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This invention relates to the production of
steels having properties not residing in the steels
known to and made by the methods of the prior
art which possess the same essential or nominal
chemical composition, as ordinarily understood,
as the steels described in this specification. It
provides for a novel treatment whereby a- com-
bination of properties not hitherto associated
with earbon and very low alloy . steels may be
assured, . thus producing in these steels an ability
to satlsfy uses from which they individually have
heretofore been excluded. The properties and
the steels in which they may be produced as well
as the sphere of utility of these steels will be
apparent to those acquainted with the art, from
the description and. explanation following.

In the manufacture and use of carbon and
alloy steels and the adjustment or control of
their compositions and methods of manufacture,
with the objective of properly fitting the me-
chanical and other properties of the finished

- articles to the service that they are intended to
render, it is recognized that the behavior of any

spect to steel composition, not only are the ele-
ments added o carbon steels to produce alloy -
steels important, but also those elements added

. to both types of steels to at least in part effect
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steel when cooling it from some elevated tem- -

perature at & rate tending to produce hardening
affords most valuable indications of its numerous
mechanical and metallurgical characteristics.
This behavior is influenced by many factors.
Important among them is the carbon or carbide
content and the size and number of the carbide
- particles prior to heating for hardening; equally
important is the rate of solution of these carbides
in the iron matrix at.any temperature from
which some hardening can be effected and, after
solution, the rate and manner of their separation
from the matrix on cooling at various rates; this
functioning of the carbide is closely associated
with the remainder of the steel composition and
-with the steel-msaking practice. In respect to
the influence of the steel-making process, im-
portant effects are caused by the nature of the
raw materials used, the type of slag covering em-
ployed. for the purpose of effecting the refining
operations performed on the molten. metal, the
changes in the composition and temperature of
the slag during the course of the steel refining
and during, the adjustmeni of the steel composi-
tion, and principally by the final conditioning of
the molten metal as, for example, the control of
the content of oxygen or oxides and the matnrials
and technique employed for this purpose. In re- 5
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control over the residual oxygen content.
Theoretically, carbon steels are alloys. of iron and
caruon; practically, they contain in addition
manganese or silicon or manganese and silicon
to secure desired fabricating qualities, and sul-
phur, phosphorus, oxygen, nitrogen, non-metallic
particles, and other impurities incident to the
raw materials and manufacturing processes em-
ployed. Alloy steels contain in addition one or
more other elements such as nickel, chromium,
vanadium, molybdenum, copper, cobalt, -ete.,
and/or increased quantities of manganese or .
silicon or of some of the elements regarded as
impurities. ]

_Other factors exert their influence, as will be
referred to later, such as mechanical-thermal
history of the steel, and the grain size of the
matrix after partial or compléte carbide solu-
tion; the latter in turn is the result of the con-
ditions of heating for hardening combined with
all of the phases of the steel-making and subse-
quent treatment. . When hardening these carbon
or alloy steels by heating and then cooling at a
suitable rate, it is observed that the extent to
which they harden is affected greatly by the mass .
of the article being hardened and further that
the hardening characteristics as influenced by
composition and manufacturing method, as noted

. above, determine whether a heated and quenched

steel article of a given size or mass will harden
throughout or only at and near the surface or
not even harden fully at the surface. In many
machine parts deep hardening is important from
the standpoint of having uniform strength
throughout the section. 'To measure the per-
formance of steels in hardening, it is customary
to use one of two methods. The older practice
is to heat bars of any steel, of suitable length and
of different diameters (as for example 1, 2, 3
and 4 inches) to the temperatures employed for
hardening, cool them in the desired quenching

- medium and, either when they have cooled to

room temperature from this operation or after
mild tempering, cut them transverse to their
length, measure the hardness along radii and
plot the change of hardness against distance
from the surface. The newer meéthod, referred

-to.as the Jominy method, is to heat a bar ap-

proximately 1 inch diameter and 3 inches
5 long, to a suitable temperature and then transfer
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it to a simple fixture in which it is rapidly cooled
by a stream of quenching fluid (usually water)
at one end only, while the remainder is exposed
only.to the atmosphere. A longitudinal flat sur-
face is obtained by grinding away just a small
amount of the cylindrical surface and the
measured hardness along this strip is plotted
against the distance from the quenched end.
As the temperature of carbon and low alloy
steels is increased, for the purpose of hardening
them, above a certain temperature range char-
acteristic of each steel, the carbon (or carbides)
present enters into solution in the iron or iron-
alloy matrix to form the phase designated as
austenite. On cooling the steel from this condi-
tion, at a rate tending to produce hardening, it
may according to its mass, the composition and
characteristics of the steel and the characteristics

of the cooling medium, be retained in the austen-

itic form or in whole or in part be transformed
to one or more of the products of decomposition
of the austenite. The hardest of these is known
as martensite and the others in the order of de-
creasing hardness troostite, sorbite, and pearlite.
"For the purpose of this presentation it is not nec-
essary to define these constituents by their mi-
croscopic or other characteristics or to refer to
the different variations in which they occur. It
is sufficient to point out that for any selected
carbon or low alloy steel, retention on quenching
(from” a state of partial or complete solution of
carbon) of some austenite with martensite re-
sults in somewhat less than the maximum hard-
ness of which the particular steel is capable,
whereas all martensite retained on cooling gives
the maximum of hardness; the occurrence of
some or all troostite also means less than max-
imum hardness. The result in any instance de-
pends on the actual cooling rate in the quench-
ing operation. It has been observed that the
time at constant temperature required for initi-
ation of the decomposition of the austenite is at
a minimum at about 900 to 1000° F. and that
transformation is completed in minimum time
at this temperature. Actually time and rate vary
little over the range of about 1100 to 850° F'. and
experimental rates are measured over this ap-
proximate range. Hence for full hardening the
cooling rate must be sufficient to prevent trans-
formation in (or above) this temperature range
(with the formation of troostite or softer con-
stituents), and thereby enforce transformation
of the cooled austenite at a lower temperature
(probably not over 800° ¥F.) resulting in a pre-
dominantly martensitic structure. The minimum
rate necessary to attain this end is known as
the “critical cooling rate.” This critical rate is
fixed by the composition and by the physical-
metallurgical character of the steel as influenced
by its mode of manufacture; for a given chemi-
cal composition as ordinarily determined it may
vary widely according to its production history.
Two major manufacturing factors are involved—
one the conditions imposed up to the completion
of solidification and the other the thermal-
mechanical treatment in the solid state; of these
the former is of primary importance, although
the end results depend also on the latter.

Each melt of steel, therefore, reacts in accord-
ance with its molten-state history and solidifica-
tion conditions, quite independent of its ordinary
chemical composition, which behavior is ex-

.pressed in part in earbon-diffusion characteris-
tics, etc., but primarily in the austenite grain
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perature. Its critical cooling speed is quite close-
ly associated with the actual grain size existing
at the-temperature from which cooling for hard-
ening takes place. Fine grain size (such as
A. 8. T. M. standard of 7 or smaller) has been ob-
served to be accompanied by rapid transforma-
tion of the austenite on cooling and coarse grain
size (such as A. S.T. M. standard of 4 or larger)
by slower transformation. Thus for full harden-
ing throughout of a fine-grained steel of some
given composition and section, the actual cooling
rate must be high to equal or exceed the critical
rate (since the critical rate is high), whereas
for a coarse-grained steel of the same composi-
tion and section the actual rate for full harden~
ing need not be so high since the critical rate is
lower. Or, in the case of a fixed cooling rate,
the fine-grained steel will fully harden to a lesser
depth than will the coarse-grained steel in the
same section size.

It has also been observed that for the same
ordinary chemical composition fine-grained steels
possess to a much greater extent than do coarse-
grained steels those attributes so much in de-
mand in many structural and machine parts;
namely, ductility, toughness, and resistance to
impact stresses. It has further been observed
that certain elements added to steels, influence
the grain size. For example, small amounts of
vanadium (such as 0.15%) or aluminum (such
as 0.05%), or titanium, (such as 0.05%) added, in
the form of high carbon ferro-titanium for ex-
ample, to a carefully made 0.40% carbon steel
tend to produce fine grain size and hence shallow
hardening. On the other hand, relatively large
amounts of nickel or molybdenum or chromium,
for example, by their effect upon the rate of car-
bide diffusion and not any relatively great in-
fluence on grain size, so vastly alter the critical
cooling rate that they produce deeper hardening
steels. These latter elements greatly improve the
properties of the steels since they produce deep
hardening by a means other than promoting
coarse grain size; however, they do not enhance
the toughness and impact strength of the steels
to nearly so great a degree as if they were ac-
companied by fine grain size obtained in the
manner previously noted. If toughness and im-
pact strength combined with full hardening in
medium to large sections is required, it has been
necessary to combine the two groups of elements
and to use rather large amounts of the last-
mentioned group as, for example, 5% of nickel,
or 2% nickel with 1% chromium and 0.3% mo-
lybdenum, or 3% chromium, %% molybdenum
and 14 9% vanadium. Manganese and silicon in
practicable amounts greater than those present
in commercial carbon steels also contribute to
deep hardening (although not to the extent of
the nickel or nickel-chromium-molybdenum or
chromium - molybdenum ~ vanadium steels just
noted). Manganese and silicon, however, tend
to produce coarse grain size and hence require
the grain refining elements to secure some degree
of toughness and impact strength. But whenever
the combination of deep hardening, toughness
andimpact strength has been required in high de-
gree in manganese or silicon steels, these two ele-
ments alone plus the grain refining elements were
not quite adequate so that other elements have
had to be added as well—nickel, for example.

To summarize; fine grain is accompanied by
toughness but shallow hardening, coarse grain is
accompanied by deep hardening but low tough-
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ness, so that in the prior art to secure full-hard-
ened-throughout, impact-resistant. medium . to
large sections it has beeri necessary to use the
grain refining -elements plus large total amounts
of usually more than one element. of the deep-
- hardening type. The higher the actual hardness
required in any specified machine part the more
necessary has been this combination of elements;
moreover, to secure this high hardness along
with very high toughness, especially in medium
to large sections has demanded large amounts of
. these elements with their attendant cost, along
with exceptionally careful manufacturing con-
trol, also costly. L : :

I have now discovered that the hitherto dia-

metrically opposed fine grain size (with its ac-
and impact .

companying = high toughness
strength) and deep hardening capacity may be

secured simultaneously, without the use of large

and costly amounts of the elements heretofore
recognized' as contributing to deep hardening;
by the addition to steel in a late stage of.its
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manufacture of very small amounts of an ele- -

ment heretofore regarded as contributing to fine

grain size only and because of, or along with this
contribution, to shallow hardening. - This unex-
pected result is achieved by the addition of ti-
tanium provided that the element is in a certain

state of restricted association with other ele-"

ments. -

I have further discovered that the addition
of vanadium achieves certain advantages which
are not imparted by the use of titanium alone.
Still further advantages result from the incorpo-
ration of aluminum along with the vanadium and
titanium under certain operating conditions so
that the preferred addition is one comprising
titanium, vanadium and aluminum.

