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ABSTRACT OF THE DISCLOSURE 

This invention is concerned with a process for impart 
ing to steel a combination of high strength and high elon 
gation, said process comprising subjecting sigle phrase, 
austenitic steel which has both MS and MD below ambient 
temperature, a total carbon plus nitrogen content of from 
about 0.2% to about 0.5% and which contains at least 
0.5% of at least one alloying element selected from the 
group consisting of molybdenum, chromium, manganese, 
vanadium, niobium, tantalum and tungsten, to deforma 
tion at a temperature above about 650° F., but below 
the recrystallization temperature of the steel. 

The invention described herein was made in the course 
of, or under a contract with the United States Atomic 
Energy Commission. 

The present invention is concerned with a process for 
the treatment of steel. More particularly it is concerned 
with a process for imparting to steel a combination of 
high strength and high elongation. It is generally recog 
nized in steel making that high elongation has usually 
been achieved only at the sacri?ces of high strength, and 
conversely, high strength has been achieved only at the 
sacri?ce of elongation. It is an object of the present 
invention to provide a process whereby there is obtained 
steel simultaneously possessing both high strength and 
high elongation. 

The starting material of the process of the present in 
vention is a particular kind of steel having a composition 
differing from most commonly encountered steels. There 
are several requirements for steel to be suitable for use in 
the present process. The steel must have an Ms below 
ambient temperature. Ms is a standard metallurgical ex 
pression de?ned as the temperature at which the marten 
sitic phase begins to form when the temperature is low 
ered. An MS of ambient temperature or below is extreme 
ly low compared to the MS of prior art ultra high strength 
steels. The Ms of a specimen may readily be measured by 
routine tests which are familiar to those skilled in the art, 
and are described in standard metallurgical publications. 
The MD of the starting material, like the MS, must also 

be below ambient temperature. The MD is a standard 
metallurgical term de?ned as the temperature above which 
the martensitic phase cannot form during working of the 
metal. The MD may readily be determined by standard 
ized testing familiar to those skilled in the art. 
The steels of the present invention contain a large 

amount of alloying elements. This large amount of alloy 
ing element is necessary to achieve an MS below ambient 
temperature. Typical alloying elements in these steels are: 
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molybdenum, chromium, nickel, manganese, vanadium, _ 
niobium, tantalum, tungsten, silicon, nitrogen, and carbon. 
Typical compositions are: (a) 8% chromium, 8% nickel, 
2% manganese, 2% silicon, 4% molybdenum, 0.30% 
carbon, balance iron; (b) 24% nickel, 4% molybdenum, 
0.25% carbon, balance iron; (c) 21% nickel, 2% man 
ganese, 2% silicon, 4% molybdenum, 24% carbon, bal 
ance iron. 

It is also essential that the steel contain at least 0.5 %, 
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preferably about several percent, of at least one alloying 
element selected from the group consisting of molybde 
num, chromium, manganese, vanadium, niobium, tan 
talum, and tungsten. 
The steel used as the starting material in the present 

process must have a total carbon plus nitrogen content 
of from about 0.2% to about 0.5%. The combined car 
bon and nitrogen content of these steels is in sharp con 
trast to that of conventional stainless steel wherein the 
carbon and nitrogen content are generally kept as low 
as possible. The carbon content in conventional stainless 
steels is generally kept below 0.1%. 
When a sample of steel is subjected to the process of 

the present invention and the combined carbon and nitro 
gen content of the steel is below about 0.2%, the steel 
does not have high strength; on the other hand, when the 
combined carbon and nitrogen content of the steel is 
above about 0.5 %, the steel does not have good elonga 
tion. 
To be suitable for use as a starting material in the op 

eration of the present process, the steel must ?rst be con 
verted to a single phase, austenitic state. The usual way of 
doing this is by heating the steel above the critical tem 
perature for austenite formation for a length of time suffi 
cient so that the entire specimen has been heated through 
out. Those skilled in the art are familiar with this opera 
tion. In general, for the steels of the present invention, 
the temperature will be from about 1800° F. to about 
2200° F. 
The actual operation of the present process involves de 

forming a steel specimen having the proper compositon as 
described above. This deformation must take place with 
in a particular temperature range. The lower limit of the 
temperature range is about 650° F. The upper limit of the 
temperature range is the recrystallization range of the 
steel. Recrystallization temperature is a standard term in 
metallurgy and is customarily de?ned as that temperature 
above which a completely new set of strain-free grains 
are formed. The recrystallization temperature may be de 
termined by routine tests familiar to those skilled in the 
art and described in the literature. 
The recrystallization temperatures of the steels of the 

