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This invention relates to high temperature, high strength
resistant ferritic steels which are characterized by im-
proved creep-rupture ductility. More particularly, the
invention relates to such alloys of the chromium-molyb-
denum-vanadium class which are characterized by good
rupture ductility and high creep-rupture strength.

The use of Cr-Mo-V steels for high temperature, high
stress service is well known. However, it has been found
that when such steels are heat-treated at high austenitizing
temperatures to increase the creep-rupture strength, the
creep-rupture ductility tends to be lowered. It will be
apparent that it is desirable not only to increase the creep-
rupture strength of such steels, but to maintain the rup-
ture ductility or resistance to embrittlement at optimum
values. Where optimum creep-rupture strength is desired
in Cr-Mo-V steels, complete solutioning of the vanadium
carbides is required followed by cooling rapidly enough
to allow the steel to transform to a predominantly bainitic
microstructure followed by a tempering treatment usually
in the temperature range of from about 1150° F. to
1400° F. to precipitate the vanadium in the form of
vanadium carbide in a fine, uniformly dispersed phase.
In this form, vanadium carbide is an efficient strengthener
for high temperature creep and the finely dispersed va-
nadium carbides result in high hardness and creep-rup-
ture strength, but at the same time a higher incidence of
creep-rupture embrittlement. It has been common prac-
tice in the use of Cr-Mo-V steels, where creep-rupture
ductility is important, to use a lower austenitizing tem-
perature than that which is required for complete solution
of the vanadium carbide. However, this reduces the
creep-rupture strength appreciably and detracts from the
use of the alloy in high temperature service where high
stresses are encountered.

From the above it will be quite apparent that there is a
need for Cr-Mo-V steels which can be heat-treated to
achieve not only high rupture ductility but high creep-
rupture strengths which will enable such alloys to resist
high temperature stresses. Accordingly, a primary object
of the invention is to achieve in high temperature Cr-Mo-V
steels high rupture ductility and high creep-rupture
strength at one and the same time.

Briefly, the invention relates to increasing the high
temperature creep-rupture ductility at high creep-rupture
strengths of cast and wrought ferritic steels of the Cr-
Mo-V class by the addition to the molten alloy of alumi-
num and titanium. It has been found that in an alloy
of the above class comprising by weight about 0.05 to
0.6% carbon, .5 to 3% chromium, 0.3 to 1.75% molyb-

denum, 0.15 to 1% vanadium, 0.2 to 1.5% manganese, -

with the remainder essentially iron, the rupture ductility
of the alloy at high creep-rupture strengths is maintained
by the addition to the molten alloy of such quantities of
aluminum and titanium that at least about 0.02% alumi-
num and at least about 0.04% of titanium based on the
weight of the miolten alloy are present in the final allf)y,
the remainder of the aluminum and titanium added being
in the combined state. Up to .2% residual aluminum and
titanium have been found useful. The alloys of the
invention are austenitized at such temperatures generally
over 1800° F. that essentially all of the vanadium car-
bides are dissolved. The alloy is then cooled to allow
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transformation to a predominantly bainitic structure and
tempered as above.

The Cr-Mo-V steel alloys of the present invention are
the result of a balance of ingredients or constituents which
combine to provide the improved characteristics obtained.
The carbon content of the alloy should be held to .05 to
.6% if the optimum combination of high temperature
characteristics is to be obtained. With carbon contents
less or greater than those prescribed, it has been found
that the high temperature creep-rupture strength of the
steel is significantly lowered. Lower amounts of carbon
within the above range are used where weldability is an
important factor. The chromium content of the alloy is
likewise quite critical and should be held to between .5
and about 3%. Additionally, a minimum of about .5%
is required to provide resistance to graphitization. Com-
monly, from about .75 to 1.5% provides for oxidation re-
sistance and this amount may be increased to about 3%
when maximum oxidation resistance is desired. More
than about 3% of chromium on the whole results in an
undesirable reduction in creep-rupture strengths. The
molybdenum content of the alloy should be maintained
between about 0.3 to 1.75%. ‘Less than about 0.3%
molybdenum results in poor creep-rupture strength while
more than about 1.75% molybdenum promotes the un-
desirdable development of molybdenum carbides at the
expense of vanadium carbide, again giving a lower creep-
rupture strength. Vanadium in amounts of from about
0.15 to 1% results in improved creep-rupture strength.
The prescribed manganese content of about 0.2 to 0.5%
insures at its lower level that sulfur is in the form of man-
ganese sulfide and larger amounts of manganese enhance
the hardenability of the alloy. While amounts of man-
ganese over about 1% lead to some slight decrease in
creep-rupture strength, this is not significant in amounts
up to about 1.5%.