It has long been known to deoxidize molten.

steels by the addition to them of titaninm alloys.

-Titanium for this purpose has been available in
several forms, each developed for a particular
class of uses and applied to certain groups of
steels to attain results of definite nature. Uses
outside the fields have been restrained by unfit-
ness of alloys due to composition, by cost con-
siderations, ete.

As will be shown hereinafter, there has been
limited use of titanium as an alloy addition to
stainless steel and special alloys; the quantity
added in such instances is quite large, often 1.00

or 2.00%. or more, but when not used for such

purposes the addition ‘has been made in small
amounts for the mere purpose of deoxidation,
scavenging or other purification. .

High carbon ferro-titanium, containing about
7.5% carbon -and 15 to 20% titanium has sup-
plied the greatest tonnage of titanium for the
metallurgical industry. In the deoxidation of
killed steels of both carbon and low alloy types,
it is in use in steel castings and also-in ingot
steels for railroad tires and wheels, rails, springs,
heavy and light forgings and numerous other
classes of articles. .In the partial deoxidation of
rimming steels for sheets subjected in fabrica-
tion to drawing and forming operations and for
reinforcing bars, piling and other products in

this category, it has been used in considerable

quantity. For sheets, however, & lower carbon
grade described as medium-carbon ferro-tita-
nium has been recently preferred. With its 4%
carbon and 15 to 20% titanium, it presents ad-
vantages due to the growing use of very low
carbon steels for this purpose, namely 0.06% car-
bon and less, and the necessity for restricting
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the addition of carbon to the steel bath from all
possible sources; this is important in. controlling
the uniformity of the product at minimum cost.
Additions ‘to these rimming steels are usually
not over about three pounds of alloy per ton.of -
steel or-0.006% carbon added but this is. impor-

-tant and is preferably not exceeded. Lower car-

bon alloys would offer further advantage it this
respect but-their cost or the presence of other
elements in them is highly objectionable {in
these rimmed sheet steels. In the killed steels
previously mentioned, grain size is often an im-
portant specification requirement. This is usual-
ly secured by aluminum additions; high-carbon
and medium-carbon ferro-titanium. have been
tried to simultaneously deoxidize and . produce
fine grain but even with amounts up to about 20
pounds per ton (about 0.18% titanium) they have

‘not been successful and required simultaneuos

use of some aluminum, Fine grain size produced

-by these practices has always been accompanied

by shallow  hardening wunless, of course, large

-amounts of alloying metals such as nickel, molyb-

denum - or: chromium are present. If the addi-

‘tions are small and the steel coarse grained, it

hardens somewhat more deeply but is then of
lower toughness, especially when quenched and
tempered to high hardness. R
Numerous - ‘low-carbon - titanium -alloys “have

been available but their cost, due to necessarily
costly production methods such as reduction by
aluminum, has restricted their application to
‘products of high value such as tool and.electric
furnace steels. They. have been of no interest
to the producer of tonnage steels of the carbon
or low alloy class purely on the grounds of econ-
omy and there was, therefore, no stimulus to fry -
to apply them or study them. Aside from g small

‘tonnage entering into the production of non-

ferrous alloys, the ferro-titaniums of less than
0.20% carbon and 20 to 45% titanium have found
four major uses. Additions of % to 1% of ti-
tanium in the form of these alloys are made to
austenitic nickel-chromium steels, in order to
improve their resistance to corrosive attack un-
der certain conditions of fabrication and: use.
The titanium combines with the carbon of the
steel, removing it from solution in the austeni-
tic matrix, thus preventing precipitation of in-

- tergranular carbides (detrimental to corrosion

resistance) on heating within certain ranges of
elevated temperature. For this purpose, it
should be noted, a very low aluminum grade of
low-carbon ferro-titanium is required, as alu-
minumn is not desired in these austenitic corro-
sion-resisting steels;  the aluminim content
preferably: does not exceed 159 of the titanium

" content. Another application of low-carbon
. ferro-titanium depends on this same association
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of titanium and carbon, namely, the use in me-
dium to high chromium steels of from about 3%
to about 10 times as much titanium as there is
carbon presen{ in the steel in order to combine
with this carbon, remove it from the steel matrix

-and .thus prevent hardening on rapid cooling

from heat treatment temperatures. ‘This use, it
‘will be observed, isdirectly opposed to that of the
present invention. In both of the uses just men-
tioned the stated proportions of titanium to car- )
bon are those in the finished steel; actual addi-
tions are higher, due to the losses sustained on
adding, this loss usually being about 40%. For
some time, these low-carbon férro-titaniums were
used in- the manufacture of non-aging sheet
steels; the use was confined to steels of low sili~
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con and manganese content as well as low car-
bon content (not over about 0.06% and usually
0.01 to 0.03%) which obviously. have very low
hardness, of the order of 100 Brinell. In this
instance also restraint of hardening is sought;
this. refers- to hardening by means other than
quenching -from above the A3 transformation
(for example, quenching from below Al followed
by aging) since the steel compositions are such
that they are beyond the limits of appreciable
martensitization by rapid cooling from above A3.
This use has been discontinued, due to cost con-
siderations.” Another limited application of low
carbon ferro-titanium is for deoxidation only (as
contrasted with carbon-fixation of the first two
uses) of special highly alloyed steels, especially
castings, such as those used for heat resistance
and corrosion resistance.” Thus these low-car-
bon titanium alloys, in which the titanium con-
tent costs three to four times that of the medium

and high-carbon alloys, have been used entirely -

in non-hardening steels or steels of high value
such as those containing five per cent or more-of
alloying elements. . . .

Other commercial ferro-titanium alloys have
also been available. For example, an alloy con-
taining about 13% titanium, 20% aluminum, 3%
silicon, 4% carbon, balance principally iron has
been suggested for carbon steels to deoxidize and
produce fine grain. Another group of titanium
alloys comprises ferro-titanium of about 20% ti-
tanium, 20% silicon, 0.3% carbon, and 0.3% alu-
minum, remainder principally iron, and silico-
titaniums of about 35% silicon, 0.3% carbon,
0.3% aluminum, 35 to 559% titanium, balance
principally iron; these alloys have been restricted
in their commercial use to the addition of ti-
tanium to cast iron, since they are easily dis-
solved in iron alloys but add considerable silicon
to the molten metal. Another class of alloys
have been made containing manganese in large
proportions; with about 30% titanium, 8% alu-
minum, 3% silicon and 35 or 55% manganese,
balance principally iron and low carbon content,
they have because of cost been restricted in use
to non-ferrous alloys and to highly-alloyed steels
of high value. ‘

To summarize the foregoing, low-carbon ti-
tanium alloys have found their sphere of use-
fulness in non-ferrous alloys, special steels of re-
stricted hardening capacity and highly alloyed
steels of relatively high value. In the tonnage
carbon and low-alloy steels such as automotive
and other repetitive-manufacturing uses, tita-

nium has been employed in the form of alloys of ;

relatively high carbon content; in such use, when
either small or large amounts have beéen added,
the steels produced have either not shown a
tendency toward fine grain or, if fine grained,
due to the use of other grain-refining practices,
have tended strongly toward shallow hardening
on quenching. To get deep-hardening steels of
fine grain size using the titanium-treated car-
bon and low-alloy steels.of the prior art, sub-
stantial increase in the alloy-metal content of
the steels has been required, such for example
as adding or increasing the percentages of nickel,
molybdenum, chromium, etc., in addition to the
conditioning by titanium and aluminum. I have
discovered that these results ~are obtainable,
namely deep-hardening in the presence of fine
grain size with the known high toughness due
to the latter, without the addition of elements
heretofore known to contribute greatly to deep
hardening on quenching if, to the carbon or low-
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alloy steel, titanium is added in sufficient but not
excessive amount and in the form of compounds
or alloys in which it is present in certain re-
stricted combination. To titanium in this form
or condition I have applied the designation “re-
active.” : : o
Titanium which has been combined with car-
bon or nitrogen or -oxygen in sufficient propor-
tion to form completely or even in large part the
known stable compounds with these non-metal-
lic elements, is not reactive and is not suited to
the present purpose.. For example, high-carbon
or medium-carbon ferro-titanium, both suited
for deoxidation of steels, as previously explained,
will not produce deep-hardening of fine-grained
carbon or low alloy steels; in these titanium al-
loys there is from almost-sufficient up to more-
than-sufficient carbon to satisfy the formation
of the chemical compound TiC. Likewise tita-

nium nitride or cyanonitride or dioxide or mix-

tures or solid solutions rich in these compounds
do not produce the novel effects. - On the other
hand low-carbon,. low-nitrogen, low-oxygen al-
loys with iron, manganese, nickel, copper, cobalt
or. chromium, alone or together, do produce this
Silicon may be present in the alloy but
should be less than the titanium content; when
equal to or more than the titanium the desirable
effects are secured in considerably reduced de-
gree and the properties of the steels are greatly
inferior to those herein described.  Effects in the
direction indicated are obtained by the intro-
duction of titanium only when in combination
with carbon, nitrogen or oxygen in minor pro-
portions. In other words, the metal titanium, or
its alloys with, for example, the metals just enu-
merated may contain limited amounts of carbon,
nitrogen or oxygen to function in this desired
manner, but they must not contain-sufficient to
completely or in large measure satisfy the com-
bining power of the titanium for these elements;
to some degree, the amount of metal or alloy
added to the steel bath may be increased when
carbon, nitrogen or oxygen are present, over that
required when they are virtually absent, to pro-
duce a given effect upon a given steel, whereby
there would be added to the steel a sufficient
quantity of reactive titanium, but of course not
to such an extent as to chill the steel and/or
prevent effective solution of the added alloy.
However, in any case the titanium content should
exceed about 8 times the carbon: content plus
about 15 times the nitrogen content plus about 10
times the oxygen content.

