) 2,736,650
Patented Feb. 28, 1956

United States Patent Of]

1

2

TABLEII
2,736,650 [¢)) el @ 4) (5)
Steel Ci Cvy m Ct—(0v+om)
LOW ALLOY HIGH SPEED STEEL 5
Leonard C. Grimshaw, Pittsburgh, Pa., assiguor to Firth i: gg i: 3(15 %: flig :gg
Sterling, Inc., Pittsburgh, Pa., a corporation of Penn- 3.86 291 1.63 02
: i 3.97 2.25 1.55 .17
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‘ Serial No. 360,340 5.93 4.40 1.53 .00
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3 Claims. (Cl. 75—126) 717 53] L5 02
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This invention relates to low alloy high speed steels 15 5. 49 185 1,93 —E0
which are superior to those heretofore known. My steels §: gi 2- gg l.gé :.gg
are readily forgeable and, in fact, can be rolled directly 4.5 |  3.97 .94 —.35
from the ingot without prior forging. They are tough and i: gl)g ) i gg i 82 - fg
abrasion Tesistant. These desirable properties "are ob- 5.30 452 114 3
tained by employing relatively narrow ranges of chro- 20 g:ig igé %:‘1)2 :-gg
mium, vanadium and molybdenum, the steels preferably 5.95 4.85 130 —%
but ‘not necessarily also. containing tungsten, and by the §: 'lig 2: gg . gg - ég
proper amount of carbon, which varies according to the '
amounts of thesse alloying elements as pointed out more Ou=total atomic percent carbon. (from Table ). _
particularly hereinafter. ‘ 25  Cy=total atomic percent vanadium (from Table I).
- In order to show mo're'clearly the balanced composi- Cm=16 the sum of atomic percent of W+Cr-iv-.1VI‘ov(from.Table .
tion of my steel, I work generally with atomic percentages TABLE IIT
of the elements rather than with. the more commonly
used weight percentages. T8} @ 3 @ ®
. My high speed steels consist essentially of the elements 30 Steel C Cy Ci—Cy | 2C0
within the following ranges but, in addition, the propor- Ci—Cv
tions 'of these ‘elements must comply with Rules 1 and 2 A 370 Lo 9 49 &9
described hereinafter: B 4.02 1.96 2.06 .95
- ) C 3.86 2.21 1.65 1.34
- _ ]}g g gg 2. §5 1.72 1.31
Weight. Percent Atomic Percent P 4.37 3; 7? %ég };2‘3’
i g - é.gg 2.2(3) 1.34 2.41
Carbon 1.05-1.30 4.79-5.97. S 6.26 4.37 }gg %g?
Chromitum. - weomoeee 3.70-4.50. oo 3.70-4.80, T - 7.94 5.46 1,78 3.07
Vanadium... 3.70-4..50. 3.97-4.86 X - 7.17 5.63 1. 54 3.66
Tungsten----- 0-3.50.. . o roomert 0-105. : g0 Lol 4,97 4,51 .46 9.80
. R (preferred 2.20-3.60) . -.| (preferred 0.66-1.05). Mo 5.30 [ 4.09 1.91 3.38
Molybdenum. ... —-ou--- 2.20-6.00_ oo 1.25-3.42. N — 4,96 3.76 1.20 3.13
. (preferred 2.20-3.50)___| (preferred 1.25-2.01). [s) - 5.49 4.85 64 7.58
P nean 5.01 3.79 1.22 3.11
S — ] — Qoo eas 5.% 4.80 .64 7.50
“The- balance of the steel is substantially all iron. QoI §j 16 ij gg gg g;gg
