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(57) ABSTRACT 

Martensitic mixed phase stainless steel, which has in well 
balance between excellent strength and formability and 
excellent fatigue properties, and is inexpensive, and Suitable 
for spring members, has: a chemical composition compris 
ing C: 0.1-0.4%, Si: at most 2.0%, Mn: 0.1-6.0%, Cr: 
10.0-28.0%, N: at most 0.17%, the remainder of Fe and 
impurities, and a metallurgical structure which includes a 
ferrite phase and a martensitic phase, and also a retained 
austenite phase of 5 volume '% or less if necessary, and 
which satisfies a relationship of C/Cd5.0 where an aver 
age value C of C content existing in the ferrite phase, and 
an average value C of C content existing in the martensite. 

4 Claims, 1 Drawing Sheet 
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STANLESS STEEL AND METHOD FOR 
MANUFACTURING SAME 

TECHNICAL FIELD 

The present invention relates to stainless Steel and a 
method for manufacturing the stainless steel excellent in 
formability while maintaining a high strength, and thus 
excellent in balance between the strength and the formabil 
ity, and also excellent in fatigue properties. The stainless 
steel according to the present invention is applicable to 
various products, and particularly applicable to starting 
materials of various components, in which a high strength is 
required because of current progress in size reduction and 
weight reduction, and which are formed into particular 
shapes. 
The components herein mean components of end products 

used by consumers, such as automobiles, household electric 
appliances, personal computers, and mobile phones. Spe 
cifically, engine gasket for an automobile, rings for continu 
ously variable transmissions, housing for personal comput 
ers or mobile phones, and belleville springs installed 
beneath buttons of the personal computers or the mobile 
phones may be the most Suitable components. 

BACKGROUND ART 

As stated above, a wide variety of components are used in 
end products. Higher strength has further been required in 
starting materials of those components on order to prevent 
deterioration of rigidity due to recent progress in size 
reduction and weight reduction (reduction in plate thickness 
or reduction in cross sectional area) of products. Size 
reduction and weight reduction of products and components 
result in efficient utilization of precious resources, and also 
contribute to environmental problems solution. Meanwhile, 
complication and high preciseness in shapes of components 
have been pursued, and thus starting materials having excel 
lent formability is also required. 

In Such requirements, high strengthening in conventional 
metallic materials inevitably results deterioration of form 
ability, and high strength is inconsistent with excellent 
formability. A spring is subject to repetitive deformation, 
and often undergoes fatigue failure at an early stage due to 
local concentration of stress. Hence, a need for materials for 
spring members having high strength and excellent form 
ability and fatigue resistance increases. 

In general, one of biggest feature of stainless steel is 
excellent corrosion resistance, and stainless Steel has been 
used as a starting material for spring members. Specifically, 
metastable austenitic stainless steel such as SUS301 and 
SUS304 has been commonly used as a starting material for 
spring members. This is because, in the metastable austenitic 
stainless steel, transformation from an austenitic parent 
phase into a rigid martensitic phase (deformation-induced 
martensitic transformation) is caused by cold working, so 
that high strength can be relatively easily obtained, and the 
strength can be adjusted in a wide range. 
The metastable austenitic stainless steel is excellent in 

formability because its austenitic parent phase exhibits high 
elongation, and deformed regions become hardened through 
transformation into the martensitic phase, as stated above, 
and soft non-deformed regions are more likely to be 
deformed, by which the entire material becomes uniformly 
deformed (TRIP effects), so that excellent formability is 
exhibited as well. Because of the above features, the meta 
stable austenitic stainless steel is classified as a stainless 
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2 
steel strip for a spring in JIS Standard (JIS-G-4313), and its 
mechanical property is also specified by JIS Standard. 
A degree of work hardening exhibited by the metastable 

austenitic stainless steel changes with various factors, which 
often makes it difficult to stably obtain desired properties 
with a desired plate thickness of a product. It is also a 
problem that load charged especially at the time of rolling 
increases because of demands of thinner plate and higher 
strength for addressing the current needs of size reduction 
and weight reduction of spring members. Further, the meta 
stable austenitic stainless steel contains a plenty of Ni that is 
an expensive and rear alloy element and hence is expensive. 

Meanwhile, martensitic stainless steel, such as SUS403, 
SUS 410, and SUS420, in which high strength is obtained 
through transformation into a hard martensitic phase as an 
intermediate phase by heat treatment (quenching), is 
employed as a starting material for spring members. In 
addition, martensitic stainless steel is often used as a starting 
material for utilizing a mixed phase structure in combination 
with a ferrite phase. These stainless steels hardly contain Ni; 
therefore, it is more inexpensive than the above metastable 
austenitic stainless steel. 
As the above-stated martensitic stainless steel, Patent 

Document 1 discloses a high strength stainless Steel with a 
composite phase structure; Patent Document 2 discloses a 
high strength dual phase stainless steel strip or sheet; Patent 
Document 3 discloses a high strength double phase stainless 
steel strip for a steel belt; Patent Document 4 discloses a 
mixed phase stainless steel for a gasket; Patent Document 5 
discloses a high strength duplex stainless steel sheet having 
high elasticity, and Patent Document 6 discloses a high 
strength stainless steel plate having excellent ductility. 

PRIOR ART DOCUMENT 

Patent Document 

Patent Document 1: 
Patent Document 2: 
Patent Document 3: 
Patent Document 4: 
Patent Document 5: 
Patent Document 6: 

Japanese Patent No. 3363590 
Japanese Patent No. 3602201 
Japanese Patent No. 4252893 
Japanese Patent No. 4353060 
Japanese Patent JP 2003-89851 
Japanese Patent.JP 2004-323960 

SUMMARY OF INVENTION 

Unfortunately, even in the mixed phase martensitic stain 
less steel in the above cases, it is difficult to adjust strength 
of the steel to be predetermined strength, and this adjustment 
of strength becomes more difficult as strength progresses. 

