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1 Introduction

Kawasaki Steel began the full-scale production of
staintess steels around 1960, In the 1980s, the company
introduced advanced equipment for stainless stecls at
Chiba Works with the aim of realizing higher levels of
quality and productivity. In particular, the construction
of No. 4 steclmaking shop, No. 3 hot strip mill, and the
new cold rolling and anncaling plant had been com-
pleted and operation of these facilities had been started
by 1995, At No. 4 steelmaking shop, the company estab-
lished a technology for low cost production of high qual-
ity stainless steel’ ™! by developing a smelting reduction
method for Cr ere and the 55-VOD (strongly stirred-
vacuum oxygen decarburization) methad, which is capa-
ble of refining high purity stainless steels in large guan-
tity (180 t}). The notable technologies developed at No. 3
hot strip mill were a technolegy tor rolling wide coil
from mild steel to high alloy stainless steels using a high
capacity mill and the world’s first technology for contin-
uous hot roiling by joining sheet bars.” Technologies
established for cold rolling and anncaling processes
included a high speed cold rolling and annealing tech-
nology using a new cluster mill and new annealing and
pickling line, and a technology for realizing high pro-
ductivity using the tandem mill and a continuous anneal-
ing and pickling line which is used jountly for stainless
steels and carbon steels.™

The applications of stainless steels have grown greatly
in the last ten years, and fields where further growth is

* Ornginally published in Kawasaki Stee! Giho, J1{1999)1, 28-33
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Synopsis:

The demand and requirements for advanced proper-
ties of stainless steels for automotive exhaust systems,
buildings, and electrical products are increasing. High
performance  ferritic sicinless steels for automoiive
exhaust manifolds (R429EX: 15Cr-0.950-0.45Nb), cat-
alvtic converters (R20-5USR: 20Cr-341-La-Zr), and
mufflers (R4361T: 18C—1.2Mo-Ti, R432LTM: [8Cr-
0.5Mo-Ti) were developed on the basis of the studies of
thermal fatigue, high temperature oxidation, and con-
densate corvosion. High purity ferritic stainless steels
(R30-2. 30Cr2Mo, R24-2: 24Cr-2Mo, R¥45MT: 22Cr-
£.35Mo, RSX-I: 18Cr-{ 5Mo) for buildings were also
developed on the busis of the study of armaospheric cor-
rosion. Investigations into ridging mechanism led to the
improvement of the formability of fervitic stainless steels
(RA3OUD: 17Cr RSX-1). Kawasaki Steel produces these
excellent ferritic stuinless steels by using newly installed
production facilities in Chiba Works.

expected in the future include automotive exhaust sys-
tems, building materials, and clectrical products. The
success of stainless steels in these fields is attributable to
the fact that the durability of stainless steels satisfies the
increased marketplace needs for longer life and mainte-
nance free performance. In the stainless steel research
laboratory, new products which meet the requirements
of these growth felds have been developed utilizing the
advanced equipment mentioned adove. This report will
present an outline of these new products,

2 Development of Stainless Steels for
Automotive Applications

In order to respond to the strengthening of automotive
emission regulations, higher engine performance, and
longer guarantce pertods, stainless steels are increas-
ingly being adopted in automotive exhaust systems. In
the exhaust system, because the features which are
required vary greatly depending on the part, research
and development have been conducted as required by
the specific application. The products which have been
developed as a result include R429EX, which 1s excel-
lent in resistance to thermal fatigue and formability, as a



Table 1

Chemical compositions of stainless steels for automotive exhaust system

(mass%)

s ¢ Si Mn S Ter
T R4DUEX 0.01 0.0 0.4 14.8
R20-5USR Pooot 0.2 0.1 20.1
R436LT 0.01 0.1 0.2 17.8
R4321TM 0.01 0.1 0.2 17.5
SUH409T, 0.01 03 0.3 112
SUS436] 1L .01 0.3 0.3 17.5
SUS430]1L 0.01 0.5 0.2 19.3
R424LN2 0.005 na 0.2 19.0

material for exhaust manifolds; R20-5USR, which pos-
sesses excellent resistance to high temperature oxida-
tion, for catalytic converters; and R436LT and
R432LTM, which have superior corrosion resistance, for
muftlers. The representative chemical compositions of
these newly developed steels are shown m Table 1.

