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steel; subjecting the steel to a sub zero treatment at a temperature of -50 to -100° C; and subjecting the steel to
a tempering at a temperature of 120 to 450° C.
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FIELD OF THE INVENTION

The present invention relates to a high strength, high toughness stainless steel suitably applicable to a
member requiring high strength and high toughness as well as corrosion resistance.

BACKGROUND OF THE INVENTION

In general, high strength and low alloy steel represented by AlSI4340,300M and the like are known well
as a high strength material. These materials can provide high strength of about 180 Kgf/mm? or more, when
heat freatment conditions are selected. However, since these materials are low alloy steels and contain a
small amount of Cr of 1% or less which greatly contributes to corrosion resistance, they have poor
corrosion resistance. Thus, when these materials are used to an application requiring corrosion resistance,
they have been conventionally subjected to a surface treatment such as Cr plating, Ni plating and the like.
Nevertheless, the method of improving the corrosion resistance thereof by the surface treatment has
problems in that the method needs many processes, when a surface treated layer is peeled, the peeled
portion is partially corroded, and further the surface treatment is difficult to be carried out depending upon
parts or locations.

On the other hand, generally stainless steel is often used to an application in which corrosion resistance
is an important factor. Although stainless steel has excellent corrosion resistance, austenitic stainless steel
represented by SUS304 and ferritic stainless steel represented by SUS430 and the like, which are known
well, have low strength, and thus it is not suitable to an application simultaneously requiring corrosion
resistance and strength. On the other hand, a precipitation hardening type stainless steel has high strength,
which can be increased in such a manner that the stainless steel is age-hardened by an aging treatment.
Well known commercially available precipitation hardening type stainless steel includes 17-4PH, 15-5PH,
PH13-8Mo and the like. The strength of these precipitation hardening type stainless steels is about 120
Kgf/mm? in the case of 17-4PH, about 135 Kgf/mm? in the case of 15-5PH, and about 150 Kgf/mm? in the
case of PH13-8Mo, although it changes depending upon aging treatment conditions.

Although these precipitation hardening type stainless steels have high strength, the strength is lower
than that of 4340,300M and the like as high strength low alloy steel. Therefore, these existing precipitation
hardening type stainless steels cannot be used to an application in which both high strength similar to that
of 4340 or 300M and corrosion resistance similar to that of stainless steel are required, from the view point
of the strength, although the corrosion resistance thereof has no problem. Therefore, if there is stainless
steel which has excellent corrosion resistance as well as strength similar to that of 4340 or 300M, it can be
widely used to the application having strict requirements.

Further, since a high strength material has low toughness, there has been a desire to improve the
toughness of the high strength material to a value as higher as possible in order to practically use the
material and make use of the advantage of the high strength.

The high sirength low alloy steel 4340 has the strength level of 180 Kgf/mm? and the fracture toughness
value (K¢ value) of about 200 Kgf/mm?2°*/mm, and further, existing precipitation hardening type stainless
steels have the toughness level of about 200 Kgf/mm?2*y/mm in the case of 17-4 PH and about 250
Kgf/mm?2*/mm in the case of 15-5PH and PH13-8Mo when represented by a fracture toughness value (Kig
value). More specifically, the precipitation hardening type stainless steels have not always high toughness,
although they have a strength level lower than that of high strength low alloy steel.

On the other hand, examples of stainless steel having high strength and relatively high toughness are
disclosed in United States Reissue Patent No. 26,225 as heat resistant high strength stainless steel having
very high strength and in United States Patent No. 3,756,808 as stainless steel, respectively. United States
Patent No. 3,756,808 shows in Figure 2 that the heat resistant high strength stainless steel 77 (AFC77, C;
0.16%, Cr; 14.36%, V; 0.48%, Mo; 4.90%, Co; 13.60%, N; 0.05%, Al; 0.042%, and residue; Fe) disclosed in
United States Patent Re. No. 26,225 and the stainless steel AFC260 (C; 0.07%, Si; 0.25%, Mn; 0.25%, Ni;
1.85%, Cr; 15.5%, Mo; 4.5%, Co; 13.0%, Nb; 0.15%, N; 0.03%, residue; Fe) and Alloy B (C; 0.16%, Ni;
1.03%, Cr; 13.94%, V; 0.09%, Mo; 5.22%, Co; 13.67%, Nb; 0.22%, N; 0.032%, residue; Fe) disclosed in
United States Patent No. 3,756,808 have strength and toughness higher than those of other precipitation
hardening type high strength stainless steels represented by 17-4PH, 15-5PH, PH13-8Mo and the like. It is
shown that Alloy B having the highest strength and toughness levels among them has a strength of 180
Kgf/mm? (about 260 Ksi) and the toughness thereof at this strength level is about 400 Kgf/mm?2*y/mm -
(about 115 Ksi +/in). United States Patents Nos. 3,756,808 and 3,873,378 show that the strength and
toughness of this alloy greatly depend on heat treatment conditions. According to United States Patent No.
3,756,808, the heat treatment conditions for providing Alloy B with such high strength and high toughness
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are such that Alloy B is austenitized by being kept at 927° C for 1 hour and cooled to a room temperature,
then again austenitized by being heated to 1150°C and kept at this temperature for 1 hour, cooled to
1038° C in this state and kept at this temperature for 1 hour and cooled to a room temperature, and further
subjected to a sub zero treatment at -73° C for 1 hour, and finally tempered twice at 427 ° C for 2 hours.

