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This application is a continuation-in-part of applica-
tion Serial No 80,023, filed January 3, 1961, now aban-
doned. .

This invention relates to steel alloys and more par-
ticularly is concerned with the provision of stainless steel
alloys having improved machinability.

Machinability may be defined as that property of an
alloy which governs the performance of the alloy machin-
ing processes and denotes the success with which a mate-
rial may be machined.. Metal machinability is a complex
and not fully understood property. However, the mani-
festations thereof are readily recognized by a skilled
artisan from the manner in which the alloy is machined
by cutting tools in such operations as turning, milling,
broaching, threading, reaming, sawing or grinding. - Free
machining alloys are characterized, among other things,
by the relativély lower degree of: friction or gumminess
and hence freer cutting action by the tool; by the small
chips remioved from the work, and the manner by which
the chips fall free from and do not adhere to the tool. Of
the many factors which affect machinability, the composi-
tion of the alloy appears to be the. most signiﬁcant be-
cause of its effect upon the  structure, processmg, and
mechanical properties of the alloy.

Metallurgists have long sought to improve m nachmablhty
of alloys by modifying their composition or form. - For
example, for the purpose of improving machinability,
varying amounts of one or more of such elements as car-
‘bon, phosphorus, sulfur, lead, selenium, tellurium, arsenic,
zirconium and bismuth have been included in alloys.
Sulfur, selenium, tellurium and others of these elements
are believed to affect miachinability when present in the
form of a sulfide, selenide or. telluride, respectively, and
for this reason one or more of the elements aluminum,
chronium, manganese and molybdenum may be included
to form such compounds.

The free machining additives hitherto used have had
relatively limited usefulness for various reasons. ~Those
compositions in which one or more of the foregoing ad-
ditives have been utilized with success to provide improved
improved machinability, often had a deleterious effect
upon other desired properties. For example, in the case
of stainless steel, such as that commonly designated as
18-8 stainless, the addition of about 0.3% sulfur results
in a marked reduction in the corrosion resistance of the
composition in a medium such as 5% sulfuric acid al-
though a substantial improvement in free machinability
is'achieved. =

The present invention stems from our discovery that
boron mononitride (BN) dispersed in the matrix of 18-8
stainless steel, an alloy which is machinable only with
difficulty, markedly improves its machinability. 'This im-
proved free machinability is obtained without the obejec-
ticnable loss in_ corrosion resistance normally associated
with the addxtlon of such elements as sulfur to 18-8 stain-
less steel to render the same free machmmg On the other
hand, when corrosion resistance is of secondary import-
ance to free machinability, boron mononitride in addition
to one or moré of the aforementioned free machining addi-

tives mady be used to provide greatly enhanced free ma-

chinability.

The foregoing as well as additional advantages of the
present invention are achieved by providing a stainless
steel alloy which,. in its broader aspect, comprises in the
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approximate amounts indicated (here and throughout this
application all concentration percentages are given as per-
cent. by weight unless otherwise indicated):

Percent
Carbon _... e Upto.2
Manganese —_______L.___ Upto 8
Silicon oo .__ —— eewe Upto2
Chromium - 16-21
Nickel .. ——— —— — 5-12
Boron mononitride — - voe .. 05-1

Varying amounts of other elements such as columbium,
titanium, molybdenum, copper, phosphorus, sulfur, sele-
nium, may also be included. For example, one or more
of up to about .5% phosphorus, up to about .5% sulfur,
up to about .5% selenium, up to about 3.5% molybdenum
and up to about 3.5% copper, may be added as desired.
Titanium may be included in an amount from 8 times the
carbon content up to about 1% and columbium may be
included in an amount from 10 times the carbon content
up to about 1% to stabilize the alloy against carbide pre-
cipitation.. Thus, the remainder of our alloy is substan- .
tially iron but here and elsewhere in this application it is
intended not to exclude the presence of such additional
elements as well as others in amounts ranging from several
thousandths of one percent up to about 3.5% which may
be included in keeping with good metallurgical practice or
which enhances other desired properties of our alloy.

