as will
be explained hereinafter.

FIG. 5 is a graphical chart showing the room temper-
ature tensile properties of certain steels according to
the invention as heat-treated to impart thereto a bai-
nitic microstructure and wherein the austenite-to-
bainite transformation temperatures are plotted as ab-
scissae against the corresponding tensile properties as
ordinates.

FIG. 6 is a graphical chart somewhat similar to FIG.
§ and showing for the same steels thereof, the relation-
ship between bainite transformation temperatures plot-
ted as abscissae against the corresponding Charpy V-
notch (CVN) impact energy values at room tempera-
ture plotted as ordinates.

FIGS. 7 and 8 are graphical charts in which are plot-
ted, respectively, the relationship between yield
strength and ultimate strength plotted as abscissae
against the corresponding Charpy V-notch impact en-
ergy values at room temperature, for steels in accor-
dance with the invention heat-treated to provide a bai-
_nitic structure on the one hand versus heat treatment
to provide a martensitic structure on the other.

FIGS. 9 and 10 are graphical charts in which are plot-
ted, respectively, the relationship between yield and ul-
timate strength, plotted as abscissae, against the corre-
sponding fracture toughness values, plotted as ordi-
nates, for the steels of this invention as compared to the
best competitive steels for similar applications, the
steels of this invention being designated on these charts
as “HP 9-4-X.”

FIG. 11 is a somewhat similar graphical chart in
which is plotted the relationship between ultimate
strength, plotted as abscissae, against the correspond-
ing fatigue stress values, plotted as ordinates, of steels
according to the present invention as compared to vari-
ous competitive steels.
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FIG. 12 compares the stress corrosion cracking be-
havior of steels according to the present invention with
the best of the competitive steels for similar applica-
tions.

Referring to FIG. 1 of the drawings, the curves shown
represent the results of a considerable number of tests,
in each of which steels according to the invention, con-
taining about 8 to 9% nickel were used, but with differ-
ent amounts of carbon and cobalt. In these tests the
several samples were each austenitized at a tempera-
ture of about 1475° to 1500° F., then oil quenched to
room temperature, then further cooled to the tempera-
ture of liquid nitrogen, following which they were tem-
pered for one hour at 600° F.

The curves shown in FIG. 1 are reasonably character-
istic of the tests for the several compositions under the
conditions given. In the event, however, that the tem-
perature of tempering were shifted, for example, by
Jowering such temperature to about 400° F., then the
several curves would be respectively nearer to straight
up and down and vice versa. The break in the curves
from an approximately straight line to the curved por-
tions in the bottom of FI1G. 1 would, under all circum-
stances, be at about 3% cobalt.

In the event that the nickel content of the samples
were varied from the range for which the curves were
drawn, i.e., about 8 to 9% nickel, then the curves of
FIG. 1 would be shifted so as to require somewhat
higher amounts of carbon in proportion to lower
amounts of nickel, with the usual expected variation
about 0.02% change in the content.of carbon for each
percent change in the content of nickel from the condi-
tions for which the curves were drawn as aforesaid.

In the event that the conditions of treatment of the
several samples were changed from those given above,
including the cooling to the temperature of liquid nitro-
gen prior to the tempering operation, so as to omit this
cooling operation and to quench these several samples
only down to about room temperature, then the resul-
tant bodies would have somewhat lower tensile
strengths, respectively, but the curves would be all of
the same general shape for the somewhat lower tensile
strengths, respectively. It is generally satisfactory, if the
amount of cobalt present in somewhat more than the
minimum given in view of the carbon present, all within
the outside limits above set out. If steels are formed
with some retained austenite as is usually the case,
there may be a tendency at some future time for some
of this austenite to convert to martensite. Inasmuch as
this conversion is accompanied by an increase in vol-
ume, there tends to be dimensional instability for the
article formed from this steel which sometimes is suffi-
ciently severe as to cause fajlure of the article in use.
This undesired effect of the subsequent conversion of
austenite to martensite is apparently decreased by the
presence of some cobalt in the alloy, as cobalt seems to
help in minimizing retained austenite.

As above stated for the steels of the invention con-
taining [not} more than about 0.3% carbon, it is re-
quired that there be present a minimum of about 0. 1%
and preferably about 0.2% in total amount of one or
more metals selected from the group consisting of
chromium, molybdenum, vanadium and columbium.
This requirement will be further discussed in connec-
tion with the discussion of these and other elements. In
support of this, it has been found that in all samples
which contained at least this amount of one or more of




Re. 28,523

7

these metals, no graphite was observed under any con-
ditions of heat treatment to which these samples were
subjected. On the other hand, in sampies wherein the
total metal of this group was under about 0.1% graphite
was produced as a result of heat treatment; its presence
was detected in subsequent metallographic examina-
tions; and the resulting samples had substantially lower
strengths.

The next requirement io be mentioned generally at
this point is that with higher percentages of one or
more of the elements carbon, chromium or silicon,
there should be higher percentages of cobalt and/or
nickel in accordance with this invention in order that
the best results be attained. Here again, the reasons for
this are discussed hereinafter in connection with the
discussion of these other elements and their purposes
in the alloy.

The first element to be discussed is carbon, which is
present to impart strength to the steel and also harden-
ability. The carbon may be present over a relatively
wide range which may be broken down into a low car-
bon range of about .10~.3%, a medium carbon range of
about 0.3-0.5%, and a higher carbon range of about
0.5-0.65%. Alloy steels in these several ranges have
generally somewhat different purposes, even though all
of them have many attributes in common.

The steels having a low carbon range of up to 0.3%
in general have good weldability, high impact strength
and very good notch or toughness properties. Such
steels are useful for missile cases and vessels subjected
in use to external pressure and impact. Steels in this
carbon range after heat treatment have moderate yield
strengths in the order of magnitude of 150,000 to
240,000 p.s.i., and moderate ultimate tensile strengths
of about 180,600 to 300,000 p.s.i., these figures being
given assuming the proper selection of other alloying
ingredients in accordance with the invention.

Whenever yield strength is referred to herein, what
is meant is the 0.2% offset yield strength as that term
is used conventionally in this art. .

Steels in the medium carbon range of about 0.3-0.5%
have, after heat treatment, substantially higher yield
strengths in the order of 235,000-270,0600 p.s.i., and
Atimate  tensile strengths in the order of
280,000-340,000 p.s.i. These steels are also weldable
ind have high toughness or notch strength.

Steels in the higher range of carbon, i.e., 0.5-0.65%,
tfter heat treatment, are quite hard and have very high
7ield and tensile strengths and moderately good tough-
1ess. Certain of these steels in the lower range of car-
ron of this high range thereof are weldable, using ap-
ropriate welding techniques. These steels have yield
trengths: in the general order of about
160,000-300,000 p.s.i. and ultimate tensile strengths in

he order of about 320,000-350,000 p.s.i. or somewhat
igher. The toughness of these steels is not as good as
rat of those in the medium carbon range aforesaid, but
12y be adequate for certain purposes where great
ardness or very high strength is required.

In general it is found that high values of hardness and
igh ultimate tensile strength appear to occur together
nd are reasonably proportional to one another, so that
or rapid testing purposes, it is often sufficient to make

test- of hardness with the reasonable assurance
hat this test result is also characteristic of strength.

The next element to be discussed is nickel, which is
esent in steels according to the present invention
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from about 3% to about 12%; and in a more preferred
range, from about 6%% to about 9%%. The purposes
of this element in the steel are: (1) to increase the
toughness and strength; (2) to increase the tolerance of
the steel for embrittling agents, such as silicon, carbon,
phosphorus and sulfur; and (3) to increase the harden-
ability of the steel.

It is found that as the percentage of the nickel is in-
creased, the tendency to form graphite on heat treat-
ment is increased; but this undesired tendency can be
suppressed by the presence in the steel of carbide-
forming elements such as one or more of chromium,
molybdenum, vanadium and columbium. Some or all of
these elements should be present in the steels accord-
ing to the present invention, which is the reason that
there is stated as a general limitation on the composi-
tion that there shall be present at least about 0.1% of
one or more elements of the group chromium, molyb-
denum, vanadium and columbium, particularly where
the carbon content is over about 0.3%.

It has also been found that as the percentage of the
nickel in the steel is increased, the amount of austenite
after quenching, tends to increase. This is so for any
given value of carbon and is an undesired characteristic
where the martensitic heat treatment is employed. It is
found that the more carbon, the more pronounced this
tendency. This tendency to retain austenite is, how-
ever, opposed by the addition of cobalt, which is one
of the reasons that cobalt is desired in alloys according
to this invention.