In the alloy as added to the steel bath, there
may also be present elements which protect the
titanium from loss during the process of addi-
tion (as for example by combination with oxygen
or oxides) such as aluminum, zirconium and
magnesium. In general, it is not necessary that
they be present to an extent of more than 50%
of the titanium content and in no case is it de-
sirable that they total more than three times
the titanium content. Further, in the case of
aluminum, the addition via this alloy plus any
aluminum added separately to the steel bath
should not in most instances exceed about 0.15%.

Other elements may be present. in. the alloy,
provided that they are not subversive of the char-
acteristics herein described as imparted by. the
alloy to steels. While- this statement applies to
all elements, it may be specifically mentioned, by
way of example, that vanadium, columbium, tan-
talum, molybdenum or tungsten may be present
in the alloy in amounts up to about 5% each
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without detracting from the properties imparted
by the alloy to steels; in fact, there is in some
cases g contribution by these elements in the de-
sired direction of deep-hardening in the presénce
of fine grain size in spite of the very small
amounts of the elements added to the steel by
the alloy. .

Thus an alloy of titanium with a carrier metal
or metals with which the heat of combination, if
positive, is not high, such as iron, manganese,

10

nickel, copper, cobalt or chromium, contains “re- .

active titanium” if -the titanium content of the
alloy exceeds about 8 times the carbon present
plus about 15 times the nitrogen present plus

about 10 times the oxygen present and in which
the titanlum content .also exceeds individually

the aluminum content and the silicon content;
alkali or alkaline earth elements may be present
in appreciable quantities and up to twice the tita-
nium content and if in total they exceed about
10% of the titanium content, the silicon need not
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be restricted and may be regarded as one of the

carrier metals; zirconilum or magnesium may be
present up to about equal the titanium content;

elements not subversive of the properties impart-

ed by the titanium to carbon and low-alloy steels
may also be present. In the appended claims
the term “reactive titanium” is used with these
limitations.

Obviously this invention relates to steels of the
ferritic type in which hardness is raised by mar-
tensitization on rapid cooling from an elevated
temperature and not to austenitic steels which
are hardenable only by cold working or by pre-
cipitation of highly dispersed micro-constituents.
In the former it is known, as heretofore men-
tioned, to add titanium in sufficient amount to
combine with and remove the carbon from the
steel matrix and thus largely prevent hardening.
The amount required for this purpose is 2% or
more times, usually 6 times, the carbon content
(exclusive of the usual 40% loss in making the
. addition). The present invention, however, con-

sists in the discovery of an approximately oppo-
site effect, not heretofore recognized, resulting
from the addition of much smaller amounts of
titanium, approximately 14 to % of the carbon
content and in no case greater than twice the
carbon content. In some cases, an effective
amount may be exceedingly small. I have dis-
‘covered that the large amounts of the prior art
" are not required and are actually detrimental to
the objective sought, and on the other hand, the

small deoxidizing additions of high-carbon alloys

are equally ineffective. These statements are
made due to the fact that the mechanism by
which the titanium produces the observed effects
described herein, is not fully understood. These
effects may or may not, for example, bear some
relation to the content of, and changes in, those
elements present in small amounts in steels
which are not determined by the conventional
methods of chemical analysis. The effects may
equally as well result from the removal of, or pre-
vention on solidification of the formation of, in-
tergranular films of non-metallic material or in-

clusions of particular nature or size, that when -
present serve as precipitation nuclei during rapid

cooling of the steel from above the transforma-
tion range. Or it may be that reactive titanium
in restricted amounts when present in austenite
is extremely effective in restraining decomposi-
tion of the solid solution on cooling and that
above these restricted amounts it forms easily
precipifated carbide that by removing carbon

25

30

35

&

40

45

50

65

60

70,

75

5

from solid solution reacts in the opposite manner
and decreases hardenability. - L
As {llustrative of the effects produced, there
are given in Table I the properties of a ,40%
carbon medium-manganese steel as influenc by -
adding various amounts of a low-carbon ferro-
titanium alloy containing .a small- amount of
aluminum. These steels were made in an elec-
tric induction furnace, cast into 3% inch square
ingots, forged to 1 inch round bars, normalized,
oil. quenched ' and then . tempered at 450° F.
Hardenability was determined by the Jominy.
method on previously normalized bars and re-
corded as the distance from the hardened end
of the quenched bar to the last point at which

‘s hardness of 50 Rockwell “C” or higher was

obtained; this measures fairly closely the depth
of martensitization.* I ‘
Steel No. 1 with no grain-refining addition is
moderately deep-hardening but has low impact
resistance and only moderately good reduction
of area in tension. Steel No. 2, rendered fine
grained by the customary aluminum addition
made for this purpose, has far greater impact
strength along with comparable reduction: of
area but very low hardenability. Steel No. 3
with only a very small amount of reactive ti-
tanjum added shows very little change in prop-
erties except for a small increase in hardenabil-
ity. The next larger addition of reactive ti-
tanium (steel No. 4) causes a further increase in
hardenability and a large increase in impact re-
sistance. With 0.10% reactive titanium (steel .
No. 5) there is an increase simultaneously in
elongation, reduction of area, impact strength
and hardenability. .Further increase in the ad-
dition of titanium results in a slow decrease in
these several properties although even with the
largest addition made (steel No. 7) the impact
strength and hardenability are substantially
greater than those of the coarse grained or fine -
grained steels to which no low-carbon ferro- -
titanium has been added (steels Nos. 1 and 2).

_ TABLE I R
‘Effect of titanium on medium manganese steels
Composition of steel - | Composition
Hea: Titanium |_ pqsxtiqn of alloy
No. ] added - T

C |8 [Mn| m| Cis | Al m
Loo|.42] .24 180 .. None (g) |_.___
g ..... .ig .gé i% ._-i.__None'(b) SIS DUNUU M bt -
_____ 41, .77 | .016 .025 | .06 | 1.68 | 4.13 | 10.
4. - 40 .20 1.74 | -033 .05 |.06]1.68]413 18.8:
5. 40 (.20 1.79 | .076 ..10°|.0611.68]413]|19.0¢
6. .41 (.23 1.80 | 120 .20 .06 168|413 10.0¢
7. .41 .27 | 1.82] .20 .40 '} .06 | 1.68 | 4.134 10,04

(a) Coarse grained. (b)) Fine gfainéd.(Al added).

. - Mechanieal properties Harden- | - )
Heat _ . s | MoQuaia-
No Yield | Tensile | Elong, Rfigg"' Iggd tgg)% si,g;gm
. 3 7 R = |
pom‘t strength | in 2 Qtarea pact | well “C” N
27,0000 9.0 2720 3.3 03 2104
26,750 ‘0.5| 288 8.8 0.07 7to8
249,500 - 80| 244 6.8 020 7to8
254,750) . 8.0~ 27.9] ' 12.0) 0.38 7608
256,200 10.5| * 41.9] 19,5 0.7 8
261,300 - 10.0] * 36.4| 17,3 0.65 8
252,500) - 8.0/ 308 138 0. 56 8

' In Table IT are shown the properties of steels
of similar composition to which have been added
O.IQ% titanium in the form of various other ti-
tanium alloys. The processing of the steels is
the same as in the case of those of Table I, .
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Heats 10, 13, and 12 show that with low carbon
-alloys, silicon in moderate amount is not detri-
mentgl but in amount approximating the ti-
taniuth content prevents the development of the
desired properties in the steel' to which it is
added, unless an alkali or alkaline earth metal is
also present in the alloy in-significant amount.
Heats 14 and 17, compared with 15, 16 and 18
show the striking effect in the alloy of high car-
bon as distinct from relatively low carbon in pre-
venting the attainment of the desired steel prop-
erties; heat 10, of course, with very low carbon,
functions better-than any of the higher carbon
alloys.

'TABLE IT
Effect of composition of titanium alloy
R 'Cou}ptt):giion Composition of alloy
Heat of& .. | Titanium
No. added
C|8i|Mn| Ti c 8i | Al| Ti| Ca
. 28[1.73|. 048 .10 .08 7.31] 1.91
. 30|1. 79|, 067 .10 .54| 3.69] 6.58|21
1. 47{1.711. 052 .10 .58(39.82| 2.89
L2811, 70[. 044 .10 .33/21.36| .13{20.
.31(1.81/.035 .10 1.98 5.25 3.54
. 25(1,79{. 024 .10| (a) 6.32( 3.08 9.81
.21/1.81].028 20| (a) 6.73] 3.28] 3.90
.26|1.781.072 .10 2,60 3.80] 6.01
. 26(1.77[.074 .10 5.04| 5.47/17.90

(a) Briquet of aluminum plus high carbon ferro-titanium (average
analysis quoted).

Mechanical properties Harden-
bility, | McQuaid-
4 Ao |Redue] Tz0d | ‘tance to | EREEr8IR

Yl(i’)'lld 'It‘enSﬂt?h ];‘.lo;‘l,g. tionof| im- | 50 Rock- size

point | strength| in area | pact | well “C”
10....|228,350| 265,000 12.0| 43.6} 16.5 0.85) 8
11.___[220,050] 259,150] 11.5] 46.6; 13.3 0.42 8
12.___|215,000| -269,900| 10.5/ 40.0i 1.8 0.41 7to8
13_.._)212,800] 263,000 9.5 33.1 &5 0.24 7t08
14 _|222,800] 265,500 10.5 42.2 1L8 0.48 7to8
15...1206,300| 249, 250 7.0 26.1 6.3 0.23 8
16____|191,800| 256, 250 5.5 14.8f 6.5 0.26 7to8
171226, 250| 266, 000 8.0 3.7 10.5 0.43 8
18__._{191,800] 244, 500 4.0/ 17.7] 8.8 0.22 8

As noted above, the optin:ium titanium addition
to steels made in the described manner is about
0.10%. This optimum amount may vary with

15

40

the steel type or composition, the steel-making, .

pouring and teeming methods and the conditions
under which the additions are made. It may
vary from about 0.01 to 0.20% titanium but in
any case is an amount required to increase the
hardenability over that secured from the same
steel without the addition and an amount below
that resulting in loss of hardenability to below
that of the untreated steel caused by combina-
tion of the titanium with the carbon of the steel,
preventing in part or in whole their engaging
in the hardening reaction.

