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This invention relates to iron base alloys for =

use at elevated temperatures and refers more
particularly to methods for rendering iron base
alloys of relatively low total alloy content suit-
able for use at high temperatures.

Austenitic-chromium-nickel steels for instance
of the 18% chromium, 8% nickel type and the
25 9% chromium, 20% nickel type have been used
in the past for the fabrication of articles to be
exposed to elevated temperatures. Sometimes
these steels have been moedified by. the addition
to them of “hardeners” such as molybdenum or
tungsten or both, with or without such carbide-
forming elements as columbium or titanium or
both, and the steels containing such additional
elements have improved properties, making them
more suitable for use at high temperatures than
the unmodified steels.

However, for certain applications where con=
siderable mechanical stress is applied at high
“temperatures, a typical example being a disc to
whieh impeller blades of a gas turbine are at-
tached, the conventional chromium-nickel steels
whether or not modified by the presence of addi-
tional elements have not proved entirely satis-
factory. Moreover, although the beneficial effect
cn strength of cold working such steels is well
recognized, this effect is lost when the cold-
“worked articles are exposed to elevated tempera-
“tures.

" 'In contrast to. the conventional austenitic
‘steels, the so-called “super alloys™ which contain
‘relatively large quantities of cobalt in addition to
chromium and nickel and one or more of the ele-
“metits molybdenum, tungsten, columbium, tanta-

luin and titaniuf, and which have the required ¢

‘strengthi to recommend them for use in the fabri-
cation of blades and other parts of gas turbines
‘which are subjected to most severe conditions of
stress and temiperature, are fully capable of with-
standing the less rigorous conditions in which
{he austenitic steels have been used, their use for
‘such purposes is uneconomical and wasteful of
strategic materials. There is accorditigly a need
for alloys combining good workability with great-
ér strevgth at high temperatures than conven-
‘tional austenitic steels and contaihing less stra-
tegic materials than the super alloys.

It is the principal object of this invention to
fulfill this need. More specifically it is an object
of the invention to provide a method for improv-
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ing the high temperature strength of sustenitic
steels containing at least 50% iron.

The invention by means of which this object
is achieved is based on the discovery that chro-
mium steels containing in addition to 10% to 30%
chromium, sufficient nickel or manganese or mix-
tures thereof to render them substantially fully
austenitic and containing at least 50% iron, re-
tain  at elevated temperatures the improved
strength gained by cold working within certain
temperature ranges of a small proportion of
boron is added to the steels. The critical work-
ing step in the method of the invention is con-
ducted at a temperature below the recrystalliza-
tion temperature of the steel and is consequently
cold working, but since it is conducted at an ele~
vated temperature it will be referred to herein as
“hot cold-working” to differentiate from conven~
tional cold working methods conducted at ordi-
nary room temperatures. In the method of the
invention it is applied to steels which have initial-
ly been hot worked in conventional manner. The
invention includes a method of raising the tem-
perature to which austenitic chromium steels
containing at least 509% iron may be heated with-
out destroying the beneficial effects attained by
hot cold-working such steels, which method com-
prises the steps of incorporating in the steels
0.065% to less than 0.1% boron and working the
boron~-containing steels at an elevated tempera-
ture above 1000° F. but below their recrystalliza~
tion temperature.

In general the method of the invention is ap-

‘plicable to steels containing 10% ito 30% chro-

mium, af least 50% iron and sufficient nickel or
manganese or both to render the steels substan-
tially completely austenitic at room temperatures.
Steels containing for example 4% to 40% nickel
and 0.25% to 20% manganese in addition to the
chromium and ironh contents already specified
are amenable to treatment by the method of the
invention. Such steels preferably also contain
one or more of the eiements molybdenum, tung-
sten, columbium, tantalum, vanadium and ti-
tanium. Suitable proportions for those elements
are 0.1% to 7.5% molybdenum, 0.1% to 15%
tungsten and an aggregate of 0.1% to 5% of
columbium, tantalum, vanadium or titanium, the
content of any single one of columbium, tanta-
lum, vanadium or titanium not exceeding 2%.

Such steels conventionally contain up-fo 1% sili-




con and up to 0.5% carbon but preferably the
carbon content should not exceed 0.25%. Nitro-
gen may be present up to0 0.2% and copper up to
59%. The aggregate of elements other than chro-
mium, nickel, manganese and iron should not ex-
ceed 16% of the alloy.

