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Synopsis :

An extremely-low carbon bainitic steel with a C content of
approximately 0.02mass% has been successfully advanced to new
types of weathering steels for rural and coastal uses. The steels can
be manufactured up to TS 570MPa grade by an as-rolled process
and exhibit excellent weldability. Because of the extremely-low C
content, the maximum hardness values for heat affected zone (HAZ)
are about 270 in Vickers number even under arc-strike conditions,
and the Charpy impact energy at a large heat input of up to
20kd/mm is sufficiently high. The weathering corrosion resistance of
the steel for rural use, which meets the chemical composition of JIS
SMAS570W specification, is similar to that of the conventional one.
The steel for coastal use with a higher Ni content of 2.5mass%
formed a protective rust layer after long-term exposure in coastal
regions. The rust layer consisted mainly of amorphous rust and the
corrosion rate of the steel decreased remarkably. The steel can
exhibit excellent performance even in coastal regions where the
conventional one could not be used.
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1 Introduction

A weathering steel (S G 3114) forms a dense protec-
tive rust laver on the surface 1n an atmosphere and the
corrosion rate is reduced to an extremely low level
Unpainted steel bridges fabricated from weathering steel
do not require initial painting or re-painting, This con-
tributes 1o reducing the life cycie cost (1LCC)". For this
reason, the percentage at which weathering steel is used
for steel bridges has tended to increase. A survey by the
Korvai Ciub indicated that 600 thousands to 700 thou-
sands tons of stee! is used annually for constructing stecl
bridges in Japan, of which weathering steel accounted
for approximately 15% in 1999,

In ceastal regions where airborne salinity content 1s
high, conventional weathering steel on the present mar-
ket sometimes does not develop a sufficient protective
rust layer, and the corrosion rate 15 not suppressed?
Accordingly, guidelines issued in 1993 by the Public
Works Rescarch Institute of the Ministey of Construc-
tion in Japan restricted the unpainted use of weathering
steel in coastal regions”. In recent years, the similar
problems have been reported even in non-coastal regions
where a large amount of road deicing salt is used in win-

* Originally published in Kenwveseki Steel Gifio, 33(2001)2, 97
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Synopsis:

An extremelv-low carbon bainitic steel with a C con-
tent of upproximately 0.02 mass™ has been successfully
advanced 1o new types of weathering steels for rural and
coastal uses. The steels can be manufactured up to TS
S70MPa grade by an as-rolled process and exhibif
excellent weldabifitv. Because of the extremelv-low C
content, the maxinuon hardness values for heat affected
rone (HAZ) are ahbout 270 in Vickers number even under
arc-strike conditions, and the Charpy impact encray at i
large heat input of up to 20k mm is sufficienty high
The weathering corrosion resistance of the steel for
rural use, which meets the chemical composition of JIS
SMAS7OW specification, is similar to that of the conven-
tional one. The sieel for coustal use with a higher Ni
content of 2.3 mass% formed a protective rust laver
after long-term exposure in coastal vegions. The rust
layer consisted mainly of amorphous rust and the corro-
sion rate of the steel decreased remarkablv. The stecl
cun exhibit excellent performunce even (n coastal
regions where the conventional one could not be used.

tert

Further, some problems described below remain with
regard (o so-called rationally-designed bridges, that are
composed of 4 smaller number of beams and ate con-
structed by whole field welding. Although the smaller
number of beams requires thicker and higher strength
steels, Strengthening of steel by means of increasing C
and alloy clement contents leads to increased cold-
cracking susceptibility, higher weld heat affected zone
(HAZ) hardening, and reduced HAZ toughness Irom
welding with high heat input.

