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Technical Review

Research and Development Trends of Stainless Steel
and Its Future Prospects

Abstract

Masayuki ABE*

For the past decade, we have been developing environmentally friendly and resource-
saving products. As a result, research and development to replace general-purpose stainless
steel, expand demand for existing products, and meet new demand has progressed. In order
to develop stainless steel that meets the needs of society in the future, it is important to de-
velop microstructure control technology that produces more features and solution technol-
ogy for customers. This paper outlines the trends in research and development to date and

prospects for future efforts.

1. Introduction

Japan started to use stainless steel in home and commercial
equipment by making the most of its excellent properties like corro-
sion resistance and surface aesthetics in the 1960s. The demand for
stainless steel increased for industrial equipment like oil plants and
for construction and transport equipment in the 1970s. In the 1990s,
stainless steel was used in automobile exhaust system parts, among
other applications. Stainless steel production has increased to meet
the social needs of the times.

At present, Japan’s production of stainless steel is slightly below
3 million tons. The global production of stainless steel has grown
from 30 million tons to about 60 million tons annually over the last
10 years due to the growth of stainless steel production in Asia and
mainly China. Under such intensifying global competition, Nippon
Steel Stainless Steel Corporation has worked to develop resource-
saving stainless steel to substitute for general-purpose stainless steel,
and has made efforts to maintain its competitiveness. We have taken
initiatives to expand the demand for stainless steel and have carried
out the development of manufacturing technology and solution tech-
nology to support the development of new applications and products.

The real thrill of advancing the research and development of
stainless steel is to fully exploit the principal element Cr, the ferrite
forming elements Si, Mo, Al, Nb, Ti, and Sn, and the austenite
forming elements Ni, Cu, Mn, C, and N by combining these constit-
uent elements in the best possible ways. Microstructurally, many
matrix microstructures such as ferrite microstructure, austenite mi-
crostructure, ferrite-austenite duplex microstructure, and martensite
microstructure due to strain-induced transformation are selectively

used and combined with precipitates to develop the metallurgy for
stainless steel to display corrosion resistance, heat resistance, and
other unique properties in specific applications. In this paper, we de-
scribe the stainless steel research and development trends, mainly
conducted by Nippon Steel Stainless Steel over the past 10 years,
and future prospects for stainless steel.

2. Product Development and Metallurgy to Meet

Social Needs
2.1 Product development to replace general-purpose stainless

steel

The most common stainless steels are austenitic SUS304 (18Cr-
8Ni) and ferritic SUS430 (17Cr). We have carried out product de-
velopment in pursuit of resource conservation and cost reduction
while ensuring the corrosion resistance, the basic property of the
SUS304 and SUS430.
2.1.1 Development of lean duplex stainless steel capable of being

welded with high heat input

The duplex stainless steel we studied as an alternative to the
SUS304 contains about 50% each of the austenite phase and the fer-
rite phase, and its strength is high due to its fine grain size. It is
characterized by a lower Ni content than in austenitic stainless steel.
The conventional general-purpose duplex stainless steel S32101
(21.5Cr-5Mn-1.5Ni-0.4Mo0-0.5Cu-0.22N) has the same base metal
corrosion resistance as that of the SUS304 but its weld zone corro-
sion resistance is poorer. We improved the weld zone corrosion re-
sistance of the S32101 to the same level as that of the SUS304 and
developed the NSCC 2120™ (21Cr-2Ni-3Mn-1Cu-0.18N) by sup-
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pressing the precipitation driving force of the Cr nitride responsible
for the poor weld zone corrosion resistance.” We also developed the
NSSC™ 2351 (23Cr-5Ni-1Mo-Nb-0.18N) as a stainless steel that
can substitute the SUS316L (17Cr-12Ni-2Mo) with higher corrosion
resistance than that of the SUS304.%3

The conventional idea of inhibiting the precipitation of the Cr
nitride mainly consisted of adding the inexpensive and austenite-
forming element N in the largest soluble amount and utilizing the
added N for the precipitation of the austenite phase during cooling.?
Thus, the austenite phase disappears or decreases in the heat-affect-
ed zone of the conventional duplex stainless steel at a temperature
of about 1300°C. The N is expelled from the austenite phase and
dissolved in the ferrite phase. During subsequent cooling, however,
the solute N is not sufficiently redistributed in the austenite phase
and precipitates as Cr nitride at the grain boundaries of ferrite. The
corrosion resistance of the conventional duplex stainless steel con-
sequently deteriorates in low-Cr regions around the Cr nitride.”

The development of the NSSC 2120 revealed the importance of
suppressing the precipitation of nitride not only in the ferrite phase
but also in the regions heated to the ferrite-austenite phase through
detailed observation of the weld heat-affected zone.® As shown in
Fig. 1, the formation of the austenite phase in the cooling process
after heating to near the ferrite phase is ensured by optimizing Ni,
Cu, N, Mn, etc., while suppressing the precipitation of the Cr nitride
at 900°C or less.” Specifically, the effects of Ni and N on the equi-
librium precipitation temperature of the Cr nitride are clarified as
shown in Fig. 2. The Cr nitride precipitation temperature is low-
ered by considering the effects of the respective alloying elements.
Also, the N content is controlled to below 0.2% to shift the precipi-
tation nose of the Cr nitride toward a longer period time and to se-
cure the corrosion resistance.®? The composition design allows for
manufacturability and alloy cost in addition to the above-mentioned
improvement in corrosion resistance. This idea is also applied to the
NSSC 2351.