In the above treatments, the first austenitizing treatment carried out at 927° C is to adjust the size and
distribution of a Nb carbide to thereby prevent crystalline grains from coarsening in the next second
austenitizing treatment carried out at a high temperature. Further, the second austenitizing treatment carried
out at 1150° C and 1038° C is to stabilize austenite at the high temperature of 1150° C and to keep delta-
ferrite as a brittle phase simultaneously made at this time at 1038° C to thereby make the same disappear.
When Alloy B is cooled after the austenitizing freatments, much retained austenite remains, and thus the
foughness and elongation thereof can be increased. To increase the toughness and elongation by the
adjustment of an amount of the residual austenite, however, the amount and distribution of the residual
austenite must be well controlled, and when the size of Alloy B is large, it is feared that the control of the
amount and distribution of the residual austenite may be difficult. Further, the tempering carried out at
427° C is effective to increase strength.

As the result of a specific study of alloy having the composition of Alloy B carried out by the inventors
using an experimental method, as shown in an embodiment, the high strength and high toughness
disclosed in United States Patent No. 3,756,808 could not be obtained, even if the above heat treatment
was carried out, and only a low value of proof stress was obtained. As described above, it is very difficult to
simultaneously obtain both high strength and high toughness in stainless steel.

OBJECT OF THE INVENTION

An object of the present invention is to provide a high strength, high toughness stainless steel having
corrosion resistance similar to that of commercially available high strength stainless steel as well as higher
strength and higher toughness than these of commercially available high strength stainless steel and a
method of manufacturing the same.

The inventor has seriously studied chemical compositions and heat treatment conditions in a wide
range to greatly improve the strength and toughness of the above AFC77, AFC260 and Alloy B without
deteriorating the corrosion resistance thereof.

As a result, the inventor has found that, first, Nb and V form a primary carbide which prevents
crystalline grains from coarsening, while the presence of these primary carbides lower toughness. Thus,
foughness can be increased by not adding Nb and V or adding a smaller amount of them. Further, since
much amount of Mo contained in the alloy also deteriorates toughness, the content of Mo is lowered fo
further improve the toughness. The inventors have also found that a relatively high amount of carbon may
be added to enhance the strength of the alloy while keeping the high level of the toughness. And the
inventors have also found and that a stainless steel having high strength and high toughness both of which
are balanced with each other can be produced by positively adding Si which had rather been deemed to be
an impurity in the prior art in the stainless steel to further improve the strength and by tempering the
stialess steel at a temperature within a range of 120 to 450° C.

The invented steel contains Mo as a ferrite forming element by an amount which is much smaller than
that of conventional steels such as AFC77, AFC260 and Alloy B, whereas contains a slightly more amount
of austenite stabilizing elements, so that an austenitic structure is more stable and a delta-ferrite structure is
difficult to appear. Thus, it has been newly found from an experiment that delta-ferrite does not remain in
the invented steel and an amount of retained austenite sufficient fo increase toughness can be obtained in
such a manner that the invented steel is subjected to an austenitizing treatment of only one step instead of
being subjected to the austenitizing treatment of two steps of high temperature and low temperature.
Further, as a result of a specific study of an tempering temperature of the invented steel, new tempering
conditions for obtaining high strength and high toughness have been found.

A high strength, high toughness stainless steel according to the first aspect of the present invention is
characterized by consisting, by weight, of C more than 0.16% but less than 0.25%, Si not more than 2.0%,
Mn not more than 1.0%, Ni not more than 2.0%, Cr from 11 to 15%, Mo not less than 0.5% but less than
3.0%, Co from 12 to 21%, and the balance Fe and incidental impurities.

A high strength, high toughness stainless steel according to the second aspect of the invention is
characterized by consisting, by weight, of C from 0.17 to 0.23%, Si more than 0.25% but not more than
0.8% Mn not more than 1.0%, Ni from 0.5% to 1.5%, Cr from 12 to 13%, Mo from 1.5% to 2.5%, Co from
14.5% to 16.5%, and the balance Fe and incidental impurities.