E is now made to the following Tables I, II T - 4.98 4.09 .89 4.60
_Reference_ § no e g ? 45 U et 5.30 4.52 78 5.79
and ITL. g. ig 3‘. gé .gg 5. 5&1‘
. . . 5.
TABLE I 5.95 4.85 1.10 4.41
4.79 3.97 .82 4.84
— ; = i 5.15 4.28 .87 4.92
Weight Percents . Atomic Percents - .
: 50 1o .
. Table I lists the steels A to Z in the first column. It
clVv _(zf_ _Y_ Mo _(_J_' '_v_‘_’_ _(fi _‘_’; _I\E shows the weight percents and the atomic percents of
carbon and the alloying elements in many kinds of high
ammeemama- . X . 1.00|...---| 3. . . 1.2l oo . .
Y 2 1800 1‘1’8 ng 195 2_33 604 i_gg 13(15 2743 speed steels. Steels A to K, inclusive, are examples of
1.50] 4.00| 2.00 8.50| 3.86{ .46| 4.34| 2.21| 5.00 ma m ially known high ¢ i
0 200 B0 305 I8 £3| 525|200 55 MANY cOmMmOICaly KnOW high speed steels, all of which
6.00| 4.00| 3.00| 6.00] 5.45| 1.86| 4.38| 3.35( 3.56 are outside the scope of my invention. Steels L to R,
2.50( 4.00( 2.50| 2.50] 4.87| .75 4.24| 2.71} 1.43 i i i i -
200 400 a3 A S a5 1 1gcluswe, are other sgeels quts1de the scope of my inven
5.50! 4.50| 4.00| 4,50 5.93| 1.68| 4.85! 4.40| 2.63 tion. Steels S to Z, inclusive, are steels according to my
p| 0 L 4% LB 8 A venton
..... "50| 12,50 4.78] 5.00{ () | 7.17| 3.90) 5.24| 5.63|...._ gg . A satisfactory high speed steel should have the follow-
"09] “2.40] 3.90] 4.20] 2750 4.97| .71 4.11] 4.51| 1.42 ing properties :
16| 2.70] 4.20| 3.80| 2.80| 5.30{ .81 4.43| 4.09| 1.60 S . . . L
1.09" 2.20| 3.70] 3.50] 2.20| 4.96! .66] 3.89 3.72 1.25 First, it must be such that it can be readily forged and
20| 3.10|.4.40| 4.50| 3.20| 5.49] .92 4.65| 4.85| 1.83 ; ; ,
“0ol 3.30| 4.40| 3.50| 3.20| 5.01| .93 4.67| 3.79| 1.84 rolled. Many high speed steels now in use are so loaded
1.20f 2.20 .;,.70 g.so 2.% 3.44 .gg g.gg g.gg Hi with alloy in an effort to increase their abrasion resist-
1.00] 2.00 3.70| 3.70| 2.00{ 4.56/ .60| 3.89| 3.97| 1. ; 1 : :
T 500 %08 S00 363 5.2 .76 427 430 151 g5 ance and cutting ability that they are difficult to for.ge
%.09 2. gg i'% i.gg g gg g.’ gg gl i' 3 ﬁ' (5)3 % ég and roll. My high speed steel not only can be readily
-1.16) 2.70| 4.20| 4. 80| 5.30| . .81| 4.43] 4.52| 1. B : :
116| 270 4.00 420 2.70| 5.30] .81 4.21| 4 51| .54 forged but it can be rol'led directly from the ingot.
i.zo g.% i'% z.gg g.gg g.-ég 1'82 i. gg 2.32 ;g Second, I desired a high speed steel that would possess
.30 3.50| 4.50}. 4. . 50| 5.95| 1.04] 4.75) 4.85 2. . -
L3 oLl 370l 220 470, 66| 3.%0| 3.07| 1.25 greater toughness than other high speed steels so that
13| 4,05} 4.000 5.70| 5.15)....| 4.26( 4.28] 3.25 70 tools made thereof would not break easily in use. '
‘ : : : Third, I wanted a high speed steel that would possess