2.1.2 Development of lean stainless steel utilizing Sn

To achieve resource conservation with the typical ferritic stain-
less steel SUS430, we studied the use of Sn as a means for securing
the corrosion resistance while reducing the Cr content. We conse-
quently developed the NSSC FW1 (14Cr-0.1Sn) with the same level
of corrosion resistance as that of the SUS430. We also developed
the NSSC FW2 (16Cr-0.2Sn) with even better corrosion resistance.”

From the Pourbaix potential-pH diagram, we realized that Sn
has a wide passive region as Cr does and contributes to the improve-
ment of corrosion resistance.” From the measurement of polariza-
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Fig.1 Schematic diagram showing main phenomena occurring in heat-
affected zone of duplex stainless steel in each cooling temperature
range and alloy design to suppress their adverse effects

tion curves in a 5% sulfuric acid solution as shown in Fig. 3, we
clarified that the anodic dissolution peak of the 14Cr-0.1Sn steel is
lower than that of the SUS430LX (17Cr-Ti-LC), namely that the
14Cr-0.1Sn steel is less susceptible to dissolution than the SU-
S430LX. We also found that the current density in the passive state
region is equivalent to that for the SUS430LX,'” namely that the
14Cr-0.1Sn steel has good corrosion resistance.

From the investigation of the effect of Sn?* ions added to sulfuric
acid, the corrosion rate decreased with the amount of Sn* ions add-
ed, and the suppression of cathodic and anodic reactions were also
confirmed, suggesting that the improvement in corrosion resistance
was due to the adsorption of Sn** ions. !V

We examined the existing state of Sn by performing surface
analysis with hard X-ray photoelectron spectroscopy (HAXPES).
We found that Sn exists mixed with the metal Sn, SnO,, and SnO is
a transition process from the steel surface to the passive film. It was
also found that an oxide film mainly composed of Cr grows in the
atmospheric environment and that the formation of Sn oxide (SnO,)
also progresses in the atmospheric environment. ' The state of Sn in
the passive film is also being clarified in this way.

2.2 Research and development toward demand expansion
2.2.1 Initiatives in automotive field

In the automotive field, stainless steel is used mainly in exhaust
system parts. We have conducted research and development in pur-
suit of the resource conservation and cost reduction of stainless
steels for exhaust manifolds operating at 750 to 950°C and collect-
ing the engine exhaust gas; flexible tubes operating at 600 to 800°C
and arranged at the back of the exhaust manifolds to prevent the
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transmission of the engine vibration to mufflers and exhaust pipes;
and turbochargers increasingly mounted from a downsizing point of
view.
(1) Development of stainless steel with excellent high-temperature

strength for exhaust manifolds

Ferritic stainless steel with a small coefficient of thermal expan-
sion was traditionally used for exhaust manifolds. Examples are the
SUS429 (14Cr-1Si-Nb) microalloyed with Nb to ensure high-tem-
perature strength and the SUS444 (19Cr-2Mo-Nb) microalloyed
with Mo to provide high-temperature strength. To reduce the use of
the expensive Nb and Mo, Cu precipitation strengthening was em-
ployed to improve the high-temperature strength at 600 to 800°C
and to provide excellent thermal fatigue resistance. The results of
our R&D efforts were the NSSC 429NF (14Cr-1.2Cu-0.1Ti), a
SUS429 type and containing no Nb,'» the NSSC EM-C (17Cr-
1.4Cu-0.55Nb-0.15Ti) with the Mo content reduced to impart resis-
tance to exhaust gases of about 850°C,'¥ and the NSSC 448EM
(17Cr-1.2Cu-0.3Mo0-0.55Nb-0.1Ti).'® In the development of the
NSSC EM-T (17Cr-0.8Mn-1.5Cu-2.0Mo-1.3W-0.5Nb) capable of
resisting the exhaust gas at 950°C, a temperature exceeding the op-
erating temperature of the SUS444, the most advanced of the exist-
ing stainless steels, its strengthening was achieved by utilizing Cu
and optimizing Mo, W, and Nb.'>

The above Cu precipitation strengthening is strongly related to
the thermal fatigue process. In static heat treatment, Cu particles
having the KS orientation relationship with the matrix phase grow
rodlike with time. In the state where tensile stress is applied, rod-
shaped Cu precipitates decrease with the increase in strain. Fine
spherical Cu precipitates with no increase in orientation relation-
ships instead.'® In a thermal fatigue test involving thermal cycling
close to that in actual usage, spherical Cu particles are observed as
shown in Fig. 4. At 1000 cycles or about one-third of the thermal
fatigue life, many Cu particles are densely present, and many dislo-
cations are entangled. Microstructural observation at 2600 cycles at
the end of the test recognized that the Cu particles are not coarsened.
From the above, it is considered that the Cu particles can maintain a
finely dispersed state and acquire the high-temperature strengthen-
ing capability by repeating strain-induced fragmentation, redissolu-
tion, and reprecipitation in the high-temperature deformation pro-
cess. '
(2) Development of stainless steel with excellent high-temperature