A high strength, high toughness stainless steel according to the third aspect of the invention is
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characterized by consisting, by weight, of C more than 0.16% but less than 0.25%, Si not more than 2.0%,
Mn not more than 1.0%, Ni not more than 2.0%, Cr from 11 to 15%, Mo not less than 0.5% but less than
3.0%, Co from 12% to 21%, at least one selected from the group consisting of V from 0.1% to 0.5% and
Nb less than 0.1%, and the balance Fe and incidental impurities.

A high strength, high toughness stainless steel according to the fourth aspect of the invention is
characterized by consisting, by weight, of C from 0.17% to 0.23%, Si more than 0.25% but not more than
0.8%, Mn not more than 1.0%, Ni from 0.5% to 1.5%, Cr from 12% to 13%, Mo from 1.5% to 2.5%, Co
from 13.0% to 16.5%, at least one selected from the group consisting of V from 0.1% to 0.5% and Nb less
than 0.1%, and the balance Fe and incidental impurities.

According to the fifth aspect of the invention there is provided a method of producing a high strength,
high toughness stainless steel, characterized by comprising the steps of: preparing a stainless steel having
the composition of any one of the claims 1 to 4; subjecting the stainless steel to a solution heat freatment at
a temperature of 950 to 1150°C; quenching the steel; subjecting the steel to a sub zero treatment at a
temperature of -50 to -100° C; and subjecting the steel to a tempering at a temperature of 120 to 450° C.

The function of each element and the reason why the heat treatment conditions are limited to the
conditions shown above will be described below.

C is an element which greatly affects strength and toughness and added in an amount slightly higher
than that of this kind of conventional alloys. When C is added in an amount of 0.16 wi% or less, strength is
lowered, whereas when it is added in an amount of 0.25 wi% or more, toughness is lowered, and thus C is
added in an amount exceeding 0.16 wt% but below 0.25 wt%, taking the balance between strength and
toughness into consideration. It is preferably added in an amount of 0.17 to 0.23 wt%.

Si is an element which is effective to increase temper softening resistance and not only can increase an
tempering temperature but also can increase strength at the same tempering temperature, and in particular
is effective to improve strength at about from 300 to 400° C rather than at about 120° C. When, however, Si
is added in an amount exceeding 2.0 wi%, it degrades toughness and thus it is added in an amount of 2.0
wi% or less. The best balance between strength and toughness can be obtained when Si is added in an
amount exceeding 0.25 wi% but not more than 0.8 wi%. When tempering may be carried out at a lower
temperature from the view points of both strength and heat treatment conditions, Si is not always added in a
large amount, but the addition of Si is more preferable.

Mn is an element which acts as a deoxidizer or desulfurizing agent, but not always needed when
deoxidization and desulfurization have been sufficiently carried out. Even if Mn is added in an amount
exceeding 1 wi%, further improvement cannot be expected, and thus it is added in an amount of 1 wi% or
less, and a preferable amount of Mn is 0.5 wt% or less.

Ni is an element which is effective to increase toughness, but when it is added in an amount exceeding
2 wi%, austenite is stabilized to degrade proof stress and thus added in an amount of 2 wi% or less. It is
preferably added in an amount of 0.5 to 1.5 wi%, taking the balance between strength and toughness into
consideration.

Cr is an element which is effective to improve corrosion resistance, but an additive amount of Cr less
than 11 wit% is not effective, whereas even if it is added in an amount exceeding 15 wit%, further
improvement cannot be expected and strength is lowered, and thus it is added in an amount from 11 to 15
wi% and is preferably added in an amount from 12 t0 13 wi%.

Mo is an element which is effective to increase strength and toughness, but an additive amount of Mo
less than 0.5 wi% is not effective, whereas when it is added in an amount of 3 wit% or more, it forms ferrite
or an intermetallic compound to degrade toughness, and thus it is added in an amount of 0.5 wi% or more
but below 3 wt% and preferably in an amount from 1.5 t0 2.5 wt%.

Co is an element which is effective to increase strength, but an additive amount of Co less than 12 wt%
is not effective, whereas when it is added in an amount exceeding 21 wi%, it degrades toughness, and thus
it is added in an amount from 12 to 21 wi% and preferably in an amount from 13 to 15 wi%.

Nb reacts with C to form a carbide and lowers the effect of C which is effective to strength and
foughness, and thus it is limited to an amount less than 0.1 wt%. Further, although Nb has a effect to
prevent crystalline grains from coarsening by forming the carbide, but the addition of Nb exceeding 0.1
wi% forms a coarse primary carbide to degrade hot-working properties and foughness, and thus it is
important that Nb is limited in amount less than 0.1 wi%.

V reacts with C to form a carbide and has an effect to prevent crystalline grains from coarsening
similarly to Nb, but the addition of only V is less effective and the addition of V together with Nb is more
effective. However, an additive amount of V less than 0.1 wi% is less effective, while an additive amount
exceeding 0.5 wi% cannot provide further improvement, and further an excessive addition forms a coarse
primary carbide to degrade hot-working properties and toughness, and thus it is added in an amount from
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0.1 to 0.5 wi%.