In addition, the martensitic stainless steel is required to 
have much higher strength and more excellent elongation as 
well as more excellent fatigue properties because of current 
size reduction and weight reduction of spring members. 
An object of the present invention is to provide stainless 

steel and a method for manufacturing the stainless steel in 
which formability is enhanced as well as high strength is 
obtained, and which is excellent in fatigue properties, also 
adjustable to predetermined strength, and relatively inex 
pensive. 

Another object of the present invention is to provide 
martensitic stainless steel with a mixed phase structure and 
a method for manufacturing the martensitic stainless steel, 
which has more excellent performance and reliability in 
comparison with the prior arts, provides stable industrial 
Supply, and is applicable to components of the aforemen 
tioned end products, specifically, gaskets used in engines of 
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automobiles, rings for continuously variable transmissions, 
housing for personal computers or mobile phones, and 
Belleville springs embedded under keys of the personal 
computers or the mobile phones. Accordingly, it is possible 
to provide a technique of promoting effective utilization of 
resources by size reduction and weight reduction of prod 
ucts, and contributing to improvement of environmental 
problems. 

According to one aspect, the present invention is stainless 
steel characterized by having: a chemical composition com 
prising C: 0.1-0.4% (in this description, unless otherwise 
specified, percent with respect to chemical composition 
means mass percent), Si: 2.0% or less, Mn: 0.1–6.0%, Cr: 
10.0-28.0%, N: at most 0.17%, a remainder of Fe and 
impurities; and by having a metallurgical structure of a 
mixed phase structure of a ferrite phase and a martensitic 
phase, and also a retained austenite phase of at most 5% in 
Volume '% if necessary, and satisfying a relationship of 
C/Cs5.0 where an average of C content existing in the 
ferrite phase is defined as C, an average of C content 
existing in the martensitic phase is defined as C. 

Preferably, an average grain diameter of the mixed phase 
structure is at most 10 um. 
The chemical composition may further contain, in place 

of a portion of Fe, one or two types of elements selected 
from Ni: at most 2% and Cu: at most 2%, and/or one or more 
types of elements selected from Nb: at most 0.5%, V: at most 
0.5%, and Ti: at most 0.5% s. 
From another aspect, the present invention is a method for 

manufacturing stainless steel characterized by having: the 
chemical composition, the method characterized by Subject 
ing the stainless steel to hot and cold working, and Subse 
quent heat treatment at least once respectively; and there 
after to final cold working into a product shape, and 
Subsequent final heat treatment for performance adjustment, 
wherein the method is characterized by: carrying out heat 
treatment prior to the final cold working by holding the 
stainless steel under heating in an austenite single-phase 
region for at least ten minutes, and Subsequently holding the 
stainless steel under heating in a ferrite single-phase region 
for at least one minute and carrying out the final heat 
treatment after the final cold working by holding the stain 
less steel under heating in a dual phase region of a ferrite 
phase and an austenite phase within a range of 800-1000° C. 
for at least ten seconds, and Subsequently cooling the 
stainless steel at a cooling rate of at least 1° C./second down 
to at least 600° C. 

The stainless steel according to the present invention is 
inexpensive stainless steel which does not contain plenty of 
Ni, but is excellent in formability as well as obtaining high 
strength (maintaining well balance between high Strength 
and high formability), and also excellent in fatigue proper 
ties. This stainless steel can be suitably used as a starting 
material of components of the aforementioned various end 
products. The method for manufacturing according to the 
present invention enables industrially stable supply of mixed 
phase stainless steel characterized by a martensitic phase 
and a ferrite phase, which has more excellent performance 
and more reliability in comparison with the prior arts. 
Accordingly, it is possible to promote effective utilization of 
resources through size reduction and weight reduction of 
products, and contribute to improvement of environmental 
problems. 

BRIEF EXPLANATION OF DRAWINGS 

FIG. 1 is a calculated phase diagram of 12.5Cr-0.5Mn C 
steel. 
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4 
FIG. 2A is an explanatory view showing an example of 

processing steps of Comparative method employed in 
Example; and FIG. 2B is an explanatory view showing an 
example of processing steps of Inventive method employed 
in Example. 

DESCRIPTION OF EMBODIMENT 

The present invention will be explained in greater detail 
while referring to the attached drawings. In the following 
description, a stainless steel plate is explained as stainless 
steel, namely, rolling is explained as both hot working and 
cold working. The present invention, however, is not limited 
to the case in which the stainless steel is a steel plate. The 
stainless steel may be a bar, a tube blank, or a profile, for 
example, and thus the hot working and the cold working 
may be extrusion, grooved rolling, or the like, for example. 
1. Findings Underlying the Present Invention 
As Stated above, an object of the present invention is 

stable industrial Supply of high strength mixed phase mar 
tensitic stainless steel Suitable for spring members in which 
size reduction and weight reduction are further desired, and 
also having excellent elongation and fatigue properties. The 
present invention has been achieved based on the following 
findings A to H as well as a number of tests. 

(A) Strength of a martensitic stainless steel plate is 
proportional to contents of C and N that are interstitial type 
Solid-solution strengthening elements, and becomes 
increased by containing C and N with high concentration in 
the martensitic phase. 

(B) In order to obtain both stable high strength and 
excellent elongation, it is effective that the strength is 
obtained in the martensitic phase, and the elongation is 
obtained in the ferrite phase that may be soft. As a result of 
the obtaining both the high strength and the elongation, 
excellent fatigue properties is obtained after the steel is 
formed into a component shape. 

(C) The desired excellent performance is obtained by 
adjusting the C and N contents to be great in the martensitic 
phase, and also adjusting the C and N contents to be small 
in the ferrite phase, thereby adjusting the ratio of the C and 
N contents between the both phases to be great. 

(D) In the martensitic phase to obtain the strength, C is 
more effective than N in order to obtain greater elongation 
in a high strength region. 

(E) In order to dissolve a large amount of C in the 
martensitic phase in Solid, it is required to increase amount 
of C provided in the austenite phase at the time of holding 
the steel under heating in the final heat treatment in the dual 
phase region. Coarse carbide not only deteriorates the elon 
gation, but also requires a longer time for Solid solution in 
the final heat treatment, so that the amount of C provided in 
the austenite phase becomes decreased. To avoid this, it is 
effective to refine carbide before the final heat treatment so 
as to easily solve the carbide at the time of the final heat 
treatment in Solid. 