Considerable experimental work has demon-
strated conclusively that although steels within
the composition ranges just disclosed are consid-
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be obtained by this procedure the problem of
control is quite difficult, and it is ordinarily safer
to follow the preferred procedure including g so-
lution heat treatment between the hot working
operation and the hot cold-working operation.

In the following tables specific test data for
steels -of several different compositions are illus-
trated. The various samples were treated in the
different ways indicated in the tables.

- TABLE I-°

Tests of 18% chromium~13% mnick cel steels” containing molybdenum and columbium

Composition—Remainder Iron

Alloy No, . i : : B f
v Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | Per Cent
- Cr ~ Ni Mu 8i. Mo Cb s} B
185 13 1.5 0:4 2.3 0.76 0.07 Nil
18.5 13 1.5 0.3 2.4 1 0,085 0.0064
185 i3 L5 0.3 2.4 1 0.075 0.009
erably strengthened by hot cold-working, the im- - - Tests at 1350° F.,
provement in strength gained by hot cold-work- - . -
ing is not retained if the steels are later exposed o Time to Stress to
to elevated temperatures.of the order of 1300° F Al\lrloy Oézndi- Stress, Itf‘rac- Pl%li Cent Peﬁ Cint 1;roic11uce
to 1400° F. nor does the addition of 0.005% toless gg =~ O | “°% [PeS) fees ) Blomg ) RoA1 Fallure |
than 0.1% boron to such steels of itself give the —_
desired improvement in strength at these temper- 1 | 257000 65.5 8
‘atures. Surprisingly, however, steels within these 1| 20,000 140, 5 6
S s b 1(15000 | 4415 j
ranges of composition but also containing 6.005% 1} 40,000 9.3 2%
to less than 0.1% boron not only benefit by hot i gg ggg égg ié
cold-working, but the added strength gained by 1] 20000 | 1,15 14
the hot cold-working operation is retained at ele- % §2’ 83(0) 2% 6 ig
vated temperatures as high as 1400° 1| 30,000 593 12
" The hot cold-working step of the method of 1| 20,000 | 22,232 SRS H

the invention is of extreme importance and must
be conducted with care, otherwise poor results
‘will be obtained. Apparently, steels within the
composition ranges above discussed depend on
some form of precipitation hardening induced
to a certain extent by cold working to gain high
temperature strength. Accordingly the condi-
‘tion of the metal prior to the hot cold-working
step is 'a matter of importance and the amount
of hot cold-working applied is also very import-
‘ant. If the working operation is too drastic there
is a tendency for the precipitate to coagulate
‘rapidly during service and such coagulation of the
_brecipitate lessens the strength of the steel. Fur-
‘ther, severe cold-working lowers the termperature
‘to which the steel can be later exposed without
loss of strength.

.~ The optimum treatment for a given steel varies
‘somewhat with composition and must be deter-
‘mined empirically. In general, however, the most
satisfactory results are obtainable if the steel is
hot worked in a normal manner (that is, worked
at a temperature above the recrystallization tem-
Dperature) and is then subjected to a solution heat
treatment, for example being heated one hour at
2000° F. to 2100° P, and then cooled in still air.
The solution heat treatment renders the grain
size. uniform and dissolves the  precipitated
phases, thus homogenizing the structure. The
steel is then reduced about 10% to 40% in section
ab a temperature of about 1500° F. for example
by rolling, drop forging or hot pressing. Such a
treatment effectively strengthens all alloys with-~
in the composition ranges above discussed at
temperatures up to about 1350° F. to 1400° F.
* Another procedure which produces good results
if carefully controlled, omits the solution heat
treatment, In this procedure the steel is hot
worked in the norma] manner and is then re-
duced in section about 10% to 40% by working
in the falling temperature range of 1900° F. to
1200° F. Although as indicated good results can
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1 Caleulated from results of tests at given stresses.
? Test discontinued before failure of specimen.

Tests at room temperature

Condi- Stirréglgth Tensile | per Oant | Per Cent
Alloy No. | “500™ | 029 offset, | Strength, | “gione"" 1 TR h
p.S 1. p.s.L
1. 1 89, 300 94, 800 40 64
2 el 1 74, 600 99, 000 35 56
[ S, 1 75, 000 101 900 35 62

Condition 1.—Forged at initial temperature of
2050° P, reheated to 2050° F., reduced about 28%
in cross-sectional area by forging, finishing at
1475° to 1550° F. Heated 1 hour at 1650° . and
cooled in air.