"1 Contais 5% cobalt. -

good abrasion resistance and cutting ability.
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Fourth, I wanted a steel that would be economical to
make both from the standpoint of the cost of the ingre-
dients of the steel mix and from the standpoint that less
scrap would result in hot working the ingots into bars.

I have accomplished the first aim, i. e., to produce a
steel that could be forged and rolled with relative ease, by
keeping the alloy content of chromium, tungsten and
molybdenum reasonably low.

The second aim, great toughness, has been accom-
plished by keeping the carbon content lower than has
previously been thought possible considering the alloy
content. I have discovered that, contrary to the teach-
ings of others, the carbon should be kept at a lower
amount than is actually needed to combine with all the
carbide-forming elements. The relatively low alloy con-
tent of my steels also contributes to their toughness.

The third aim, abrasion resistance and cutting ability,
have been attained by so alloying the steel that it pos-
sesses a preponderance of vanadium carbides as com-
pared with other carbides. The vanadium carbides that
I produce in such large quantities in my steel are much
harder than the mixed carbides of tungsten, chromium
and molybdenum found in high speed steels.

I will explain what I believe happens in the forming of
carbides in my high speed steel, but I do not bind myself
by such explanation.

The carbide-forming elements, tungsten, chromium
and molybdenum, in high speed steel form mixed carbides
expressed by the chemical formula (W, Cr, Mo)eC.
This means, in effect, that these three carbide-forming
elements in the proportions in which they are present in
the steel combine with 1% of their atomic percents of
carbon to form a carbide. If the total of tungsten, chro-
mium and molybdenum are taken together and considered
as carbide-forming metals designated “M,” the formula
for the carbide may be expressed as MesC. This means
that 6 atoms of carbide-forming metal combine with 1
atom of carbon to form the carbide MsC.

When 2 high speed steel is hardened by heating to a
high temperature (about 2200-2400° F.) followed by
fairly rapid cooling, its hardness may be found to be
between Rockwell C 63-66. But if a microhardness
tester is used, that can measure the hardness of the indi-
vidual (W, Cr, Mo)sC particles, they will be found to
be the equivalent of Rockwell C 77. It is considered
that it is these harder carbide particles in the high speed
steel that contribute to its abrasion resistance and cutting
ability.

I believe that by a proper balancing of carbide-form-
ing elements and carbon in my high speed steel, my
vanadium goes to form a carbide that may be expressed
chemically as VC. This means that 1 atom of vanadium
will combine with 1 atom of carbon to form carbide.
My steel possesses an abundance of these VC carbides, as
may be seen by examining the microstructures.
microhardness of these VC carbides is the equivalent
of Rockwell C 84, which is intensely hard, and resists
polishing by alundum; in fact, diamond dust has to be
used to prepare metallographic samples or else these VC
carbides stand up from the surface as rounded hils.

These VC type carbides are present in other high
speed steels in varying amounts, but I have so balanced
my alloy and carbon content that my high speed steel
has more of them than any other steel with a similar
vanadium content.

_Table II lists the steels A to Z in the first column,
The second column is headed Ci: this is the atomic per-
cent of all the carbon in the steel. The third column is
héaded Cy: this is the carbon needed to combine with all
the vanadium to form VC carbides, and since 1 atom of
vanadium requires 1 atom of carbon to form this carbide,
this Cv equals the atomic percentage of vanadium in the
steel. The fourth column is headed Cm: this is the
atomic percent of carbon required to form the MsC type
of carbide, or (W, Cr, Mo)sC. It is evident that Cm
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equals one-sixth of the total of the atomic weights of
tungsten, chromium and molybdenum. The fifth -col-
umn is headed Ci— (Cv4-Cm), and expresses the excess or
deficiency of carbon needed to form the various carbides.

From column 5 in Table II, it will be seen that many
steels contain carbon in excess of that required to form
carbides with the alloying metals. This excess carbon
causes embrittlement of the steels. Some of the other

" steels contain a deficiency of carbon so that all of the
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carbide-forming elements cannot be used to advantage
but are wasted. Other steels contain just a slight defi-
ciency of carbon so that after the carbide-forming ele-
ments have been used without waste there will be posi-
tively no excess of carbon to embrittle the matrix of the
steel.

In order that the steel be tough and have no excess of
carbon to embrittle it, I have found that the steels must
conform to the following rule:

Rule 1
Ct—(Co+Cn)=—0.10 to —0.40 atomic percent

It is necessary that there be an actual deficiency of
carbon as compared with the theoretical amount required
for combining with all of the alloying elements. When
there is a balance, just enough and no more than will
from all the carbides, there is nevertheless an embrittling
effect on the matrix of the steel.