Listed in Table I below are the percent by weight com-
positions of a number of alloys made in connection with
the present invention. Shown in Table II are the room
temperature, the tensile strength, yield strength, percent
elongation and reduction in area under physical testing.

In Table I the percentages of aluminum and titanium
in parentheses are those amounts added to the molten
alloy, the other stated amounts of these metals being
those present in the final alloy.

Alloys 1 through 21, 30 through 35 and 41 were pre-
pared in an induction furnace. Alloys 22 through 24
and 36 through 38 were made in an electric furnace while
alloys 26 through 29 were made in a plasma arc furnace.
These varying modes of preparation account in part for
the varying amounts of residual aluminum and titanium
compared to the amounts added.

TABLE 1
Alloy No. C Mn Cr Mo \' Ti Al
1 A7 .68 1.32 1.03 .59 . 601 . Ogg)
R ¢

.22 .74 1.23 1.02 .71 <. 01 1,010

.23 .77 1.28 1.00 .70 .(OIg) .011

.24 .82 1.31 1.00 .76 .074 .031

(. 15) (.03)

.24 .62 1.28 1.03 .75 .067 | 1.013

.24 .61 1.19 97 .68 063 | 1.018

.31 .74 1.26 1.12 .26 | <01 . 042

.31 .52 1.10 1.10 .23 .081 . 008
(15[ (03

30 .70 1.16 1.08 .28 .05 . 035

32 .75 1.17 1.08 .56 | <01 1.012

31 .81 1.18 1.08 .60 . 075 . 028

(15| (.05

22 e .13 .76 1.30 1.00 .48 . 063 . 027
{.10) {.03)

23 e .17 .64 1.28 1.07 .46 . 069 .012
(. 23) (. 03)

24 .17 .68 1.35 1.00 .50 . 040 . 014
17| (03)