2.1 Stainless Steel for Exhaust Manifolds

Because the exhaust manifold is heated to a high tem-
perature in a condition which 1s restricted by surround-
ing parts, resistance to thermal fatiguc and resistance to
oxidation are required in the exhaust manifold material.
Due to the higher performance of engines in recent
years, a material which is capable of withstanding higher
service temperatures than in conventional use had been
required. At the same time, because the shapes of
exhaust manifolds have become incrcasingly complex,
improved formabtlity had been required. Thercfore, the
effect of alloying elements such as Cr, Mo, Cu, Si, and
others and the factors which influence resistance to ther-
mal fatigue were investigated. and a study was carried
out with the aim of ebtaining both formability and resis-
tance to oxidation, [n addition, the fact that the effect of
high temperaturc strength and elongation on fatigue
properties differs depending on the restraint ratio was
clarified. Based on these results, R429EX (15Cr-0.95i-
0.45Nb} was developed. This new product has resistance
to thermal fatigue better than that of Type 436JIL
(17.5Cr-0.4Nb-0.5Mo} and Type 430J1L (19Cr-0.4Nb-
0.5Cu). which had been used conventionally, and an
even higher level of formability.

2.2 Stainless Steel for Metal Honeycomb

In order to purity cxhaust gas, automobiles which are
powered by gasoline engines are eguipped with a cat-
alytic converter in which a noble metal catalyst is sup-
ported by a honeycomb substrate. Ceramic substrates
have mainly been used in this substrate, but recent years
have seen increasing use of metal substrates, which are
assembled from stainless steel foil, in response to
stricter emission regulations. This change is attributable
to various advantages of metal substrates, which include
the tact that the wall thickness is thinner. and conse-
quently, the resistance to the exhaust gas flow 13 lower,
and heating up is easier when the engine is started due to
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the small heat capacity of the metal, and as a result, the
start-up property of the catalytic reaction is good.
Because the substrate is heated to 900°C or higher by
the high temperature exhaust gas and the catalytic reac-
tion, 20Cr-5Al stamless steel foil. which has excellent
resistance to oxidation, 1s used as the substrate material.
When this steel is oxidized, a protective film of ALO,
forms on the surface, giving the material excellent resis-
tace to oxidation. However, foils of this maternal have
the problem of Al depletion because their volume s
small as compared with their large surface area, and
conscquently, it is important to reduce the oxidation ratc.
Although various glements, including the rare earth ele-
ments and others, had been studied in the past mainly
from the viewpoint of improving the adhesivencss of the
oxide film, in this work, the effect of these elements on
the oxidation rate was studied n detail. It was found that
La is effective in reducing the oxidation rate,” and that a
compound addition of Zr, together with La, further
reduces the oxidation rate,” leading to the development
of R20-5USR (20Cr-5Al1-La-Zr). Figure 1 shows the
change in mass with time in the oxidation of foils with
composttions of 0.03% and 0.10% La and 0.12% La-
0.03% Zr at a temperature of 1373 K. It can be under-
stood that the oxidation rate decreases as the amount of
La addition increases, and the oxidation rate s further
reduced by a compound addition of La and Zr, The
ALO; Alm grows due to the fact that oxygen ions diffuse
through the grain boundary of the film and reach the
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film/steel interface, resulting in the formation of new
ALO,. It is considered that the addition of La and Zr
reduces the oxidation rate by suppressing this diftusion
of oxygen. Figure 2 shows the results of a TEM-EDX
analysis of the grain boundary of the ALO, film which
formed on the 0.12%La-0.03%Zr foil. [t is assumed that
enrichment of La and Zr occurred at the grain bound-
aries, and this suppressed the diffusion of oxygen
through the grain boundarics.™

R20-5USR has earned an high evaluation for its
excellent oxidation resistance, and 15 widely used in cat-
alylic converters in both Japan and other countries,

2.3 Stainless Steel for Muffiers

Muffiers are required to possess high corrosion resis-
tance (resistance to wet corrosion), because the conden-
sale of exhaust gas causes inner cerrosion of the muffler.
In particular, steel types with higher corrosion resistance
than the conventionally used Al-plated steel, Type 4091,
and Type 410L, have become necessary as the guarantee
period on awtomotive parts has been extended in recent
years.

As a result of Kawasaki Steel’s efforts to clarify the
mechanism of condensate corrosion, the company has
developed a test method which reproduces this phenom-
enon.” Figure 3 shows the results of a synthetic con-
densate corrosion test of stainless steels used in mut-
flers. [t can be understood that the maximum corrosion
depth, which is related to perforation of the muffier,
decreases in proportion to Cr(%) + 3.3 X Mo(?}, and
therefore Cr and Mo are effective in improving conden-
sate corrosion resistance. Further, the results of an esti-
mation of material life obtained by applymg the method
of extreme valuce analysis to the maximum corrosion
depth data showed that the life of Type 409L 15 3.3 times
as that of Al-plated steel, and the life of R436LT (18Cr-
1.2M0-0.3Ti) is 1.7 times as that of Type 4091.'""