As described above, the addition of Nb and V in a small amount is effective in that it forms the primary
carbide to prevent the crystalline grains from coarsening, and in the case of small steel ingot, Nb and V
added in the above specified amounts effectively act without forming a coarse carbide. In the case of large
steel ingot, however, the addition of Nb and V in the above specified amounts forms a coarse primary
carbide which degrades hot-working properties and toughness, and thus it is rather preferable not to add Nb
and V to the large dimension steel ingot in a practical use.

Next, a manufacturing method will be described.

A solution treatment not only makes alloy elements solid-solutioned into matrix but also provides an
austenite structure at a high temperature, and the austenite structure is quickly cooled to obtain a
martensite structure. When a solution treatment temperature is lower than 950° C, the alloy elements are
not sufficiently solid-solutioned, whereas when it is higher than 1150°C, crystalline grains tend to be
coarsened and further delta ferrite is formed to degrade mechanical properties, and thus the solution
treatment temperature is set to 950 to 1150° C.

In the invented alloy, since a martensite transformation finishing point (Mf point) is lower than a room
temperature, a perfect martensite structure cannot be obtained only by the quick cooling after the solution
freatment and a large amount of the austenite structure remains to lower proof stress, and thus the alloy
must be quickly cooled to the room temperature after the solution treatment and further subjected to a sub
zero treatment at -50 to -100° C. A substantially an amount of retained austenite can be decreased by the
sub zero treatment to improve mechanical properties such as proof stress.

After the sub zero treatment has been finished, the steel must be tempered at 120 to 450° C to obtain
well-balanced high strength and high toughness. When the tempering temperature is lower than 120°C,
martensite is difficult to be decomposed by the precipitation of a Fe carbide, which results in high strength
but low toughness, whereas when it is higher than 450°C, strength is increased but toughness is
deteriorated by the precipitation hardening of a carbide caused by the tempering, and thus the tempering
temperature is set to 120 to 450° C. Further, the addition of Si is preferable, as described above, to obtain
higher strength and higher toughness with an tempering temperature set to a relatively higher value within
the above range of the tempering temperature.

PREFERRED EMBODIMENT OF THE INVENTION

The present invention will be described below with reference to an embodiment.

Steel having a composition shown in Table 1 was melted in a vacuum furnace to produce ingot of 10
Kg. The thus obtained ingot was subjected to a homogenizing treatment at 1200°C fo 1300°C , made to a
specimen having a rectangular cross section of 20 mm thick x 45 mm width by a hot-working, and further
annealed at 760° C. In Table 1, steels 1 to 32 are invented steels, steels 33 to 36 are comparative steels,
and steels 37 and 38 are conventional steels, wherein the steel 37 is Alloy B disclosed in United States
Patent No. 3,756,808 and the steel 38 is AFC 77 disclosed in United States Patent Re. No. 26,225. As
shown in Table 2 to 4, these steels were treated by a method of the present invention, that is, they were
subjected to a solution treatment at 950 to 1150° C for 1 hour, quenched in oil, further subjected to a sub
zero treatment at -75° C for 2 hours, then subjected to tempering twice which tempering comprises keeping
it within a temperature from 120 to 450° C for 2 hours and air cooling. Further, some steels were tempered
at a high temperature more than 450° C after having been subjected to the solution treatment and sub zero
treatment similar to those of the present invention for the purpose of comparison. In addition, the
conventional steel 37 was heat treated by the method disclosed in United State patent No. 3,756,808, that
is, it was subjected to an austenitizing treatment in such a manner that it was kept at 92° C for 1 hour and
air cooling, further kept at 1150° C for 1 hour, cooled to 1038° C and kept at this temperature for 1 hour and
then air cooling, and thereafter it was subjected to a sub zero treatment at -75° C for 2 hours and further
tempered at 260° C and 427 ° C. After the above respective heat treatments, the steels were subjected to a
tensile test at room temperature to measure a 0.2% proof stress, tensile strength, elongation, and reduction
of area. further, a fracture toughness test was carried out at a room temperature to measure a fracture
toughness value (K).