(F) Refining of the carbide is obtained by once dissolving 
the coarse carbide formed by hot rolling or the like, and 
Subsequently adjusting precipitation thereof. 

(G) Meanwhile, in the mixed phase martensitic stainless 
steel, well balance between the strength and the elongation 
and the excellent fatigue properties can be achieved by grain 
refining. Dual phase annealing at a lower temperature is 
effective for the grain refining, and containing an austenite 
stabilizing element Mn, Ni, or Cu increases the dual phase 
region at a higher temperature, which enables annealing 
from a lower temperature, resulting in contribution to the 
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grain refining. Containing compositional elements of the 
precipitate. Such as Nb, V and Ti, which suppresses grain 
growth, is also effective for the grain refining. 

(H) Based on results of tests carried out by the present 
inventors, they found that the austenite stabilizing element 
Mn was most effective for obtaining great elongation in the 
high strength region. 

Using martensitic stainless steel mainly including high C 
and Mn contents as a starting material, studies have been 
carried out on influences of chemical compositions and heat 
treatment conditions for stably obtaining a desired high 
strength; and as a result, it was found that the following two 
points were important. 

(I) It is effective to adjust both high strength obtained by 
dissolving a greater amount of a Solid solution strengthening 
element into the martensitic phase in Solid and greater 
elongation obtained by reducing a solid solution strength 
ening element in the ferrite phase that may be soft. 

(J) It is effective to enlarge the temperature range (reduc 
ing inclination in the strength adjusting range) where per 
formance adjustment is carried out by heat treatment 
(quenching) using the austenite stabilizing element Mn. 

Regarding the above (I), both high strength and greater 
elongation can be adjusted well by carrying out Solid solu 
tion heat treatment of holding the steel under heating in the 
austenite single phase before the final cold rolling so as to 
completely dissolve the carbide in solid, and thereafter, 
holding the steel in the ferrite phase region at a lower 
temperature, thereby finely precipitating dissolved C Super 
saturated due to great decrease of the solid solubility, as the 
carbide. This heat treatment may be carried out by the final 
cold rolling, but it is simpler to carry out this treatment as the 
solid solution heat treatment after the hot rolling. Refine 
precipitation of the carbide by this heat treatment reduces 
amount of dissolved C in Solid, thereby suppressing the 
martensitic transformation during cooling, and thus the 
material becomes softened. As a result, the Subsequent cold 
rolling can be carried out. Through the cold rolling, the 
carbide that has finely precipitated in the ferrite phase region 
at a lower temperature can be pulverized into further refined 
carbide. In this manner, the refined carbide is re-dissolved 
and distributed through holding in the dual phase region in 
the final heat treatment, thereby achieving both high strength 
and greater elongation as indicated in the above (I). 
The conventional solid solution heat treatment after the 

hot rolling is carried out in the vicinity of the upper limit 
temperature in the ferrite phase region. In this case, the Solid 
Solution becomes incomplete, and thus coarse carbide 
remains. Meanwhile, if the solid solution heat treatment is 
carried out in an austenite single phase temperature range, 
coarse carbide can be dissolved, but hard martensitic phase 
is also produced at the time of cooling, resulting in high 
strength. Consequently, the Subsequent cold rolling cannot 
be carried out; for this reason, the solid solution heat 
treatment is not accomplished in the austenite single phase 
temperature range in the prior arts. 

Regarding the above (J), the temperature range can be 
enlarged by adding Mn So as to enlarge the dual phase region 
toward a lower temperature, and carrying out the final heat 
treatment at a lower temperature, thereby obtaining grain 
refining as well. 

To be briefly described, the present invention uses stain 
less steel mainly containing a large amounts of C and Mn, 
and configures its metallurgical structure to be a mixed 
phase of the hard martensitic phase and the Soft ferrite phase, 
in which a ratio (C/C) between an average value C of 
amount of C existing in the ferrite phase, and an average 
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6 
value C of amount of C existing in the martensitic phase is 
set to at least be 5.0. By this configuration, it is possible to 
provide stainless steel having excellent formability as well 
as obtaining high strength, and also excellent fatigue prop 
erties inexpensively. 
2. Chemical Composition 
The chemical composition of the stainless steel according 

to the present invention is as follow. A symbol “96' denotes 
“mass %', as described above. C: 0.1-0.4% 
C is inexpensive, and the most effective interstitial type 

Solid solution strengthening element, and also an effective 
element for precipitating a compound with Nb, V. Ti, and 
Suppressing the growth of crystal grains. Hence, the content 
of C can affect stable exhibition of the target performance of 
the present invention, and hence should be controlled. The 
C content is set to be at least 0.1% so as to sufficiently 
achieve the above effect. Preferably, the content thereof is at 
least 0.11%, and more preferably at least 0.12%. If the C 
content is excessive, coarse carbide is formed in combina 
tion with Cr, and various properties deteriorate. Accordingly, 
the C content is set to be at most 0.4%. Preferably, this 
content is at most 0.38%, and more preferably at most 
O.36%. 
Si: At Most 2.0% 
Si is the second most effective solid solution strengthen 

ing element after the interstitial type solid solution strength 
ening element. Si is a ferrite stabilizing element, and its 
content should be determined taking a balance between the 
Si and the austenite stabilizing element into consideration. 
At the same time, Si is also used as a deoxidizer agent at the 
time of melt refining, and if the Si content is excessive, 
coarse inclusions are formed, which deteriorate various 
properties. Accordingly, the Si content is set to be at most 
2.0%. Preferably, the Si content is at most 1.8%. In order to 
obtain the above effect, the Si content is preferably at least 
O.1%. 
Mn: 0.1-6.0% 
Mn is an austenite stabilizing element, and enlarges the 