Based on this knowledge, R436LT and R4321TM
(18Cr-0.5M0-0.3Tiy containing 18%Cr and Mo were
developed as high corrosion resistance muffler materi-
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Fig. 3 Effeet of Cr and Mo contents on the maxi-
mum corresion depth in the synthetic con-
densate corrosion test

als. These steels are manufactured using high productiv-
ity, low cost production equipment for carbon steel {cold
rolling by the tandem mill, annealing and pickling by a
continuous annealing line for carbon steel), and are
widely used as muffler materials.

3 Development of Stainless Steels for Buildings

In the stainless steel market, building applications
have shown large growth in recent years. When stainless
steels are used as interior materials, corrosion resistance
on the level of Type 304 is adequate, but in exterior
materials and roofs, a higher level of corrosion resis-
tance 13 required.

Kawasaki Steel has six sites for field exposure tests in
various parts of Japan, namely, at the company’s Chiba
Works and Chita Works, and at [gaueno, Shionomisaki,
Kagoshima, and Okinawa, and has clarified the mecha-
nism of atmospheric corrosion, the effect of the alloy
composition, environment, etc., and the methods of
selecting the optimum base material by carrying out a
wide range of research on the atmospheric carrosion
resistance of stainless steels 1o various environments,
including industrial areas, rural areas, volcanic areas,
coastal areas, and others,

3.1 Factors Influencing Resistance to
Atmospheric Corrosion in Stainiess Steels
and Selection of Base Materials

When various types of stainless steel were subjected
to field exposure tests, the ralio of the rusted arca
decreased and resistance to  atmospheric  corrosion
increased in both ferritic stecls and austenitic steels as
the pitting index increased (P1. = Cr+ 3.3 X Mo: fer-
ritic type; PL =Cr+ 3.3 X Mo + 16 % N austenitic
type). However, even with the same PL., the ferritic type
showad a higher resistance to atmospheric corrosion
than either the austenitic type or dual phase type due to
the smaller number of pitting points, which is a result of
higher purity,''> and strong repassivation capacity,

KAWASAKI STEEL TECHNICAL REPORT



s |O2B(w

7L | o HL{ty}
= [ TR fo T
o
40k
o

I

R =

Retk rust

2L

.

0]

10 15 20 20 30 R3] 44}

Pitting index
{a) Okinaws (Subtropics)

Fig. 4 Relation between pitting index and rusting

| o OBy}
| _/ O HL{ly)
0 L 'I L L L

20

Iitting indesx

(b} lrauens (Inland}

evaluation of S.AR.N. after |y exposure in various environ-

ment
Table 2 Chemical compositions of the stainless steels for architectual materials
- o L (mass )
Steels I C Si Mn Cr Ni ‘ Mo Others BL* App.li-carion
RIZ 0003 0.2 0.1 30.0 02 20 _ 36.6 Kansal International
Nb Airport
R24-2 0,004 0z 01 24.0 0.2 2.0 306 Niigata Airport
R445MT 0.004 0.1 0.15 T9%0 0.2 15 Ti. Nb 27,0 Makuhari Messe
RSX1 0.004 0.1 0.15 18.0 0.1 15 Ti 230 Osaka City Dorme
“sUSso4 [ 0.5 05 L0 182 85 — - 187 '
SUSBIE | 006 0.5 L3 185 10.5 20 86

*BL — Cr + 3.3 x Mo: Ferritic stainless steels, PL = Cr + 3.3 x Mo + 18 x N: Austenitic stainless steels

which is a result of Mo addition.'”

Resistance to atmospheric corrosion of stainless steels
can be evaluated roughly by PI1. values."” A PI. value
with a rating No. (S.A.RN.) of 6 or higher, in which
atmospheric corrosion shows slight stain rust but is not
a problem from either the viewpoint of appearance or
perforation, is decided according to the environment in
which the material will be used.'™ Figure 4 shows thc
results of field exposure tests which were conducted in
Okinawa and lgaueno, In [gauenoe, which is a rural area,
it is possible to usc even Type 304 class, which has a
PI. value of 18, but in Okinawa, a P1. value of at least
30 is necessary. If this relationship is investigated in
each region, it becomes possible select the most appro-
priate stainless steel for buildings.

As a first principle, corrosiveness in various regions
can be evaluated by the amount of chloride in the atom-
ospheric dust. However, the atmospheric corrosion resis-
tance of stainless steel is affected not only by the local
environment, but also by the part of the building. In par-
ticular, the atmospheric corrosion of the eaves is
extremely severe.'® With R30-2 (Type 447J1; 30Cr-2Mo
steel), virtually no atmospheric corrosion occurs in areas
near the coast, even in eaves.