In our alloy, boron mononitride below about 0.05% is’
not present in sufficient quantlty to provide the desired
degree of free ‘machinability in our-alloy. On the other.
hand, the capability of our steel to retain the nitrogen
necessary to combine with boron to form boron mono-
nitride necessitates the use of special techniques, as .will
be more fully pointed out hereinafter, when upwards of
about .3% BN is desired and above 1% BN, it may be
extremely difficult, if not impossible, to make sound steel
in commercial quantities even when presently known
special techniques are utilized.

The dispersion of boron mononitride may be formed in
our composition by adding the required amounts of boron
and nitrogen uncombined as boron mononitride employ-
ing conventional techniques for melting and casting an
ingot having a-desired analysis.- When the boron and
nitrogen are added separately, that is, uncombined : as
boron mononitride, the ingot in its as-cast condition con-
tains no more than an ineffective amount of boron mono-
nitride, that is, less' than .05%. Apparently, the boron
mononitride reaction, if it takes place at all, does so only
slowly at the elevatﬂd melting temperatures and it is neces-
sary to hold the cast ingot at temperatures from about
1700° F. to.2300° F. for from about 1 to 24 hours, the
loniger times being required at the lower temperatures in
order to ensure formation of the desired amounts of boron
mononitride. While the ingot may be heat treated to’
cause the desired formation of boron mononitride, the
heat treatment may be conveniently incorporated in the
heating -cycles incidental to hot working. When the
boron mononitride is formed by heat treating the as-cast
ingot, the boron mononitride is apparent in photomicro-
graphs as generally black, spheroidal particles distributed
throughout the matrix. After the metal has been hot
worked the boron mononitride appears as black, elon-
gated, angular particles which are also plainly visible in
photomicrographs. - It is to be noted that the boron
mononitride does not appear as a grain boundary phe-
nomenon in the hot worked materlal but is dlstnbuted
throughout the matrix.

Usually there is no difficulty encountered in incorpo-
rating ‘and- retaining boron in the melt. On the other
hand, during normal melting in air, no more than about

.3% nitrogen can be retalned in-solution during melting
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and solidification of the ingots. When the amount of
nitrogen retained in solid solution falls short of the theo-
retical saturation concentration of nitrogen in the melt,
the amount of retained nitrogen may be increased by
carrying out the melting and casting of the constituents
under a nitrogen atmosphere as brought out, for ex-
ample, in U.S. Patent No. 2,865,736, By means of the
process set forth in that patent, the usually attained
nitrogen content of less than about .3% may be in-
creased to about .5% to .7% or more.

In accordance with a further feature of the present
invention, the boron mononitride, instead of being formed
in situ, may be added in the form of the solid boron
mononitride compound. This may be accomplished by
adding solid boron nitrite, as, for example, a powder, to
the furnace during melting, by seeding the teeming stream
or by putting the boron nitride on the botiom of the ingot
mold before teeming.

The properties of boron mononitride make it possible
to add the solid boron mononitride to the molten metal
without breakdown of the compound into its separate
constituents. This is advantageous in attaining the dis-
persion of boron mononitride in analyses whose proper-
ties are sensitive to and are impaired by the presence of
borides and nitrides which may be formed by the boron
and nitrogen remaining when the boron mononitride re-
action by which the compound is formed in situ in the
heated solid metal is not carried to completion or when
strong boride or nitride formers are present in the analysis.

The boron mononitride dispersed in the matrix of our
alloy is a soft compound having a layered crystal struc-
ture. When an etched or unetched specimen of the alloy
is examined under a microscope, the boron mononitride
is readily detected because of its black color. On the
other hand, boron uncombined with nitrogen, that is com-
bined with other elements as borides, shows up as an
extremely light colored inclusion, which characteristically
is hard and brittle.