dual phase region including the austenite phase at a high 
temperature and the ferrite phase. Accordingly, quenching at 
a lower temperature can be carried out, adjustment of 
strength becomes easier, and high performance can be 
obtained by grain refining because of lowering of the 
quenching temperature. In addition, as an effect of quench 
ing at a lower temperature, Mn enhances the elongation due 
to decrease of the solid solubility for C and N in the ferrite 
phase, and at the same time, strengthens the martensitic 
phase due to increase in amount of Solid solution of C and 
N. As a result, it is possible to obtain the high strength and 
the excellent elongation at the same time. Mn is an essential 
element for achieving the important effect in the present 
invention, and the Mn content is set to be at least 0.1%. 
Preferably, the content thereof is at least 0.3%. If the Mn 
content is excessive, coarse Min compounds are formed, and 
various properties deteriorate. Accordingly, the Min content 
is set to be at most 6.0%. Preferably, the Mn content is at 
most 5.6%. 
Cr: 10.0-28.0% 
Cr is one of the basic elements in the stainless steel, and 

is contained with a content of at least 10.0% for the purpose 
of obtaining basic corrosion resistance. Preferably, the con 
tent thereof is at least 10.2%. Cr is a ferrite stabilizing 
element, and its content is determined taking a balance 
between Crand the austenite stabilizing elements (e.g. Mn) 
into consideration. if the Cr content is excessive, necessary 
strength is hindered, and a coarse compound is formed, 
which deteriorates both the elongation and the fatigue 
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strength. Accordingly, the Cr content is set to be at most 
28.0% s. The content thereof is preferably at most 26.0%. 
N: At Most 0.17% 
N is a very strong interstitial type solid solution strength 

ening element next to C, and is an effective element for 
precipitating a compound with Nb, V. Ti, thereby suppress 
ing the growth of crystal grains. If the N content is exces 
sive, hot workability significantly deteriorates. Accordingly, 
the N content is set to be at most 0.17%. Preferably, the 
content thereof is at most 0.15%. In order to obtain the above 
effect, the N content is preferably at least 0.01%. 
A stainless steel according to the present invention may 

further contain the following optional elements as necessary. 
One or More Elements Selected from Ni: At Most 2% and 
Cu: At Most 2% 

Both Ni and Cu are austenite stabilizing elements, and 
enlarge the dual phase region including the austenite phase 
at a higher temperature and the ferrite phase, and enable 
quenching from a lower temperature. Accordingly, for the 
purpose of complementing the effect of Mn, one or both of 
Ni and Cu may be contained with a content of at most 2.0%, 
respectively. Preferably, the Ni content and the Cu content 
are both at most 1.8%. In order to obtain the above effect, 
preferably, the Nicontent and the Cu content are both at least 
O.1%. 

One or More Elements Selected from Nb: At Most 0.5%, V: 
At Most 0.5%, and Ti: At Most 0.5% 

Nb, V. Ti form a compound with C, N, and suppress the 
growth of crystal grains by the pinning effect thereof, and 
thus one or more of these elements may be contained for the 
sake of the grain refining. Each content of Nb, V, and Ti is 
set to be at most 0.5%, and preferably at most 0.4%. In order 
to obtain the above effect, each content of Nb, V, and Ti is 
preferably at least 0.01%. 

The remainder other than the above-described elements is 
Fe and impurities. 
3. Metallurgical Structure 
Mixed Phase Structure Including Ferrite Phase, Martensitic 
Phase, and Also Retained Austenite Phase of at Most 5% in 
Volume 96 if Necessary 
The reason for configuring the metallurgical structure to 

be a mixed phase structure including the ferrite phase and 
the martensitic phase is because the excellent elongation is 
obtained in the soft ferrite phase, and the high strength is 
obtained in the hard martensitic phase, thereby achieving 
both excellent elongation and high strength, and also obtain 
ing excellent fatigue properties. In a high-temperature dual 
phase region, both the ferrite phase and the austenite phase 
Suppress the growth of grains. In the present invention, 
enlargement of the high-temperature dual phase region 
toward a lower temperature enables quenching at a lower 
temperature, and thus it is possible to enhance the properties 
by the refining of the crystal grains. 

The above mixed phase structure is produced by the final 
heat treatment. The austenite phase, however, may partially 
remain after the final heat treatment. This means that the 
metallurgical structure may include a retained austenite 
phase. The austenite phase exists in a high temperature 
region, and in general, transforms into the martensitic phase 
as an intermediate phase, but part of the austenite phase may 
be maintained without transforming down to the room 
temperature. The part thereof becomes at most 5% in 
volume '%, and preferable at most 4% in volume 96. 

FIG. 1 is a calculated phase diagram of 12.5Cr-0.5Mn C 
steel that is possibly included in the present invention. 
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8 
Relationship of the ferrite phase, the austenite phase, and the 
martensitic phase relative to the C content will be explained 
with reference to FIG. 1. 
As shown in FIG. 1, the ferrite phase (F) has a smaller 

solid solubility for C that is a solid solution strengthening 
element, and thus is soft. To the contrary, the austenite phase 
(A) has a greater solid solubility for C that is also an 
austenite stabilizing element, but is relatively soft after the 
heat treatment, in general. As specifically shown in FIG. 1, 
if the C content is 0.15%, and the temperature is up to 1200° 
C., which is generally used on an industrial basis, for 
example, the austenite single phase (A) exists down to 
approximately 940° C. as the temperature decreases, and the 
austenite phase and the carbide (A+MC) exist down to 
approximately 830° C., and the austenite phase, the ferrite 
phase, and the carbide (A+F+MC) exist down to approxi 
mately 790° C., and the ferrite phase and the carbide 
(F+MC) exist at a temperature lower than 790° C. The 
stable austenite phase in a high temperature region gradually 
transforms into the ferrite phase while forming the carbide 
as the amount of carbon, which is dissolved in a low 
temperature region, decreases. 

FIG. 1 shows, however, a stabilized phase formed finally. 
If the steel is rapidly cooled from the austenite region at a 
higher temperature during the final heat treatment, the 
martensitic phase containing a Supersaturated amount of C 
more than the solid solubility limit is produced from the 
austenite phase. The martensitic phase contains Solid solu 
tion C almost as much as that of the austenite phase, so that 
the martensitic phase is hard because of its solid Solution 
strengthening mainly, and contributes to high strengthening. 
Other reason to obtain the high strength may include 
strengthening by Strains caused by thermal shrinkage upon 
cooling. 