It has further been found that as the percentage of
nickel is increased, the tolerance for silicon and carbon
in the steel increases, while still maintaining a given
toughness. This is important as silicon and carbon are
both classifiable not only as hardening agents, but also
as embrittling agents and hence tend to decrease tough-
ness. Toughness can, however, be retained with sub-
stantial amounts of silicon and/or carbon in steels of
the invention containing substantial amounts of nickel.

Copper, as stated, may be employed as a substitute
for nickel in amount up to one-third the nickel that
would normally be employed in an alloy according to
the invention, the substitution being on a one-to-one
percentage basis. Ordinarily, however, not more than
about 2% copper would thus be substituted as this rep-
resents about the upper limit for solubility of copper in
most compositions according to the invention.

The next element for consideration is cobalt, which
should be present in the steel in an amount from about
0.2% to about 7%, with a preferred range of about 1%
to about 4%. Cobalt serves the purpose of reducing re-
tained austenite in the martensitic heat treatment, in
that it acts to increase the M; temperature, i.e., the
temperature where austenite starts to convert to mar-
tensite. Thus, the higher the M, temperature, the more
austenite is transformed to martensite at a given
quenching temperature, for example, room tempera-
ture, which is always below the M, temperature.

Cobalt also serves to increases the strength of the
steel without substantial loss of toughness. It serves to
give improved strengths, particularly in the low carbon
steels, which is another reason for inctuding certain
minimum amounts of cobalt when the carbon is in the
lower range.

Cobalt further increases the hot hardness of steel and
increases the temnpering resistance of steel, particularly
in conjunction with silicon. Steels containing cobalt
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can, therefore, be tempered at relatively high tempera-
tures and still retain desired strength. Cobalt further re-
duces the possibility of quench-cracking, which is the
cracking that occurs incident to changes (increases) in
dimensions due to the conversion of austenite to mar-
tensite. Also, cobalt increases the tolerance for certain
embrittling agents such as carbon and silicon, and in
this sense acts in a manner similar to nickel.

Manganese is similar in some of the characteristics
provided thereby to silicon, in that both provide some
degree of hardenability for the steel alloy. Generally, a
residual of manganese is maintained to combine with
sulfur, so as to prevent hot workability difficulties.
However, with a judicious selection of raw materials,
the manganese additions may be reduced or wholly
omitted. The maximum of about 2% is chosen, as there
is no apparent improvement in the characteristics of
the steels of the invention with greater amounts of man-
ganese. Thus the upper limit is not a critical limit, but
is one dictated to the maximum extent at least by eco-
nomic factors, rather than by factors having to do with
the technical properties of the product.

Silicon is generally found in steels to some extent and
has generally the function of retarding the tempering
reaction at tempering temperatures of 600° F. and un-
der. Generally, silicon is added to combine with
oxygen in the melt; however, with special melting
techniques, the silicon may be wholly omitted.
The maximum value of silicon of about 1.5% is
chosen. for the reason that as the amount of silicon
is increased, the final product  tends to become
more and more brittle even in the presence of other
elements acting to increase the tolerance of the
alloy to embrittling agents. Values greater than
about 1.5% in the alloy combinations of the pres-
ness to the product.

As aforesaid, the effect of the presence of silicon may
not be considered alone as the embrittling action of sili-

“con can be offset to some extent, or silicon can be tol-
erated in substantial amounts without undue embrittle-
ment of the final product, by the presence of nickel in
the alloy, cobalt or a total of both, as both serve about
the same purpose in this respect.

In the higher carbon range above about 0.3%, chro-
mium and molybdenum as well as columbium and va-
nadium prevent graphitizing in steels of the invention
during heat treating. In this respect, chromium and mo-
lybdenum act in a similar manner; and it is necessary
for this purpose only that there be included in the steel,
sufficient amount of one or more of these elements to
prevent this. It is to be noted in this connection that the
nickel present in these steels, increases the tendency to
graphitize the same, and, therefore, in order to prevent
graphitizing, there is required a greater amount of one
or more of the above elements than if nickel were omit-
ted. For the steels of the invention containing carbon
within the lower range aforesaid, i.e., not over about
0.3%, chromium and/or molybdenum serve primarily
to strengthen the steel by carbide precipitation therein,
thus to impart secondary hardening to the steel.

In the higher carbon range above about 0.3%, chro-
mium and molybdenum further serve to increase the
hardenability of the steel, but in this respect it is desir-
able to minimize the amount of these elements present,
as too much tends to result in an undesired amount of
retained austenite on quenching, which gives undesired

'properties to the final products, i.e., steel which is less

20

25

30

35

40

55

60

65

10

hard and in general, less strong. Excessive amounts of
chromium and/or molybdenum may also result in a
phase which imparts embrittlement of the final prod-
uct. Chromium and molybdenum further act to inten-
sify the action of other alloying ingredients such as
nickel, manganese and vanadium, in increasing harden-
ability.

For all these reasons, the amount of chromium pres-
ent for the purposes of the present invention is selected
as within the range of zero to about 2%, and molyb-
denum within the range of about 0-3.5%. For carbon
contents below about .30, the chromium content is
preferably about ¥ to 1Y%, while for carbon contents
above this amount the chromium is preferably between
about ¥4 and Y% percent, and these same preferred
limits also apply to molybdenum.

As a possible alternative, it is found that some of the
molybdenum and/or chromium otherwise required,
may be replaced by tungsten on an equivalency basis of
three parts by weight of tungsten for each part by
weight of chromium and/or molybdenum.

Sulfur and phosphorus are both undesired ingredi-
ents of the steel of the present invention, as is usual
with many steels and for the same reasons, one giving
embrittling action when the steel is hot and the other
when it is cold. For these reasons these two elements
are tolerated only to the extent that they are not unduly
harmful, taking into consideration the purpose for
which the final product is to be used. The preferred
composition is to minimize both these elements. For
this reason the maximum as to each is herein given as
about 0.04%; although it is preferred for many uses that
that maximum shall not exceed 0.01%.

Vanadium is present in these steels to the extent from
zero to about 0.5%, with a preferred range for low or
ambient  temperature applications of about
0.05-0.15%. This element acts as a grain refiner for the
austenite and hence for that of the martensite or bainite
to which the austenite is converted in the hardening
heat treatment. It also increases the hardenability of
the steel, suppresses graphitizing and intensifies the ac-
tion of other alloying elements, particularly chromium,
molybdenum, manganese and nickel.

Aluminum may be present in these steels over the
broad range of about 0~2%, with higher contents within
this range for high temperature applications, and in
only residual amounts of about 0.02% max. for normal
or atmospheric temperature applications. This element
operates as a grain refiner for the austenite and hence
that of the martensite or bainite to which the austenite
is converted (in a manner somewhat similar to vana-
dium as aforesaid), and also serves as a deoxidizer for
the steel, and under some circumstances it increases
the strength thereof. It is noted, however, that as the
content of the aluminum is increased, there is increas-
ing difficulty incident to the presence of bubbles or
cracks in the ingots. For this reason, the upper limit of
aluminum becomes quite important.

Columbium and/or tantalum may be wholly absent
from the steel of the invention or may be present up to
about 0.4% for columbium and up to 0.25% for tanta-
lum by weight of the entire alloy. When used, their pur-
pose is to prevent grain coarsening, to increase the
hardenability of the steel and to raise its yield strength
and its ductility when the material is subjected to ten-
sion. For higher temperature applications of this steel,
these elements also impart added strength and stability.
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It is also possible and is within the purview of the
present invention to replace a part or all of the ele-
ments vanadium, aluminum and silicon with one or
more of the elements titanium, zirconium and the rare
earth elements for the purposes for which the replaced
elements are intended as aforesaid. Titanium in addi-
tion increases the age hardenability of the steels.

It is further contemplated, in accordance with this in-
vention, to utilize boron in amounts of up to about
0.1% to increase the hardenability of the steels in par-
tial replacement for some of the elements vanadium,
silicon, manganese, chromium, molybdenum and
nickel.