salt damage resistance

Austenitic stainless steels such as SUS316L and SUSXM15J1
(19Cr-13Ni-3Si) are used for flexible tubes that require stringent
workability. In areas where deicing salt is used in winter, high-tem-
perature salt damage is likely to occur from the progress of corro-
sion by the deposited deicing salt. From the viewpoint of inhibiting
corrosion, we investigated the effect of the composition on this high-
temperature salt damage. We found that Si is effective in suppress-
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Fig. 4 TEM micrographs Cu precipitation in 14Cr-1.2Cu stainless steel
after (a) 1000 cycles and (b)2600 cycles with 50% restriction ra-
tio in temperature range of 200°C to 700°C and after (c) heat
treatment at 700°C for 87h

ing uniform corrosion and that low C and Mo are effective in sup-
pressing intergranular corrosion. We also clarified that a high Cr
content is not effective against high-temperature salt damage. We
subsequently developed the NSSC 307FX (17Cr-13Ni-3Si-1.5Mo-
lowC) with both high-temperature strength and oxidation resis-
tance.'”

Regarding the above-mentioned effect of Cr, we analyzed the
corrosion products formed in the high-temperature combined cyclic
corrosion test consisting of NaCl aqueous solution immersion cycles
and heat treatment cycles in the atmosphere at 650°C or 700°C. We
found that the test specimens are corroded in proportion to the Cr
composition of the base metal as schematically illustrated in Fig.
5'8 and that the Cr film is not stable in the test environment. On the
other hand, Si was not detected on the specimen surfaces and in the
corrosion products in the NaCl aqueous solution. Si is thus consid-
ered to exist as a stable oxide at the interface between the base metal
and the corrosion products'® and contributes to the improvement of
corrosion resistance. Because Ni and Mo also corrode at a lower
rate than the ratio of components in steel, Ni and Mo are judged to
be effective for corrosion resistance'® and the above-mentioned
composition design is adopted.

(3) Development of stainless steel with excellent high-temperature
sliding properties

Turbochargers are used to improve the fuel efficiency of auto-
mobiles and are required to have a high-temperature slidability in
addition to high-temperature strength. High-Ni heat-resistant steel
like the SUS310S (25Cr-20Ni) is applied to the principal parts of
nozzle vane turbochargers. We developed the NSSC LHT (19Cr-
13Ni-3Si-0.1Nb-0.03C) with excellent high-temperature slidability
and strength by utilizing Si-based oxides to reduce the Cr and Ni
contents and to achieve resource conservation and cost reduction by
microalloying with Nb to secure strength and by lowering the C
content.'”

The improvement of the slidability with Si is considered due to
the oxide morphology on the surface shown in Fig. 6. For the
SUS304 and SUS310S with a Si content of about 0.4%, it is pre-
sumed as follows. Needle-like or angular oxides form on the sliding
surface during high-temperature heating and increase the dynamic
friction force in the initial stage of sliding. The oxides peel off in the
sliding process, build up on the sliding surface, coarsely adhere to
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Fig. 5 Schematic composition diagram of corrosion products on SUS
316L and SUSXM15J1 after NaCl-induced hot corrosion tests
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Fig. 6 SEM images of surface after heat treatment at 800°C for 1hour
in air

the sliding surface, and mar the sliding surface. It is thought that de-
posits and coarse adhesions on the surface lead to defects. With the
NSSC LHT microalloyed with 3% Si, on the other hand, the sliding
surface is covered with dense Si-based oxides during heating.
Hence, the dynamic friction force is reduced, and the oxides peel off
less during sliding. In addition, the high-temperature strength and
the slidability are improved by microalloying with Nb.2”

2.2.2 Initiatives in home and commercial equipment field

(1) Stainless steel for hot water tanks and their corrosion resistance

The NSSC 190 (19Cr-2Mo-Nb, Ti) with excellent stress corro-
sion cracking resistance in a hot water environment of about 80°C
was conventionally used for electric hot water tanks in home hot
water supply systems. In recent years, new hot water supply systems
with higher efficiency and energy conservation have been developed
as described below, and the hot water tank materials have been opti-
mized to adapt to these systems.

As for electric water heaters, natural refrigerant heat pump water
heaters that use CO, as a refrigerant with one-third electricity con-
sumption were developed. These new water heaters required Mo-
saving materials to cope with the price rise in Mo. The corrosion re-
sistance requirements were the inhibition of crevice corrosion in
shell-to-end plate welds and the assurance of corrosion resistance in
the heat-affected zones. Accordingly, we developed the NSSC
220ECO (22Cr-1.2Mo-Ti-Nb) with Mo substituted by Cr and, and
in addition, we applied the NSSC 445M2 (22Cr-1Mo-Ti-Nb) in this
field.?"?