From the foregoing description, it will be clear
that ferro-titanium in which the titanium is re-
active, that is, either uncombined or only partly
combined with elements with which it produces
compounds of high heats of formation, specifical-
1y carbon, oxygen and nitrogen and to a lesser de-
gree silicon, will produce in carbon and low-aiioy
steels, even in the presence of fine grain size,
hardenability and toughness at high hardness so
greatly above these properties in the untreated
steels as to set them apart from the latter due
to the possession of distinctive properties render-
ing them serviceable in uses and under stresses
for which the untreated steels are unfitted. As
indicated, these results are not secured with ti-

50

60

65

70

75

2,201,842

tanium alloys of all compositions., The titanium
content of the added alloy should preferably be
within the range of 5 to 50% and more particu-
larly 10 to 35%. The carbon content of the
added alloy should be low, preferably under
0.25%, although moderately good results are se-
cured with the carbon up to about one-eighth of
the titanium content. Nitrogen and oxygen in
the alloy should be below about one-fifteenth
and one-tenth of the titanium content, respec-
tively. Silicon may be present in the alloy up
to about the titanium content unless alkali or
alkaline earth elements are present in amounts
above about 10% of the titanium content, in
which case the silicon may appreciably exceed
the titanium content.” Aluminum may be present
up to an amount about equal to that of the ti-
tanium content. The remainder of the alloy may
be iron or manganese or nickel or cobalt or cop-
per or chromium or any combination of them or
other element or combination of elements not
subversive to the attainment of the desired prop-
erties in the treated steels. This is largely in-
cluded in the above noted definition of “reactive
titanium.” . ' .

Additionally I have discovered that the simul-
taneous introduction into the steel of vanadium
with the reactive titanium confers further bene-
fits upon the steel. When vanadium is associ-
ated with the titanium the amount of the latter
necessary to insure continuously under commer-
cial conditions the properties heretofore de-
scribed is materially reduced and the character-
istics of the steel improved. The use of vana-
dium along with smaller titanium additions is
productive of greater cleanliness, which is a de-
sired property in the finished steels especially so
when the articles to be made of the steel are sub-
jected to stresses in the direction transverse to
rolling or forging and ductility in this direction
must approach as nearly as possible to the ductil-
ity in the longitudinal direction. Machining and
hot working characteristics are also benefited.
Vanadium also is desirable in maintaining a uni-
form and consistent fine grain size and when it
is used with reduced amounts of titanium or re-
duced amounts of titanium and aluminum, this
objective is attained . simultaneously with the
above-mentioned improvement  in cleanliness.

.Furthermore, the yield ratio when vanadium is

used is higher than when it is not present. Thus
a means is -afforded whereby through the use of
very small amounts of vanadium there are ob-
tained in the steel not only the properties that
have heretofore resuited from the so-called. full
vanadium content but in addition the deep hard-
enability and toughness at high hardness re-
ferred to above. It should be observed that this
dual benefit is secured with very low amounts

of vanadium, which if used alone in the form of

an addition of ferro-vanadium would not produce
either of these desired groups of properties.

The preferred form of the addition containing
vanadium with titanium is a ferro-alloy of these
two elements or a ferro-alloy containing vana-
dium, titanium and aluminum with the custom-
ary accompanying impurities common to such
ferro-alloys. In these alloys the iron serves as
a carrier metal and may be replaced in whole
or in part by other carrier metals which are
not subversive of the. properties of the alloy
from the standpoint of its effective introduction
into the steel or of the properties of the steel
to which the ferro-alloy is added. Such other
carrier metals may be, for example, manganese,
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copper, cobalt, nickel, chromium, molybdenum,
tungsten, etc. Preferably the silicon is low al-
though it may be present to any extent that is
necessary to an economic method of manufac-
ture of the alloy, or may be intentionally added §
to replace part of one of the carrier metals.
The silicon is usually less than 5% and prefer-
ably should not exceed 10 or 15%, although it
may under some circumstances be as high as
20% of the alloy. The silicon is preferably less 10
than 60% of the combined vanadium .and ti- -
tanium,

Alloys of the following ultimate compositions
have been successfully used:

15
Alloy No. vi| | ar| st [Mn

1430 219 140
7.170. 121 1.73
9.27| 280 ] .85

318 | 483} .3 20
19.10| 0.73{ 1.05
1420 2.44] 60
2260 | 2.05] 162
5951 3.38| .25
25 (1758 | 30
865( 4201 1.12

- Remainder in each case is iron plus impurities.

Although the above are illustrative of the pre-
ferred materials used in practicing this form
of the invention, other variations also may be
employed. Vanadium may be substituted in part 30
or in whole by one or more of columbium, tan-
talum and uranium. Titanium may be substi-
tuted in part or in whole by one or more of
beryllium;, boron- and thorium, which are “re-
active”. under the conditions which render the 35
titanium reactive. As heretofore pointed out,
protection against ‘oxidation, which may be at
least in part the function of the aluminum where
used, may also be attained by substituting for
all or part of the aluminum one or more of zir- 40
conium and magnesium. Other carrier metals
may of course replace iron in this alloy in whole
or in part, as heretofore indicated. For exam-
ple, half or three-quarters of the iron may be 45
replaced by nickel; or manganese may be intro-
duced in place of like amounts of iron to the
extent of about 5 to 15%, or may replace it
entirely. .

In the group comprising titanium, beryllium, 50
boron and thorium, titanium is preferred because
it is the most satisfactory from the combination
of ease of addition, effectiveness, cost, and ab-
sence of any undesirable properties in the fin-
ished steel. Likewise vanadium is' preferred in
the group comprising vanadium, columbium, tan-
talum and uranium and for similar reasons. In
the group of protective elements again as a mat-
ter of effectiveness and ease and economy of use
the preferred element is aluminum.

Among the alloys containing these several ele- 60

. ments which have been used to secure the de-
sired results are:

7

The remainder in each case is iron plus im-
purities. '

When vanadium and titanium or their sub-
stitutes are added with little or no aluminum or
its substitutes, they must be added in intimate =
association, and when vanadium, titanium and
aluminum are added, at least two of them, but
preferably all three, should be added in intimate
association; since when added in intimate asso-
ciation they produce the results herein described
which are not obtained when the clements are
added separately. By intimate association, I
mean a very close association of the several met- °
als or elements ranging between the atomic or -
molecular association of a single-phase  alloy
through the relatively uniform fine mechanical
mixture in fixed position of 2 multiple-phase al-
loy, through the coarser mechanical mixture of
a briquet of intermixed 20 mesh or finer par-
ticles of alloys of the several metals or of the
metals themselves, to the mixture in a container
or the like of somewhat coarser particles of the
several metals or their (for example) ferro-al-
loys, as contrasted with adding lumps of the
metals or ferro-alloys at succeeding short inter-
vals during pouring of the steel or mixing on a
shovel or other implement metals or alloys in

“some standard size such as 2 inches by down .

and adding them together. Likewise when the
titanium is used without vanadium as described.
earlier in this specification, the titanium is pref-
erably added to the steel in the form of a ferro-
alloy which in addition to the iron contains the
other alloying elements to be added to the steel
with the titanium; and if not in the form of a
ferro-alloy, then the several elements are pref-
erably added in intimate association. The line
of demarcation between successful and unsuc-
cessful methods cannot be sharp, depending as
it does upon the metals used and the steel-mak-
ing procedure 'in a specific case; the desired re-
sult is obtained when the metals added are dis-
solved in the iron or steel bath in their entirety
in sufficiently close proximity in respect to both
space and time that they may begin to react
simultaneously upon any minute volume of the
steel at their respective natural rates and not
one or more of them reach this minute volume
after the other or others have completed their
reaction at this point (and perhaps the products
of the reaction coalesced alone or with other sub-
stances and become relatively unreactive). ‘

Aluminum may be absent in some cases or,
when present, may be in small or large amount.
A highly successful composition, for addition to
carbon and low alloy steels intended. for use in
the wrought condition, and added in such
amounts as to introduce about 0.02 to 0.05% vana-
dium contains 25% vanadium, 15% titanium and
10% aluminum. For addition to cast steels, al-
loys containing 10 to 35% vanadium, 10 to 35%
titanium, with either about 4% or less alumi-

Alloy | V. | U |'Cb | Ta | Mo | W | Ti [Zr| Al |Ca| Si |Mn
6.96/.___| * *
7.31| | 3.12] 2.38
891 | * *
6.55[_._.] * *
812 ___[ 810} *
6.5114.97| 16.92) *
9.90_...1 213 *

-110.021. .} 0.23| 0.40
1L05.__.[ 1.05 7.72
2.08]....] * *

* Not determined.
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num or about 20% aluminum have been very ef-
fective; these alloys have been added in amounts
corresponding to 0.03 to 0.10% vanadium and
titanium taken together. An alloy containing
209% vanadium, 10% titanium, 15% silicon, and
not over 2% aluminum, also produces the desired
properties when added to molten steels in
amounts corresponding to approximately 0.02 to
0.109% vanadium; similar results obtain if this
alloy composition also includes 10%. manganese.

The range of composition of the alloys pro-
ductive of these results is from 6 or 7 to 50%
of an element or elements of the group compris-
ing vanadium, columbium, tantalum and ura-
nium and 6 or 7 to 50% of an element or ele-
ments of the group comprising titanium, beryl-
Jium, boron and thorium. To these may be add-
ed up to 35% of an element or elements of the
group comprising aluminum, zirconium and mag-
nesium and up to 20% silicon. The remainder
of the composition is iron or other carrier metal
containing the usual impurities resulting from
raw materials used or the process of manufac-
ture. )

The preferred composition contains about 10
to 30% of an element or elements of the above
vanadium group and about 8 to 30% of an ele-
ment or elements of the above titanium group,
and less than 10 or 15% silicon. When an ele-
ment or elements of the aluminum group is add-

. ed it may be present in one of several preferred
ranges depending upon the type of steel to which
the addition is made; these preferred ranges are
not over 4%, 7 to 12%, and 18 to 256%. Man-
ganese when used in substantial quantities is
preferably in the range of 5 to 156%. When sili-
con is not intentionally added it is generally not
over 3% and manganese similarly not over
15%.