Turning now to the process phases of the invention,
there are shown in FIGS. 2, 3 and 4, different TTT
curves (time, transformation, temperature) for differ-
ent compositions of alloys, it being understood that
each composition has its own characteristic TTT curve.
The compositions of the steels for which these curves
are drawn are given in the following table:

Element FIG. 2 FIG. 3 FIG. 4
Carbon 0.51 0.44 0.42
Nickel 6.28 8.00 8.25
Cobalt —_— 3.86 3.80
Manganese 0.23 0.10 0.34
Silicon 0.17 0.23 0.10
Chromium 0.04 0.22 0.18
Molybde- 0.04 0.40 0.09
num
Vanadium —— 0.08 0.08
Sulfur 0.017 0.010 0.10
Phosphorus 0.006 0.009 0.010

and the remainder being iron with incidental impuri-
ties.

Also referring to FIGS. 2, 3 and 4, it is noted that in
FIG. 2 there is only a single lobe curve 10, the curve
being shown in full lines and representing the isother-
mal transformation curve for the particular alloy in
question. In FIG. 3, the full line TTT curve 11 has two
lobes including a lower lobe 12 and an upper lobe 13.
In FIG. 4 there is shown a still further type of TTT
curve, indicated generally at 14, and including a lower
lobe 15 and an upper lobe 16 which are spaced apart
by a bay area shown at 17. It is noted that the TTT
curve in each of FIGS. 2, 3 and 4 indicates the start of
isothermal transformation from austenite into the sev-
eral transformation products. The lower lobe 12 of
FIG. 3, and 15 of FIG. 4, indicates transformation to
the lower temperature transformation products such as
bainite, while the upper lobe 13 of FIG. 3 and 16 of
FIG. 4, indicates transformation to higher temperature
transformation products such as ferrite and pearlite.

There is also shown on each of FIGS. 2, 3 and 4 a line
designated M; which indicates the temperature for the
start of transformation from austenite to martensite.
Above this line is a horizontal line A; which indicates
the lower end temperature of a critical zone. The upper
end temperature of this critical zone is indicated by a
line A;. In this critical zone there may be one or more
phases present in equilibrium with austenite; while
above the Aj line nothing but austenite can exist.

The process phase of the present invention comprises
working on a‘relatively cold working basis, but still at
relatively high temperatures, so as to be properly de-
scribed by the term “hot-cold working.” The working

, in accordance with the present invention is preferably
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held to that area above the nose of the curve wherein
transformation may occur from austenite to the higher
temperature transformation products such as ferrite
and pearlite.

It has been found that when working is effected at
temperature substantially above room temperature and
in the temperature areas for which the several TTT
curves of FIGS. 2 to 4 are drawn, that the working itself
results in a shifting of the position of the TTT curves,
which shifting is also illustrated in the accompanying
drawings as hereinafter described in greater detail. In
order to obtain a product which is not contaminated
with some of the transformation products, such as bai-
nite, but which is substantially solely martensite with a
minimum amount of retained austenite, it is found nec-
essary to work in accordance with the present inven-
tion. In this case, however, the term ““martensite’’ is in-
tended to mean that martensite-like product which is
formed from the mechanically deformed austenite.

Referring now to FIG. 2, samples of the steel were
first heated to an austenitizing temperature in the order
of magnitude of 1400° to 1500° F.; then following this
austenitizing, which served to convert substantially all
the material to austenite, the samples were cooled or
chilled down to a working temperature. In FIGS. 2 to
4 of the drawings the working in each instance is shown
by a zig-zag, substantially horizontal line, indicating
that it was effected at a substantially constant tempera-
ture, although it is contemplated as hereinafter set out
that the actual working may be effected during a pro-
gressive diminution in temperature as might be occa-
sioned, for example, by exposing the material being
worked to relatively cooler working tools of an appro-
priate nature considering the type of working being
used. In each instance in FIGS. 2, 3 and 4, the working
temperature and time is indicated by the position and
length of the zig-zag working line, the latter as mea-
sured in respect to the horizontal logarithmic time
scale. This original chilling prior to the working which
is shown by a sloping line, as at 18 in FIG. 2, from a rel-
atively high austenitizing temperature, is and must be
effected in a sufficiently short time so that this mere
chilling action per se does not result in the transforma-
tion of any substantial amount of the material being
handled to one or more types of transformation prod-
ucts other than austenite.

First considering the working in accordance with
path a in FI1G. 2, it is noted that this is accomplished at
a temperature somewhat under 900° F. and definitely
below the temperature of the nose of the curve 10
which is at approximately 950° F. and is shown at 19.
It is found that when working is accomplished as shown
by path a, the position of the curve 10 is shifted inci-
dent to and as a result of the working to that indicated
in part by the dashed line 20. Thus the working which
is indicated by the zig-zag portion of the line of path a
operates to cause the line indicative of the condition of
the specimen to pass within and to the right of this
dashed line 20, which in turn indicates that a portion
at least of the material of the specimen has been con-
verted to some transformation products other than
martensite. This is undesired in accordance with the
present invention where martensite is the desired end
product. In accordance with FIG. 2 it is therefore pre-
ferred to operate on one or the other of the upper paths
borc.
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Path b shows a path for substantially isothermal
working which is done at a temperature in the critical
zone between the temperatures A, and A;. In operating
in this zone, which is substantially above the tempera-
ture of the nose of the curve at 19, it is found that the
shifting of the curve 10 incident to working is much less
than when operating at a lower temperature (path a),
so that the curve 10 is shifted a lesser amount and sub-
stantially to thz position shown by the dotted line curve
21. Under these circumstances, when the working is
done in accordance with path b at a temperature sub-
stantially above that of the nose 19 of the curve 10, the
subsequent chilling or quenching of the specimen will
not intersect the dotted line curve 21; and hence there
will be no higher temperature transformation products
such as bainite present to contaminate the martensite
to which the austenite is converted. The working path
then is in accordance with the zig-zag working portion
of path b followed by the inclined portion 22, showing
the chilling of the worked specimen thereof down to
room temperature {about 75° F.) and preferably below
that in order that a maximum amount of the austenite
shall be transformed to martensite. Here again it is not
the original austenite which is transformed, but rather
a worked type of austenite including the strains and
crystal elongations and distortions effected therein by
the cold working, done in this case under high tempera-
ture conditions. This hot-cold working uses much less
power than if the working were done at lower tempera-
tures, and consequently is much more economical in
practice. In addition the strengthening effect of the hot-
cold working is not destroyed on quenching the worked
material to martensite, and hence enhances the
strengthening action of the martensitic transformation.
Subsequent tempering of the quenched material like-
wise does not destroy the strengthening effect of the
hot-cold working as shown by the test results presented
below.

When the working is done at a temperature above the
Ag line of FIG. 2, for example as in path c, a different
set of conditions comes into play. Under these circum-
stances the working does not serve substantially to
change the position of the principal curve 10 as the
working is being accomplished in the stable austenite
zone. Furthermore, the time period for cooling with re-
spect to this curve 10 which is measured in a horizontal
direction as these curves are drawn, is in effect started
from zero at the termination of the working as shown
by the dashed line C-1 returning to the left from the
end of the working portion of path c. The cooling or
quenching therefore starts from this higher tempera-
ture in effect at time zero with respect to the original
position of the curve 10, and hence can be effected in
a normal manner without danger of intersecting any
portion of this curve as indicated by the cooling or
quenching path C-2. By the same token, this cooling
does not involve the danger of transformation of any
substantial part of the austenite to any of the various
intermediate temperature transformation products
such as bainite, etc., as is apparent from the drawing.
It is necessary, of course when operating in this high
temperature working region to conduct the chilling or
quenching operation immediately after the working
and without sufficient intervening time for the effects
of the working on the material of the specimen to be
erased by an annealing operation or its equivalent.
Thus the quenching or chilling must, in the normal
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course, occur immediately following the termination of
the working; and further the working itself may not be
so protracted as to cause undesired results.

Turning now to FIG. 3, there is shown a composite
TTT curve 11 having an upper lobe 13 and a lower lobe
12 as aforesaid. Here the critical temperature as to
working is the temperature of the nose of the upper
lobe shown at 23. Thus in this figure the path a is one
illustrating the operation or action of a process wherein
the working is effected at a temperature below that of
the nose 23 of the curve 13. Working in this path will
result in a shifting of the position of the lower lobe 12
of the curve 11 to the dashed line curve shown at 24.
Thus at the termination of the working in accordance
with path a, the quenching line portion of path a, shown
at 25, will intersect the shifted position 24 of the curve
11; and there will result some transformation of the ma-
terial of the specimen to lower temperature transfor-
mation products, such as bainite. This partial transfor-
mation to bainite is undesired in accordance with this
aspect of the invention where, as in this instance, mar-
tensite is the end product desired.