EP 0 498 105 A1

" ; 80°0| - |[66°€T|[66°T |vs 2T |S6°0] T0°0]8L°0] 2T 0] €1
" " 80°0 | TZ*0 [LL€T[86°T [09°2T|¥6°0| . |00°T|o0z'0| 21
" " 80°0| - [88°cT[86°T(85°zT|¥6°0| . [66°T|7Tc'0| TtT
" ; 80°0 | - [€8°€T[86°T |€9°2T|¥6°0| . |o0S'T|o0z'0]| o1
" ; 80°0 | - (8L'€T[86°T|T19°zT|¥%6°0]| . |T0°T|zz'0| 6
" " 80°0 | - |[SL'ET[86°T |SS°2T|¥%6°0| . |0S'0|Tz'0] 8
" } toto| - |ecret|s6 1|19'z1[66°0] . |TO'0|6T°0]| ¢
; " 80°0| - |[29°9T(86°T|60°¥T|T0°0| . |€0°0|o0z0| 9
) ) 80°0 | - [6L°€T[66°T [v0°pT|T0°0| . |TO0|Tz'0| S
) " 80°0| - [oo0°LT{66°T|€T'9T|z6°0] . |T0°0|o0z'0]| ¥
" ; 80°0 | - [€8°€T[00'z[80°¥T|{€6'0| . |TO'0|Tz'0| ¢
" ; 80°0 | - [g8'€T|7T0'Zz|€v°eT| Tz T| . |T0'0|o0Z'0| ¢
panuonay | 2PTSeH[ 6070 | - |peteT| 6670 |28veT| €T T | T0t0 | T0%0 |0z'0| 1
ad aN | A | o |ow | D | W | w | 5 | D |
aouaiajay ﬁwmwm

(%34) suorjytsodwoo TeDTWAYD

10

15

T 91qeL

20
25
30

35

40

45

50

55



EP 0 498 105 A1

; ; - |ovro]ot-st|ev-1|vs zT|[ 9670 ] zo"0|6v°0]6T°0] 9z
) ; - - |oT*0z|96°T |95zt | v6°0 | zo'0|6v 06170 sz
; ; 200 | - |80°ST|L6°T|SS°ZT|%6°0 | 00| 6v°0|0z°0| »e
; ; 200 | - |[coetr|s6't|v9'zt|86'0| . [oso|eri0| ez
; ) 800 | - [90°s1[L6°T (1S zT[S6'0| . |TS°0|o0z'0| ez
; ; 80°0 | - |9T°ST|86°T|Ts°zT|S6°0| . |15°0|o0z'0| 12
; ; 80'0 | - |[8Loer|86°T|Ly zt|s6'0| . |€L0|6T°0]| oz
} ; 800 | - |[scoer|L6°T|9v°z1[S6°0| . |o€'0|o0z'0| et
) ; 800 | - |[BL'€T|L6°T|Lb-zT|S6°0| . |zs-0|€cr0]| st
; ; 80°0 | PE"O [9L ET| L6°T |¥S°2T|66°0| . | 9570 Tz 0| <1
) ; 80'0 | - [SL'€T[86°T |66°2T|96°0| u |LE'0] Tz 0| 9T
; ; 800 - |iL'zT|L6°T|09°zT|S6°0| . |9t'0]€z 0| ot
poquonuy | 27PTSe¥| 8070 | - [8LeT|86°T|15°2T|v6 0 | T0"0 |€Lt0 | T2ro| T
ag a | A | 0 | oW | @ | W | uwi| 15| o |
aouaiajay wawm

(%34) suotitsodwoo TedTWAY)D

10

15

20
25
30
35

40

45

50

55



EP 0 498 105 A1

" " - TZ°0 |EE°CT| 08B°F [ET°%T| ¥T°O0 " - ST1°0 8¢
10935 . _ . . . . . .

{RUOTIUBAUOD " LZ*0 P6°ET| S6°% |66°€ET| 60°T " €0°0 | 91°0 LE

M M 80°0 - 88°€T| 00°C |60°%T| €6°0 " T10°0 | SC°0 9¢

" " 80°0 - 9L°ET| 66°T |TO*PT| €6°0 " T10°0 | ST"O 6¢

" " 0T°0 - L9°ET[(86°T |[£S°0T| 6%°C " 10°0j 0C°0 e
19938 ) _ ) ) ) ] ) ) )

aat3eredwo) " 0T°0 $9°€T| 66°0 | P6°TT| 8%°C | TO°0 | TO*0 | 0C°0 1%

" " - - S6°GT | 90°C |€S°CT| BT"T | €E¥P°0 | 0S°0 | TC°0 43

" " - - 96°ST| 66°T 99°C2T| C¢0°T | 1S°0 | 2S°0 | 02°0 1€

" " - - OV°ST|{B86°T |6S°CT| €E0°T | IS0 | 19°0 | O0C°0O 113

" " - - OT°ST 6V°T{L9°C2T]| S6°0 | 9F°0 | 67°0 | 6T°0 6C

" " - - C0°ST | 8P°T |€S°CT| S6°0 | TO°0 | 0S°0 | 6T°0 8¢
19238 _ . } ) ) } ) ) )

pajuaaug 9NpTSay €E°0 (S6°PT [ 8BFP°T [€£S°CT] 96°0 ( TO°0 | 6%°0 | 6T°0 Le
94 aN A oD ONW 1D N Uw I8 9]