present invention are generally in the range of about 
1500° F. to about 1800° F. It is thus seen that the tempera 
ture at which deformation occurs is generally in the range 
of 650° F. to 1800" F. This is a rather unusual working 
range. Ordinarily it is desired to deform a metal at a tem 
perature well above recrystallization temperature because 
the metal is soft at these temperatures. On the other hand 
When it is desired to strengthen a metal by thermo-me 
chanical processes, a temperature below 650° F. is usual 
ly employed, because at higher temperatures the metal 
loses the strength imparted to it by cold working. 

It should be noted that the present invention employs 
unusual compositions for the starting materials and also 
unusual temperatures for the deforming operation. It has 
now been discovered that this novel combination of op~ 
crating parameters results in the production of steels hav 
ing markedly and unexpectedly superior properties. 
When the expression deforming is used in the present 

application it is intended to mean subjecting the specimen 
to a stress beyond its elastic limit and thereby causing a 
change in the shape of the entire specimen. Deformation 
may be carried out by any of the standard metal working 
techniques such as rolling, swaging, wire drawing, forging, 
shear forming, etc. Any application of mechanical force 
su?icient to cause a change in shape is effective provided 
the change in shape extends throughout the entire speci 
men. In general it is preferred that the amount of deforma 
tion be at least about 10% at temperatures in the middle 
of the operating range. At the lower end of the tempera 
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ture range a greater amount of deformation may be re 
quired to induce the desired chemical and structural 
changes, while at the upper end of the temperature range 
a greater amount of deformation may be required because 
the higher temperatures may serve to modify the structure 
in an undesired Way. 
The bene?ts of the present process are achieved once 

the steel of the proper composition has been deformed at 
the proper temperature. From then on the specimen may 
‘be treated in a variety of Ways depending on the ultimate 
use. For example, the steel may be allowed to cool slowly 
to room temperature from the deforming temperature. 
Alternatively, it may be quenched rapidly to room tem 
perature in an appropriate quenching medium, and, if de 
sired, even subsequently cooled to a temperature below 
room temperature such as the temperature of liquid nitro 
gen. 

In one preferred variation of the present invention, the 
samples are subjected to a second deformation process. 
The elongation of the steels of this invention is such that 
the steels may at any desired temperature be subjected to 
straining and tempering and by this straining acquire 
greater strength. 

In summary, the important step is the deforming within 
the speci?ed temperature range, and once that step has 
been accomplished, the speciment will retain its desirable 
properties through any of a wide variety of subsequent 
steps. 
The results obtained by the present invention are totally 

unexpected and are not fully understood. Without in any 
way wishing to be bound thereby, we have formulated the 
following theory which may account for the observed 
results. 
The ductility of conventionally heat treated steel is 

limited by the onset of necking. Necking refers to a local 
reduction in area which usually proceeds fracture when 
a sample is subjected to tensile stresses. In conventionally 
processed steels or other alloys there is little or nothing 
that can be done to delay or eliminate the onset of neck 
ing or early failure. However, in steels processed by the 
present invention the early onset of necking is prevented 
by an increased rate of work hardening whenever a neck 
starts to form. This increased rate of work ‘hardening in 
creases the strength of the steel at the incipient neck area 
and forces the metal to flow plastically in an area adja 
cent to the neck. The increased rate of work hardening is 
believed to be caused by a phase transformation; in other 
Words the strain induces transformation of the austenite 
to martensite. This transformation is readily seen as a 
discontinuity in the autographic record of the stress-strain 
curve of a steel processed according to this invention. The 
'high elongation of these steels is thus attributed to the 
prevention of early necking by the production of marten 
site from austenite during straining. 

Since the increased elongation results directly from the 
control of the austenite to martensite transformation, we 
have labeled the phenomenon “TRIP,” which is abbrevi 
ated from the words “Transformation Induced Plasticity.” 
Thus during the process of the present invention the MD 
is caused to be raised to above ambient temperature, 
thereby assuring the occurrence of the of the austenite 
to martensite transformation during straining over a very 
wide range of strain and thereby resulting in a neck re 
sistant steel of high strength and high elongation. 
The following examples show the improvement in me 

chanical properties over those obtained by conventional 
processing and describe in detail our process and some of 
its modi?cations. 