Boron mononitride is highly insoluble in an acid me-
dium such as a hot aqueous solution of sulfuric acid
having a 30% by weight concentration of sulfuric acid.
Thus, the amount of boron mononitride present may be
found quantitatively by determining the amount of boron
and nitrogen which is insoluble in the sulfuric acid. The
boron mononitride may also be extracted from the alloy
by conventional electrochemical processing.

The present invention provides especially beneficial
results in connection with austenitic stainless steels which
include the family broadly designated as 18-8 stainless
in the industry and which in accordance with the present
invention comprises in the approximate amounts indi-
cated:

Table 1

General | Preferred

Range, Range,

percent percent
Carbon Upto.15. | Upto.07.
Manganese. -] Upto2. Up to2.
Silicon. . Uptol. Uptol
Phosphorus. ——- ---| Upto.5. | Upto.05.
Sulfur___._ Upto.5. | Upto.5.
Chromium._ ... 17-19, 18-19.
Nickel._. —-{ 5-10. 6-8.
Molybdenum....__ Uptols | Uptol.
Copper. e - Uptols | Uptol.
Boron Mononitride - oo .05-.35, 1-.25.
The remainder substantially iron except for incidental

impurities but as peinted out hereinabove, it is not in-
tended to exclude the presence of additional elements in
amounts ranging from several thousandths of one per-
cent up to several percent which may be included in keep-
ing with good metallurgical practice or which enhances
other desired properties without an undesired effect upon
the advantageous properties of our alloy.

The following examples are given in Table IT as illus-
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trative of our invention and not by way of limitation.
In the boron and nitrogen columns the amounts of boron
and nitrogen present but not combined as boron mono-
nitride are indicated as soluble (Sol.) boron and nitro-
gen, respectively, while the boron and nitrogen combined
as boron mononitride are indicated as insoluble (Insol.).
This notation refers to the aforementioned method for
determining the amount of boron mononitride present
in which sulfuric acid is utilized to solubilize the uncom-
bined boron and nitrogen. In the columns under the
subheading “total” the total boron and nitrogen, both
the soluble and insoluble, is given.

In Table iI, the machinability of specimens of the
alloys is indicated under the column heading “Mach.”
as the average depth of penmetration, in inches, into the
specimens attained under carefully controlled conditions.
While there is no universally accepted standard for meas-
uring machinability, the free machining values were ob-
tained by measuring the depth of penetration into the
specimens by a quarter inch drill in a time interval of
15 seconds with the drill rotating at about 670 r.p.m.
under constant torque. Before the start of each drilling
operation, the drill mounted in a conventional drill press
was brought against the surface of the specimen where
it was maintained by a constant weight of 100 pounds.
The depth of penstration was measured with a microm-
eter and the values given in the table are the average
depth in inches of seven dirlled holes. Thus, the figures
listed under machinability provide an accurate indication
of the relative free machinability of the various alloys
tested.

Examples 1-13, set forth in Table II, were prepared
utilizing the techniques of conventional metallurgical prac-
tices. Boron and nitrogen were introduced into the
melt by adding a master ferrous alloy containing boron,
such as ferroboron (FeB), and one containing nitrogen,
such as nitrided ferrochromium (NyFeCr). Melting and
casting of the various analyses as ingots were carried out
in keeping with conventional practices.

The analytic methods utilized were capable of detect-
ing as little as .001% boron mononitride and yet the
presence of boron mononitride could not be detected in
the as-cast ingots. We found that it is necessary to main-
tain our alloy at an elevated temperature in order for
the boron and nitrogen to interact to form boron mono-
nitride. It may be well to note here that an important
advantage of the present invention resides in the fact that
a treating temperature may be selected from the range
of about 1700° to 2300° F. and a duration which is best
suited for the particular analysis being processed. In
practice, it has been found that heat treating for a period
of up to about 8 hours at a temperature of about 2100°
to 2300° F. is preferred for providing maximum amounts
of boron mononitride.