P/ . .14 .68 1.26 .97 .48 .003 1 1.005
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TABLE T—Continued 1275 to 1325° F. for 20 hours. Alloys 26 through 29
were heat-treated for 12 hours at 1875 to 1925° F., air-
AlloyNo.| C Mn Cr Mo v Ti Al cooled and heat-treated at 1300° F. for 25 hours. Alloys
g ] 30 through 35 were heat-treated for 15 hours at 1925°
b S -18 .69 128 97 .46 .003 (-g%g) 5 F., furnace-cooled, further heat-treated for 15 hours at
R | 1 o [ (. ggg) 1364; F. and air-cc:iolfed. Ailoys 36 t111;(§1(1)§h138 wgrihall
. initially heat-treated for 12 hours at . an en
. . . . 040
Boeemeeoee 12 66| L2 % b (_1?0) ¢ 835) furnace-cooled, Alloy 36 was further treated for 20 hours
80 A7) .64 1324 .99 .88 ‘(1%8> 1.009 at 1350° F. and air-cooled, alloy 37 was further heat-
Bl .16 .66 | 1.2 .98 561 .110| .02 jq treated at 1350° F. for 7 hours, while alloy 38 was further
32 16 el 130 % S 2 heat-treated at 1350° F. for 8 hours. Cast alloy 41 was
ST ’ ) ’ ’ ) 19y (.05) heat-treated for 16 hours at 1875 to 1925° F., air-cooled,
8emeoemee A7)0 .83 L34} 97| .87 -(1‘1’8) '(1%‘2’) heat-treated at 1364° F. for 15 hours and air-cooled.
7 I .16 .67 135 .96 .60 ’ 110) '(230) Shown in Table I below are the creep-tupture proper-
.19 . :
35omeee | ee| wss| voo| .| Sz| o1z 15 ties of the above alloys.
ol LoD
36ecmeeee .22 63| 141 .98 64 . ogg . 832
87 L .1 .65 1.41 1.00 .64 Eggg; E ((gg; TABLE IIIL.—CREEP-RUPTURE PROPERTIES
. e
e -19 -6 L4 .00 -58 (032) -013 o0 Alloy Temp., Stress Rupture | Elongation, | R.A,,
') N .16 59 130] 100 BT .19 .023 No. °F. Life, hours |  percent percent
36| (.02
o el ) om s
1 Resi num—; ) ,100 000 92, 3.35
Residual al um—none added i’ }00 gg’ Ggg 223‘3 o e 13
,100 , 0 . 2,50 9.9
TABLE IT 25 9. 1,160 %0, 000 12.0 10,0 52
——— bl ds) mel  wp) B
. . 70. 0 . 7.8
Tensile 2% Yield | Elongation, R.A. 4 2 1 24
Alloy No. | Strength, Stx?ength, Percent = | Percent T t %88 %& ggg 563: g 151’:;‘; ég
p.S.. DS 1,100 46,000 217.0 3.9 17
i 1,100 34,000 1,237.0 2.9 14
S I 110, 300 91,750 210 8.6 80 . LI 2,000 6.9 52 #
9. - 137,000 |. 120, 500 21,0 62.0 . remm-ee- 100 30 000 o4t & = ®
10- - 138, 400 124,000 21.0 62.0 1100 3¢ 000 Lo0 e b
11 _ 137, 200 127, 500 21,0 €3.0 200 58 000 Ftcd e &
14 - 136, 400 120, 500 18.0 58.0 14 1500 prned 0 39 5.5
15. : 135, 600 120,000 21.0 620  TE-eemees i Frodod i ot &2
17. - 136, 000 117, 500 16.0 40 0 100 0900 L9900 &2 .8
18. - 138, 600 118, 800 14.0 38.0 35 1200 3% 000 F5g a1 o
9. - 141, 200 124, 000 14.0 37.0 15 i Frded e 0 1
20. - 135, 100 110, 300 18.0 50,0  10------- 1100 e 008 350 R [
2. _ 140, 000 122,000 17.0 53.0 Tie 000 13089 +9 23
22_ - 111,300 93, 500 19.0 6.3 7300 27 000 i a1 z
93 T LT 113, 500 05, 500 18.5 50.0 - T o o 91 ("
94 T 113, 700 96, 500 19.5 51,4 Meeeeee L prpt e 32 2.2
2. - 101, 250 74, 500 21,9 65 40 i 30000 Lad o &8
7 102, 000 77,000 22.8 63.7 1200 5% 000 12432 24 &