However, if the working is done in the area of critical
temperature range between the horizontal temperature
lines A; and A; (which have the same meaning as set
out in discussing FIG. 2 of the drawings), the working
is accomplished as shown by path b, with a resultant
change or shift in the position of the lower lobe 12 to
the dotted line position shown at 26. Under these cir-
cumstances and as this shift is substantially less than
was occasioned by lower temperature working (path a)
the cooling or quenching portion of path b, shown at
27, will not intersect the dotted curve 26, so that there
will be no contamination of the end martensitic prod-
uct by any higher temperature tranformation products,
such as bainite.

Again if the working is conducted in the high temper-
ature zone above the temperature indicated by the line
A, and in the stable zone of austenite, the action is ef-
fected as shown by path ¢ without any substantial shift
in the position of the lobe 12 of the curve 11. Further-
more, at the termination of the working, the conditions
are substantially the same as at time zero, so that if the
working is not too long protracted and if the cooling or
quenching is carried on without any substantial delay,
the cooling will follow the cooling portion 28 of the
path ¢ without any contamination of the martensitic
end product by any higher temperature transformation
products, such as bainite.

In FIG. 4 there is shown a still further type of TTT
curve here one including a bay 17 between upper and
lower lobes 16 and 15, respectively. Again it is the tem-
perature of the nose of the curve lobe 16 at about the
point 29 which is critical in this case, and wherein
working must be so accomplished as to prevent the for-
mation of low temperature products other than mar-
tensite. If the working is effected as indicated by path
a, the lower lobe 15 will be shifted as above described
from the full line position of curve 15 to that shown by
the dashed line 30. This is not a serious difficulty in the
case of light or relatively thin samples, but may cause
very great difficulty in the case of relatively heavy or
thicker samples. The curve path a and the shifted posi-
tion 30 indicate the conditions which may obtain when
using such relatively heavy samples. Here it will be seen
that the cooling portion 31 of path a will intersect the
shifted lobe 30, resulting in contamination of the speci-
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men by transformation products, such as bainite. Again
in FIG. 4, path b shows a path in the critical zone, that
is between the temperature A; and Ay wherein the
working portion of this path is wholly above the tem-
perature nose 29 of the upper curve 16. Under these
circumstances the shift of the lower lobe 18 is from the
position shown in full line 15 to that of the dotted line
curve 32, so that the working can be completed as indi-
cated on the drawing and then the product chilled or
quenched along the line 33 without intersecting any
portion of the dotted curve 32 and hence without intro-
ducing any low temperature transformation products
such as bainite, the final material being substantially all
martensite with a minimum of retained austenite.

Again, if the working is done at a temperature above
the level indicated by the line Ay, i.e., in the stable aus-
tenite zone, the working is characterized by path ¢ in
which the operation is substantially the same as path c,
as described above for FIGS. 2 and 3, with a quenching
to follow immediately after the working and in effect to
start at time zero, assuming of course that the working
itself is not unduly protracied and that there is not an
undue time interval between the termination of the
working and the start of the quenching operation.

Following the quenching of the samples which is or-
dinarily accomplished in air or in oil at least down to
room temperature, some further portion of the retained
austenite may, if desired, be converted to martensite by
refrigerating the sample, for example, by reducing its
temperature by ordinary refrigeration tecnhiques to
any attainable low temperature, including, for example,
the immersing of the article in liquid nitrogen, which
carries the temperature of the product down to the
boiling point of liquid nitrogen, i.e., about —325° F.
Other liquid gases may be used for refrigeration includ-
ing CO,, He, H, or O,.

If it is desired to convert the ultimate or maximum
amount of austenite to martensite, then advantage can
be taken of a repetitious or cyclic process in which it
is refrigerated as aforesaid, then heated up to about the
tempering temperature, and again chilled and refriger-
ated. In the usual case, about two such cycles will attain
the optimum amount of conversion.

We have found that as a result of the hot-cold work-
ing which is accomplished as aforesaid, certain of the
physical or mechanical properties of the products will
be enhanced to a very substantial extent as shown in ex-
amples which follow. We have also found that the ef-
fect of mechanical deformation or working is to some
extent proportional to the amount of such deformation
or working to which the sample is subjected. In order
to secure a minimum actual and appreciable amount of
improvement there must be at least about 10% defor-
mation based upon the physical dimensions of the spec-
imen prior to such deformation. The maximum is much
higher with a practical working range or preferred
amount of deformation being in the order of magnitude
of about 50-30%.

The mechanical working which is carried on in ac-
cordance with this aspect of the invention can be ef-
fected in a number of different ways, all of which are
known generally for the mechanical working of steel
and alloys thereof under other conditions, such for ex-
" ample as by forging, rolling, extruding, drawing or by
any other methods of working metals which have been
known and which may be desired for a given produc-
tion. A desired feature of the invention is that the prod-
ucts formed in accordance with this present process
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have a very high toughness characteristic as indicated
by their notch tensile strengths.

The steels of this invention may be processed in any
of the three typically distinct ways above discussed, for
imparting various combinations of strength, ductility
and toughness, the choice depending on the particular
combination of properties desired. Thus the steels may
be subjected to the simple martensitic heat treatment
above described consisting in austenitizing, quenching
to martensite and thereupon tempering or aging. Alter-
natively the steel may be austenitized and thereupon
mechanically worked and quenched under conditions
avoiding partial formation of intermediate products,
such as bainite, to provide a worked, substantially fully
martensitic structure, which thereupon can be tem-
pered or aged. Lastly, the steels may be austenitized
and cooled or quenched to an intermediate tempera-
ture productive of a bainitic structure on isothermal
transformation, and held at such temperature for a du-
ration sufficient to transform the austenite to a fully or
substantially complete bainitic structure.

It is to be noted, however, that the mechanical work-
ing above described with reference to FIGS. 2-4, inc.,
may also advantageously be employed as an adjunct to
subsequent transformation of the austenite to bainite in
the processing last mentioned.

The following Table I gives examples of typical steels
according to the invention which may be so heat
treated with or without elevated temperature mechani-
cal working as aforesaid, while the subsequent Tables
2 and 3 give the room temperature mechanical proper-
ties of these steels as heat treated by austenitizing,
quenching to martensite and thereupon tempering, but
without the introduction of elevated temperature me-
chanical working. The test resulis reported in Tables 2
and 3 were obtained by using flat strip test specimens
of about 0.080 inch in thickness, about 0.3 inch in
width, and long enough to give a central test portion
(between end gripping portions) of about two (2)

_inches.

The notch tensile specimens were formed as set out
in detail in the copending application of Tarwater
above-referred to and the tests of such specimens were
made as described in said Tarwater application.

The heat treatment of the test specimens in each in-
stance comprised the following steps:

(a) Austenitized at the temperature as set forth in Ta-
bles 2 and 3;

(b) the specimens were then oil quenched to about
room temperature (75° F.);

(c) the specimens were then refrigerated to a temper-
ature of about —120° F. for two hours;

(d) the specimens were then tempered at 400° F. to
obtain the results set out in Table 2 and at 600° F. to
give the results set out in Table 3, in each instance for
one hour; then air cooled to room temperature; then
retempered to same tempering température for one
hour; anfi then air cooled to room temperature;

(e) the specimens were then finish-ground to exact
dimensions desired for the test pieces which were of the
size given above;

(f) the stresses introduced by grinding were then re-
lieved by tempering at a temperature 50° F. lower than
the tempering temperature hereinabove set out for
each specimen respectively; and

(g) the specimens were then tested in a conventional
manner to give the results set out in Tables 2 and 3.
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TABLE 1