Latent heat recovery gas water heaters were also developed with
a secondary heat exchanger to utilize the waste heat from the prima-
ry heat exchanger of the gas water heater. Recovery of the latent
heat from the combustion exhaust gas of about 150°C results in the
formation of condensed water with a pH of about 3 and containing
SO, and NO,™ derived from the combustion gas in the secondary
heat exchanger. In addition, the infiltration of airborne salt creates a
severe corrosive environment in the secondary heat exchanger. The
SUS316L and similar materials were traditionally used in such sec-
ondary heat exchangers. In contrast, we studied the application of
ferritic stainless steel with lower Ni and good thermal conductivity.
We conducted laboratory tests simulating the severe corrosive envi-
ronment described above and actual environment exposure tests. We
accordingly clarified that the NSSC 220ECO can be used in that en-
vironment.>?

A fuel cell cogeneration system generates electricity by using
hydrogen from the reforming of city gas and oxygen from the air,
and is equipped with a hot water supply system to utilize the heat
from electricity generation. The electricity generation system is a
polymer electrolyte fuel cell (PEFC) or a solid oxide fuel cell
(SOFC). The supplied hot water is low in temperature at about 65°C
and the corrosive environment is mild. Given these conditions, we
developed the NSSC 190ECO (19Cr-1Mo-Nb, Ti) by considering
the corrosion resistance and cost in the applicable hot water environ-
ment, as well as the strength assurance and weld workability, by re-
ducing the Mo content of the NSSC 190 and by microalloying with
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Fig. 7 Profile of elements from surface after bright annealing of 18Cr-
2Al stainless steel

both Nb and Ti.??
(2) Development of stainless steel for SOFC

The operating environment of the SOFC during electricity gen-
eration contains water vapor and is at 700 to 1000°C. The Cr,O,
film on the stainless steel surface reacts with the water vapor and
oxygen to produce volatile CrO,(OH),. Cr precipitates near the air
electrode and reduces the electricity generation efficiency. Conven-
tionally, stainless steel with an AL,O, film formed by microalloying
with about 3% Al was used to suppress the Cr evaporation. We in-
vestigated the Al content reduction from the viewpoints of formabil-
ity, resource conservation, and cost reduction. We accordingly found
that a sound AL O, film can be formed by proper microalloying with
Nb, despite the Al content reduction, and successfully developed the
NSSC NCA-F (18Cr-1.5A1-0.2Nb).?»

We are also investigating the process whereby an Al O, film is
formed as a result of Al microalloying. The element profiles of
bright annealed 18Cr-2Al stainless steel specimens were measured
with a glow discharge optical emission spectrometer (GDS). As
shown in Fig. 7, the Fe and Cr concentrations significantly de-
creased about 15 nm from the surface and Al was the main constitu-
ent of the oxide film. Analysis by X-ray photoelectron spectroscopy
(XPS) revealed that the Al was trivalent AL O, in the chemically
bonded state. We have thus clarified the microstructure and forma-
tion process of AL,O,.>
2.2.3 Initiatives in industrial equipment field
(1) Development of high-strength spring wire rod steel

Utilizing the strain-induced transformation of austenitic stainless
steel, we have developed the Type SUS201 (17Cr-4.5Ni-4.5Mn-
0.06C-0.18N) with a strength exceeding 2500 MPa. This is the
highest strength among the stainless steel wire rods for high-strength
springs. We consider that this strength of about 2000 MPa was
achieved by a combination of component optimization for stable
processing-induced transformation and 50% of the amount of mar-
tensite by cold working. In addition, we think that the strengthening
was accomplished by utilizing the interaction of the N and disloca-
tions in the strain-induced martensite and the austenite formed by
aging at 200 to 500°C.>

By applying the above idea to duplex stainless steel, we are also
studying high-strength wire rods of the NSSC 2120 with a strength
of 1800 MPa. Particularly, NSSC 2120 has a duplex structure with
high N content (0.3%) in the austenite phase, so that in addition to
the strain-induced martensite, supersaturated N and aging products
provide a modulus of elasticity of about 85 GPa, higher than that of
the commercial piano wire steel SWP-B.2 This characteristic is ex-
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pected to contribute to the weight reduction of stainless steel coil
springs.
2.3 Research and development toward creation of new demands
2.3.1 Development of stainless steel for high-pressure hydrogen
As initiatives to utilize hydrogen for CO, emission reduction and
decarbonization, fuel cell vehicles are being deployed and hydrogen
filling stations are being built.?” The hydrogen used in these appli-
cations is under high pressure. The SUS316L is standardized by law
as hydrogen embrittlement resistant stainless steel in Japan. We de-
veloped the NSSC STH™ 1 (15Cr-9Mn-6Ni-Cu) with 600 MPa
strength and with resource-saving and economical features by secur-
ing austenite phase stability by reducing the Cr, Ni, and Mo contents
of the SUS316L and by utilizing the Mn and Cu. We also developed
the NSSC STH2 (15Cr-9Mn-6Ni-Cu-0.2N) with 700 MPa strength,
higher than that of the SUS316L, by microalloying with 0.2%.%2”
Hydrogen embrittlement may be (i) embrittlement by the mar-
tensite phase transformed by strain-induced transformation or (ii)
embrittlement of the austenite phase containing various lattice de-
fects due to plastic deformation.*” In the process of carrying out our
research on the above-mentioned stainless steels for handling hydro-
gen, we obtained new findings about the embrittlement (ii). The
SUS304 specimens charged with about 30 ppm of hydrogen were
examined by synchrotron X-ray diffraction and a high-resolution
transmission electron microscope (TEM) while being tensile
strained. A nanosized ¢ phase was found to be formed on the twin
interface as shown in Fig. 8.3" This ¢ phase is considered to have
formed when dislocations accumulated at the austenite twin inter-
face. The ¢ phase formed in the presence of hydrogen almost disap-
pears at 400°C and is therefore considered to be a vacancy defect.??
In addition, we analyzed atomic vacancies and their clusters by pos-
itron annihilation spectroscopy that can detect them with high sensi-
tivity. The analysis found that lattice defects formed by plastic de-
formation interact with hydrogen to stabilize vacancies and form