In the present invention, in order to obtain the mixed 
phase structure including the ferrite phase and the marten 
sitic phase, the steel is cooled from the dual phase region of 
the ferrite phase and the austenite phase having a lower 
temperature than that of the austenite region at the time of 
the final heat treatment. Accordingly, it is possible to obtain 
both the high strength obtained by the hard martensitic phase 
and the elongation obtained by the soft ferrite phase. The 
proportion of the ferrite phase to the martensitic phase does 
not need to be defined. Either one of them may be a primary 
phase. 
Ratio of Average Value C of C Content Existing in Ferrite 
Phase and Average Value C of C Content Existing in 
Martensitic Phase (C/C Ratio): At Least 5.0 

If the ratio of an average value C of C content existing 
in ferrite phase, and an average value C of C content 
existing in martensitic phase (C/C ratio) is at least 5.0e, an 
excellent balance between the elongation and the strength 
can be achieved. By distributing C to the ferrite phase and 
to the martensitic phase so as to satisfy this ratio, it is 
possible to obtain the excellent elongation obtained by the 
soft ferrite phase as well as the high strength obtained by the 
hard martensitic phase. Preferably, the C/C ratio is at least 
7.0. This C content denotes Summed concentration of C 
contained in the refined carbide excluding coarse carbide 
causing adverse effect on the concentration of C dissolved in 
the martensitic phase or the ferrite phase, and on the 
workability, as described later. The retained austenite phase 
possibly present in amount of 5% in volume 96 has almost 
the same concentration of C as that in the martensitic phase, 
and thus the retained austenite phase may be represented by 
the martensitic phase in the discussion of the concentration 
of C. 
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The C content existing in the ferrite phase and the C 
content existing in the martensitic phase are respectively 
analyzed with EPMA. The measurement conditions are as 
follows: accelerating voltage of 15 kV, illumination current 
of 2.5x10 A, probe diameter of approximately 2 um, and 
measurement time at each point of at least 1 second. 
The analysis by EPMA is carried out by irradiating an 

R.D. (rolling direction) parallel cross sectional surface after 
embedding and polishing with electron beams so as to 
perform a linear analysis while avoiding overlapping of the 
measurement points. The measurement points are set to be 
at least 100 points. Measurement points where coarse pre 
cipitates of at least 1 um are observed are excluded because 
such points exhibit abnormal C content. 
The C content at every measurement point is segregated, 

measurement values are put in the order of descending 
priorities, and measurement values at the greatest ten points 
and the Smallest ten points are excluded; and among the rest 
measurement values of C content, an average value of 
measurement values at the greatest ten points is defined as 
C, and an average value of measurement values at the 
Smallest ten points is defined as C. The reason for obtaining 
the average values C. C. in this manner is because it is 
difficult to accurately determine in which phase crystal 
grains exist by a simple microstructure observation using an 
optical microscope or the like; therefore, the determination 
becomes more assured if measurements are conducted on 
any of a least 100 points, and determination is made based 
on the measurement result. 
The reason for excluding the measurement values at the 

greatest ten points and the Smallest ten points from the 
segregated measurement values is because such a case may 
be supposed that no precipitate is observed in the Surface, 
but coarse precipitate exists in the inside, which exhibits an 
abnormal value, and causes a measurement error. This 
means that carbide existing inside indicates abnormally 
large amount of C, as similar to the case of observing the 
carbide in the Surface. In the case of presence of precipitate 
other than carbide, such as nitride and sulfide, in the steel, 
the C content rather becomes abnormally small. Influence of 
Such abnormal amount of C can Substantially be eliminated 
by excluding the measurement values at the Smallest ten 
points and the greatest ten points, respectively. 
Average Grain Diameter of Mixed Phase Structure: At Most 
10 um 

In order to obtain a balance between the excellent elon 
gation and the strength as well as excellent fatigue properties 
by the grain refining, the average grain diameter of the 
stainless steel according to the present invention is prefer 
ably at most 10 Jum. More preferably, the average grain 
diameter of the mixed phase structure is at most 9.6 Lum. 
4. Method for Manufacturing Stainless Steel 

This is a method for manufacturing stainless steel of 
Subjecting stainless steel having the above chemical com 
position to the hot working and cold working, and Subse 
quent heat treatment respectively at least once in combina 
tion therewith, and thereafter, subjecting the steel to the final 
cold working into a product shape, and also to the final heat 
treatment for adjustment of the performance. 

According to the present invention, prior to the final cold 
working, the heat treatment is carried out in Such a manner 
that the steel is held under heating in the austenite single 
phase region for at least ten minutes, and Subsequently also 
held under heating in the ferrite single phase region for at 
least one minute; and then, the final cold working is carried 
out; and thereafter, the final heat treatment is carried out in 
Such a manner that the steel is held under heating in the dual 
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10 
phase region of the ferrite phase and the austenite phase 
within a range of 800-1000° C. for at least 10 seconds, and 
Subsequently, the steel is cooled at a cooling rate of at least 
1° C./second down to at least 600° C. 
The representative procedure is as shown in FIG. 2B. 
Hot rolling (structure control, thickness reduction)->solid 

solution heat treatment (solid solution of C, N, and adjust 
ment of precipitate)--> cold rolling (thickness reduction)-> 
heat treatment (softening, structure control)->final cold 
rolling (thickness reduction to product plate thickness)->fi 
nal heat treatment quenching (performance adjustment, 
structure control) 
The hot rolling and the cold rolling may be carried out 

with a conventional method. Hereinafter, the process of 
holding the steel under heating in the austenite single phase 
region for at least ten minutes, and Subsequently holding the 
steel under heating in the ferrite single phase for at least one 
minute is referred to as solid solution heat treatment; the 
final cold working process and the final heat treatment 
process are referred to as final cold working, and as final heat 
treatment, respectively; and other cold working process and 
heat treatment process are referred to simply as cold work 
ing, and as heat treatment, respectively. According to the 
present invention, conditions of the solid solution heat 
treatment and the final heat treatment are defined as sated 
above. 
Solid Solution Heat Treatment 
In general, the conventional Solid solution heat treatment 