PBcannmeen 97,750 oo 17.8 8.1 18 1100 52,000 72.0 o4 31
29 ST 91,750 61, 250 22,8 69.9 i 22 000 120 21 a
30, B 108, 700 91, 250 18.5 48.4 10 29 000 Lo 33 2y
31 - 107, 600 90, 250 1.0 18.8 " 20 i =9 o
32 z 108, 900 91, 000 22,0 3.5 19 120 R R =8 %
33 - 110, 000 93, 250 20.5 56,0 de-m-me- 10 Fr o e S
34, - 103, 000 86, 750 10.5 8.4 . T ] Lage 29 59
35_ - 107, 500 89, 500 17.0 44.9 T o ool o £
36. - 101, 700 76, 500 22.0 60.8 2 T g 200 2.9 5
37. - 106, 400 178,000 21,0 59.6  He--o-e- e rged X 38 1
238. - 104, 250 161,000 24.0 64,0 T 35000 150 52 r
41T 10, 000 88, 875 21.5 61.3 1 %00 2 ooa X il b
21 1,100 52, 000 74,0 16.0 77
10.02% offset yield strength. 50 i: {gg gg: ggg 2 gggg %gg ;g
. 1,200 25, 000 152.0 14.0 81
Alloys 1, 22 through 38 and 41 were cast while alloys 2 1,100 38,000 407.6 13.7 79
: 1,100 35,000 1,410.1 14.2 76
9 through 21 and 41 were forged. Aloy 1 was heat- 1,100 33,000 23324 147 7%
treated for 16 hours at a temperature of 1875 to 1925° i' ggg %‘liv 888 ég%g %%9/ gg
F., air-cooled, heat-ireated for 15 hours at 1325° F. and 55 25..__.. 1,100 38,500 804.6 9.3 60
air-cooled. The forged materials of alloys 9 through 15 % %88 E‘g’ 888 L 2?4:? 13'2 21
were heat-treated at 1900° F. for 4 hours, air-cooled, and ) 1,300 14,000 417.2 13.2 73
heat-treated at a temperature of 1300° F. for times rang- oo ﬁgg gg; ggg 1’328-‘3 1%3 fg
ing from about 6 hours to 8 hours. The forgings of al- 1,100 36, 000 1,387.2 8.1 38
loys 17 through 21 were all heated for 4 hours at 1950° gg }1 e gg‘; ol biase 2 i
F., slow air-cooled over a period of 8 hours and reheat- o 1,300 13,000 408, 4 10.5 54
treated for 20 hours at 1850° F. and again slow air-cooled omeees %: 100 gg oo 0.9 %3 B
over a period of 8 hours. Alloy 17 was additionally - } %gg ggggg §gg; gg ‘25
heated for 70 hours at 1200° F. as was alloy 19. Alloys = “--~ 1,100 52000 453 135 o
18 and 19 after the above heat treatment were again re- g3 %, igg gg, ggg % gg.g g.g %é
heated at 1200° F. for 52 hours. Alloy 21 was further . 3100 35, 000 03 65 a
heat-treated at 1200° F. for 40 hours. Cast alloy 22 was i %gg g(z) ggg g%-g 13.? gg)
heat-treated for 12 hours at 1922 to 1940° F., air-cooled %9, 1,100 30,000 1055 20.4 23
and heated for 28 hours at 1319 to 1328° F. Cast alloy % %38 gg 888 L g%g 21)(0{(3) gg
23 was heat-treated for 14 hours at 1895 to 1940° F., air- 70 30.______ 1,100 38, 000 'U34.8 191 84
cooled and further treated for 20 hours at 1301 to 1319° i %gg gg ggg igg.g g.g gg
F. Alloy 24 was heat-treated for 20 hours at 1922 to 1,100 30,000 1,036. 5 10.3 53
1931° F., air-cooled and further treated at 1310 to 1328° Bloees i %88 gg ggg 1?3-(2) ggg %i
F. for 23 hours. Alloy 25 was heat-treated for 10 hours 1,100 32,000 371.1 4.1 80
at 1875 to 1925° F., air-cooled and further treated at 1,100 30, 000 845.1 15.1 67
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TABLE IIL—CREEP-RUPTURE PROPERTIES-—Continued