Fig. 8 Observation of substructure of hydrogen embrittled SUS304
(a) Electron diffraction pattern showing y and & phase (b) Dark-field
image showing twin structure consisting of y phase (c) High-reso-
lution TEM image of ¢ phase in region A (d) High-resolution TEM
image of ¢ phase with number of attacking faults in region B

vacancy clusters in the SUS304. The stabilization of vacancies and
the formation of vacancy clusters were shown to occur more active-
ly than in the SUS316L.3 These findings advanced the elucidation
of the mechanism whereby the vacancies in the ¢ phase cluster and
form microvoids and the microvoids link up to cause the hydrogen
embrittlement.

2.3.2 Study of application of duplex stainless steel to infrastructure
(1) Application of duplex stainless steel to 0zone environment

Ozone has a high oxidizing power. When ozone is decomposed,
it changes to oxygen and does not generate toxic substances as chlo-
rination does. Ozone is thus used for sterilization, bleaching, de-
odorization, and other purposes. Because ozone has high oxidizabil-
ity, the corrosion rate of copper and brass increases by increasing
ozone concentration. On the other hand, SUS304 does not cor-
rode.? For this reason, the SUS304 and SUS316 are example mate-
rials for use in the ozone environment. We studied the NSSC 2120
with corrosion resistance equivalent to that of the SUS304 for use in
the ozone environment. The NSSC 2120 demonstrated a corrosion
resistance equivalent to that of the SUS304 in both the base metal
and the weld zone in the ozone environment containing 200 ppm of
CI, the upper limit of the Cl” concentration for tap water.> It is
now recognized as an example material.’®

When the surfaces of the SUS304 and SUS316L specimens ex-
posed to wet ozone gas were investigated as related to the above
discussion, the increase in the surface oxide film thickness and the
improvement in the pitting potential were confirmed as compared
with before the exposure.’” When the SUS304 specimens were im-
mersed in ozone water, the surface film thickness tended to increase
by ennoblement, and the formation of Fe and Cr oxide films was
confirmed.® It is speculated that the stable formation by the ozone
of oxides on the surface contributes to the assurance of corrosion re-
sistance.

(2) Application of duplex stainless steel to building and civil engi-
neering materials

The NSSC 2120 is registered in the NETIS (New Technology
Information System) of the Ministry of Land, Infrastructure, Trans-
port and Tourism. Because it has high proof stress, it can be used to
reduce the weight of equipment. In freshwater regions, it is adopted
in the water intake equipment of dams.?” The NSSC 2351 is devel-
oped as a grade above the NSSC 2120 and is expected to be applied
in environments where higher corrosion resistance is required.

We also studied the application of the NSSC 2120 wire rods to
prestressed concrete. Prestressed concrete is concrete where com-
pressive stress is applied beforehand by tendons like high-strength
steel wire rods, which improves the tensile stress resistance, a weak-
ness of conventional concrete and reinforced concrete. The NSSC
2120 wires strengthened to over 1400 MPa by cold drawing are
confirmed to have characteristics equivalent to those of the SUS304
in environments where the threshold chloride ion concentration for
corrosion initiation is 15 kg/m? for the SUS304 as described in the
“Guidelines for Design and Construction of Concrete Structures Us-
ing Stainless Steel Reinforcement Bars (Draft)”.*? This indicates the
applicability of duplex stainless steel in this field.

3. Development of Manufacturing Technology and
Solution Technology to Support Product Devel-
opment
To carry out product development as described above, it is

equally important to develop manufacturing technology and utiliza-

tion and fabrication technology. In terms of manufacturing, stainless
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steel does not have solid phase transformation like the austenite/fer-
rite transformation of carbon steel, and stainless steel is strongly af-
fected by the solidification microstructure. In terms of utilization
and fabrication, the high strength of stainless steel makes it difficult
to fabricate stainless steel, and the joining technology of stainless
steel is affected by alloying elements. We have worked to clarify
and control these phenomena.
3.1 Development of manufacturing technology to support prod-

uct development
3.1.1 Development of solidification microstructure control tech-

nology

(1) Study of solidification microstructure prediction technology by

simulation

The solidification of stainless steel is roughly divided into: (i) F
mode where the ¢ ferrite single phase solidifies; (ii) FA mode where
the ferrite phase solidifies first and the J ferrite phase then solidifies;
(iii) AF mode where the austenite phase solidifies first and the o fer-
rite phase then solidifies; and (iv) A mode where the austenite sin-
gle-phase solidifies. Even in the F mode, the austenite phases may
precipitate during cooling after solidification as in duplex stainless
steel. To clarify the solidification process and the subsequent micro-
structural change, we have studied the effects of alloying elements
and the formation process of the second phase by utilizing the multi-
phase field (MPF) method that has demonstrated its usefulness in
recent years.