is carried out in the ferrite single phase region, or in the dual 
phase region of ferrite and austenite in some cases. Accord 
ing to the present invention, the solid solution heat treatment 
is carried out in such a manner that the steel is held under 
heating in the austenite single phase region for at least ten 
minutes, and Subsequently, held under heating in the ferrite 
single phase region for at least one minute. 
The reason for holding the steel under heating in the 

austenite single phase region is because, the Solid solubility 
for the interstitial type solid solution strengthening element 
(C, N) is significantly greater in the austenite phase than in 
the ferrite phase, in general. The holding time of at least ten 
minutes enables these elements to be completely dissolved 
in solid, and thus the steel is held under heating in this 
temperature range for at least ten minutes. It should be noted 
that if coarse carbide and nitride exist after the hot rolling, 
it is preferable to set the heating temperature to be as high 
as possible, and or to set the holding time to be as long as 
possible. The holding time is preferably at least 30 minutes. 
The purpose of holding the Steel under heating in the 

ferrite single phase region is to finely precipitate carbide so 
that the carbide is encouraged to be dissolved at the time of 
the final heat treatment, and more carbide is dissolved into 
the austenite phase. Accordingly, the material can be soft 
ened enough for reducing load of the Subsequent working 
for thickness reduction. As stated above, the cooling from 
the austenite single phase region hardens the material by its 
transformation into the martensitic phase, and thus it 
becomes impossible to carry out the Subsequent cold work 
ing. To the contrary, holding the steel under heating in the 
ferrite single phase region enables C and N dissolved in a 
Supersaturated State to be precipitated as a compound in the 
ferrite phase because of significant decrease of the solid 
solubility, which Suppresses production of the hard marten 
sitic phase, so that it is possible to perform the Subsequent 
cold rolling. The holding time in the ferrite single phase 
region is set to be at least one minute. It should be noted that 
if the interstitial type elements are contained with high 
concentration, a longer holding time in the ferrite single 
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phase region causes precipitation of coarse compounds; thus 
it is preferable to set the holding time to be at most 60 
minutes. Holding the steel under heating in the ferrite single 
phase region may be carried out continuously from the 
heating in the austenite single phase region, or may be 
carried out after once cooling the steel to the room tempera 
ture. In the case of continuously carrying out holding the 
steel under heating, the Steel may be once cooled down to a 
temperature lower than the heating temperature in the ferrite 
single phase region so as to increase the Supersaturating 
degree of C, thereby forming a precipitating site of carbide; 
and Subsequently, the temperature is increased, and the steel 
may be held at a target heating temperature. 
The aforementioned solid solution heat treatment of heat 

ing in the austenite single-phase region, and then heating in 
the ferrite single-phase region may be carried out at any heat 
treatment step before the final cold rolling. In general, it is 
efficient to carry out this heat treatment as the solid-solution 
heat treatment after the hot rolling. 

In principle, the above heat treatment can also be carried 
out at the time of the final heat treatment after the final cold 
working. Specifically, the final heat treatment is carried out 
in Such a manner that the steel is once heated in the austenite 
single-phase region so as to completely solid-solve the 
carbide and the like, and thereafter, the steel is held at a 
temperature in the two-phase region of the ferrite phase and 
the austenite phase. If the steel is heated up to the austenite 
single phase region at a higher temperature, crystal grains 
cannot be prevented from becoming coarse. In addition, if 
the steel is cooled down to a temperature of the dual phase 
region of the ferrite phase and the austenite phase, the 
transformation temperature where the ferrite phase is formed 
becomes decreased, which causes such a problem of the 
requirement of temperature control at a high level on the 
practical basis. 
Final Heat Treatment 
The final heat treatment after the final cold rolling is 

carried out for quenching. This final heat treatment is carried 
out in Such a manner that the steel is held under heating 
within a temperature range of 800-1000° C., and also at a 
temperature within the dual phase region of the ferrite phase 
and the austenite phase for at least ten seconds, and there 
after, is cooled down to at least 600° C. at a cooling rate of 
at least 1° C./second. 
The reason for, after the final cold rolling, holding the 

steel under heating at a temperature of at least 800° C. and 
at most 1000°C. in the dual phase region of the ferrite phase 
and the austenite phase for at least ten seconds, and there 
after, cooling the steel down to at least 600° C. at a cooling 
rate of at least 1° C./second is to obtain the aforementioned 
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excellent properties by the heat treatment (quenching) from 
the dual phase region at a higher temperature. In the case of 
the higher final heat treatment temperature than 1000° C. or 
the austenite single phase region, the elongation becomes 
decreased, and the workability becomes deteriorated, and 
the fatigue properties also become deteriorated. In order to 
configure the structure of the material to be a mixed phase 
structure by the above holding under heating, and to dissolve 
the refined carbide so as to dissolve carbon into the austenite 
phase, the holding time of the final heat treatment is set to 
be at least 10 seconds. Preferably, the holding time is at least 
30 seconds. 
The purpose of setting the cooling rate after the heating to 

be at least 1° C./second is to Suppress precipitation of a 
coarse compound during the cooling, thereby obtaining a 
hard martensitic phase. The cooling rate is preferably at least 
3° C./second. In order to obtain stable properties, in prin 
ciple, the cooling rate is preferably maintained down to 
approximately 200° C. where the martensitic transformation 
is completed. In an industrial plant, however, it is difficult to 
control the cooling rate down to this temperature range, so 
that the steel is held under heating down to 600° C. for the 
purpose of Suppressing precipitation of coarse carbide. Spe 
cifically, the average cooling rate from the heating tempera 
ture to 600° C. may be at least 1° C./second, preferably at 
least 3° C./second. 
Other Procedures 
Cold rolling and heat treatment (annealing) in the ferrite 

single phase region may be carried out before the final cold 
rolling if necessary. The cold rolling and the heat treatment 
may be omitted, or may be carried out twice or more. In the 
latter case, it is preferable to perform the heat treatment ever 
time after performing the cold rolling. 
The purpose of carrying out the heat treatment in the 

ferrite single phase region is to prevent the Subsequent cold 
rolling from becoming difficult due to the transformation 
into the hard martensitic phase. 