Alloy Temp., Stress Rupture | Elongation, | R.A.,
No. °F. Life, hours percent percent
32 s 1,100 38, 000 36.7 23.7 83
1,100 35,000 138.1 22.2 83

1,100 32, 000 443.0 22.2 78

33 ... 1,100 38, 000 96.3 22.8 82
1,100 32,000 972. ¢ 14.5 71

34.______ 1, 100 38, 000 44.6 33.4 81
1,100 29, 000 766. 5 16.5 75

1 T— 1,100 35, 000 168. 2 17.6 81
1, 100 32, 000 297.7 11.9 56

36_ oo 1,100 35,000 17.2 24.8 88
1,100 30, 000 72.5 23.8 87

1,100 23, 000 1,314.3 20.9 41

37 .. 1,100 35,000 45.0 21.3 86
1,100 30, 000 200.8 16.1 84

1,100 25, 000 2,419.9 17.2 83

38 1,100 38,000 7.5 14.9 79
1,100 34,000 57.1 16.5 79

1,100 29, 000 2,144. 6 9.5 47

41 ... 1,100 35, 000 99.8 15.9 81
1,100 32, 000 293.0 15.8 83

1,250 19, 000 133.6 19.0 82

It will be seen from the above data that the addition
to alloys of the type described of aluminum and titanium
produces finished products which are not only character-
ized by high creep-rupture strength but at the same time
are possessed of very desirable rupture ductility proper-
ties. It will be seen from a consideration of the data for
alloy 1 wherein only aluminum is added to the alloy that
the rupture ductility as evidenced by the percent reduc-
tion in area under stress at elevated temperatures leaves
much to be desired in a cast product. Inspection of the
data relating to Example 17 shows the same to be true
of forgings to which only aluminum is added. Referring
to cast alloy 38, it will be seen that the addition of titani-
um to the essential exclusion of or with only very small
amounts of aluminum below the range prescribed pro-
duces an alloy which again has a decreasing rupture duc-
tility at elevated temperatures. Alloy 18 illustrates the
same effect for a forged material. Alloy 24 illustrates a
cast material in which, while both aluminum and titani-
um are present, the relatively low amount of aluminum
below the presently prescribed limits produces a material
which is lacking in desirable rupture ductility. Alloy 14
illustrates this same effect of a deficient amount of alumi-
num for a forged product.

Alloy 27 is illustrative of a cast alloy in which, while &
substantial amount of aluminum is present, there is a de-
ficiency of titanium, once again, resulting in an undesir-
able rupture ductility. Alloy 28 shows that an increase in
the amount of aluminum, still keeping the titanium at a
low level, produces no pronounced improvement.

Alloy 15 (which contains 0.0016 boron for harden-
ability) illustrates a material having desirable rupture
ductility by reason of its content of aluminum and titani-
um. Alloys 19, 22 and 34 are further illustrative of suit-
able materials according to the present invention.

Alloys 26, 27, 28 and 29 represent compositions which
were obtained by making progressive additions of alumi-
num and finally 0.15% titanium to the same base heat of
steel, castings being poured off after each addition. It
will be noted that the rupture ductility progressively de-
creases through alloy 28 as the amount of aluminum is
increased, showing that aluminum alone does not pro-
duce high rupture ductility. However, the addition of
0.15% titanium in alloy 29 results in a steel that shows
no loss in creep-rupture ductility at all.

Alloys 9, 10, 11, 14 and 15 illustrate the effect of
varying amounts of titanium and aluminum. Alloy 9
contains no deliberate additions of aluminum or titanium
and shows low rupture ductility. Alloy 10 contains ad-
ditional titanium but still shows no significant change in
ductility. However, the addition of the aluminum in-
dicated in alloys 11 and 15 produced, as will be seen, a
significant increase in rupture ductility.

In a similar manner alloys 17, 18, 19 and 21 show
the beneficial effect of titanium and aluminum additions
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6 .
as in alloy 21 as compared to alloy 17 with aluminum
alone or alloy 18 with titanium alone as pointed out
above. ‘

The alloys listed in Table I cover materials which are
useful for many purposes. Alloys 17 through 21, for
example, represent compositions which with the pre-
scribed heat treatments are suitable for heavy forgings
such as steam or turbine rotor forgings for high tem-
perature service. Alloys 9 through 15 represent com-
positions and heat treatments suitable for smaller forgings
and mill products such as plate and bar such as are
used in pressure vessel construction for high temperature
service. The remainder of the alloys represents com-
positions and heat treatments suitable for the production
of castings, forgings or mill products for high temperature
service where lower carbon contents are desirable for
welding purposes. ’