Concerning the SUS304 with the FA mode solidification, it is
possible to simulate the dendrite growth of primary o ferrite, the

(c) 30min
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lated by multi-phase field method

subsequent formation of the austenite phase between the dendrite
arms, and the remainder of the ¢ ferrite phase in a vermicular pattern
with the growth of austenite.*” As shown in Figs. 9 and 10, we can
now predict the microstructural change during reheating after solidi-
fication and the reduction behavior of residual o ferrite.*?

Regarding the solidification of high-alloy steel such as the 25Cr-
15-19Ni-2Mo system in the AF mode and the subsequent micro-
structural change, the change of the ferrite phase to the intermetallic
compound ¢ phase in the final solidification part where the alloying
elements are concentrated can be analyzed by coordination with
phase diagram calculation software. The application of the MPF
method to the precipitate prediction has advanced in this way.*

The morphology of the austenite phase that precipitates during
cooling after solidification in the ¢ ferrite phase in the F mode as in
the case of duplex stainless steel can also be predicted in the 23Cr-
6Ni-3Mo-0.1N system as shown in Fig. 11.* The MPF method can
also be applied to various solidification morphologies in stainless
steel and microstructural changes during cooling. It is a useful tech-
nique for analyzing and predicting the solidification microstructure.
(2) Research of solidification microstructure refining technology

Surface defects like ridging and resulting from a coarse solidifi-
cation microstructure occur in ferritic stainless steel that solidifies in
F mode. To reduce ridging, many studies have been conducted on
the grain refinement of the solidification microstructure. We have
also focused on compositional supercooling and heterogeneous nu-
cleation to refine the solidification microstructure and have studied
the utilization of Ti and Mg based on the 16Cr stainless steel. When
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Fig. 12 Effect of Ti and Mg addition on equiaxed structure formation in 16Cr stainless steel

the additional content is small and the compositional supercooling is
small, the columnar crystal width tends to narrow.*® When the Ti
content is large as shown in Fig. 12, the compositional overcooling
and heterogeneous nucleation by TiN facilitate the formation of
equiaxed crystals. Furthermore, the addition of Mg was found to ac-
celerate equiaxed crystallization. The Mg added as described above
is considered to reduce Ti oxides, contribute to the formation of
ALMgO, and TiN, and promote the heterogeneous nucleation.
When the Al concentration is high, equiaxed crystallization is inhib-
ited. The importance of the relationship with deoxidation was thus
clarified.*® The systematization of solidification microstructure con-
trol technology has progressed in this way.
3.1.2 Metallurgical research in hot and cold rolling processes

We have also applied the MPF method to the metallurgical phe-
nomena related to the hot rolling process. Concerning the decompo-
sition behavior of the austenite phase into the ferrite phase and Cr
carbide during the annealing of hot-rolled SUS430 sheets, the re-
sulting microstructure was predicted by the MPF method together
with the integrated thermodynamic calculation software Thermo-
Calc. The MPF method has agreed well with experiments about the
relationship between the precipitation morphology of Cr carbide and
the temperature and about the time dependence of the Cr concentra-
tion.*” As noted above, the MPF method has proven its usefulness.

We have created the technology to predict the Lankford value (r-
value), an index for drawing ferritic stainless steel, from its tex-
ture.*® As initiatives to improve the r-value, we have acquired
guidelines for controlling the texture of ferritic stainless steel.*” For
example, we have found that the higher the {111} orientation ratio
in the microstructure before cold rolling, the more frequently {111}
grains recrystallize from within the worked {111} grains in the an-
nealing process after cold rolling. The initiatives to control the hot-
rolled microstructure and to optimize subsequent manufacturing
conditions are also underway.
3.1.3 Research on pickling efficiency

Stainless steel is commonly pickled by the electrolytic pickling
process in which anode and cathode electrodes are placed in a pick-
ling tank filled with an electrolytic aqueous solution containing sul-
furic acid, for example, and a dissolution reaction is caused by indi-
rect energization to descale the steel strip. We investigated the effect
of the tank configuration on the electrolysis efficiency during sulfu-
ric acid electrolysis in the electrolytic pickling process.’” We ana-
lyzed by simulation with the finite element method (FEM) the dis-
solution rate distribution in consideration of the reduction of the ef-
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Fig. 13 Dissolution rate curve in central part of SUS430J1L strip simu-
lated by FEM when changing width of cathode electrode

fective surface area due to the scale remaining on the strip surface.
As shown in Fig. 13, the cathode electrode width is optimized when
transpassive dissolution occurs.’? As noted above, we developed the
simulation technology for the dissolution behavior during pickling.
3.2 Development of solution technology to support product de-

velopment

It is also important to develop the solution technology to fully
exploit the material properties of stainless steel. We have also tack-
led the development of press forming technology and welding tech-
nology mainly for the duplex stainless steels we have developed
with massive efforts.
3.2.1 Development of press forming technology