Similar to the requlrements when usmg the
reactive titanium without vanadium, the addition
alloy or mixture when employing vanadium with
titanium must not contain such amounts of car-
bon as will prevent their proper functioning.” In
the case of the vanadium-titanium-aluminum &al--
loy in the preferred ranges of composition it is
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steel, silicon up to 0.18%, and manganese up

to 0.25%. The preferred amounts are in the fol-
lowing ranges:

Per cent
Vanadium —— 0.01 t0 0.10
Titanium 0.01 to 0.08
Aluminum —— 0.005 to 0.10
Silicon Trace to 0.10
Manganese Trace to 0.05

- The vanadium usually is 0.01 to 0.06% and
the titanium 0.01 to 0.06%. The amount of
aluminum usually varies more widely depending
upon the type of steel. Where aluminum is ob-
jectionable in certain restricted amounts, as in
some cast steels, the amount added, if any, is
under 0.01% or about 0.06 to 0.10%. In steels
to be hot or ‘cold rolled, the amount of alumi-
num is often about 0.01% but may be and is
frequently 0.03 to 0.08%. In some steels, certain
amounts of aluminum are objectionable; for ex-
ample, in cast steels of about 0.035 to 0.050 sul-
phur content, it is preferred to add either less
than 0.01% aluminum or about 0.06 to 0.10%.

On adding the alloy or intimate mixture of
this invention to steels, a large part appears to
be retained in the steel, the amount, in propor-
tion to the addition, depending on the condition
of the steel bath, the technique of adding the
alloy or mixture, and other factors. It is possi-
ble that the amount retained is entirely in the
form of metal or (on cooling) associated with
carbon either alone or with iron, manganese,
etc., as carbide, but this is not a known fact
due to the extreme -difficulty of precisely dis-
tinguishing by analytical methods between metal
as such or as carbide and metal in the form
of compounds with oxygen, nitrogen, etc. An-
alyses for total residual metals from the ad-
dition have been made, without positive deter-
mination of the form or forms in which the

- metals exist. While these residual amounts may

45

preferable that the carbon content be under 1%

and more particularly not over 0.25%. In no
case should the carbon content exceed about
one-tenth of the vanadium content plus about
one-eighth of the titanium content. The nitro-
gen and oxygen contents also should be limited,
the former not exceeding about one-fifteenth the
titanium and the latter not exceeding about one-
tenth the titanium content.

In adding the vanadium-titanium alloy a com-
bined addition of as little as 0.02% vanadium and

0.01% titanium is productive of the desired re-
sult in a large degree, the extent depending,
of course, on the composition and manufactur-
ing history of the steel. In the treatment of car-
bon steels of 0.40% carbon and manganese steels
of 0409% carbon and 1.75% manganese, ad-
ditions of 0.03% vanadium, 0.02% titanium and
0.01% aluminum, following (if required by the
steel-making practice) a prior addition of 0.03-
to 0.08% aluminum, has yielded steels possessing
the desired qualities, as illustrated hereafter. In
general the range of amounts added to the steel
needed to secure these properties are about 0.01
to0 0.15% of vanadium or its substitute, and about.
0.01 to 0.159% of titanium or its substitute. If
indicated by the requirements in any particular
case, aluminum or its substitute may be present

55

completely account for the novel combination of
properties found in the steels of the invention,
this cannot be stated with certainty and the in-
vention is, therefore, not limited in this manner.
The results of these analyses have, however, been
within the following limits:

Per cent
Vanadium 0.01 t0 0.15
Titanium _ 0.002 to 0.08
Aluminum 0.002 to0 0.08

The vanadium appears to be substantially all
recovered. The titanium and aluminum are only
partially recovered, the content as indicated by
analysis being usually one-half to three-quarters
of the original metallic addition. . When the pre-
ferred amounts of titanium, vanadium and alu-
minum are added as indicated above, the re-
sidual contents of these elements in the fin-
ished steel will be approximately 0.01 to 0.10%
vanadium, 0.005 to 0.05% titanium, and 0.002 to
0.059% aluminum.

Silicon and manganese, not being essential to
the inventionr-and being in practically every in-

65 stanée, added in further amount other than

0

in the addition up to 0.15% of the weight of the 75

through the medium of the alloy herein described,
no effort ras been made to evaluate the amounts
remaining from this addition. .

Examplel

Two basic open hearth steels, made in the
same plant by as nearly as possible identical pro-
cedure and of the composition described as S. A. E.
T-1340 are compared after forging, annealing at
1600° F., quenching in oil from 1550° F. (affer
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machining to 0.525 inch diameter), then tem-
pered at 450° F. and subsequently machined to
0.505 inch diameter. The test data follow:

Hardenability

Austenite grain size (Jominy)
(A. 8. T. M. standard) at—| Rockwell “C”

Steel | C |Mn| 8i| . hardness
1700° F. 1550° F. | SUI 30l spolyo
A ... 0.39/1.890.23| 7 (few6&8)_..|. 9 (fow8).._ 62( 50 36| 32
B.._... 0.41(1.74/0. 21} 6 (few 5,6, 8)_.| 9 (few 8) .__ 63} 56} 52| 48

. . Elonga- | Redue-

Yield | Tensile N s Izod | Rockwell

Steel | point, |strength, pgocght t‘&';nol impaet, | “C”
. p.s.i.{ p.s. L in 2 | per cent | ftAb. | hardness
A . 243,200] 270, 200 12. 5| 46.1 10. 5 49
B..... 240,200 266, 900 13.3 48.1 2.0 49

Steel B was made similarly to steel A except
for a final addition of 3% pounds per ton of
steel of an alloy of 256% vanadium, 15% titanium,
10% aluminum, 2% silicon, 5% manganese,
balance iron.and impurities. Note the increase
due to the alloy in impact strength and hard-
ness penetration with other properties practi-
cally identical,

A number of other tests of steels of the T-1340

type have been made, especially to note the fac- 3

tor of hardenability. With approximately equal
yield point and tensile strength, the hardenabil-
ity of the untreated steel has been such that with
a Rockwell “C” hardness at the quenched end
of the Jominy type test bar, of 60 to 63, a hard-
ness not less than 50 extended along the bar for
only 12 to 3 inch; with steels of 0.40 to 0.41%
carbon and about 1.70% manganese, application
of the process of the invention yielded this value
at 1 to 1% inch, whereas with steels of 0.43 to
0.44% carbon and about 1.85% manganese, this
high hardness extended along the bar to 134 or 2
inches. These properties have long been sought
in inexpensive steels wherewith to produce hard-
ened parts in medium sections and of very high
quality, capable of sustaining very severe service
loads.
Example 11

Two heats of basic open hearth steel, made in
the same plant, but not the plant of Example I,
with no difference in procedure except for the
addition of 3 pounds per ton of steel of an alloy
similar to that used in Example I. The com-
position is S. A. E. 1040 with manganese at the
upper limit of the range. The steels are com-
pared after rolling, normalizing at 1600° F.,
quenching in oil or water from 1550° F. as 5
inch rounds, tempering at 600° F. and machining

9

Steel B is the one to which the alloy of this
Invention was added. Note that steel A scarcely
hardens in oil, whereas steel B hardens as well

- as it does in water and that when both steels are

10

- 20

hardened in water, steel B is superior in both
strength and ductility, -

Ezxzample 11T

Two heats of silico-manganese spring steel
(S. A. E. 9255) were made in a small electric in-
duction furnace using the same procedure in
making both except for-the addition to one of
0.30% vanadium in the form of a ferro-alloy of
23% vanadium, 174 % titanium, 13% aluminum,
and 3% silicon. The ingots were forged from
312~inch square to 2%-inch and 1 inch rounds
and normalized at 1625° F. The 2Y%-inch bars
were machined to 2-inch diameter, oil quenched
from 1575° F., and cut transversely for hardness
measurement. The 1 inch rounds were oil
quenched from 1575° F., & similar section cut for
hardness penetration measurements, and the re-
mainder tempered at 800° F., then machined for
tension and impact testing.

Hardenability,
Rockwell “C" hardness
X Graln size
Heat | C | Si |[Mn (Mﬁ%g;;id- 1 1d; PR
Surt, [Cent. | Surt. | Mid. Cent.
A, 0.5712.02/0.78) 4 (few 3 & 5).| 615 - 56| 46.5 36 34
B__... 0.58|1,94/0.84] 6 (few4 & 7).| 63.5 62| 58.0[ 41.5 34
. . Elonga- | Redue-
Yield | Tensile | %% H Tzod :
n tion tionof | . Brinell
Heat | point, |strength, impact
p.s.i.| p.s.i.. peis;c;;}:t p:;%:ht f.1b, |hardness
A 214, 5501 231, 150 7.5 20.2 7.5 450
B..... 225,000 243,000 10.0 35.7 9.8 471

The improvement in all properties of steel B,
the one to which the alloy was added, should be
noted.

Example 1V

Two heats of basic open hearth steel (S. A. E.
1040 with manganese at the low side) were made
in the same plant, differing from that of Ex-
amples I and II, the procedure being the same in
the two cases except for the addition in one of
0.03% vanadium in the form of a ferro-alloy of
25%% vanadium, 15% titanium, 11%% alumi-
num, and 1%% silicon. - In the form of 1 inch
rolled rounds the steels were normalized from
1650° F., water quenched from 1525°F., and then
tempered as indicated in the table below:

. i S.
to 0.505 inch standard bar: 60 Hardensbility (fominy) -
QGrain size Rockwell “C” hardness
Grain siZ?1 Heat| C {Mn| 8i (Ml%%g)md-
Steel C | Mn| si |(McQuaid- ,
. ¢ El?n) . Surface Ye"| 18| 34e”
A 0.38 1 0.91 | 0.24 8108 g5 A_..|0.40/0.66/0.14 8 (few 5, 6, 7).| Notmeasured_| 54| 40| 28
B 0.38{0.91]0.24 6to8 B..._|0.42/0. 62/0. 22 7 & 8 (few 6) do 56| 565 41 -
. 4. | Elonga- | Reduec- N Elonga- | Reduc- )
Steel |Quenched g)liﬂg S;Ir‘ggsglgg tion . tion of B‘;?gfl Hoat ’I‘emé Yi_elg "I:‘ensi{% tion | tion of in1120dt ]%rln((l:ll
in-— 4 4 T Cen’ ares, €at | pered,| point, | streng per area, pact,| hard-
In p.s.d | oposi | PRGIE | et | mes  7g °F, |p.s.f| p.s.l | cent | per | foodb.’| ness
. in 2" cent
A__ Ot __ .. 87,830 | 116,000 25.0 69.2 217
B.__|Oil._._. 205,300 | 238,500 1L 6 4.0 444 A_...| 800 98,530 125, 850 2.0 59.5 78.4 259
A__._| Water...| 155,820 | 183,030 11.5 4.3 387 B____| 800 123,900 154, 350 18.0 63.4 50.8 339
B____| Water__.| 186,800 | 223,500 145 58,2 430  B...| 950 [105,330 127, 730 20.3 64.9 84.8 273
75
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Heat B is the one to which the alloy of this
invention was added. The hardening capacity
is higher as shown not only by the hardenability
tests but. by the test bars tempered at 800° F.,
yet with the higher strength, toughness as meas-
ured in part by -reduction of area, is also higher
in steel B. When tempered to equal hardness
and “strength, steel B has higher yield point,
‘higher - reduction of area and higher impact
strength. .