3.2 Kawasaki Steel’s Stainless Steels for
Architectural Materials

Kawasaki Steel’s stainless steels for architectural
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materials are shown in Table 2. High purity ferritic
stainless steels such as R30-2 for use in various building
materials was developed to meet environmental applica-
tions. For interior and exterior materials in inland areas,
the optimum matetial is RSX-1, which shows resistance
to atmospheric corrosion equal to or better than that of
Type 304. For coastal regions, R445MT and R24-2 are
suitable. Moreover, R30-2 shows excellent resistance to
atmospheric corrosion even when applied to eaves In
coastal zones.

Based on the above research and development, R30-2
was adepted as the roofing material for the terminal
building of the New Kansai [nternational Airport (Photo
1).'7 In this stainless steel roof, which covers an area as
large as 90 000 m?, R30-2 demonstrates both excellent
resistance to atmospheric corrosion and the unique
design qualities of stainless steels,

4 Improvement of Ridging Property of
Ferritic Stainless Steels

When press formed. the ferritic stainless steels, repre-
sented by Type 430, develop a pattern of concave/convex
surface irregularitics extending in the rolling direction,
which is called ridging, and invites an increase in the
load in the subsequent process of product grinding.

Because colonies of grains exist in stainless stecl
sheets near orientations which have been clongated in
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Fig. 5 Texture maps for normal direction, tolerance angle = 15°, of the 1/4 thickness ND plane of samples (a)

R430UD and (b) SUS430

Photo [

Passenger terminal building of Kansai
[nternational Airport

the rolling direction, it is considered that ridging occurs
as a result of differences in the plastic deformation
hehavior of respective colonies.'®*Y

Kawasakt Steel developed R430UD (composition
identical to Type 430), which has an extremely small
amount of ridging, by destroying these colonies. This is
accomplished by optimizing hot rolling conditions using
Chiba Works No. 3 hot strip mill, which is the world’s
most modern facility. Figure 5 shows the results of an
EBSD (electron back scattering diffraction) measure-
ment of the orientation distribution of Type 430 and
R430UD (in both cases, at the 1/4 thickness plane of
product sheets with a thickness of 0.7 mm). In the case
of Type 430, colonies exist with the <110>, <111,
and <100>//ND orientations extending in the rolling
the direction. [n contrast, distinct colonies do not exist in
the R430UD, but rather, the <<111>//ND orientation is
present in large quantity.

Further, by applying the same hot rolling technology,
RS5X-1 was developed as a ferritic staintess steel that has
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an excellent ridging property and corrosion resistance
on the same level as Type 304.

5 Conclusion

The following ferritic stainless steels were developed
as new products making use ot the advanced facilities
for stainless steels which were introduced at Chiba
Waorks.

(1) Ferritic Stainless Steels for Automobiles
As a product for exhaust manifolds, R429EX (15Cr-
0.95i-0.45Nb) was developed by devising a compo-
sition design which satisfies the requirements of both
resistance to thermal fatigue and formability. For use
in the metal substrate of catalytic converters, it was

found that the oxidation rate can be reduced by a

compound addition of La and Zr, resulting in the

development of R20-5USR (20Cr-3Al-La-Zr) with
excellent resistance to high temperature oxidation. As
muffler materials, R436LT (18Cr-1.2Mo-Ti} and

R4321LTM (18Cr-0.5Mo-Ti} were developed by clan-

fying the mechanism of condensate corrosion.

(2) Ferritic Stainless Steels Buildings
Research on the mechanism of the atmospheric cor-
rosion of stainless steels revealed that ferritic stainless
steels showed higher resistance to atmospheric corro-
sion than austenitic stainless steels, and further, clari-
fied the effect of matenal factors and environmental

factors on resistance to atmospheric corrosion. As a

result, high purity ferritic stainless steels R30-2

(30Cr-2Mo), R24-2 (24Cr-2Mo), R445MT (22Cr-

1.5M0), and RSX-1 (18Cr-1.5Mo) were developed as

building materials with excellent resistance to atmos-
pheri¢ corrosion.
(3) High Formability Ferritic Stainless Steels

Colonies in ferritic stainless steel, which arg an ori-
gin of ridging, were characterized by the EBSD
method. Hot rolling conditions for destroying these
colonies were studied in the laboratory. By applying
the results at Chiba Works No. 3 hot strip mill, high
formability ferritic stainless steels R430UD (17Cr)

KAWASAKI STEEL TECHNICAL REPORT



and RSX-1 (18Cr-1.5Mo). which have excellent ridg-
ing properties, were developed.
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