One issue with the press forming of the NSSC 2120 sheet is that
it has higher yield strength than the SUS304 and thus has a large
springback. It is necessary to predict the springback to optimize the
press forming die and improve formability. A comparison with actu-
al press forming confirmed that the springback can be predicted by
the Yoshida-Uemori model with high accuracy, as shown in Fig. 14.
The tool clearance can be optimized.*® It was also found that the
stop motion with a servo press in which a dwell time of about 0.5 s
is taken at the bottom dead center can reduce the springback more
than the crank motion.>® These findings are expected to be applied
to technology development and actual part fabrication.
3.2.2 Development of joining technology

Metallurgical issues with joining stainless steel include welding
cracks in austenitic stainless steel, austenitic phase precipitation be-
havior in duplex stainless steel, and brazeability in ferritic stainless
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steels. We have worked to improve these problems.
(1) Research on weld cracking in austenitic stainless steel

Concerning weld cracking in austenitic stainless steel, we fo-
cused on the microstructural morphology during solidification and
the solidification brittleness temperature range. With the MPF meth-
od, we can analyze the following: As the C content increases, the
microstructural morphology transitions from cell to dendrite. As
shown in Fig. 15, the transition to dendritic solidification occurs at a
C content of 0.08% in the 25Cr-22Ni steel that solidifies in A mode.
As the C content increases, the solidification brittleness temperature
range increases to increase the cracking susceptibility.*® The effect
of the N was also investigated by both experimentation and calcula-
tion. As the N content increases, the microstructure morphology
transitions from cell to dendrite as in the case with the C content.
The dendrite formation may suppress the enrichment of the Cr and
P at the solidification interface.*> We have revealed these and other
interesting microstructural behaviors.
(2) Research on microstructure formation in duplex stainless steel

It is important to understand the microstructure formation pro-
cess of the austenite phase for welding duplex stainless steel. We
experimented with the S32750 (25Cr-6.5Ni-3.5Mo-0.28N) and SUS
329J3L (22.5Cr-6Ni-3Mo-0.16N) by changing the heat input in ar-
gon-shielded TIG welding. As the heat input increases, the melting
time increases as shown in Fig. 16, the N is released, and the N con-
tent decreases. It has also become clear that the precipitation tem-
perature of the austenite phase becomes about 100°C lower than the
equilibrium precipitation temperature, and the Widmanstitten-aus-
tenite phase grows with the K-S orientation relationship.*®

Laser welding has been increasingly applied in recent years, and
the effects of the laser type (fiber or CO,) and the shielding gas type
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Fig. 16 Results of nitrogen desorption during welding of duplex stain-
less steel
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(Ar or N,) are clarified for the NSSC 2120. Regardless of the laser
type-shielding gas type combination, the pitting potential is about
0.3 V for the NSSC 2120 and is equivalent to that of the SUS304.
With the combination CN of a long-wavelength CO, laser and N,
atmosphere as shown in Fig. 17, the N pickup in the weld metal
proceeds , the N content of the weld metal becomes higher than that
of the base metal, and it was confirmed that the precipitation amount
of the austenite phase is higher than that of the base metal. Concern-
ing the precipitation behavior of the austenite phase, it is also con-
firmed that the austenite phase precipitates within the ferrite grains
as well as at the ferrite grain boundaries to make the austenite phase
higher than with any other combination.>” In this way, the combina-
tion of the welding method and the shielding gas is confirmed as an-
other important factor for microstructure formation in duplex stain-
less steel.’”
(3) Research of brazing technology

Brazing is used for joining relatively small heat exchanger parts
and automobile parts. We have investigated the effects of alloying
elements on the brazing of ferritic stainless steel. Concerning the Nb
and Ti used to stabilize the C and N, it has been found that the wet-
tability and spreadability of Ni brazes during heat treatment at
1100°C for 30 min in an atmosphere with a dew point of —50°C are
superior for Nb-microalloyed steel. As shown in Fig. 18, the oxide
film thickness for the Nb-containing SUS444 is 5 nm and similar to
that for the SUS316, and is more than 100 nm for the Ti-microal-
loyed SUS436L (18Cr-1Mo). It has become clear that it is also nec-
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Fig. 19 Current-time curves and appearance change of inner crevice during potentiostat tests of SUS304 in artificial sea water

essary to control the oxidation behavior in the brazing atmosphere.*®
The establishment of an in-situ observation method has clarified the
effect of trace Al used as a deoxidizing element on the wetting and
spreading behaviors of the braze during the heat treatment of brazed
joints. As the Al content decreases, the Ni braze starts to wet and
spread at a low temperature and provides good brazeability. It is
clear that the oxide film formation, oxide film removal, and base
metal melting behavior are related to the wetting and spreading of
the braze.>” We hope to clarify the effects of the above-mentioned
controlling factors and apply the findings to future solution technol-
ogy.