Steel C Ni Co Mn Si Cr -Mo v Al Cb
a. 0.23 9.5 2 0.20 0.20 0.25 0.30 0.10 0.01 0
b. 0.40 9 3 0.20 0.20 0.20 0.25 0.10 0.01 0
c. 0.62 7.7 5 0.20 0.20 0.10 0.20 0.10 0.01 . 0
d. 0.15 8.75 3.50 0.30 0.20 0.32 0.35 0.008 0 0
e. 0.65 8.82 6.80 0.46 0.21 0.30 0.31 0.11 0 0
f. 0.42 7 0.48 0.33 0.15 0.10 0.23 0.13 0.3 0
g 0.45 12 5 0.14 0.005 0.30 0.34 0.15 0 0
h. 0.31 7.9 0.2 0.21 0.01 0.27 0.46 a.10 0 0
i 0.53 8 7 0.32 0.25 0.37 0.14 0.08 0.01 0
i 0.48 9.2 5.5 0.38 3 0 0.46 0.34 0.02 0
k. 0.25 10 1.25 2 0.23 0.35 0.29 0.07 0.09 0
1. 0.40 8.95 3.87 0.20 0.17 1 0.14 0.11 0 0
m. 0.38 8.72 1.94 0.20 1.94 0.61 0.6 0.005 0 0
n. 0.50 8.2 2.3 0.4 0.23 0.08 0.05 0.20 0.1 0
o. 0.40 9 3 0.20 0.20 0.20 0.25 0.10 0.01 04
p- 0.40 9 3 0.20 0.20 0.20 0.25 0.10 0.01 0.0
q. 0.40 9 3 Q.20 0.20 0.20 0.25 0.10 2 0
r. 0.40 1.73 0.68 0.30 0.84 0.25
s. 0.40 1.11 1.13 1.82 2.14 0.33
t. 0.30 5.14 1.16 1.57 2.36 0.35 0.07
u. 0.65 5.26 0.17 0.19 0.18 0.28 0.19

TABLE 2

All specimens austenitized at 1,450-1,600°F., quenched and tempered
one hour at 400°F.

Y.S., uUs., Percent  Percent Hardness Notch
Stecl K s.i. K s.i. El. R.A. (Rc No.) Ten. Str.,
(in 2’’) K s.i.
a. 195 230 8 48 46.5 195+
b. 245 290 7 35 54 300
c. 295 330 5 25 56 100
d. 165 195 8 60 41 165+
e. 298 335 6 30 56.5 100
f. 235 280 7 40 54 260
g 250 290 7 40 54.5 255
h. 205 0230 7 48 46 300+
i 265 320 6 30 56.5 150
i 295 330 5 35 57 100+
k. 210 240 7 50 46 210+
1 250 295 "7 40 . 54.5 250+
m. 245 290 7 45 53.5 260+
n. 255 310 6 55.5 250+
o. 250 295 7 40 54.5 300
p. 247 292 7 37 54 300+
q. 245 290 6 35 54.5 230
TABLE 3
All specimens austenized at [,450-1,600°F., quenched and tempered
one hour at 600°F,
Y.S., us., Percent Percent Hardness Notch
Steel K s.i. K s.i El. R.A. (Rc No.) Ten. Str.,
(in 2'") K s.i.
a. 195 220 8 50 46 195+
b. 230 250 7 51 51 260+
c. 255 280 6 53 53 200
d. 165 180 8 63 40 165+
e. 260 270 6 40 53.5 200
f. 230 260 7 50 S1 260+
g. 238 270 7 45 52 260+
h. 195 210 7 55 46 195+
i 250 275 6.5 53 45 250+
3 280 325 5.5 40 55 150
k. 215 230 7 53 45 215+
L 240 260 7 53 50 240
m. 235 260 7 55 51 240
n. 235 260 7 40 51.5 250
o. 235 270 7 45 51.5 250
p. 230 260 7 42 51 250
q. 270 300 5 35 54 150
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TABLE 4
MECHANICAL PROPERTIES OF HOT-COLD-WORKING STEELS
Aus. Deformation Per- Per-
Steel Temp., Tempering YS. us., cent cent Hard Noich Ten.
°F. Temp. (°F.) K s.i. K s.i. El R.A. Rc Str., K s.i.
°F. Percent
a. 1,600 1,350 10 1400 210 220 7 40 47
1.600 1,350 80 As Q 240 251 5 22 53
1,600 1,350 80 400 220 239 5 31 50 221+
1,600 1,350 90 400 230 250 6 36 50 230+
b. 1,450 1,350 10 400 255 298 7 36 55
1,450 1,300 80 As Q 252 390 80
1,450 1,300 80 250 260 380 150
1,450 1,300 80 400 280 325 300+
1,450 1,350 90 400 295 340 6 40 56 295+
[ 1,550 1,350 80 As Q 295 450 6 67 50
1,550 1,350 80 400 310 410 5 61 260
1,550 1,350 80 600 300 360 5 59 260
1,550 1,350 90 400 330 420 6 62 265+
j 1,500 1,350 80 As Q 300 430 6 63 50
1,500 1,350 80 600 310 390 5 59 250
T. 1,550 'R.T. 245 340 4 60
1,550 1,350 55 R.T. 225 380 6 63
1,550 400 242 295 6 54
1,550 1,350 55 400 252 330 6 56
s. 1,750 R.T. 240 360 2 59
1,750 400 242 305 6 57
1,750 600 245 290 7 55
1,750 1,150 75 RT. 195 400 6 63
1,750 1,150 75 400 260 360 6 62
1,750 1,150 75 600 295 330 5 59
1,750 1,750 80 R.T. 200 390 7 62
1,750 1,750 80 400 264 323 6 61 260
1,750 1,750 80 700 274 308 4 56 250
t 1,600 1,300 80 R.T. 205 336 6 62
1,600 1,300 80 250 194 333 7 60
u. 1,550 1,350 80 250 281 435 6 67
1,550 1,350 80 R.T. 280 450 7 67
1,550 1,350 80 400 310 375 5 64

IR.T. stands for Room Temperature (about 75°F.).

The effect of subjecting the steels to mechanical
working in accordance with the procedures above de-
scribed with reference to FIGS. 2, 3 and 4 of the draw-
ings, prior to quenching to martensite and thereafter

35

reference to FIGS. 2—4, inc., of the drawings prior to
quenching to an intermediate temperature of 500° F.
and transforming substantially completely to bainite,
cooling thence to atmospheric temperature, and there-

T . N . 40 .
aging or tempering, is shown by the test results in the after aging for one hour at 500° F.
45
TABLE 4A
Aus. Deformation Per- Per-
Steel Temp., Tempering Y.S., U.s., cent cent Hard Notch Ten.
°F. Temp. (°F.) K s.i. K s.i. EL R.A. Re Str., K s.i.
°F. Percent
b. 1 ,'450 1,300 10 1500 230 270 7.5 — 54 300+
1,450 1,300 80 500 250 320 8.5 — 57 320+
Hsothermal transformation temperature.
55

foregoing Table 4, as applied to the designated steels
having the compositions given in Table 1 In the Table
4 data all steel specimens were austenitized in the tem-
perature range of 1450-1750° F., and after quenching,
all specimens indicated as having been tempered, were
tempered for one hour at the temperature indicated.
Additional data is included in Table 4a for steel b,
which was processed as follows: Mechanical working in
accordance with the procedures above described with

60
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It will readily be apparent from a comparison of the
test results of Tables 2 and 3 with that of Table 4, that
the mechanical working greatly enhances the strength
and toughness of these steels as thus processed.

The following Table 5 gives the room temperature
tensile properties of a series of low carbon steels ac-
cording to the invention, each as heat-treated by aus-
tenitizing,
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Optimum Heat Treated
Tensile Properties