It will be seen from the data given in Table I
that the strength of the boron-containing steels
tested was materially greater at 1350° F'. than that
of the steel containing no boron although both
types of steel had been hot cold-worked and the
principal difference in composition was in the
presence or absence of boron. Further, it isevident

from the room temperature tests that the ductil-

ity of the steels, as measured by the percentage
elongation (“per cent elong.”) and percentage re-
duction of area (“per cent R. A.”) at the point of
failure, was not materially decreased by the pres-
ence of the small quantities of boron used. ‘
Other tests on steels similar to those listed in
Table I were made and showed that in steels con-
taining tungsten. as a replacement for molyb-
denum and columbium or either of them the pres-
ence of boron produced an effect of the same
order of magnitude as in the steels of Table I.
"In Table II below similar test results obtained
on steels containing 12% chromium and 15%
nickel as well as the other elements there listed
are set forth. For conciseness, room temperature
data are omitted, but again it was evident from




5 ,
such data that the small quantities of boron used
did not materially lessen the ductility of the

steels.
1350° F. are limited, for conciseness only, to tests

Also in Table II results of tests made at

conducted only at one selected stress for each of 5

the alloys tested after different working and heat
treatments. ' ”
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o 6
about 12% by rolling in 5 passes, finishing at
about 1380° F.; heated 1 hour at 1650° P, and
cooled in air. )

Condition 5—Hot-worked at initial tempera~
ture of 2050° F.; reheated to 1650° F. and reduced
about 11% by rolling; reheated to 1650° F. and

" reduced about 21% by rollirg, finishing at about

TABLE II
Tests of 12% chromium-15% mnickel steel
Composition—Remainder Iron -
Alloy No. Per | Per | Per | Per | Per | Por | Per | Per | Per
Cent | Cent | Cent | Cent | Cent | Cent | Cent | Cent | Cent
Cr | Ni | Mn Si Mo w Ti C B
50 150 041 24 Nil| 071007 001.:
15|16 0.4 241 Nil| 0.7]0.07} 0.01
16| 1,64 0.4] 2.4} Nit|] 0.7(0.08] 0.01
157 1 0.4} 24| 05| 0.7(01.7} 001 .
151 1 0.4 1.2} 1 0.7)0.08] 001 -
5] 1.5 0.4] 2 Nit{ 0.6 | 0.07] 0.01
Tests at 1350° F.
Caleulated 1
Alloy N Condi- | Stress, | Hrs.to | Per Cent|Per Cent| Stressto
oy NO tion. | p.s.i. | Failure | Elong. R.A. |cause Fallure
in 1000 hrs.
i 35,000 373 21 68 ’ 33,‘000
2 35, 000 66 23 70 26, 500
3 25,000 218. 4 30 72 22,000
4 27,000 171.3 40 70 23, QUO
b 30,000 106.5 30 68 20, 000
6 25, 000 66.3 28 60 19,000
7 25, 000 109. 6 46 48 21, 000
6 35,000 209 19 - 55 31,000
7 35,000 278.6 33 514, 32, 500
7 40, 000 195 22 50 34, 500
6 30,000 463.3 34 63 , 600

t Calenlated from results obtained at selected stresses applied at 1350° F

The specimens listed in Table II were tested ..

after seven different combinations of working
and heat treatment had been applied to the dif-
ferent specimens. These “conditions” of the
specimen referred to in the table are as follows:

Condition 1.—Forged at 2050° F., reheated to
2050° P.; reducec about 28% by forging, finishing
at 1475° to 1550° ., heated 1 hour at 1650° .
and cooled in air.
~ Condition 2~—~Hot-worked at initial tempera-
ture of 2050° F.; reheated to 1450° . to 1650° F.;
reduced about 12% by rolling in 5 passes, finish«
ing at 1200° to 1300° F.; heated 1 hour at 1650°
F. and cooled in air.

Condition. 3—Hot-worked at initial tempera-
ture of 2050° P.; reheated to 1450° F.; reduced
about 15% by rolling; reheated to 1450° F.; re-
duced about 219 by rolling; heated 2 hours. at
.1500°. P. and cooled in air.