aouaiagay wawm

(%$3m) suotytsodwoo feoTWayd

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

EP 0 498 105 A1

Table 2

Steel| Solution Sub Zero Tempering ogi::;ff

No. Treatment Treatment | (Twice) (kg f/mm2)
1 |1to3sec 2]éh* -750¢C x 2h 149°cA>fC2.r:; 142.9
1 " " 204°Cx 2h, A.C. 136.8
2 " " 149°Cx 2h, A.C. 149.4
2 " " 204°Cx 2h, A.C. 142.7
3 " " 149°Cx 2h, A.C. 143.3
3 " " 204°Cx 2h, A.C. 136.6
4 " " 149°Cx 2h, A.C. 129.1
4 " " 204°Cx 2h, A.C. 124.4
5 " " 204°Cx 2h, A.C. 137.5
6 " " 149°C x 2h, A.C. 138.8
6 " " 204°Cx 2h, A.C. 138.1
7 " " 204°Cx 2h, A.C. 139.8
8 " " 204°Cx 2h, A.C. 144.9
8 " " 260°Cx 2h,A.C. 136.7
8 " " 316°Cx 2h,A.C. 137.2
9 " " 204°Cx 2h, A.C. 143.0
9 " " 260°Cx 2h, A.C. 139.1
10 " " 204°Cx 2h, A.C. 140.9
10 " " 260°Cx 2h, A.C. 140.9
11 " " 204°C x 2h, A.C. 135.8
11 " " 260°C x 2h, A.C. 140.3
12 " " 204°Cx 2h, A.C. 141.7
12 " " 260°Cx 2h, A.C. 132.4
13 " " 204°C x 2h, A.C. 139.5
*: 0.c. means o0il cooling - Cont'd -

A.C. means air cooling
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Table 2 - Cont'd -

Tensile Elon- | Reduc- Kic

strength |gation| tion of (kgf/ Reference

(kgf/mm2) (%) Area (%) | mm2- /i)
182.7 | 19.5 58.0 320.9 |Invented Mf;ﬁﬁigpi’f

Invention

179.1 17.9 58.9 427.4 " "
187.2 12.6 35.5 394.0 " "
180.0 16.7 56.2 489.8 " "
190.6 14.8 43.3 256.4 " "
176.4 18.7 56.5 351.9 " "
189.0 20.7 56.0 295.4 " "
176.4 20.9 59.0 485.9 " "
176.1 9.6 18.5 346.2 " "
193.7 8.9 13.0 257.6 " "
181.7 18.7 54.0 354.4 " "
176.4 15.6 45,2 497.4 " "
182.7 l6.1 45.4 438.2 " "
177.3 20.4 60.2 377.7 " "
180.5 16.7 58.2 369.5 " "
183.6 14.6 32.9 301.5 " "
178.0 17.8 55.1 285.1 " "
182.9 18.3 40.5 345.2 " "
176.9 18.7 52.2 359.1 " "
181.7 18.1 44.0 302.4 " "
179.1 20.1 56.5 303.8 " "
179.7 16.8 42.0 339.5 " "
174.4 18.8 56.9 361.3 " "
176.1 17.3 55.0 446.5 " "

10
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Table 3
Steel Solution Sub Zero Tempering Ogigzggm
No. Treatment Treatment (Twice) (kgE,/mm2)
14 [1038°C X 10rl-75°C x 2n|204°Cx2h,A.C.| 143.8
14 " " 316°Cx 2h, A.C. 135.4
15 " " 204°Cx 2h, A.C. 132.8
16 " " 204°Cx 2h, A.C. 140.2
16 " " 316°Cx 2h, A.C. 131.5
17 " " 204°Cx 2h, A.C. 128.4
17 " " 316°Cx 2h, A.C. 132.7
18 " " 204°Cx 2h, A.C. 138.6
19 " " 204°Cx 2h, A.C. 133.8
19 " " 316°Cx 2h, A.C. 131.2
20 " " 204°Cx 2h, A.C. 131.4
20 " " 316°Cx 2h, A.C. 128.6
21 " " 204°C x 2h, A.C. 134.0
21 " " 316°Cx 2h, A.C. 130.5
21 " " 350°Cx 2h, A.C. 137.4
22 " " 204°Cx 2h, A.C. 136.1
22 " " 316°Cx 2h, A.C. 129.7
22 " " 350°Cx 2h, A.C. 138.5
23 " " 316°Cx 2h, A.C. 140.3
24 " " 316°Cx 2h, A.C. 128.3
25 " " 371°Cx 2h, A.C. 135.4
26 " " 31l6°Cx 2h, A.C. 126.5
27 " " 316°C x 2h, A.C. 124.2
28 " " 316°C x 2h, A.C. 127.2
28 " " 371°Cx 2h, A.C. 140.1