After being melted and cast, the ingot was hot worked,
annealed and then machined to provide specimens suitable
for testing. All but Examples 1 and 2 of Table II were
heated for from 8 to 10 hours at about 2200° to 2250° F.
incidental to hot working. The ingots from which the
specimens of Examples 1 and 2 were obtained were some-
what smaller in size and hot rolling together with the
heating cycle of about 4 hours at about 2200° to 2250° F.,
incident thereto was omitted. Thus, Examples 1 and 2
were maintained at about 2200° to 2250° F. for only
about 4 to 6 hours.

Examples 1-4 demonstrate the beneficial effect of in-
creasing amounts of boron mononitride upon free ma-
chinability. With as little as .05% boron mononitride, as
in the case of Example 1, the machinability is significantly
improved over that of Example 6 which is a typical anal-
ysis of ALS.I. Type No. 304, the latter having a machin-
ability of .053 and being generally recognized in the in-
dustry as being difficult to machine. ’

On comparing Example 5 with Example 3, it is apparent
that, apart from the amount of boron mononitride present,
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the two-analyses are the same for practical purposes. The
superior free machinability of Example 3 results from the
fact that this alloy contains a much smaller quantity of
metal borides than is contained in the alloy of Example 5.

Theoretically the formation of boron mononitride .is
favored by bringing boron and nifrogen together in- pro-
portions . corresponding to their stoichiometric amounts,
that is when-the ratio of the percentage concentration of
nitrogen to that of boronis-1.273. .

In practice it has been found that when the larger con-
centrations of boron and nitrogen are added separately in
the melt, best results are achieved when the ratio of the
nitrogen and boron additions ranges from about 1.5 to
2.5 or above.” .The extent to which the larger excess
amounts of nitrogen may be tolerated will vary depending
upon the particular analysis in question as is well known
in the art. For example, in an alloy such as Example 6,
an excess amount of nitrogen uncombined with the boron
greater than about .3% affects the work hardening of the
material. 'When the smaller amounts of boron are utilized
to form the desired boron mononitride in situ in the alloy,
the larger proportions of nitrogen relative to the boron
concentration are added as is illustrated by Example 1.
There the ratio.of nitrogen and boron concentrations is
about 5.9 but the soluble. nitrogen content of .19% is
well within the tolerable limits for the composition. At
the present time, it is believed that the greater proportions
of nitrogen. relative .to.the boron concentrations are re-
quired with the smaller. boron concentrations because of
the conditions under which the nitrogen and boron inter-
act in the alloy. It appears that because of the relatively
lower mobility of the boron atoms in ‘the alloy resulting
partly from their larger size, a greater excess of ‘the nitro-
gen atoms favors the carrying out of the desired boron
‘mononitride reaction. T L

It should also be mnoted that, to the extent that- the
boron mononitride reaction is not carried. to completion,
there is a residue of boron uncombined as boron mono-
nitride which forms metal borides in our alloy. The
formation of an excess of metal borides in any significant
amount in our alloy is undesired because of such ill-effects
which may result therefrom as embrittlement and poor
machinability, as well as impaired ductility, impact
strength and cold workability.

Referring once again to Table II, the alloy of Example
7 contains .26% mnitrogen but only .004% boron in the
form of metal borides, but no boron mononitride was de-
tected. With such an increased concentration of nitrogen
as compared to the alloy of Example 6, the machinability
is not improved. Similarly, the alloy of Example 8, con-
taining .18% boron in the form of metal borides and only
such a small amount of nitrogen as .04%, demonstrated
for all practical purposes no significant change in machin-
ability. -
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no boron nitride could be detected. "Referring to Example .
1, with only .04% total boron the larger proportion of
nitrogen of ,23% gave a boron nitride concentration of
.05% in contrast to the ineffectiveness of .08% nitrogen
with .05% boron to form boron nitride in Example 9.
Thus, with both boron and nitrogen present but with es-
sentially all of the boron present as metal borides and
with no boron nitride present, there is no favorable effect
upon the machinability of the composition. -