Table II lists the steels A to Z in the first column. The
second column is headed Ct: this is the atomic percentage
of all the carbon in the steel. The third column is
headed Co: this is the carbon needed to combine with
all the vanadium to form VC carbides, and since 1
atom of vanadium requires 1 atom of carbon to form
this carbide, this Cv equals the atomic percentage of
vanadium in the steel. The fourth column is headed
Ct—Coy, and is the atomic percentage of carbon remain-
ing after VC carbides have been formed. The fifth
column is headed :

Co
Ct—Cv

and expresses the ratio between the carbon combined as
VC carbides and the rest of the carbon. s

Table ITI shows that in most of the commercially known:
steels A to K, the carbon combined with vanadium to
form VC carbides is either less than or does not greatly
preponderate over the carbon which is combined with
the other alloying metals, or with iron to embrittle the
matrix. Irealize that in order to get as many VC carbides
as possible, compared with the other carbides, I could
eliminate all or a large proportion of the tungsten,
chromium and molybdenum but the result would not
be a “high speed steel”; a steel characterized by ability to
retain high hardness at temperatures around 1050° F. after
hardening from very high temperatures.

1 have found that in order for the steel to contain as
many of the very hard VC carbides as possible, in pro-:
portion to the (W, Cr, Mo)sC carbides, while still re-;
taining the desirable characteristics of high speed steel,
it must comply with Rule 2 as follows: ‘

Rule 2
c, _
‘(—;tTC”—-4: to 6

This Rule 2 means that the ratio of carbon needed to
form VC carbides to all the remaining carbon in the steel
must be-between 4 and 6. .

When Rule 2 is followed, I get steels that contain a
great many VC carbides in comparison with the softer
carbides of the type (W, Cr, Mo)sC, yet I make sure that
there are enough of the softer carbides to give hardness
to the matrix. High speed steels in the annealed con-
dition have most of the carbides out of solution, but
when they are heated for hardening, as the hardening
temperature is raised and the time of holding increased
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at the hardening temperature, more and more of the
(W, Cr, Mo)sC carbides go into solid solution in the
matrix to give it strength and hardness. However, in
my steels the VC carbides, which are numerous and of
large size, go into solution only with the greatest diffi-
culty and at the maximum hardening temperature that
can be used without excessive grain growth and with any
reasonable time of holding at heat, the VC carbides do
not go into solid solution in the matrix of my steels, but
remain as numerous hard carbides.

Reference is now made to Rules 1 and 2 and the
steels listed in Tables II and HI.

Referring to Rule 1 and Table II, it is seen that none
of the steels A to K complies with Rule 1. Steels A,
B, E, F and I all have a large excess of carbon and are
considerably less tough than steels S-Z, inclusive, ac-
cording to the present invention. Steels D, G and J have
2 moderate excess of carbon. Steels D and J have high
alloy contents and are not as tough as the steels of the
present invention, Steels C, H and K, although they
contain no theoretical excess of carbon, are highly alloyed
and because of this are not as tough as the steels of
the present invention.

Referring to Rule 2 and Table IIT, steels A and B con-
tain so few VC carbides that they can hardly be found in
the microstructure. In steels C, D, B and F a very few
VC carbides can be seen in the microstructures. As we
continue through steels G, H, I, J and K, more vC
carbides are present in the microstructure, exactly as the
ratio

Co

Ct—Cr

increases in value. Steel K is very highly alloyed, is
lacking in toughness, is very difficult to forge or roll,
and is very expensive.

Steels S to Z, inclusive, according to the present in-
vention, comply with Rule 1 and Rule 2. These steels
are very tough. They have a relatively low alloy content
and can be readily forged and, in fact, can be rolled direct-
ly from the ingot. They are inexpensive to manufacture.
The number of VC carbides visible in their microstruc-
tures is very great; exceeding that of any other well known
steel, and is the reason why my steels perform so well in
cutting tests.