After the heat treatment in the ferrite single phase region 
is carried out, the final cold rolling is carried out so as to 
reduce the plate thickness to a product plate thickness. 
Precipitate is also refined through this cold rolling. Hence, 
the rolling reduction in the final cold rolling is preferably at 
least 30%, more preferably at least 50%. 
Example 
The present invention will be more specifically described 

with reference to Example. 
Small ingots of inventive steels A-K and of comparative 

steels L-P, both of which have respective chemical compo 
sitions shown in Table 1, were prepared. 

TABLE 1. 

Chemical Composition (mass %, 
Remainder: Fe & Impurities 

Steel C 

O.125 
O.131 
O.360 
O.241 
O.146 
O.134 
O.133 
O.131 
O.124 
O.126 
O.121 
O.462 

Si Mn Cr N Cu Nb V T N 

O.32 O.44 12.48 - O.OO8 
O.34 1.48 12.37 O.29 — 0.040 
0.37 1.S1 23.60 0.41 — — 0.040 
1.53 S.20 22.80 — 0.062 
O.83 O.36 12.54 1.64 — 0.32 — 0.042 
O.86 O.42 12.63 1.76 — — 0.046 
O.92 O.38 12.58 0.98 0.84 — — 0.044 
1.36 2.52 1241 — 0.36 - 0.036 
1.24 2.46 12.54 — 0.32 O.08 — 0.041 
O40 2.54 12.38 O.38 O.10 O.O38 
O.39 2.56 1241 — 0.20 O.18 O.OS O.O40 
O.36 3.59 15.25 — 0.012 
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TABLE 1-continued 

Chemical Composition (mass %, 

14 

Remainder: Fe & Inpurities 

Steel C Si Mn Cr N Cu Nb V 

M O.364. 241 1.54 23.42 3.64 — 
N O.246 (0.33 7.80 15.61 2.58 
O O.283 0.62 2.31 28.92 — 0.68 O.78 
P O.138 0.56 2.38 13.84 

Note: 

Underline denotes outside range of the present invention, 

FIG. 2A is an explanatory view showing an example of 
processing steps of comparative method commonly prac 
ticed (method of carrying out the solid solution heat treat 
ment in the ferrite single phase or in the dual phase region, 
referred to as Method 2, hereinafter); FIG. 2B is an explana 
tory view showing an example of processing steps of 
inventive method (method of carrying out the solid solution 
heat treatment through the holding of the steel under heating 
in the austenite single phase region, and thereafter, through 
the holding of the steel under heating in the ferrite single 
phase region, referred to as Method 1, hereinafter). 
As shown in FIG. 2A and FIG. 2B, each ingot cut into a 

predetermined shape was Subjected to treatment in accor 
dance with the following processing steps into a stainless 
steel plate as a test piece. 

(1) Hot rolling: the hot rolling for the purpose of structure 
control and thickness reduction was carried out through 
multi-pass rolling at a rolling starting temperature of 1200° 
C., and at a rolling finishing temperature of at least 900° C. 
The plate thickness of the obtained heat-rolled steel plate 
was approximately 3 mm. 

(2) Solid solution heat treatment: Method 1 was carried 
out in accordance with the present invention Such that the 
steel was held under heating in the austenite single phase 
region (1020°C.), and cooled down to a room temperature, 
and thereafter, the steel was Subsequently held under heating 
in the ferrite single phase region (750° C.). The holding 
under heating time at each temperature is shown in Table 2. 
and in Table 2, Time A represents holding time in the 
austenite single phase region, and Time F represents holding 
time in the ferrite single phase region. The cooling was 
allowing cooling after both the heating in the austenite 
single phase region and the heating in the ferrite single phase 
region. Method 2 was carried out by holding the steel under 
heating in the ferrite single phase region or in the dual phase 
region in accordance with Comparative method. Each heat 
ing temperature and each holding time are shown in Table 2. 
The cooling was allowing cooling in the both regions. In the 
both methods, pickling was carried out for descaling after 
the solid solution heat treatment. 

(3) Cold rolling and heat treatment: the cold rolling and 
the heat treatment may be carried out once or plural times for 
reducing the thickness, softening, and structure control. 
These steps may not necessarily be carried out. In Inventive 
Example, the cold rolling was carried out once, and the heat 
treatment was carried out once. The target plate thickness in 
the cold rolling was set to be 1 mm. The heat treatment was 
carried out by holding the steel at 750° C. of the ferrite single 
phase region for three minutes, and then cooling the Steel 
with allowing cooling. 

(4) Final cold rolling and final heat treatment (quenching): 
the thickness of the steel was reduced to be approximately 
0.3 mm of a product plate thickness, by the final cold rolling. 
Each obtained sheet was Subjected to quenching by the final 
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heat treatment using the heating temperature, the holding 
time, and the cooling rate shown in Table 2. The cooling rate 
was represented by an average value thereof from the 
heating temperature to 600° C. 

Using test pieces which were taken from the steel sheets 
for testing with Test Nos. 1-35 that were sheets each having 
a sheet thickness of approximately 0.3 mm produced under 
various conditions shown in Table 2, the grain diameter, the 
structure, the C/C ratio, the hardness, the tensile proper 
ties (elongation), the bending workability, and the fatigue 
properties were investigated in the following method. The 
hot workability was investigated on stainless Steel sheets 
obtained through the hot rolling process. The measurement 
results thereof are comprehensively shown in Table 2, as 
well. 
Hot Workability 
The hot workability was evaluated by visually observing 

presence of edge cracks at both edges of each stainless steel 
sheet after the hot rolling. In Table 2, each preferable sheet 
having no edge crack is represented by a symbol "O", each 
sheet that could be used for manufacturing a plate in spite of 
having edge cracks is represented by a symbol 'A', and each 
sheet that could not be used for manufacturing a plate 
because of many edge cracks is represented by a symbol 'X'. 
Structure 
The structure was measured on a surface of the steel sheet 