EXAMPLE I 

A typical steel suitable for our process has the follow 
ing composition: 8% chromium, 8% nickel, 4% molyb 
denum, 2% manganese, 2% silicon, and 0.30 carbon, bal 
ance iron. To produce maximum ductility in this steel the 
conventional heat treatment of preference would consist 
of the following: Heat to 2080° F. and hold for one hour 
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at this temperature and then water quench to room tem 
perature. A treatment such as this conventional one re 
sults in the following properties: Yield strength: 54,700 
p.s.i.; ultimate tensile strength: 80,000 p.s.i.; and elonga 
tion: 27%. 

This same steel, processed according to the teachings 
of our invention, has entirely different and superior prop 
erties. A typical process is the following: Heat to 2080 ° 
F. and hold at this temperature for one hour; cool to 
840° F. and deform 20% by rolling at this temperature; 
?nally, water quench to room temperature. The above 
processing results in the following properties: Yield 
strength: 122,000 p.s.i.; ultimate tensile strength: 168,300 
p.s.i.; and elongation, 80%. Thus, application of our proc 
ess has more than doubled the elongation. In striking con 
trast to conventional heat treatments, both the elongation 
and the strength (yield and ultimate tensile) have been 
increased. In virtually all conventional processes the 
strength is sacri?ced for a gain in elongation, or con 
versely, the elongation is sacri?ced for a gain in strength. 

EXAMPLE II 

To produce a combination of high strength and good 
ductility in the steel having the composition shown in 
the example above, another typical treatment by our proc 
ess is as follows: Heat to 2080° F. and hold for one hour 
at this temperature; water quench to room temperature; 
reheat to 840° F. and deform 80% by rolling at this tem 
perature. Alternately, the specimen can be cooled from 
2080° F. to 840° F. rather than be cooled to room tem 
perature and reheated. Either of these alternate processes 
results in the following ‘mechanical properties: Yield 
strength: 222,500 p.s.i.; ultimate tensile strength: 254,000 
p.s.i.; and elongation, 40%. The elongation of a conven 
tionally treated steel at this strength level would typically 
be less than 12%. 

EXAMPLE III 

Even greater strengths, accompanied by good elonga 
tion, can be obtained with minor modi?cations of our 
process. A typical modi?cation of the process is as fol 
lows: Heat a steel specimen having the composition given 
in the examples above to 2080° F. and hold for one hour 
at this temperature; water quench to room temperature; 
heat to 840° F. and deform 80% by rolling at this tem 
perature; cool to room temperature; strain 15% at room 
temperature, and, ?nally, heat to 840° F. and hold at this 
temperature for thirty minutes. The above processing re 
sults in the following properties: Yield and ultimate ten 
sile strength: 273,000 p.s.i.; and elongation, 25%. Vir 
tually all conventionally processed steels would have con 
siderably less elongation at this strength level. 
A type of processing seemingly similar to our inven 

tion is that embodied in the “Precipitation Hardening” 
or “PH-Series” of stainless steels. However, an examina 
tion of the conventional processing of this type of steel 
reveals fundamental differences. High strength and good 
elongation in the PH-Series of stainless steels are usually 
obtained by a series of heat treatment. Normally these 
steels are not given thermo-mechanical treatments. In 
contrast to the teachings of the present invention, the 
deformation in the processing of the PH-Series of stain 
less steels is done below the MD. In our invention, the 
deformation is deliberately done at a temperature above 
MD with the said deformation resulting in a ‘much 
superior balance of strength and elongation in the ?nished 
product. 

Another prior art process involving deformation at 
intermediate temperatures is that of ausforming. In this 
process the steel is heated to a high temperature, usually 
about 1800° F. cooled to a temperature between about 
800° and 1200° F., deformed at least 25%, cooled to 
room temperature, and reheated to a temperature less than 
1000° F. for periods of about one hour. In the ausform 
process the composition of the steel must be such that its 
MS is well above room temperature; in addition the de 
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formation is necessarily restricted to a relatively narrow 
range of temperatures, unlike the teachings of the present 
invention. Further, the process is such that the deforma 
tion must be done in one temperature cycle as opposed 
to that of the present invention wherein the deformation 
can be done in steps, the specimen being heated to and 
cooled from the deformation temperature innumerable 
times Without harmful effects. This latter feature of our 
process has considerable practical advantage over the 
ausform (and its modi?cations) process in that severe 
shaping and forming operations can be done in small 
steps. In this way, smaller, more conventional forming 
and shaping equipment can be utilized, thereby overcom 
ing a major factor in the limited use of the ausform 
process. 