It is a further feature of the present invention that ad-
vantage may be taken of the beneficial effect of boron
mononitride upon the free machinability of an alloy with-
out impairing its other properties by including boren
mononitride in the alloy along with other free machining
additives hitherto utilized. For example, the alloy of Ex-
ample 10 will be recognized by those skilled in the art
as A.LS.I Type No. 303. This alloy contains a signifi-
cant amount of sulfur added for the purpose of improving
the free machinability of the alloy as compared, for ex-
ample, to that of A.LSJI. Type No. 304, Example 6.
While the sulfur content of the alloys of Examples 11
and 12 is'less than that of Example 10, the boron mono-
nifride present as indicated provides a unique improve-
ment in free machinability.

Example 13 is illustrative of the preferred balance of
the elements in our alloy. Here, the nickel content is re-
duced while theé chromium content is increased as com-
pared to the remaining examples to facilitate hot working.

Table It
Ex. | Ultimate |.2% Yield|Percent|PercentiBHN| 5% H80sat
No. Tensile | Strength | Elong. | R.A. 80° C.
Strength -
92, 750 48,250 48.2 51.9 | 1569 | Not determined.
85, 500 41,875 48.6 45.7 | 159 . Do.
80,125 36,2560 56.2 656.4 | 134 {-138.21 2 mils/yr.
84,875 38,125 52.8 60.3 | 140 | 233.85 2 milsfyr.
6 85,000 35,000 | . 60.0 70,0 | 150 | - ®).
9. 85,812 38, 625 56.2 1 .72.1 146 | 159.09 2 mils/yr.
0. 84,312 34,437 56.2 60,1 | 141 | 790.66 2 mils/yr..

1 All specimens annealed 1950° ¥, one hour, water quench. Corrosion

" rates are an average of five 48 hour periods except where noted.

2 Average of two tests each consisting of five 48 hour periods.

3 As pointed out hereinabove, Example 6 is a typical analysis of
A.LS.X type 304, the corrosion rate of which is nominally given as
greater than 50 mils/yr. and usually has a corrosion rate ranging irom
about 100 to 400 mils/yr.

From the test data set forth in Table IIY, it is apparent
that additions of boron mononitride do not have any ob-
jectionable effect upon such mechanical properties of our
alloy as ultimate tensile strength, yield strength, and duc-
tility.. On the other hand, the corrosion resistance to
5% sulfuric acid (at 80° C.) of our alloy without such
free machining additives as sulfur is markedly improved
over an alloy such as ' Example 10 which will be recog-
nized as' A.LS.I type 303 containing sulfur as a free

Table 111
B Na
Ex.No. | C Mn | Si P S Cr Ni Mo BN | Mach,
Sol. | Insol Total | Sol. | Insol. | Total
.80 | .43 |.015}.012 | 17.83 9.30 | .07{..02 .02 .04 .19 04 231 .05 . 140
.75 | .41 (.014.|.014 | -17.81 9.3¢4| .08( .03 .03 06 .16 .06 22| .07 . 205
.85 .52 |.18|.007 | 17.10 9,58 [ .11 ] .06 .04 L0 .10 .06 16| .09 . 230
.82 .53 .014|.024 | 18.13 9.71( .08} .04 .11 15 14 .15 .29 .25 . 285
.85 .49 |.015.007 | 17.50 9.33 | .11 .12 .07 190 .12 .14 .26 .16 215
W95 .67 [..024| .166 | 18.61 10,23 1 .20 . 053
.88 | .54 1.014].015| 18,16 9.69 | .08 |.004 |- 004 | .26 |aemeoeos . 040
.86 .53 |.015|.016 | 18.04: 9.68 [- .08 | I8 [enco. L1877 .04 (oo . 085
77|48 1 .016 [ 011 | -17.74 945 .10 .05 <.001 .06 .08 | <.001 . 055
751 461,014 .336 " 17.60 9.34 | A1 e .283
.88 | .57 1.013|.194 | 18.18 9.70 | .08 .04 .09 L1311 .14 .14 .281 .21 . 385
.86 .59 |.012 | .20 18.25 9.65 ¢ .09 .06 .10 16 .13 17 .30 ] .23 . 340
.88 .70 ].020} .30 19.00 7.20 | .48 | .025 . 055 W08 .14 07 211 .13 L3711