The so-called ‘full-vanadium steels, of 0.15 to

T

0.25% vanadium content, possess in a measure

the desirable properties of the steels of my in-
vention. Vanadium contributes to shallow hard-
ening through its definite and uniform effect
upon grain size (thus also providing toughness)
but it further contributes to deep hardening
through its direct alloying effect in decreasing
the critical cooling speed. Thus full-vanadium
steels have long been esteemed and widely used
for this desirable combination of properties.
When fine grained, tough and exceptionally deep
hardening steel has been necessitated by en-
gineering requirements, especially in moderate to
very large sections, low-alloy full-vanadium steels
have not, however, been entirely adequate; these
needs have been met by nickel-vanadium, nickel-
molybdenum-vanadium, nickel-chromium - mo -
lybdenum-vanadium and chromium-molybde-
num-vanadium steels of high total alloy content.
These are today the important steels of very
large sections in the principal members of heavy.

machinery but they are too costly for common.

use in the manufacture of mass-production arti-
cles. Steels of 0.10% vanadium have been used
but the combined grain-refining and deep hard-
ening effects have been somewhat less and the
needed content of other alloying elements corre-
spondingly higher. To illustrate these properties
. of the full-vanadium steels, two examples may
be cited. (1) Carbon-vanadium tool steel hard-
ens to a medium depth and is highly uniform in
this performance, the hardened zone after
_ quenching from the usual quenching temperature
range of 1450 to 1600° F. being on a 1 inch round
bar about 0.15 to 0.20 inch. The core is uniform-
ly of high toughness. Carbon tool steel rendered

fine grained by the addition of aluminum hard-

ens fully to a lesser depth and successive heats
show a wide variation in this depth as well as
variable toughness in the metal beneath the fully
hardened outer layer.  Increasing the vanadium

content of carbon-vanadium tool steel to about °

0.40 to 0.50% increases the depth of hardening
somewhat, but increasing the hardening tem-
perature to permit more vanadium to go into
solution in the austenite makes possible the
hardening of a 1 inch bar throughout the sec-
tion. Pull-hardening of the carbon-vanadium
tool steel of about 0.20% vanadium can also be
attained by addition, for example, of chromium
or molybdenum. (2) Fine-grained chromium-
vanadium steel hardens much more deeply than
aluminum-treated fine-grained chromium steel
as noted below: .

Steel C |Mn|sSilor]| Vv
A e 0.30 | 0.74 | 0.20 | 0.87 |..____
B 0.33 [0.70 [ 0.23 | 1.10 | 0.22

40

60

65

70
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- Hardness after oil quenching*

Steel ’
- | Grain size
-t Surface | 34| 17 | Center | (McQuaid-
Ehn)
A L. 5333126 24 6t08.
B 54139 34 35 5to 8.

* Bars 3 inches diameter quenched in oil flowing at 105 fect per
minute. .

The steels to which my alloy is added possess
these desirable properties of the full-vanadium
steels but to an enhanced degree (corresponding
to the complex heavily-alloyed full-vanadium -
steels) and as a result of only a very small total
addition of elements, as heretofore described.

Grain-refining additions may be made to the
steel other than those added for the specific pur-
poses described herein in a manner depending
upon other features of the steel-making practice
and upon the article to be produced from the
steel. Thus wrought steels such as a 0.40% car-
bon steel may have a small or a large addition
of aluminum (0.25 or 2.00 pounds per ton of
steel) . prior to the addition of my material. A
zirconium-silicon alloy or aluminum-silicon-iron
or aluminum-silicon-titanium-iron or ferro-va-
nadium, as examples, may ‘be employed in cus-
tomary amounts. Other additions common in
existing methods of steelmaking and known to
those familiar with the art, may be employed

"without departing from the spirit of this inven-
tion. - :

Reactive titanium or the alloys or mixtures
forming this invention may be added to the
molten steel in the furnace, or in the ladle to
the bath of metal partly formed therein, or into
the metal stream as it issues from the furnace,
or it may be added in the ingot molds if the ingot
weight and cross-section are not so small as to
prevent the alloy from entering and reacting with
the molten metal. Surprisingly by the applica-
tion to a number of steels of this latter method,
no visibly harmful inclusions have been intro-
duced to detract from the salutary effects of the
alloy addition.

As set forth in the several examples given
above, the steels to which my alloy additions are
made are killed steels. The alloy is, therefore,
not added merely for purposes of deoxidation,
degasification, scavenging or other purification,
for which purposes additions of titanium or the
like have customarily been made.

In the foregoing, there has been described the
method of improving the hardenability of steels
that consists in the addition to them in a late
stage in their manufacture of a titanium alloy
in which this metal is in a reactive condition.
The description has been given with reference to
fine-grained steels because in the prior art
titanium additions have assisted in producing
fine-grain size (although not alcne capable of
producing very fine grain such as 7 to 8 on the
McQuaid-Ehn scale) but fine grain size has been
accompanied by shallow hardening except in
steels containing rather large amounts of alloy-
ing elements. Coarse grained steels of any com-
position are more deeply hardenable than fine-
grained ones of like composition. However, my
reactive titanium may be used to further increase
the hardenability of these coarse grained steels.
The resultant steels will obviously not be as
tough, especially at high hardnesses, as steels of
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similar composition and treatment but of fine
grain size. .

I desire to emphasize, however, that in using
the limited amounts of the addition element or

elements to secure deep hardening there is usu-
~ ally only a slight contribution toward fine grain,
size, not necessarily production of very fine grain
(A. 8. T. M. standard 7 or smaller). Sometimes
no appreciable change is observed. The extent
to which grain size is decreased; if any, over that
size that would result in a given heat of steel
without these additions, depends upon the condi-
tion of the molten bath of metal at the time the
addition is made, upon the remainder of the steel
composition, upon other grain-refining additions
made, -and upon the total amount and the pro-
tions of the constituent elements in the specific
alloy or mixture of this invention, that is
employed. Thus while the grain size will. not be
coarse (such as A. S. T. M. standard 2 or larger),
it may not in every case be very fine but rather
medium in size, usually not larger than A, S.
T. M. 5. For example a steel which as- ordi-
narily produced will show ga grain size of 4,
may by the addition of this alloy have its hard-
enability considerably increased and - yet .the
average grain size may be decreased only to 5
or not -altered at all. Steels which are ordi-
narily made to 7 to 8 grain size may after the
addition of these elements still be 7 to 8 grain
size but their hardensability will be considerably
. Increased. As previously explained, a nickel steel
may have a grain size of 6 and on the addition
of this alloy will have its hardenability increased,
while -its toughness likewise will be increased;
the average grain size may be unchanged or de-
creased only to 7. Increase in carbon also tends
to decrease grain size under like conditions of
manufacture and therefore to decrease the criti-
cal cooling speed; thus in carbon steels while in-
creased hardenability will be conferred upon
compositions of different carbon- content, the
likelihood of decrease in grain size due to the
addition will be less when the carbon content, is
higher. It should be understood that the inven-
tion is applicable to steels of all grain sizes, but is
of most interest in connection with medium and
fine grained steels, since under these conditions
the best combination of properties is imparted.

Another feature of the invention is the obten-
tion of the desired properties of the steel with-
out resort to effective large amounts of alloying
elements such as vanadium, nickel, chromium,
molybdenum, cobalt, copper, etc. and also the two
usual elements in carbon steels—manganese and
silicon—above the limits common to commercial
carbon steels; namely, 1.059% and 0.35% respec-
tively. Whenever the term “alloying elements”
is used in the specification or claims, or where
low alloy steels are referred to, it is the inten-
tion that manganese is to be considered as an
alloying element only to the extent to which it
exceeds this limit of 1.05%, and silicon is to be
considered as an alloying element only to the
extent to which it exceeds 0.35%. To secure the
full benefits of this invention,  namely, com-
plete hardening or nearly complete hardening
throughout medium and heavy sections along
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with medium to fine grain size, it is not necessary

to exceed about 5% of alloying elements and in
most cases not to exceed about 3% of alloying
elements. It has been observed that the critical
cooling rate is decreased and hence the harden-
ing capacity of steels is increased not only by the

addition of certain alloying elements but also, 75

-ments but in the
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within certain limits, by increase in carbon con-
tent. - This limit of 3% of alloying -elements is,
therefore, not absolute but varies ‘somewhat with
the carbon content of the steels. Therefore, to
produce ‘tough steels capable of hardening
throughout in medium to large sections there will
generally not be over about 3.5% of total alloying
elements when the carbon content is less than
0.25%, not more than about 3% of these alloying
elements when the carbon content is in the range’
of 0.25% to 0.50% and not more than about 2.59
of these alloying elements when the carbon cen-
tent exceeds 0.50%. It has been shown in the
prior art that tough deep-hardening steels can
be produced by large amounts of alloying ele-
Practice of this invention, these
large additions are not usually required.” Typical
low alloy steels to which the invention is appli~

‘cable have the following amounts of these alloy-

ing elements:
Ni| cr | Mo| Mn si v
e

Low “alloy steels are those intermediate. be-
tween the plain carbon steels and the so-called
high alloy steels, such for example, the stainless
steels and high speed steels. Low alloy. steels
have a limited alloy content of usually hot more
than 5 or 6%. The alloying elements that are
included up to this limit of 5 or 6% are. man-
ganese and silicon above the limits common_ to
ordinary carbon steels, nickel, cobalt, copper,
chromium, tungsten, molybdenum, vanadium,
and at times small amounts usually not over one-
half percent of some other rare metal, L

The carbon content of such low -alloy steels
may range from 0.10 to 0.75 or 1.0% or even
higher, but is preferably from 0.20 to 0.65%."