Steels F and G both contain too much carbon to com-
ply with my Rule 1 and too few VC type carbides to
comply with my Rule 2. Drills made of steels F and G
have been tested in comparison with drills made of my
steel S and it was found that the drills made from my
steel had cutting life from 5 to 10 times that of the drills
made from steels F or G.

Two drills made from my steel S drilled 123 and 155
holes respectively before failure, as compared to 33 holes
for the same design drill made of steel C and used on
the same test block. The average of 7 drilling tests
showed that drills made from my steel S drilled 111 holes
as compared with an average of 23 holes for drills made
from steel C. These tests were made on a test block
of chrome-nickel alloy, heat treated to 24 Rockwell C.

Steel I contains a great deal too much carbon to com-
ply with my Rule 1 and to give optimum toughness. It
does not contain enough VC type carbides to comply
with my Rule 2 to give optimum abrasion resistance.

1 have made steels L to R, inclusive, which are out-
side the scope of my invention, have tested them against
steels S to Z, inclusive, which are within the scope of my
invention. These tests were machining tests involving the
use of single point cutting tools made from the various
steels.. They showed my steels S-Z to be considerably
better than the other steels.

In steels L, O, Q and R the ratio

_Cr
Ct—Cr
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is too high to comply with my Rule 2. These steels
contain too great a proportion of VC carbide compared
with the amount of other carbides present to form a
proper steel matrix. Thus these stéels lack the property
of red hardness and hardness at room temperature. It
is not that there is any harm in having a large number
of VC carbides in the steel but it is the paucity of the
other kinds of carbides which results in a steel having an
unsatisfactory matrix. In addition, steels L and O do
not have sufficient carbon to comply with Rule 1.
In stecls M, N and P the ratio of

Co
Ct——C»

is too low to comply with Rule 2 and accordingly these
steels do not contain a large enough proportion of VC
type carbides to impart good cutting properties to the
steel.

With respect to the cost of making my steel, it is
pointed out that tungsten is a very expensive alloying
element and that my steels contain relatively low per-
centages of it or none at all. In addition, the total alloy-
ing content of my steels is relatively low. For example,
the cost of the ingredients of my steel S is approximately
one-third that of the ingredients for steel A, five-eighths
that of steel E and five-sixths that of steel D.

I claim:

1. A low alloy, high speed steel consisting essentially
of 4.79 to 5.97 atomic percent carbon, 3.70 to 4.80
atomic percent chromium, 3.98 to 4.86 atomic percent
vanadium, 1.25 to 3.42 atomic percent molybdenum, and
0 to 1.05 atomic percent tungsten, the balance being
substantially all iron, the steel complying with Rule 1
Ct—(Cv+Cm)=—0.10 to —0.40 atomic percent and
also complying with Rule 2 .

C,

CI—C-
in which Ct is the atomic percent of all the carbon in
the steel, Cy is the atomic percent of carbon needed to
combine with all the vanadium in the steel to form VC,
and Cm is the atomic percent of carbon needed to com-
bine with all the tungsten, chromium and molybdenum
in the steel to form (W, Cr, Mo)eC type carbides.

2. A low alloy, high speed steel consisting essentially
of 4.79 to 5.97 atomic percent carbon, 3.70 to 4.80 atomic
percent chromium, 3.98 to 4.86 atomic percent vanadium,
1.25 to 2.01 atomic percent molybdenum, and 0.66 to
1.05 atomic percent tungsten, the balance being substan-
tially all iron, the steel complying with Rule 1
Ct—(Co+Cn)=—0.10 to —0.40 atomic percent and
also complying with Rule 2

Cs
C,—C,

in which Cy is the atomic percent of all the carbon in
the steel, Cy is the atomic percent of carbon needed to
combine with all the vanadium in the steel to form VC,
and Cm is the atomic percent of carbon needed to com-
bine with all the tungsten, chromium and molybdenum
in the steel to form (W, Cr, Mo)eC type carbides.

3, A low alloy, high speed steel consisting essentially
of about 1.29 percent carbon, about 4.45 percent chro-
mium, about 3.47 percent molybdenum, about 4.61 per-
cent vanadium, and about 3.54 percent tungsten, the
balance being substantially all iron.
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