1 Remainder substantially iron,

The alloy of Example 9, contains .05% soluble bdron
and .08% soluble nitrogen. Less than .001% of insolu-

machining additive. The average rate in mils of thick-
ness lost per year in 5% sulfuric acid at 80° C. was 790.66

ble boron or nitrogen was found in this composition, and 75 mils in the case of a specimen having the analysis of Ex-
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ample No. 10, which had a free machinability of .283 inch
(Table II). On the other hand, Example 3 is illustrative
of the improvement in free machinability attainable in
accordance with our invention without the loss in corro-
sion resistance associated with the use of sulfur. Example
3, containing .09% boron mononitride, had a free machin-
ability of .230 inch and a corrosion rate of 138.21 mils
per year in 5% sulfuric acid at 80° C.

The terms and expressions which have been employed
are used as terms of description and not of limitation,
and there is no intention, in the use of such terms and ex-
pressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recog-
nized that various modifications are possible within the
scope of the invention claimed.

We claim:

1. An austenitic stainless steel alloy characterized in
its heat treated condition by good free machinability con-
sisting essentially of up to about .2% carbon, up to about
8% manganese, up to about 2% silicon, from about 16%
to 21% chromium, from about 5% to 12% nickel, from
about .05% to 1% boron mononitride, said boron mono-
nitride being dispersed throughout the matrix of the alloy,
up to about 1% columbium, up to about 1% titanium, up
to about 3.5% molybdenum, up to about 3.5% copper,
up to about .5% phosphorus, up to about .5% suifur, up
to about .5% selenium, and the remainder consisting es-
sentially of iron.

2. An austenitic stainless steel alloy characterized in its
heat treated condition by gocd free machinability con-
sisting essentially of up to about .15% carbon, up to about
2% manganese, up to about 1% silicon, up to about .5%
phosphorus, up to about .5% sulfur, from about 17% to
19% chromium, from about 5% to 10% nickel, up to
about 1.5% molybdenum, up to about 1.5% copper, from
about .05% to .35% boron mononitride, and the remain-
der consisting essentially of iron.

3. An austenitic stainless steel alloy characterized in its
heat treated condition by good free machinability consist-
ing essentially of up to about .07% carbon, up to about
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2% manganese, up to about 1% silicon, up to about .05%
phosphorus, up to about .5% sulfur, from about 18% to
19% chromium, from about 6% to 8% nickel, up to
about 1% molybdenum, up to about 1% copper, from
about .1% to .25% boron mononitride, and the remain-
der consisting essentially of iron.

4. An austenitic stainless steel alloy characterized in its
heat treated condition by good free machinability consist-
ing essentially of up to about .07% carbon, up to about
2% manganese, up to about 1% silicon, up to about .05%
phosphorus, up to about .030% sulfur, from about 18%
to 19% chromium, from about 6% to 8% nickel, up to
about 1% molybdenum, up to about 1% copper, from
about .1% to .25% boron mononitride, and the remainder
consisting essentially of iron.

5. An austenitic stainless steel heat treated article char-
acterized by good free machinability consisting essential-
ly of up to about .07% carbon, about .88% manganese,
about .7% silicon, about .3% sulfur, about 19% chro-
mium, about 7.2% nickel, and about .13% boron mono-
nitride, and the remainder consisting essentially of iron ex-
cept for incidental impurities.
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