11
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Table 3 - Cont'd -

Tensile Elon- | Reduc- Kic

strength [gation| tion of (kgf/ Reference

(kgf/mm2) (%) |Area (%) |mm2- /mm)
181.8 | 15.8 51.3 387.6 |TERtE] Mﬁﬁ?i‘ir_,if

Invention

176.9 16.0 50.5 354.2 " "
175.5 18.1 58.9 393.3 " "
181.9 16.7 54.0 422,2 " "
179.8 17.0 59.7 359.3 " "
179.9 8.9 17.7 385.7 " "
181.4 16.1 60.3 356.7 " "
184.5 7.3 12.5 278.2 " "
181.2 10.2 18.9 497.5 " "
179.7 16.9 60.2 333.9 " "
178.2 17.7 54.1 524.4 " "
176.9 17.5 63.8 348.3 " "
181.2 11.2 27.0 471.3 " "
179.8 18.5 62.3 452.9 " "
182.0 16.3 54.1 349.6 " "
180.6 17.5 51.7 442.9 " "
178.0 17.3 61.5 401.4 " "
182.9 18.5 61.8 274.7 " "
176.6 17.7 59.9 393.3 " "
177.2 16.9 57.3 437.7 " "
181.4 19.7 59.8 273.3 " "
175.3 18.5 57.2 438.3 " "
177.2 19.3 58.7 444.3 " "
178.0 16.3 59.1 483.4 " "
186.8 16.1 55.6 254.,5 " "

12
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Table 4
Steel Solution Sub Zero Tempering Ogifzgff
No. Treatment Treatment (Twice)
(kgf/mm2)

1038°C x 1lh, | _ 316°C x

29 o.c. 75°C x 2h 2h, A.C. 127.5
1010°C x 1h, " 316°C x

30 0.C. 2h, A.C. 133.5
1040°C x 1h, " 316°C x

30 0.C. 2h, A.C. 131.0
1070°C x 1h, " 316°C x

30 o.cC. 2h, A.C. 128.4
[] 1] 37l°C X

30 ! 2h, A.C. 137.3
1100°C x 1h, " 316°C x

31 o.c. 2h, A.C. 121.6
" " 371°C X

31 2h, A.C. 132.3
1085°C x 1h, " 343°C «x

32 o.cC. 2h, A.C. 129.0
" " 371°C x

32 2h, A.C. 129.7
. 385°C x

32 ¥ ' 2h, A.C. 134.8
" " 399°C x

32 2h, A.C. 137.5
" n 427°C x

32 2h, A.C. 148.0
n " 454°C X

32 2h, A.C. 148.0
1038°C x 1h, " 260°C x

33 o.c. 2h, A.C. 129.8
n " 260°C X

34 2h, A.C. 130.7
" [1] 149°C X

35 2h, A.C. 130.3
"t " 149°C X

36 2h, A.C. 149.8
" [{] 204°C X

36 2h, A.C. 143.5

- Cont'd -
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Table 4 - Cont'd -
Tensile Elon- Reduc- Kic £
strength |gation| tion of (kgf/ Reference
(kgf/mm2) (%) |Area (%) |mm2-ymm)
Method of
177.1 18.1 60.1 442.8 |INVented| present
Invention
175.6 15.7 15.7 251.4 " "
176.6 18.9 61.7 398.3 " "
176.8 17.5 52.7 444.9 " "
181.1 19.5 57.4 494.3 " "
176.0 18.3 52.1 548.6 " "
181.7 18.7 53.6 527.9 " "
179.0 20.1 56.5 540.2 " "
181.8 19.7 55.5 495.2 " "
184.4 18.6 52.2 441.2 " "
185.5 19.5 54.4 352.0 " "
192.7 19.1 49.3 252.4 " "
Compar-
201.6 16.9 40.6 207.6 " ative
Method
Compar- |Method of
167.2 18.6 64.7 521.3 ative Present
Steel Invention
170.1 17.8 63.4 544.4 " "
164.2 17.7 54.9 516.9 " "
191.5 5.3 9.2 147.2 " "
180.8 16.7 52.3 213.9 " "
- Cont'd -
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Table 4 - Cont'd -
927°C x 1h,

o.c. + 1150°C | _.co 260°C x

37 |x'1n » 1038°c| ~7°° * 2B | on, a.c. 103.3

x 1l h, o.c.

" " 427°C X

37 2h, A.C. 129.1
l1038°C x 1h, " 260°C x

38 o.c. 2h, A.C. 130.3
" " 316°C x

38 2h, A.C. 127.0
" " 371°C x

38 2h, A.C. 130.5
1] " 427 °C X

38 2h, A.C. 141.5
" " 482°C x

38 2h, A.C. 145.8
" n 538°C x

38 2h, A.C. 145.5
" " 482°C x

1 2h, A.C. 141.3
" " 482°C x

2 2h, A.C. 143.3

15
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Table 4 - Cont'd -
Conven- Compar-
158. 20. 57.4 267.8 tional ative
Steel Method
168. 23. 59.2 241.7 " "
Method of
168. 18. 49.0 273.2 " Present
Invention
167. 19. 63.2 337.3 " "
170. 19. 60.3 263.1 " "
177. 19. 61l.1 135.5 " "
Compara-
187. 19. 59.4 112.5 " tive
Method
195. 15. 60.2 115.3 " "
Invented "
191. l6. 55.7 120.0 Steel
189. 20. 63.5 93.1 " "

16
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Table 5

Steel
No.