Heat No. Composition Percent Bal. Fe K s.i. Percent Hard
C St N1 Cr Mo Co Other Y.S. us. R.A. Re
59° .1 A9 3 3 177 196 62 16 37
63 2 3 9 .1 i 4 193 200 67 18 43
203° 15 1.0 9 3 ! 3 196 209 59 15 44
200° 2 5 9 1.5 i 3 197 208 54 15 43
64 2 3 9 1 1 4 200 207 65 16 46
114° .26 .1 7.1 9 1 2.1 .07 Al 191 214 54 14 43
168 A2 2 8.7 2 3 3 {.2 Cb 195 211 53 14 41
1 Ta -
201° 2 1.0 9 3 1 3 214 218 54 14 45
112° .24 1 7.5 3 .2 2.3 .07 Al 186 222 60 14 43
116° .25 N 7.4 9 1 4.4 07 Al 203219 64 17 46
202° .20 1.0 9.0 1.5 1 3.0 205 229 52 14 48
204° 15 1.0 9.0 3 3.0 213 222 58 12 44
154 N .1 7.3 3 3 2.0 188 220 60 14 45
155 2 7.3 1.0 3 2.0 - 185 224 48 14 46
60° 2 .1 9 3 3 210 229 55 15 46
123° 27 .1 8.1 9 3.3 1.9 .07 Al 211 223 63 16 46
67 3 1.0 7.5 .1 2 2 188 230 - 69 15 46
115° .33 .1 7.4 9 1 4.4 .07 Al 206 231 52 15
166 22 2 8.7 1.5 1.0 3.0 {.2 Cb 180 220 . 59 16 37
.1 Ta
161° .24 2 7.6 2.0 2.0 3.1 197 229 54 14 44
119° 41 .1 6.9 1.8 3.2 2.0 .07 Al 196 232 55 14 47
121° 25 .1 7.2 1.0 1.4 2.5 .07 Al 190 235 59 15 47
124° .25 .1 8.6 1.8 33 2.0 .07 Al 200 240 55 14 48
118° .29 A 7.0 1.0 35 4.1 1Al 206 243 50 12 47
117° 27 A 6.4 9 2.7 2.0 .07 Al 201 245 53 13 48
120° .30 B 6.4 1.8 33 3.8 .07 Al 224 245 55 14 49
162° 25 1.0 7.6 1.0 1.0 3.1 205 250 49 13 47
122° 28 .1 8.0 .6 3.2 2.0 .1 Al 205 247 50 12 49
157 .23 7.3 2 3 2 199 247 47 12 49
158° 24 73 2 3 4 204 248 53 14 46
199° 2 5 S .3 1 3 211 251 60 13 49
160° 18 .2 7.6 2 i 3.1 194 277 55 15 47
‘607 .22 1 7.2 7 .8 3.8 .05Cb 183 202 67
‘609 21 7.3 7 1.5 3.2 .05 Cb 195 214 62
‘611 .14 1 7.3 7 3.0 3.3 09Cb 178 200 55
‘612 .28 8.2 4 .5 3.8 A1 Cb 186 195 51
‘613 .24 8.6 4 4 4.0 .04 Cb 188 198 61
‘614 24 8.1 4 .5 3.7 182 193 65
‘615 27 8.2 4 .5 4.0 08 Cb 125 185 59
A355 .26 1 8.0 1.0 1.0 2.7 200 215 51

quenching and tempering, and in the case of the heats
marked wtih the asterisk, also refrigerated at —120° F.
for two hours prior to tempering, although this is not
usually required for these low carbon steels. The tem-
pering times were two hours each and the tempering
temperatures were all within the range of 400-1000°
F., and so selected as to each heat to give about the op-
timum combination of high strength with high ductility
as measured by percent reduction in area and tensile
elongations. The manganese and vanadium contents
for these steels (not given in the table) were within lim-
its of about 0.1-0.5% for manganese and about
0.1-0.2% for vanadium.

The Charpy V-notch impact energies for the above
steels ’607-A3535, inc., were as shown in the following
Table 5a, at the several testing temperatures indicated
for each.

TABLE 5a

CVN Impact Energy, Ft.-Ibs.

as tested at-

Heat No. 70°F. O°F. —100° F —320° F.
607 60-70 73 68 47
'609 45-50 51 54 44.48
‘611 40 36 28 10
‘612 3542 45 45 41
'613 48-57 62 56 49
‘614 59 67 64 47
'615 59 68 64 47.5

'A355 59 42
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From the test data of the above Tables 5 and 5a it will
be seen that both the yield and ultimate strengths of
these low carbon steels increase with increasing addi-
tions of chromium and molybdenum without apprecia-
ble loss of ductility, and also that these steels possess
excellent toughness properties.

The Table 5 data also shows that the strength in-
creases with the carbon content with the same effects
on strength, ductility and toughness as increasing chro-
mium and molybdenum additions as above discussed.

The combinations of strength, ductility and tough-
ness provided by those low carbon steels, is such that
they are particularly suited for applications where
weight reductions due to high strength are desired, but
where reliability cannot be sacrificed. These steels have
extremely high toughness values as measured by
sharply notched specimens, being tougher than any
other steels of comparable strengths of which appli-
cants are aware. Also they can be welded in the heat-
treated condition without preheating or postheating.
With reference to this, applicants are aware of no other

. steels which at strength levels in excess of 170 k.s.i. can

65

be welded satisfactorily without preheating and/or
post-welding heat treatments. For the foregoing rea-
sons these low carbon steels of the invention find par-
ticular utility for such applications as solid fuel rocket
motor cases and for pressure vessels which are subject
to high external pressure and impact in use.

As pointed out above, the steels of this invention
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have greater toughness when heat-treated to provide
bainitic structures as compared to those heat-treated to
provide tempered martensitic structures at comparable
strength levels, and provided always, of course, that the
comparison is made on the basis of a steel of substan-
tially the same composition. For example, our tests
have shown that the Charpy V-notch impact toughness

24

and the latter also consumable electrode remelted
under vacuum.

The strength and notch toughness of these various
heats as heat-treated to provide tempered martensitic
vis-a-vis bainitic structures is set forth in the following
Table 7, while the strength and impact resistance of
these steels is set forth in the ensuing Table 8.

TABLE 7
STRENGTH AND NOTCH TOUGHNESS OF VARIOUS HEATS
Hard- t=0.080"" t=0.180""
Structure Y.S. U.TS. Percent ness Notch Notch
(K si.) (K s.i.) El (in (Rc) Str. Str.
2y (K s.i.) (K s.i.)
Heat 3352127:
MT* at 400 F 235.5 293.5 6.5 54 144.6 62.8
MT at 500 F 230.0 265.5 6.5 50 73.8
MT at 600 F 2245 247.0 6.0 47 186.8 76
MT at 800 F 202.0 213.0 7.0 44 136.5
BF** at 450 F 205.4 260.0 6.5 48.5 185.2
BF at 500 F 200 240 7.0 47 198.0 149.6
BF at 600 F 172.5 205.3 7.0 40 176.5
Heat 3950704:
MT at 400 F 232.3 291.0 6.5 49 153.0 91.9
MT at 500 F 49 147.0 112.3
MT at 600 F 46.5 159.0 145.5
MT at 800 F 42 160.0 180.8
MT at 1,000 F 42 179.0
Heat 3950704:
BF at 450 F 197.5 259.0 6 46.5 197.5 147.5
BF at S00 F 196.0 239.8 6 46 186.3
BF at 600 F 164.5 195.4 7 39.5 171.0
Heat 3950831:
MT at 400 F 246.0 289.4 6 53 152.8 84.2
MT at 500 F 2322 259.7 55 50 183.0 114.2
MT at 600 F 218.4 236.4 s 46 183.0 172.1
BF at 500 F 2235 248.5 7 50 202.2
BF at 600 F 187.3 201.5 9.5 44 170.9
BF at 700 F 138.6 158.2 12 36 156.7
. tIndicates thickness of center notched specimen.
*MT indicates Martensite tempered at indicated temp.
** BF indicates Bainite formed at indicated temp.
TABLE 8

of the steel in accordance with the invention containing
substantially 9% nickel, 4% cobalt is 100% improved in
bainitic structures over that of tempered martensitic
structures. The higher toughness of bainitic structures
was also observed when the materials were tested using
sharply notched specimens. K ¢ values of the order of
90 k.s.i. Vin. were obtained in bainitic structures,
whereas K¢ values of only 65 ksi. Vin. were ob-
tained in martensitic structures. Both of these values
were. for steels heat-treated to yield strength levels of
225 k.s.i. ,

In confirmation of the above and in order to make a
direct comparison of the toughness characteristics of
bainitic versus tempered martensitic structures in steels
according to the invention of substantially the same
composition, heats of the final analyses given in the fol-

. lowing Table 6 were melted, all containing substantially
8-9% nickel, 3-4% cobalt, approximately 0.4% carbon
and the balance iron, except for extremely small
amounts of manganese, silicon, chromium, molybde-
num, vanadium and aluminum.
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STRENGTH AND IMPACT RESISTANCE OF
VARIOUS HEATS

Y.S. UTS. Percent Hard- Imp. Fn.
Structure (Ks.i) (Ksi.) EL ness (ft.-1b.)
i (in2”) Rc) at 70° F.
Heat 3352127:
. MT* at 400 F 235.5 2935 65 54
MT at 500 F 224.5 247.0 6.0 47
BF** at 500 F 260 240 7.0 47 a7
Heat 3950701: .
MT at 400 F 250 295 7.5 80 20
MT at 600 F 230 255 7.5 47.5 22
BF at 450 F 37
BF at 500 F 205 250 48 40
Heat 3950831:
MT at 400 ¥ 246.0 2894 6 53 21
MT at 500 F 2340 2600 6 60 21
Mt at 600 F 2184 2764 5 46 26
MT at 800 F 1924 2609 85 44 37
BF at 450 F 235.0 275 28
BF at S00 F 2235 2485 7 50 46
BF at S50 F 205.0 225.0 47.0 63
BF at 600 F 187.3 2015 9.5 44.0 66
BF at 700 F 138.6 1582 12 36.0 75

*MT indicates Marténsite tempered at indicated temp.
**BF indicates Bainite formed at indicated temp.