Evidence can be found in the technical literature for 
improving the strength and ductility of steels by tech 
niques super?cially similar to those described in this 
invention. An example is the work of Bressanelli and 
Moskowitz, Transactions Quarterly of the American 
Society for Metals, vol. 59, 1966, p. 223. These investi 
gators found that the strength and ductility of commercial 
stainless steels could be increased by the control of the 
composition and the temperature and strain rate of test 
ing. The present invention teaches that prior to actual 
testing, deformation be done at a temperature above MD 
and below the recrystallization temperature. This critical 
step controls the amount of the second phase which is 
produced during straining in the ?nal testing. Also, it is 
the control of this step of the processing of this inven 
tion that permits the attainment of such a wide range 
of combination of strength and elongation as described 
above. In the process of the present invention, the shaping 
or forming operation is done at a relatively high tempera 
ture, i.e., between 650° F. and the temperature of re 
crystallization. The only straining at or near room tem 
perature is that encountered in actual service. 
What is claimed is: 
1. A process for producing a substantially austenitic 

steel having a combination of high strength and high elon 
gation by utilizing a strain-induced transformation which 
occurs in service comprising subjecting single phase, 
austenitic steel which has at least an Ms below ambient 
temperature, a total carbon plus nitrogen content of 
from about 0.2% to about 0.5%, and which contains at 
least 0.5% of at least one alloying element selected from 
the group consisting of molybdenum, chromium, man 
ganese, vanadium, niobium, tantalum, and tungsten, to 
deformation at a temperature above the MD temperature, 
but below the recrystallization temperature of the steel, 
while maintaining same in substantially austenitic form. 

2. The process de?ned in claim 1, additionally includ 
ing the step of subjecting the thus formed substantially 
austenitic steel to strain thereby inducing transformation 
of the substantially austenitic steel to martensitic steel, 
whereby the strength of the steel is increased. 

3. The process de?ned in claim 1, additionally includ 
ing the steps of forming the thus composed austenitic steel 
prior to the deformation thereof by heating the thus com 
posed material thereof to a temperature above the critical 
austenite formation temperature therefor for a period of 
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time suf?cient to assure transformation of substantially 
all of the thus composed material to the austenitic phase, 
and bringing the temperature of the thus formed austenite 
steel to the temperature of deformation. 

4. The process de?ned in claim 3, wherein the step of 
forming the thus composed austenitic steel includes pre 
paring the thus composed material to consist of a com 
position of about 8% chromium, about 8% nickel, about 
4% molybdenum, about 2% manganese, about 2% 
silicon, about 0.3% carbon-nitrogen, and the balance iron, 
and wherein the temperature above the critical austenite 
formation temperature is about 2080" F. with the time 
period being about one hour, wherein the temperature of 
deformation is about 840° F., and wherein the deforma 
tion of the austenitic steel is in the range of about 20% 
to about 80%. 

5. The process de?ned in claim 3, wherein the step of 
bringing the temperature of the thus formed austenitic 
steel to the temperature of deformation is accomplished 
by water quenching the thus heated austenitic steel to 
room temperature and reheating the thus quenched 
austenitic steel to the deformation temperature. 

6. The process de?ned in claim 3, wherein the step of 
bringing the temperature of the thus formed austenitic 
steel to the temperature of deformation is accomplished 
by cooling the thus heated austenitic steel to the de 
formation temperature. 

7. The process de?ned in claim 3, wherein the step 
of bringing the temperature of the thus formed austenitic 
steel to the temperature of deformation is accomplished by 
water quenching the thus heated austenitic steel to room 
temperature and reheating the thus quenched austenitic 
steel to the deformation temperature, wherein the de 
formation of the austenitic steel is about 80%, and 
additionally including the steps of cooling the thus de 
formed austenitic steel to room temperature, straining the 
thus cooled austenitic steel about 15% at room tempera 
ture, and tempering the thus strained austenitic steel by 
heating the strained austenitic steel to the deformation 
temperature for a selected period of time. 

8. The process de?ned in claim 3, wherein the tem 
perature above the critical austenite formation tempera 
ture is from about 1800° F. to about 2200“ F., and 
wherein the temperature of deformation is from about 
650° F. to about 1800° F. 

9. The process de?ned in claim 1, additionally includ 
ing the steps of cooling the thus deformed austenitic 
steel to room temperature, and tempering the thus cooled 
deformed austenitic steel. 
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