The invention is equally applicable to plain
carbon steels and has been successfully applied
to steels containing from 0.10 to 1.00% carbon
with manganese and silicon contents normal for
the particular steels and their applications. - In
general, the invention shows greatest -utility
when applied to steels of 0.10 to 0.75% . carbon
and more particularly in the range of 0.20 to
0.65% carbon, ’ ‘

- The iron is at least about. 98% in the case of
plain carbon steels and at least 94 to 95% in the
case of the low alloy steels to which the inven-
tion is applicable. S

" Although great benefits are conferred upon
steels that are quenched to a very hard state
and subsequently tempered, and although the
maximum benefits are conferred upon steel
articles tempered at relatively low temperatures
50 that their hardness is above 250. Brinell ‘and
preferably 350 Brinell or ‘higher, steel processed
in accordance with this invention may he ad-
vantageously used for parts tempered at higher

‘temperatures or as rolled, or as normalized or

hormalized. and tempered. ‘In some cases the
hardening phenomena will be such that it is best
to lower the carbon or alloy content or both, so
that the steel articles will have strength equal
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to that procurable with the original composition_
if the alloy of the invention were not used but'
will, with equal strength, possess greatly en-.

hanced toughness.
* Hot rolled or forged bars or' billets made from

steel ingots produced in accordance with this

jinvention may be converted into various finished
or semi-finished parts by . the usual forging,
machining and heat treating. practices.

subjected to either normalizing and tempering or
annealing by the practices common to secure the
desired machining qualities, then heated. for
quenching in a temperature range characteristic

of the steel and the size of the gear made: from
it, namely, 1400 to 1700° F., and after cooling in -
the quenching medium to a temperature suit- .

Gears, -
for example, may be drop forged or upset, then

15

able to effect hardening of the steel, reheated to .

s proper temperature in the range of 350 to 600°

F.. followed either by slow or rapid cooling.: The-

proper temperature for this reheating or temper-
ing operation may be confined to the lower ‘side

20

of this range. In steels of the prior art, temper-
ing in this lower part of the range often. pro- -

duced such high hardness that the gears or other:

. similar parts made from the steel did not. possess
adequate toughness, and tempering in the higher

part of the range caused the small amount of

austenite retained on quenching to he converted

to martensite with consequent embrittlement.

Steels made in accordance with my invention

25

30

may be tempered safely in the lower part of the -
range and the benefits obtained thereby of the -

higher hardness and wear resistance, because of
the added toughness resulting from the practice
of the invention. In the range of tempering tem-

35

peratures used for springs, spline shafts and. -
other similar parts, namely, 800 to 1000° F., the

practice of this invention is also-beneficial and
an improved combination of average: hardness
throughout the section and of toughness is se-
cured.  The hardness. of such- parts (for both

tempering ranges) is usually from about 350 to-

500 Brinell or somewhat higher. In the case of
Articles such as drill pipe.and sucker rods. used

in the oil producmg ‘industry and which are .

usually marketed in the normalized or normal-
‘zed and.tempered  condition, the mvention is

40

45

practiced to best advantage: by:not. addmg “the -

elements to a steel of the:compdsition hereto-
fore used but to one havmg a somewhat smaller

content of those elements that produce harden- - -

ing. For example, a steel’ of 0. 35 t0' 0.40% carbon
- and 1.60 to 1.90% manganese would be replaced

~when practicmg this invention by a steel of 0.30
10 0.35% carbon with 1.40.to 1.75%: manganese.' i

. 50
--yary and may necessitate variation in the amount

plus the additions as. described herein.  In cer-..

tain plate’steels used becatise of their ready weld=
ability and ductility after welding without being,
subjected to heat treatment (at. Jeast in sections;'
not over 1 inch in thickness); substitution ofa.:
steel of 0.15% ‘carbon, 1.25% manganese and -

-0.10% .vanandium would: be made by lowering

the -manganese to 1 00% and adding ‘the vana- -
- dium either in whole or in part as a ‘vansdium-

titanium or vanadmm-titamum-aluminum alloy.

" ties:

65

‘or 'by adding reactive . titanium in necessary'(

- amount,.all as. previously described
Steels made-in- accordance with' this lnvention
are not limited to those heat treated by the meth-

‘ods outlined above but may also be steels to be.

o subjected to the more speciahzed methods-of heat

in accordance with these teachings.

‘ete.
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“bility of the austemperlng process in that larger

sizes of a given -composition may be effectively
treated; or in a given size, smaller amounts of -
alloying elements are necessitated. -

In the above examples and elsewhere in ‘this

_specification, it has been pointed out that the

practice of this invention results in steels of .
greatly improved toughness and possessing the
hitherto unrealized combination of properties,

namely, fine grain size and its accompanying

toughness, along with deep hardenability, in car- -
bon steels or steels containing small amounts of
alloying elements. However, the practice of this
invention results in additional advantages. The
steels made appear to be freer from detrimental

- ‘non-metallic inclusions than are steels not

treated in accordance with this invention, and
the mechanical properties as well as the machin-

ing characteristics, as noted below, are improved
thereby. With, for example, the customary pre-
machining heat treatments applied to gears of a
given composition, they exhibit improved freedom
from surface imperfections (raggedness, ridges,
etc.) under given machining conditions, when
compared with steels of otherwise similar chemi-
cal composition and grain size but not produced
It is sig-
nificant that increased hardenability is secured
without increased tool wear in machining. The
addition to the steel in the usual amounts of sub-

_stances. which improve machinability such as

sulphur, phosphorus, lead, selenium, etc., and

-compounds:containing them do not detract from

the properties imparted to the steel by the addi-~

_tion alloy herein described. The substances may

be added separately or may. be included in the
composition of the alloy.
As previously indicated, I do not know whether

‘the element or elements described herein, when

added to molten steel, are obtained in the solidi--

-fled steel in' the metallic. form or whether they

are present in simple or complex carbides or in the
form of other compounds, such as oxides, nitrides,
Some -part -of the added elements remain
and: are determinable by chemical analysis but

"the form or combination in which they exist is

not . precisely ‘determinable with assurance of

.‘correctness. . The history of the steel melt and its

condition at the time the alloy. or mixture is
added probably are determinative and these will

or composition added, or both. The important
facts are the results secured even though they

" be due only to the residue from the addition in
‘whatever. form it may exist, or to the removal -

of  unrecognized substances normally- interfering
with the: development of the very highest proper-

"My addition alloy may contam the impurities
usual in ferro-alloys and also may contain minor

‘amounts of- alloying metals or metdlloids which
o it may ‘be desired to introduce into the steel, and
" therefore when I speak of the ferro-alloy as being

substantially all iron I'do not mean to exclude
such minor amounts:of other substances
. While. I have “specifically describéd the pre-

‘ferred embodiment of ‘my invention and the best

modes now known to me for practicing it, it is

- to 'be understood_that the invention is" not 30
70

limited but may be otherwise embodied and prac- )

. ticed within the scope of the following cldaims,

treatment such as carburizing, _nitriding aistem-

- pering, etc. The use of the alloys and processes

T'claim: .
1. The process:of treating steel contaming from

020 t0 0 65% carbon and of the class consisting

dmﬂbed herem greatly. enhances the applica- 5

of plain carbon steel and low alloy steels contain-;
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ing less than 5% alloying constituents to impart
deep hardenability combined with great tough-
ness, which comprises adding to the steel after
1t has been killed and while it is in a molten state

from 0.01 to 0.20% of reactive titanium and in an

amount sufficient to increase the depth harden-
ing capacity of the steel over that of a steel of
identical composition but without said titanium
addition, and in the form of a ferro-alloy in
which carbon is less than about one-eighth of
the titanium, nitrogen less than about one-fif-
teenth of the titanium and oxygen less than
about one-tenth of the titanium, the remainder
being substantially iron and metal which is not
subversive of the action of the titanium in im-

parting to the steel deep hardenability concomi- -

tant with great toughness.

2. The process of treating a steel containing
from 0.20 to 0.65% carbon and of the class con-
* sisting of plain carbon steel and low alloy steels
containing less than 5% alloying constituents to
impart deep hardenability combined with great
toughness, which comprises adding to the steel
after it has been killed and while it is in a molten
state from about 0.01 to 0.20% of reactive titanium
and in an amount sufficient to increase the depth
hardening capacity of the steel over that of a

10

20

25

steel of identical composition but without said -

titanium addition, and in the form of a ferro-
alloy in which carbon is less than about one-
eighth of the titanium, nitrogen less than about
one-fifieenth of the titanium, oxygen less than
about one-tenth of the titanium and silicon less
than the titanium, the remainder being substan-
tially iron, an amount of aluminum as a protec-
tive agent for the titanium but not more than
three times the titanium and metal which is npt
subversive of the action of the titanium in im-
parting to the steel deep hardenability concomi-
tant with great toughness.

3. The process of treating a steel containing
from 0.10 to 1.00% carbon and of the class con-
sisting of plain carbon steel and low alloy steels
containing less than five percent alloying con-
stibuents to impart deep hardenability combined
with great toughness, which comprises adding to
the steel after it has been killed and while it is
in a molten state from about 0.01 to 0.20% of
reactive titanium and in an amount sufficient to
increase the depth hardening capacity of the
steel over that of a steel of identical composition
but without said titanium addition, said titanium
being added to the steel in the form of an alloy
containing carbon not over one-eighth of the
titanium, the remainder being metal which is
not subversive of the action of the titanium in
imparting to the steel deep hardenability con-
comitant with great toughness,

4. The process of treating a steel containing
from 0.10 $o 1.00% carbon and of the class con-
sisting of a plain carbon steel and low alloy steels
containing less than five percent alloying con-
stituents to impart deep hardenability combined
with great toughness, which comprises adding
to the steel after it has been killed and while
it is in a molten state from about 0.01 to 0.20%
of reactive meta] of the class consisting of
titanium, beryllium, boron and thorium and in
an amount sufficient to increase the depth hard-

ening capacity of the steel over that of a steel ©

of identical composition but without said reactive
metal addition, said reactive metal being added
to the steel in alloy form containing carbon not
over one-eighth of the reactive metal, the re-
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mainder being metal which is not subversive of 75
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the action of the reactive meta] in imparting to
the steel ‘deep hardenability concomitant with
great toughness. )