. Condition 4—Hot-worked at initial tempera-
ture of 2050° F.; reheated to 1650° F. and reduced
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1380° F.; heated 2 hours at 1500° F. and cooled
in air. : |

Condition 6—Hot-worked at initial tempera-
ture of 2050° ¥.; reduced about 209% by rolling at
_1500° ¥.; heated 2 hours at 1500° F. and cooled
in air,

. Condition 7~Hot-worked at initial tempera-
“ture of 2050° F.; reheated 1 hour at 2100° P, and
.air-cooled, reduced about 20% by rolling at 1500°
F.; heated 2 hours at 1500° F. and cooled in air.

As will be seen from consideration of the data
.of Table III below, the invention is applicable to
steels containing up to 20% manganese in addi-
tion to chromium, nickel and the other elements
listed in the table. As in Table II, room tem-
perature data are omitted for conciseness in
Table III, but room temperature tests showed an
“improvement in strength in the boron-contain-
ing, hot cold-worked steels over boron-iree steels
without sacrifice of ductility.

TABLE III

Tests of steels containing 12% to 19.7% chro-
mium and varying proportions of nickel and

manganese’
' Composition— Remainder Iron
Alloy No. * |"poy | Per | Per | Per | Per | Per | Per | Per | Per | Per
" | Cent | Cent | Cent:| Cent | Cent | Cent | Cent | Cent | Cent | Cent
Cr | N1 | M | Si Mo W Cb Ti C B
g |13 |o4 |23 | §o| N} 0601201
4.25 | 20 0.4 124 Nil | Nit| 0.7|01 |0.01
8 "['13 0.85122 | Nil |- Nil| 0.6 0.11-{0.1
8 12 0.4:(24 Nil{ Nil{ 0.7 0.15 (0.0018
1.6 ] 65|04 |24 Nil| Nil{ 0.7]0.1 |0.01
) 1 O 12 - 6 4.0,47 23 [-Nil| Nil| 0.6] 0.1 .)0.016
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TABLE III—Continued
-Tests-at 1350° F.
. S R L ‘ Caleulated 1
Alloy-No, .| Condi- | Stress, Hrs. to’ | Per Cent | Per Cent; Stressto .

- oy-No. . “tion p.s.i. | failure . | Elong. | R.A. |cause Failure
L R ' | 'in 1000 frs.”
1 285, 95 35 36 21,000
1 25,000 117 17 25 20,000
1 35,000 174 25 &8 30,000
1 25,000 205 17 36 21, 000
1 35,000 292 20 | 56 32,000
1 25,000 91 34 55 22,000
2 30, 000 332 31 66 27,000

1350

The specimens listed in Table III had heen--

subjected to two different treatments; these
conditions being as follows:

Condition 1.—Forged at an initial temperature
of 2050° F.; reheated to 2050° ¥. and reduced.

about 28% by forging, finishing at about 1475° F.

to 1550° F.; heated 1 hour at 1650° F. and cooled
in air.

Condition 2.—Hot-rolled at an initial temper-
ature of 2050° F.,; reheated to 1500° F. and re-
duced about 35% by rolling; reheated 1 hour at
1500° P, and cooled in air.

The data reported in Tables I, II, and IIT as

well as many other tests show that the invention
significantly -improves the high-temperature
strength of austenitic steels of lower alloy con-
tent than the super alloys making such  steels
suitable for use in the fabrication of parts for gas
turbines and other devices where resistance to
mechanical stress at high temperature is neces-
sary. Moreover, the invention does not materi-

ally decrease the workability of weldability of

the steels. It is applicable not only to steels.of
the specific compositions listed in the tables bhut

is generally applicable to chromium steels made -

“austenitic by nickel or manganese or both con-
taining at least 50% iron.