4. Future Prospects

To respond to environmentally-conscious resource conservation
and new energy development in the future society, we must accu-
rately grasp the needs and promote our research toward the func-
tional enhancement of stainless steel. For this purpose, it is impor-
tant to establish new development guidelines based on basic tech-
nology and efficiently combine them. In this chapter, we describe
our initiatives for basic technology and its deployment.
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4.1 Initiatives for new corrosion control technology

The prime feature of stainless steel is corrosion resistance. The
main corrosion form is local corrosion such as crevice corrosion and
pitting corrosion. Here, we introduce our initiatives to elucidate the
mechanism of crevice corrosion, and our utilization of exposure
verification data for the optimum selection of stainless steel to suit
specific locations of use.
4.1.1 Elucidating mechanism of crevice corrosion and new ini-

tiatives

To understand crevice corrosion, a major issue with the corro-
sion resistance of stainless steel, we investigated the crevice corro-
sion propagation behavior in artificial seawater by the potentiostatic
method. As shown in Fig. 19, crevice corrosion consists of the fol-
lowing steps: (i) Corrosion occurs in a crevice where the current ini-
tially drops; (ii) As the current gradually increases after the occur-
rence of corrosion, the corroded region circularly expands; and (iii)
After reaching below the edge of the crevice, the corrosion proceeds
and the current suddenly increases. The elementary steps of crevice
corrosion initiation and propagation have been elucidated.®” The
numerical analysis by the FEM of the potential and current density
distributions inside and outside the crevices enables us to discuss
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the potential disnoblement of the corrosion-initiated region and the
change in the current density, and the drop in pH due to the elution
of metal ions in front of the corrosion tip at the crevice edge side,
and the corrosion propagation behavior, among other phenomena.®?
Most recently, the relationship between the potential ennoblement
phenomenon caused by microorganisms and the crevice corrosion
has been clarified.®® The above basic research is expected to be ap-
plied to new corrosion control guidelines and material selection
technology.
4.1.2 Databasing and evolution of atmospheric corrosion data

In addition to the elucidation of phenomena such as crevice cor-
rosion described above, we have investigated the weatherability of
various stainless steels in actual environments for a long period. Ac-
cording to 15 years of exposure test results in a coastal environment
in Okinawa, as shown in Fig. 20, red rust occurs in SUS304 and
SUS316 and the rating number SARN is less than 1, whereas NSSC
445M2, NSSC 447M1 (30Cr-2Mo), NSSC 329M2 (25Cr-6.5Ni-
3Mo-0.14N), and NSSC URC (25Cr-25Ni-5Mo-0.13N), as their pit-
ting index (Cr+3.3Mo+16N) is greater than 26, show SARNs great-
er than 6 and almost no occurrence of red rust. Corrosion results
were also found to differ with exposure locations (coastal, urban, or
industrial).®® Concerning these results, laboratory cyclic corrosion
tests showed that the corrosion depth is correlated with the salt de-
posit® and that the initiation and propagation of pitting corrosion
are greatly affected by the drying process of solution droplets.® In
the future, it will be important to quantitatively understand the ef-
fects of materials and environmental factors that affect corrosion
initiation and propagation in the atmospheric environment, and to
clarify suppression methods based on this understanding. In addi-
tion, it is expected that the development of optimal materials for not
only the atmospheric environment but also the river environment
and the life prediction corresponding to life cycle assessment (LCA)
will be developed.
4.2 Initiatives for new microstructure control technology

As another initiative to improve the properties of stainless steel,
we have investigated the possibility of microstructure control as re-
lated to grain boundary control. Regarding the creep properties of
austenitic stainless steel at high temperature for a long time, a grain
boundary engineered material (GBEM) with an increased ratio of
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Fig. 22 Precipitates in grain boundary of SUSXM15J1 with 0.2% nitro-
gen after annealing at 900°C for 20 minutes BF-STEM images

coincidence grain boundaries has been found to have a longer tran-
sition of accelerated creep initiation time and a lower minimum
creep rate than that of Non-GBEM in Fig. 21.% In addition, the N is
an inexpensive but effective high-temperature strengthening ele-
ment. The N precipitates change in size and shape with grain bound-
aries as shown in Fig. 22.%7 It may be utilized in both solid solutions
and precipitates and may be combined with grain boundary control
technology. The evolution of these findings into new microstructure
control technology is expected.

Regarding duplex stainless steel, we have introduced the re-
search and development of duplex stainless steel containing 20% or
more Cr and having ferrite and austenite as the main phases. It is
possible to manufacture a duplex stainless steel composed of mar-
tensite and retained austenite in a Cr range lower than that of the
above-mentioned duplex stainless steel. A stainless steel with a
strength of 1400 MPa class and a ductility of 20% or more is now
under study®® and is expected to be applied in fields where strength
and weight reduction are required.

In the development of new stainless steels, including those de-
scribed above, it is even more necessary to establish guidelines for
the control of internal and surface microstructures that maximize the
properties, and to quantify the internal and surface microstructures.
In terms of manufacturing technology, we must model the metallur-
gical phenomena occurring in the refining, solidification, hot rolling,
cold rolling, and annealing processes and improve the efficiency of
these processes. Another major research and development issue is
the processing technology of the product and change in its proper-
ties during use.

5. Conclusions

To enhance the corrosion resistance, heat resistance, strength,
and other properties of stainless steel, it is important to rationally
utilize its many characteristic alloying elements and to control its
microstructures. For that purpose, it is essential to understand the
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microstructural changes of stainless steels in manufacture and use,
to predict their microstructures throughout the processes, and to
feedback the achieved results to manufacturing technology. The
above-mentioned research and development activities must be effi-
ciently carried out while grasping changing social needs. We will
continue our research and development efforts to create more attrac-
tive stainless steels that can contribute to our future society.
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