of each test piece using a ferrite meter. The metallurgical 
structure after embedding, polishing, and etching was 
observed on the parallel cross sectional Surface in the rolling 
direction using an optical microscope and an SEM. Each 
structure identified by the above both investigations is 
represented by M for the martensitic single phase, repre 
sented by M+F for the mixed phase of the martensitic phase 
and the ferrite phase, and represented by F for the ferrite 
single phase in Table 2. The retained austenite phase 
observed in Some test pieces is represented by A, and the rate 
thereof is also represented (in volume 96). 
Grain Diameter 
The metallurgical structure after the embedding, the pol 

ishing, and the etching was observed on the parallel cross 
sectional Surface in the rolling direction using the optical 
microscope and the SEM. Subsequently, the grain diameter 
was measured at an average portion of each piece based on 
the photograph thereof. 
C/C Ratio 
This ratio was measured with a method using the above 

stated EPMA. The linear analysis with the EPMA was 
carried out on the parallel cross sectional Surface in the 
rolling direction after the embedding and the polishing, and 
the calculation was performed in the above explained man 
ner. Measurement points where coarse precipitate of at least 
1 um was observed were excluded. The measurement was 
conducted across the entire length of at least 300 um, and the 



US 9,631,249 B2 
15 

measurements points were set with intervals of 3 um ther 
ebetween, and the measurement was made for three seconds 
at every measurement point. 
Hardness 
The hardness was measured on the surface of the steel 

sheet of each test piece using a Vickers hardness meter at 
98N. 
Tensile Properties 
Elongation was measured on each of No. JIS-13B test 

pieces which were taken in parallel with the rolling direc 
tion, using an instron type testing machine. The 0.2% proof 
stress and the tensile strength were also measured, and it was 
confirmed that they were proportional to the hardness. 
Bending Workability 
Presence of cracking after the working was investigated 

on each strip piece which was taken Such that its longitudinal 
direction was parallel with the rolling direction, using a 
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right-angled bending die having a bend radius of 1 mm. In 
this evaluation, each preferable case of having no crack is 
represented by a symbol "0", and each case of having cracks 
is represented by a symbol “x’, and these results are shown 
in Table 2. 
Fatigue Properties 
Using strip piece each of which was taken such that its 

longitudinal direction was parallel with the rolling direction, 
and had a projection so disposed at the center of the 
longitudinal direction as to extend vertically to the longitu 
dinal direction, a completely reversed plane bending testing 
machine, where each test piece was placed with the projec 
tion parallel with the bending axis, was used for evaluating 
presence of cracking after 10'-cycle repeated bending. In 
this evaluation, each case of having cracks passing through 
the sheet is represented by a symbol ''x'', and the other cases 
are represented by a symbol “O'”, and these results are 
shown in Table 2. 
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In Table 2, Test Nos. 1-23 are Inventive Examples, and 
Test Nos. 24-35 are Comparative Examples having steel 
chemical compositions outside the range defined by the 
present invention (Test Nos. 29-35), or having steel struc 
tures outside the range defined by the present invention 
because of using different manufacturing methods from the 
present invention (Test Nos. 24-28). 

Each of Test Nos. 1-23 of Inventive Examples exhibits a 
relationship between the excellent elongation (6.0-10.9%) 
and the excellent hardness (335-562 Hv), and also has 
preferable bending property and fatigue properties, which 
are all required in a spring member. An absolute value of a 
product of the hardness and the elongation indicating the 
balance between the hardness and the elongation is at least 
3000 for each test piece, and those cases having a grain 
diameter of at most 10 um exhibit a further greater value as 
high as at least 3300. 

To the contrary, as shown in Test Nos. 24-28, although the 
steel chemical composition satisfies the composition defined 
by the present invention, if the manufacturing conditions do 
not satisfy the conditions of the present invention, and the 
ratio (C/C) is less than 5.0, the absolute value of the 
product of the hardness and the elongation is less than 2000, 
and the bending property and the fatigue properties are both 
unfavorable. 

Test Nos. 29-35 that do not satisfy the Inventive compo 
sitions, and Test Nos. 29 and 31 that do not satisfy the 
producing conditions of the present invention are also unfa 
vorable. 
The invention claimed is: 
1. A stainless Steel characterized by having a chemical 

composition comprising, in mass %, C: 0.1-0.4%. Si: at most 
2.0%, Mn: 0.1-6.0%, Cr: 10.0-28.0%, N: at most 0.17%, and 
a remainder of Fe and impurities, and by having 

a metallurgical structure which includes a mixed phase 
structure of a ferrite phase and a martensitic phase, or 
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of the ferrite phase and the martensitic phase as well as 
a retained austenite phase of at most 5% in volume %, 
and satisfies a relationship of C/Cd5.0 where an 
average C content existing in the ferrite phase is 
defined as C, an average C content existing in the 
martensitic phase is defined as C. 

2. The stainless steel as set forth in claim 1, wherein an 
average grain diameter of the mixed phase structure is at 
most 10 Jum. 

3. The stainless steel as set forth in claim 1, wherein the 
chemical composition further has one or more elements 
selected from Ni: at most 2%, Cu: at most 2%, Nb: at most 
0.5%, V: at most 0.5%, and Ti: at most 0.5%, in mass %. 

4. A method for manufacturing stainless steel having the 
chemical composition as set forth in claim 1 characterized 
by Subjecting the stainless steel to hot and cold working, and 
Subsequent heat treatment at least once respectively; and 
thereafter to final cold working into a product shape, and 
Subsequent final heat treatment for performance adjustment, 
and further characterized by 

carrying out heat treatment prior to the final cold working 
by holding the stainless steel under heating in an 
austenite single phase region for at least ten minutes, 
and Subsequently holding the stainless steel under 
heating in a ferrite single phase region for at least one 
minute; and 

carrying out the final heat treatment after the final cold 
working by holding the stainless steel under heating at 
a temperature in a dual phase region of a ferrite phase 
and an austenite phase within a range of 800-1000° C. 
for at least ten seconds, and Subsequently cooling the 
stainless steel at a cooling rate of at least 1° C./second 
down to at least 600° C. 

k k k k k 