In the practice of the invention a steel con-
taining boron as well as chromium, nickel, man-
"ganese within the limits set forth which is to be
used for the fabrication of articles for use at
high  temperatures is worked -in the manner
-deseribed: Following working all that may be
necessary to finish fabrication is machining or
other cold-forming operation. In other words,
-the hot-cold worked material may be in the form
of a semi-finished article,

I claim:

1. The method of 1mprov1ng the high- tem-
perature strength of austenitic chromium steels
containing at least 50% iron, 10% to 30% chro-
mium, up to 0.5% carbon and at least one ele-
ment selected from the group consisting of
nickel and manganese in-a quantity at least
sufficient to render said steels substantially com-
pletely austenitic which method comprises incor- -
porating 0.005% to less than 0,.1% boron iix such.

steels and working them at an elevated tempera-_"

ture above 1000° . but below their recrystalliza~-
tion temperature reducing said steels about 10%
to 40% by such working. -

2. The method of improving the high-tempera- .

ture strength of austenitic chromium steels con-
taining at least 50% iron, 10% to 30% chromium,
“up to 0.5% carbon and at least one element se-

lected from the group consisting of nickel andw

steels substantially completely austenitic, which--
method comprises incorporating 0.005% to less.

25

1Qa.lﬁe‘ulated from results obtalned at selected stresses applied at

;than 0.1% boron in such steels'and working them
in the temperature range of 1200° F. to 1900° F
but. below their recrystallization temperature; re-
ducing said steels about 10% to 40% by such
working.
~ 3. The method of improving the hlgh tempera-
ture strength of austenitic chromium steels con-
taining at least 50% iron, 10% to 30% chromium,
up to 0.5% carbon and at least one element se-
lected from  the group consisting of nickel and
.manganese in a quantity sufficient to render said
steels substantially completely austenitic, which
"method comprises incorporating 0.005% to less
than 0.1% boron in such steels, hot working them,
“subjecting them to a solution heat treatment,
and then working such steels in the temperature
range 1200° P, to . 1900° F. but below their re~
crystallization temperature reducing said- steels
about 10% to 40% in said second working.

4, The method of improving the high-temper-
ature strength of austenitic chromium steels con-
taining at least 50% iron, 10% to 30% chromium,
up to 0.5% carbon and at least one element se-
lected from the group consisting of nickel and
manganese in a quantity sufficient to render said
‘steels substantially completely austenitic, which
‘method comprises incorporating 0.005% to less
than 0.1% boron in such steels, hot-working
‘them, subjecting them fo a solution heat treat-
ment, and then working such steels at a temper-
‘ature of about 1500° B, reducing such steels 10%
t0 40% in said second working.

8. The method of improving the high- -temper-
ature strength of austenitic chromium steels con-
‘taining at least 50% iron, 10% to 30% chromium,
up t0 0.5% carbon and at least one element se-
lected from the group consisting of nickel and
‘manganese in a quantity sufficient to render said
‘steels substantially completely austenitic, which
‘method. comprises incorporating 0.005% to less
“than 0.1% boron in said steels, hot working them
and then further working such steels in the fall-
"ing temperature range 1900° F. to-1200° F. re-
ducing said stesls about 10% to 40% in said sec-
ond working.

6. The method of improving the high-temper-
“ature strength of austenitic chromium steels con-
taining at least 50%. iron, 10% to 30% chromium,
up to 0.5% carbon and at least one element se-
lected from the group consisting of nickel and
manganese in a quantity sufficient to render said
steels substantially completely austenitic, up to
7.5% molybdenum, up to 15% tungsten, up to 5%
in the aggregate but not more than 2% of any one
of at least one element selected from the group
consisting of columbium, tantalum, vanadium,
_and titanium, the remainder iron and incidental

- impurities, which method comprises incorporat-

75; Ing 0.005% to less than 0.1% boron in said steels,
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hot~-working them and then further working such
steels in the falling temperature range 1900° PF.
to 1200° F. reducing said steels about 10% to 40%
in said second working.

7. The method of improving the high-temper~
ature strength of austenitic chromium steels con-
taining at least 50% iron, 10% to 309% chromium,
up to 0.5% carbon and at least one element se-
lected from the group consisting of nickel and
manganese in a quantity sufiicient to render said
steels substantially completely austenitic, up to
7.5% molybdenum, up to 15% tungsten, up to 5%
in the aggregate but not more than 2% of any one
of at least one ‘element selected from the group

consisting of columbium, tantalum, vanadium, 15

and titanium, the remainder iron and incidental
impurities, which method comprises incorporat-
ing 0.005% to less than 0.1% boron in said steels,

10

10
hot-working them, subjecting them to g solution
heat treatment, and then further working such
steels in the temperature range 1200° P, to 1900°
F. but below their recrystallization temperature,
reducing such steels 10% to 40% in said second
working.
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