5. The process of treating a steel containing
from 0.10 to 1.00% carbon and of the class con-
sisting of plain carbon steel and low alloy steels
containing less than five percent alloying con-
stituents to impart deep hardenability combined -
with great toughness, which comprises adding to
the steel after it has been killed and while it is.
in a molten state from about 0.01 to 0.20% of
reactive metal of the class consisting of titanium,
beryllium, boron and thorium and in an amount
sufficient to increase the depth hardening ca-
pacity of the steel over that of a steel of iden-
tical composition but without said reactive metal
addition, said reactive meta] being added to the
steel in alloy form containing carbon not over
one-eighth of the reactive metal, and also con-
taining a substantial amount but not more than
three times the reactive metal of protective metal
of the class consisting of aluminum, zirconium
and magnesium, the remainder of the alloy being
metal which is not subversive of the action of
the reactive metal in imparting to the steel deep
hardenability concomitant with great toughness,

6. A deep hardenable ferritic steel containing
from 0.10 to 1.00% carbon and of the class con-
sisting of plain carbon steel and low alloy steels
containing less than five percent alloying con-
stituents together with titanium in the amount
and form which results from adding to a killed
steel while in a molten state 0.01 to 0.20% of
reactive titanium and in an amount sufficient to
increase the depth hardening capacity of the
steel over that of a steel of identical composition
but without said titanium addition, said titanium
being added to the steel in the form of an alloy
containing carbon not over one-eighth of the
titanjum, the remainder being metal which is
not subversive of the action of the titanium in
imparting to the steel deep hardenahility con-
comitant with great toughness, said steel being
characterized by a deeper hardenability and
greater toughness after heating and quenching
than that of a steel of otherwise identical com-
position but to which such reactive titanium has
not been added.

7. A deep hardening ferritic steel containing
0.10 to 1.00% carbon and containing titanium
in the amount and form resulting from adding
to the steel after it is killed and while it is in
a molten state from 0.01 to 0.20% of reactive
titanium and in an amount sufficient to increase
the depth hardening capacity of the steel over
that of steel of identical composition but with-
out the titanium addition, said titanium being
added to the steel in the form of a ferro-alloy
containing carbon not over one-eighth of the

“titanium, the remainder of said ferro-alloy being

substantially iron and metal which is not sub-
versive of the action of the titanium in impart-~
ing to the steel deep hardenability concomitant
with great toughness, the remainder of the steel
being iron with not more than 3.5% of alloy-
ing elements when the carbon is below 0.25%, -
not more than three percent of alloying elements
when the carbon is between 0.25 and 0.50%, and
not more than 2.5% of alloying elements when
the carbon is above 0.50%, said steel being char-
acterized by a deeper hardenability and greater, o
toughness after heating ang quenching than that -
of a steel of otherwise identical composition but
to. which such reactive titaniurp has not been
added.
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.. 8. 'The process ‘of treating- a steel containing

0.10 t6-1.00% carbon and of the class consisting
of plain carbon steel and low alloy steels contain-
ing less than five percent alloying constituents to
impart deep hardenability combined with great
toughness, which comprises adding to the steel
after it has been-killed arid while it is in a molten
state from- about 0.01 to 0.20% of vanadium,

-about.0.01 to0:0.15% of titanium, and silicon less

‘than sixty percent of the vanadium and tita-
nium, in the form of a ferro-alloy in which the

carbon is less than about one-tenth of the vana-

_dium: plus one-eighth of the titanium, the re-

mainder being substantially iron and metal
which is not subversive of the action of the va-
padium and titanium in imparting to the steel
deep hardenability concomitant with great
toughness, and in amount sufficient to increase
the depth hardening capacity of the steel over
that of a steel of identical composition but with-
out the vanadium and titanium additions.

9. The process of treating a steel containing
0.10% to 1.00% carbon and of the class consist-
ing of plain carbon steel and low alloy steels con-
taining less than five percent alloying constitu-
ents to impart. deep hardenability combined with
great toughness, which comprises adding to the
steel after it has been killed and while it is in
a molten state from about 0.010 to 0.15% of
vanadium, about 0.01 to 0.15% of titanium, about
0.005 to 0.15% aluminum, and silicon less than
sixty percent of the combined metals of the first
two groups, in the form of a ferro-alloy in which
the carbon is less than about one-tenth of the
vanadium plus about one-eighth of the titanium,
the remainder being substantially iron and metal
which is not subversive of the action of the va-
nadium and titanium in imparting to the steel
deep hardenability concomitant with great
toughness, and in amount sufficient to increase
the depth hardening capacity of the steel over
that of a steel of identical composition but with-
out the vanadium, titanium and aluminum ad-
ditions. : .

10. The process of treating a steel containing
from 0.10 to 1.00% carbon and of the class con-
sisting of plain carbon steel and low alloy steels
containing less than five percent alloying con-
stituents to impart deep hardenability combined
with great toughness, which comprises adding to
the steel after it has been killed and while it is
in a molten state from about 0.01 to 0.20% of a
metal or metals of the group consisting of vana-
dium, columbium, tantalum and uranium, about
0.01 to 0.15% of a metal or metals of the group
consisting of titanium, beryllium, boron and tho-
rium, and silicon less than sixty percent of the
combined mefals of said groups, in the form of
an intimate association and containing carbon
not over about one-tenth .of vanadium group
metal plus about one-eighth of titanium group
metal, the remainder being metal which is not
subversive of the action of the metals of the
vanadium and titanium groups in imparting to
the steel deep hardenability concomitant with

.great toughness, and in amount sufficient to in-

=4

crease the depth hardening capacity of the steel
over that of a steel of identical composition but
without the vanadium and titanium group metal
additions.

11. The process of treating a steel containing"

0.10 to 1.009% carbon and of the class consisting
of plain carbon steel and low alloy steels con-
taining less than five percent alloying constitu-
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great toughness, which comprises adding to the
steel after it has been killed and while it is in
a molten state from about- 0.01 {0 0.15% of &
metal or metals of the group consisting of va-
nadium, columbium, tantalum and -uranium,
about 0.01 to 0.15% of a metal or ‘metals of the
group consisting of titanium, berylllum, boron
and thorium, about 0.005 to 0.15% of a metal or.
metals of the group consisting of aluminum, zir-.
conium: and- magnesium, and silicon less than
sixty percent of the combined metals of the first
two groups,“in the form of an intimate associa-
tion and .containing carbon less than about one-
tenth the vanadium group metal plus about one-
eighth the titanium group metal, the remainder
being metal -which is not subversive of the ac-
tion of said intimate association in imparting to
the steel deep hardenability concomitant with
great toughness, and in amount sufficient to in-
crease the depth hardening capacity of the steel
over that of a steel of identical composition but
without the vanadium, titanium, and aluminum
group metal additions. )

12. A deep hardenable ferritic steel containing
from 0.10 to 1.00% carbon and of the class con-
sisting of plain carbon steels and low alloy steels
containing less than five percent alloying con-
stituents together with vanadium and titanium in
the amount and form which results from adding
to the steel after it has been killed and while in
a molten state from 0.01 to 0.20% vanadium,
0.01 to 0.15% titanium and silicon less than sixty
percent of the vanadium and titanium, in the
form of an alloy in which the carbon is less
than about one-tenth of the vanadium plus
about one-eighth the titanium, the remainder
being metal which is not subversive of the action
of the vanadium and titanium in imparting to
the steel deep hardenability concomitant with
great toughness, said steel being characterized
by a deeper hardenability and greater toughness
after heating and quenching than that of a steel
otherwise identical in composition but to which
such alloy has not been added.

13. A deep hardenable ferritic steel containing
0.10 to 1.00% carbon and of the class consisting
of plain carbon steel and low alloy steels contain-
ing less than five percent alloying constituents
together with vanadium and titanium in the
amount and form which results from adding to
the steel after it has been killed and while it is
in a molten state from about 0.01 to 0.15%
vanadium, 0.01 to 0.15% titanium, 0.005 to 0.15%
aluminum, and silicon less than sixty percent of
the vanadium and titanium, in the form of a
ferro-alloy in which the carbon is less than about
one-tenth the vanadium plus about one-eighth
the titanium, the remainder being substantially
iron and metal which is not subversive of the
action of the alloy in imparting to the steel deep
hardenability concomitant with great toughness,
said steel being characterized by a deeper hard-
enability and greater toughmness after heating
and quenching than that of a steel of otherwise
identical composition but to which such alloy
has not been added.

14. A ferro-alloy for the treatment of steel
containing about 10 to 30% vanadium, about 8
to 30% titanium, and less than 15% silicon, and
capable of imparting deep hardenability con-
mitant with great toughness to steels of the
class consisting of plain carbon steel and low
alloy steels containing less than 5% of alloying

- constituents.
ents to impart deep hardenability combined with 75 -

15, A ferro-alloy for the treatment of steel
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containing about 10 to 30% vanadium, about 8

to 30% titanium, ahout 2 to 25% aluminum, and

less than 20% silicon, and capable of imparting
deep hardenability concomitant with great tough-
ness to steels of the class consisting of plain car-

bon steel and low alloy steels containing less than

5% of alloying constituents. .

16. A ferro-alloy for the treatment of steel
containing about 7 to 509 vanadium, about 7 to
50% titanium, and 7 to 259 aluminum, and less
than 20% silicon, and capable of imparting deep
hardenability concomitant with great toughness

to steels of the class consisting of plain carbon

steel and low alloy steels containing less than 5%
of alloying constituents. .

17. A ferro-alloy for the treatment of steel
containing 5 to 50% titanium together with aly-
minum and zirconium in amount to serve as ef-
fective protective elements for the titanium but
not more than three times the titanium, and gili-
con less than 20%, said ferro-alloy being capable

15

of imparting deep hardenability concomitant
with great toughness to steels of the class con-

. sisting of plain carbon steel and low alloy steels
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20

containing less than 5% of alloying constituents.

18. A ferro-alloy for the treatment of steel
containing 5 to 50% of reactive metal of the class
consisting of titanium, beryllium, boron and
thorium together with aluminum and zirconium
in amount to serve as effective Dbrotective ele-
ments for said reactive metal but not more than
three times said reactive metal, and silicon less
than 20%, the remainder being metal which is
not subversive of the reaction of said reactive
metal in imparting to the steel deep hardenabil-
ity concomitant with great toughness, said ferro-
alloy being capable of imparting deep harden-
ability concomitant with great toughness to steels
of the class consisting of plain carbon steel and
low alloy steels containing less than 5% of al-
loying constituents.
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