TABLE 6
COMPOSITION (WEIGHT PERCENT) 4
Heat C Mn Si Ni Cr Mo v Co Al

Number

3352127 0.41 Q.22 Q.2 8.25 0.26 0.13 0.10 3.60 0.20
3950701 0.40 0.11 0.01 8.84 0.32 0.32 0.08 3.82
3950704 0.39 Q.12 0.01 8.72 0.29 0.31 0.08 3.80
3950831 0:43 0.02 0.0 8.00 0.09 0.08 0.09 3.80 0.01

All of the above heats were air-melted in a 70-ton elec-
tric arc furnace, heat ’127 being aluminume-silicon de-
oxidized and the remaining heats carbon deoxidized,

Typical room temperature tensile properties for the
steels of Table 6 as bainitized at various temperatures
are shown in FIG. 5. As can be seen, the strength and
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ductility are strongly dependent on the temperature of
austenite to bainite transformation. For example, at
700° F., yield strength levels of the order of 140 k.s.i.

were obtained, whereas at 450° F., yield strength levels -

of the order of 235 k.s.i. were obtained. As might be ex-
pected from the strong dependence of strength on
transformation temperature, the impact energy exhib-
ited by isothermally transformed specimens varies sig-
nificantly with the temperature of formation, as shown
in the accompanying FIG. 6.

As mentioned previously, the bainitic structures ap-
pear to give consistently the best combination of im-
pact resistance and strength. The annexed FIGS. 7 and
8 are plots of impact energy against yield strength and
ultimate strength, respectively, for bainitic and mar-

tensitic structures of the substantially 9% nickel, 4%:

cobalt steels of Table 6 containing about 0.4% carbon,
as well as for a substantially 9% nickel, 4% cobalt,
0.25% carbon steel heat-treated to martensite, desig-
nated in the drawings as HP 9-4-40 and HP 9-4-25,
respectively. It is to be noted from these graphs that im-
pact values on the order of 50 ft./Ibs. at a yield strength
level of 225 k.s.i. and an ultimate strength of 250 k.s.i.
can be obtained with bainitic structures in the 9-4—40
steel. On the other hand, only about 25 ft./lbs. was ob-
tained with the tempered martensitic structures in this
steel at comparable strength levels. There is, therefore,
a 100% improvement in impact properties as a result of
forming a bainitic structure instead of a tempered mar-
tensitic structure.

The toughness and fatigue properties of steels ac-
cording to this invention as compared to various com-
petitive steels are graphically depicted in FIGS. 9-11,
inc., of the drawings herein as functions of yield or ulti-
mate strength. Referring to FIGS. 9 and 10, it will be
seen that the fracture toughness of the HP 9-4-X steels
of this invention are far superior at all yield and ulti-
mate strength levels to the majority of the commercial
steels set forth. Only the highly alloyed 18 Ni-Co-Mo
steels show superiority in the yield strength comparison
of FIG. 9, whereas in the ultimate strength comparison
basis of FIG. 10, the steels of this invention are superior
in fracture toughness at the highest strength levels and
of comparable toughness at lower strengths. The rea-
son for the apparent superiority of the 18 Ni-Co-Mo
commercial steels when compared on a yield strength
basis, is that for these steels the ratio of yield to ulti-
mate strength is close to unity whereas this ratio is
much lower in the HP 9-4-X steels of the present in-
vention. Hence, the ultimate strength comparison of
FIG. 10 gives more nearly the true comparison of these
steels as regards fracture toughness.

Referring to FIG. 11, it will at once be apparent that
the HP 9-4-X steels of the present invention are far su-
perior in fatigue resistance at all strength levels to the
best of the competitive steels.

Referring to FIG. 12, it will further be seen that the
steels of this invention are at least as resistant to stress
corrosion cracking as the best of the competitive steels.

Aside from the toughness superiority of the bainitic
structure over the tempered martensitic structure
shown by the above data, the heat-treating of the steels
to bainitic structures offers a significant advantage over
conventional procedures because residual transforma-
tion stresses are very low with a resulting decrease in
quench-cracking tendencies and distortion. Further-
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more, heat-treating to fully bainitic structures elimi-
nates retained austenite and consequently the need for
refrigeration and double tempering. The steels of the
invention as heat-treated to provide the bainitic struc-
ture are applicable for such items as airplane landing
gears, airframes and small, highly stressed parts.

What is claimed is: .

1. An alloy steel consisting essentially of about: 3 to’
12% of metal of the group consisting of nickel and cop-
per, copper when present not exceeding one-half the
nickel content, 0.2 to 7% cobalt, up to 2% each of man-
ganese, chromium and aluminum, up to 1.5% silicon,
up to 3.5% molybdenum, up to 0.5% vanadium, up to
0.4% columbium, up to 0.25% tantalum, up to 0.75%
tungsten, up to 0.1% boron, [upl 0. to 0.3% car-
bon, and the balance substantially all iron.

2. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, 3 to 12% of at least one metal of the
group consisting of nickel and copper,. copper when
present not exceeding one-half the nickel content, 0.2
to 7% cobalt, up to 2% each of manganese, chromium
and aluminum, up to 1.5% silicon, up to 3.5% molybde-
num, up to 0.5% vanadium, up to 0.4% columbium, up
to 0.25% tantalum, up to 0.75% tungsten, up to 0.1%
boron, and the balance substantially all iron, said steel
containing at least 0.1% of at least one element se-
lected from the group consisting of chromium, molyb-
denum, vanadium and columbium for carbon contents
thereof over about 0.3% [.] , at least one of the ele-
ments nickel and cobalt being present on the high side of
its range when at least one of the elements carbon, chro-
mium and silicon is present on the high side of its range,
and said steel as austenitized, quenched and tempered at
about 400-1000°F. - having. . yield and ultimate
strengths .of at least 150 and 180 k.s.i. respectively,
a tensile elongation of at least 5%, and a Charpy V-
notch impact strength-ar 70°F of at least 20 ft-1bs.

3. LAnalloyd A4 wrought alloy steel having a worked
microstructure of transformed austenite selected from
the group consisting of martensite and bainite, said steel
: consisting essentially of about: 0.1 to 0.65% carbon, 3
to 12% of metal of the group consisting of nickel and
copper, copper when present not exceeding one-half
-the nickel content, 0.2 to 7% cobalt, up to 2% each of
manganese, chromium and aluminum, up to 1.5% sili-
con, up to 3.5% molybdenum, up to 0.5% vanadium, up
to 0.4% columbium, up to 0.25% tantalum, up to
0.75% tungsten, up to. 0.1% boron, and the balance
substantially all iron, said steel containing at least 0.1%
of at least one element selected from the group consist-
.ing of chromium, molybdenum and columbium for car-
bon contents thereof over about 0.3%, and said steel
having [a tempered martensitic microstructure, ]
yield and ultimate strengths of at least 150 and 175
k.s.i. respectively, [and] a tensile elongation of at
least 5% [.] , a Charpy V-noitch impact strength at
70°F of at least 20 ft-lbs. -

4. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, [3] 6.5 to .[12%]}. 9.5% of metal
of the group consisting of nickel .and copper, copper
.when present not exceeding one-half the nickel con-
tent, 0.2 to 7% cobalt, up to 2% each of manganese,
chromium and aluminum, up to 1.5% silicon, up to
3.5% molybdenum, up to 0.5% vanadium, up to 0.4%
columbium, up to 0.25% tantalum, up t0 0.75% tung-
sten, up to 0.1% boron, and the balance substantially
all iron, said steel containing at least 0.1% of at least

H
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one element selected from the group consisting of
chromium, molybdenum, vanadium and columbium for
carbon contents thereof over about 0.3%, and said steel
[ having a martensitic microstructure, a tensile elonga-
tion of at least 5%, and yield and ultimate strengths of
at least 150 and 175 k.s.i., respectively] as austeni-
tized, queriched and tempered at about 400-1000°F hav-
ing yield and ultimate strengths of at least 150 and 180
k.s.i. respectively, a tensile elongation of at least 5%, a
Charpy V-notch impact strength at 70°F of at least 20
ft-lbs.

5. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, 3 to 12% of metal of the group con-
sisting of nickel and copper, copper when present not
exceeding one-half the nickel content, 0.2 to 7% co-
balt, up to 2% each of manganese, chromium and alu-
minum, up to 1.5% silicon, up to 3.5% molybdenum, up
to 0.5% vanadium, up to 0.4% columbium, up to 0.25%
tantalum, up to 0.75% tungsten, up to 0.1% boron, and
the balance substantially all iron, said steel containing
at least 0.1% of at least one element selected from the
group  consisting of chromium, molybdenum, vana-
dium, and columbium for carbon contents thereof over
about 0.3%, and said steel having a bainitic microstruc-
ture, a tensile elongation of at least 5%, yield and ulti-
mate strengths of at least 150 and 175 k.s.i., respec-
tively, and a Charpy V-notch impact energy of at least
£30] 20 ft/lbs. at 70°F.

6. An alloy steel consisting essentially of about: 0.2
10 0.65% carbon, [31 6.5 to [12% 1 9.5% of metal
of the group consisting of nickel and copper, copper
when present not exceeding one-half the nickel con-
tent, 0.2 to 7% cobalt, up to 2% each of manganesg,
chromium and aluminum, up to 1.5% silicon, up to
3.5% molybdenum, up to 0.5% vanadium, up to 0.4%
columbium, up to 0.25% tantalum, up to 0.75% tung-
sten, up to 0.1% boron, and the balance substantially
all iron, said steel containing at least 0.1% of at least
one element selected from the group consisting of
chromium, molybdenum, vanadium and columbium for
carbon contents thereof over about 0.3%, and said steel
having a tempered martensitic microstructure, a tensile
elongation of at least 5%, and yield and ultimate
strengths of at least 195 and 230 k.s.i,, respectively
[ .3 .anda Charpy V-notch impact strength of at least
20 fi-lbs. at 70°F.

7. An alloy steel consisting of about: [0.2]1 0.7 to
0.65% carbon, 3 to 12% of metal of the group consist-
ing of nickel and copper, copper when present not ex-
ceeding one-half the nickel content, 0.2 to 7% cobalt,
up to 2% each of manganese, chromium and aluminum,
up to 1.5% silicon, up to 3.5% molybdenum, up to 0.5%

vanadium, up to 0.4% columbium, up to 0.25% tanta-’

lum, up to 0.75% tungsten, up to 0.1% boron, and the
balance substantially all iron, said steel containing at
least 0.1% of at least one element selected from the
group consisting of chromium, molybdenum, vanadium
and columbium for carbon contents thereof over about
0.3%, and said steel having a substantially bainitic mi-
crostructure, a tensile elongation of at least 5%, an ulti-
mate strength of at least 200 ks.i,, and a Charpy V-
notch impact energy of at least 50 ft/lbs.

8. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon; 3% to 12% of metal of the group con-
sisting of nickel and copper, copper when present not
exceeding one-half the nickel content, 0.2 to 7% co-
balt, up to 2% each of manganese, chromium and alu-
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minum, up to 1.5% silicon, up to 3.5% molybdenum, up
to 0.5% vanadium, up to 0.4% columbium, up to 0.25%
tantalum, up to 0.75% tungsten, up to 0.1% boron, and
the balance substantially all iron, said steel containing
at least 0. 1% of at least one element selected from the
group consisting of chromium, molybdenum, vanadium
and columbium for carbon contents thereof over about
0.3%, and wherein there may be substituted for part or
all of any of the elements vanadium, aluminum and sili-
con, at least one element selected from the group con-
sisting of titanium, zirconium and the rare earth metals
L .1 ., said steel having as austenitized, quenched and
tempered at about 400—600°F.. yield und ultimate
strengths of at least 235 and 280 k.s.i., respectively,
and u tensile elongation of at least 5%.

9. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, 3 to 12% of [the] metal of the
group consisting of nickel and copper, copper when
present not exceeding one-half the nickel content, 0.2
to 7% cobalt, £0.25] 0 to 2% chromium, Lo0.25) ¢
to 3.5% molybdenum, up to 2% each of manganese and’
aluminum, up to 1.5% silicon, up to 0.5% vanadium, up
to 0.4% columbium, up to 0.25% tantalum, up to
0.75% tungsten, up to 0.1% boron, and the balance
substantially all iron L.1 ., said steel as austenitized,
quenched and tempered at about 400-1000°F, having
yield and ultimate strengths of at least 150 and 170 k.s.i.,
respectively, a Charpy V-notch impact strength at 70° of
at least 30 ft-lbs, and a tensile elongation of at least 10%.

10. An alloy steel consisting essentially of about: 0.1
to 0.3% carbon, 3 to 12% of Lthel metal of the group
consisting of nickel and copper, copper when present
not exceeding one-half the nickel content, 0.2 to 7%
cobalt, 0.5 to 1.5% each of chromium and molybde-
num, up to 2% each of manganese and aluminum, up
to 1.5% silicon, up to 0.5% vanadium, up to 0.4% co-
lumbium, up to 0.25% tantalum, up to 0.75% tungsten,
up to 0.1% boron, and the balance substantially all
iron.

11. All alloy steel consisting essentially of about: 0.3
to 0.65% carbon, 3 to 12% of metal of the group con-
sisting of nickel and copper, copper when present not
exceeding one-half the nickel content, 0.2 to 7% co-
balt, 0.25 to 0.5% each of chromium and molybdenum,
up to 2% each of manganese and aluminum, up to 1.5%
silicon, up to 0.5 % vanadium, up to 0.4% columbium,
up to 0.25% tantalum, up to 0.75% tungsten, up to
0.1% boron, and the balance substantially all iron.

12. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, 6.5 to 9.5% nickel, 1 to 4% cobalt,
0.25 to 1.5% each of chromium and molybdenum, up
to 1% each of manganese and silicon, up to 0.5% vana-
dium, and the balance substantially all iron.

13. An alloy steel consisting essentially of about: 0.1
to 0.65% carbon, 6.5 to 9.5% nickel, 1 to 4% cobalt, up
to 1% each of manganese and silicon, up to 1.5% each
of chromium and molybdenum, up to 0.5% vanadium
and the balance substantially all iron L. | said alloy
containing at least 0.1% of at least one element selected
from the group consisting of Cr, Mo, V and Cb for carbon
content over about 0.3%.

" 14. An alloy steel consisting essentially of about: 0.1
to 0.5% carbon, 8 to 10% nickel, 3.5 to 4.5% cobalt, up
to 1% each of manganese and silicon, up to 0.5% vana-
dium, up to 1.5% each of chromium and molybdenum,
the balance substantially all iron L.1 ., said alloy con-
taining at least 0.1% of at least one element selected from
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the group consisting of Cr, Mo, V and Cb for carbon con-
tent over about 0.3%.

15. An alloy steel consisting essentially of about 0.1
to 0.5% carbon. 7 to 9% nickel, 2 to 4%, cobalt, up fo
1.5% each of chrominm and molvbdenum and the bal-
ance substantially all iron L.1 . said alloy containing
at least 0.1% of at least one element selected from the
group consisting of Cr, Mo, V and Cb for carbon content
over about 0.3%.

16. A steel having high yield strength and good notch
toughness consisting essentially of .1-3% carbon,
2-7.9% cobalt, 3.-12.% nickel, .5-1.5% molybdenum
and .5—1.5% chromium and the balance substantially
iron except for residual and incidental impurities.

17. Low carbon age hardenable steel consisting essen-
tially of in percentage by weight: carbon .I1-3, nickel
6.5-9.5, molybdenum .1-3.5, cobalt 1-4., manganese 2.
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max., phosphorous .04 max., sulfur 0.4 max., silicon 1.5
max., aluminum 2. max., with the balance iron and other
elements which do not adversely effect the properties.

18. An alloy steel consisting essentially of about: 6.5
to 9.5% metal from the group consisting of nickel and
copper, with copper not exceeding one half the nickel
content, 1 to 4% cobalt, 0.5 to 1.5% each of chromium
and molybdenum, 0.1 % to under 0.3% carbon, balance
iron.

19. An alloy steel consisting essentially of about: 6.5
to 9.5% metal from the group consisting of nickel and
copper, with copper not exceeding one half the nickel
content, 1 to 4% cobalt, 0.25 to 0.5% each of chromium
and molybdenum, 0.3 1o 0.65% carbon, balance iron.

* %* * * *