It has been found that the order in which the aluminum
and titanium are added is not critical and suitable steels
have been made by adding either the aluminum or ti-
tanium first and also by adding both simultaneously.
However, the recovery of the elements added is difficult to
predict in some cases. However, it is believed that the
most consistent melting practice results if the aluminum
is added first or simultaneously with the titanium. 1Tt is
also useful to combine the aluminum and titanium as a
single pre-alloyed master alloy with suitable proportions
of the critical ingredients indicated. The additions of
aluminum and titanium should preferably be made after
the oxidizing and refining proportion of the steelmaking
practice and just prior to tapping if the additions are to
be made in the furnace. The additions can also be made
in the ladle during or after tapping and all of the above
practices have been used with equal success.

It has been found that vacuum degassing produces
in some partial degree the beneficial results obtained by
adding the present materials so that with vacuum de-
gassing lesser amounts of the additives are required. The
present invention is intended to cover such practice.

There is provided then by the present invention means
for realizing to the fullest extent the high creep-rupture
strengths which are obtainable in Cr-Mo-V steels, at
the same time providing such steels which have a desirably
high rupture ductility.

What we claim as new and desire to secure by Letters
Patent of the United States ‘is:

1. A high temperature alloy characterized by high
rupture ductility and high creep-rupture strength and
having a bainitic structure with finely dispersed precipi-
tated vanadium carbide, said alloy consisting essentially
of by weight about .05 to .6% carbon, .5 to 3.0% chro-
mium, 0.3 to 1.75% molybdenum, 0.15 to 1.0% vana-
dium, 0.2 to 1.5% manganese, from about .02 up to
about 0.2% aluminum and from about 0.04 up to about
0.2% of titanium, with the remainder essentially iron.

2. An alloy as in claim 1 wherein the constituents con-
sist essentially of by weight carbon .24%, chromium
1.31%, molybdenum 1.00%, vanadium .76%, manganese
.82%, aluminum .031%, and titanium .074%, with the
remainder essentially iron.

3. Analloy as in claim 1 wherein the constituents con-
sist essentially of by weight carbon .30%, chromium
1.16%, molybdenum 1.08%, vanadium .28%, manganese
.70%, aluminum .035%, and titanium .05%, with the
remainder essentially iron.

4, An alloy as in claim 1 wherein the constituents con-
sist essentially of by weight carbon .31%, chromium
1.18%, molybdenum 1.08%, vanadium .60%, manganese

" .81%, aluminum .028%, and titanium .075%, with the

remainder essentially iron.

5. An alloy as in claim 1 wherein the constituents ¢on-
sist essentially of by weight carbon .13%, chromium
1.30%, molybdenum 1.00%, vanadium .48%, manganese
.76%, aluminum .027%, and titanium .063%, with the
remainder essentially iron.
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6. An alloy as in claim 1 wherein the constituents
consist essentially of by weight carbon .12%, chromium
1.25%, molybdenum .96%, vanadium .46%, manganese
66%, aluminum .040%, and titanium .15%, with the
remainder essentially iron.

7. An alloy as in claim 1 wherein the constituents
consist essentially of by weight carbon .16%, chromium
1.32%, molybdenum .98%, vanadium .56%, manganese
66%, aluminum .024%, and titanium .110%, with the
remainder essentially iron.

8. An alloy as in claim 1 wherein the constituents

consist essentially of by weight carbon .16%, chromium
1.30%, molybdenum .99%, vanadium .57%, manganese
.64%), aluminum .054%, and titanium .100%, with the
rémainder essentially iron.
"9, An alloy as in claim 1 wherein the constituents con-
sist’ essentially of by weight carbon .17%, chromium
1.34%, molybdenum .97%, vanadium .57%, manganese
.63%, aluminum .110%, and titanium .100%, with the
‘remainder essentially iron.

10. An alloy as in claim 1 wherein the constituents con-
sist essentially of by weight carbon .21%, chromium
1.41%, molybdenum 1.00%, vanadium .64%, manganese
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.65%, aluminum .025%, and titanium .090%, with the
remainder essentially iron.
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