Rusting Test Result by
5% saline solution spray
at 35°C for 200 hours

Remarks

Not Rusted

Invented Steel
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Steel Rusting Test Result by
No 5% saline solution spray Remarks
) at 35°C for 200 hours

24 Not Rusted Invented Steel
2 5 [1] n

2 6 "n n

27 [1] "

28 " "

29 " "

30 " n

31 " "

32 " "

37 Not Rusted Conventional Steel

As shown in Table 2 to Table 4, all of the invented steels 1 to 32 heat treated by the method of the
present invention are found to have a high tensile strength of about 175 Kgf/mm?2*./mm or more and a high
fracture toughness of about 250 kgf/mm?2°®/mm or more. As shown in the last two lines of Table 4, however,
it is found that when the invented steels 1 and 2 were tempered at 482°C which was higher than the
tempering temperature of the method according to the present invention, the toughness thereof was greatly
lowered, whereas when the method according to the present invention having an tempering temperature
from 120 to 450° C was used, high proof stress, high strength and high toughness could be obtained, as
shown in the invented steels 1 to 32. In addition, the comparative steels 33 to 36 are low in any one of a
tensile strength and fracture toughness, even if they were treated by the method according to the present
invention, and thus they do not have high strength and high toughness at the same time. The conventional
steels 37 and 38 are low in any one or both of a tensile strength and fracture toughness even if they were
treated by the method according to the present invention, by the conventional method disclosed in United
State Patent No. 3,756,808, or by a comparative method [a method of tempering at a temperature higher
than that of the present invention (a temperature exceeding 450°C)], and thus they do not satisfy high
strength and high toughness properties at the same time, although the reason of which is not apparent.

Further, the corrosion resistance of the invented steels 1 to 32 and the conventional steels 37 was
tested by a saline solution spray test, and the result of them is shown in Table 5. It is found that the
invented steels do not cause rusting similarly to the conventional steels and thus have good corrosion
resistance.

As described above, the invented steels are stainless steel having high strength, high toughness and
good corrosion resistance which are not obtained in conventional stainless steels, and when subjected to a
suitable heat treatment according to the present invention, they can be used as materials which simulta-
neously require high strength, high toughness and high corrosion resistance, for example a landing gear
member or bolt member of an aircraft, which results in a great industrial effect that the weight of the
members and parts can be reduced as compared with conventional steels and the reliability and life thereof
as a high strength material are improved, even if they are used in a servere corrosive circumference.

Claims

18
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A high strength, high toughness stainless steel consisting, by weight, of C more than 0.16% but less
than 0.25%, Si not more than 2.0%, Mn not more than 1.0%, Ni not more than 2.0%, Cr from 11 to
15%, Mo not less than 0.5% but less than 3.0%, Co from 12 to 21%, and the balance Fe and incidental
impurities.

A high strength, high toughness stainless steel consisting, by weight, of C from 0.17 to 0.23%, Si more
than 0.25% but not more than 0.8%, Mn not more than 1.0%, Ni from 0.5% to 1.5%, Cr from 12 to
13%, Mo from 1.5% to 2.5%, Co from 14.5% to 16.5%, and the balance Fe and incidental impurities.

A high strength, high toughness stainless steel consisting, by weight, of C more than 0.16% but less
than 0.25%, Si not more than 2.0%, Mn not more than 1.0%, Ni not more than 2.0%, Cr from 11 fo
15%, Mo not less than 0.5% but less than 3.0%, Co from 12% to 21%, at least one selected from the
group consisting of V from 0.1% to 0.5% and Nb less than 0.1%, and the balance Fe and incidental
impurities.

A high strength, high toughness stainless steel consisting, by weight, of C from 0.17% to 0.23%, Si
more than 0.25% but not more than 0.8%, Mn not more than 1.0%, Ni 0.5% to 1.5%, Cr from 12% to
13%, Mo from 1.5% to 2.5%, Co from 13.0% to 16.5%, at least one selected from the group consisting
of V from 0.1% to 0.5% and Nb less than 0.1%, and the balance Fe and incidental impurities.

A method of producing a high strength, high toughness stainless steel, comprising the steps of:
preparing a stainless steel having the composition of any one of the claims 1 to 4; subjecting the
stainless steel to a solution heat treatment at a temperature of 950 to 1150° C; quenching the steel;
subjecting the steel to a sub zero treatment at a temperature of -50 to - 100° C; and subjecting the
steel to a tempering at a temperature of 120 to 450° C.

19
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