Extremely-low carbon bainitic steel” was investigated
to relax the restrictions imposed on the use of conven-
tional weathering stecl duc to Hmitations i its weldabil-
ity and resistance to chlorides. This induced the
development of new weathering steels for rural and
coastal uses, The characteristics of these newly-
developed steels are described in this article,
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2 Improvement of Weldability and Resistance
to Chlorides

2.1 Weldability

In order 1o improve the weldability, bainilic steels
with extremely low carbon content™ were developed that
provide the required base metal strength in the as-rolled
condition even though their carbon content is extremely
low. Figure | shows the relationship between the weld
cracking parameter Pcm, plate thickness, and preheating
temperatures for two lypes of 570 MPa level tensilc
strength steel plates that are used for bridges: an
extremely-low carbon bainitic steel and a conventional
quenched-and-tempered  (Q-T) steel”. Since the
extremely-low carbon bainitic steel can be produced
with Pecm that is significantly-lower Pem than that of the
conventional steel over a wide range of thickness, the
steel does not need to be preheated for welding.

2.2 Resistance to Chlorides

A number of reasons have been proposed to explain
why the protective rust layer 1s not formed in coastal and

other environments that contain high concentrations of

chlorides. These include: (1) acceleration of corrosion
by deliquescence of chlorides™, (2) crystallization
(coarsening) of rust’™'”, (3) enrichment of Cl at the
interface between the rust layer and metal substrate!",
and (4) accelerated formation of Fe,Q, and S-FeQOH'?,
Bascd on the idea that the resistance to chlondes could
be improved by restricting the effects of chloride com-
pounds, the effects of various alloying clements on the
resistance to chlorides were investigated.

2.2.1 Seawater spray test

Elements such as Ni, Cu, Cr, Mo, and P are consid-
ered to be effective for enhancing the resistance to chlo-
rides. Lxtremely-low carbon bainitic steels  were
produced by adding these clements. The steel samples
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as a parameter of Ni content for extremely-
low carbon bainitic steels and the conven-
tional weathering steel, based on seawater
spray tests

were then subjected to scawaler spray tests (seawater
sprayed for 1h twice a week) to evaluate the effects of
these elements on the corrosion rate of steels. The addi-
tion of Ni was found to be the most effective for mini-
mizing the corrosion rate of steel. Figure 2 shows the
relationship between the duration of the scawaler spray
tests and the corrosion loss for conventional weathering
steel and extremcly-low carbon bainitic steels as a para-
meter of Ni content. The corrosion loss for extremely-
low carbon bainitic steel with 1.0 to 2.5 mass% Ni was
less than that of the conventional weathering stecl. The
corrosion loss decrcased with an increase in Ni content.
With a Ni content of 2.5 mass% the corrosion loss was
approximately 15% of that of the conventional weather-
ing steel after two vears of testing. The corrosion rate
also became sufficiently low, indicating that the rust was
transformed into a stable state. Thus, for improving the
resistance to chlorides the addition of 2.5 mass% or
more Ni content was found to be effective.

2.2.2 Structural analysis of rust layers

Based on the results described in Section 2.2.%,
samples of conventional weathering stcel and extremety-
low carbon bainitic stecl containing 2.7 mass% Ni
(0.02C-2.7Ni steel) were subjected to exposure tests 1n
Okinawa where airborne salinity was 0.8 mdd, for 1
yeat, and the resultant rust layers were then analyzed.

Phote 1 shows cross-sections of the rust layers
observed under reflected polarized light. The dark rust
layer formed underneath the bright rust fayer is consid-
ercd to be effective for preventing corrosion. However,
in the conventional weathering steel, the dark rust layer
is split by the bright rust layer that reached the metal
substrate at considerably many sites. On the other hand,
in the 0.02C-2.7Ni steel, the bright rust laycr was com-
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Table 1

- ~_«FeQOH prO01
0.02C-2.7Ni steel ; 14.4 24
Conventional weathering steel | 14.5

Conventisual weaslhering stecl

“Bright rust

CLO2C-2 TN steel

00

Observation of cross sections of the rust
layers formed on the 0.02C-2.7Ni and the
conventional weathering steels exposed in
Okinawa for | year

Photo |

Conventional weaihering stecel 0.02C-2.7N1 steel

Photo 2 Distributions of Ni and Cl in rust layers
formed on the 0.02C-2.7Ni and the con-
ventional  weathering steels exposed 1in
Okinawa for 1 year

paratively thinner, and the dark rust layer covered the
metal substrate almost throughout,

Photo 2 shows the distributions of Ni and Cl in the
rust layers as measured by EPMA. In the conventional
weathering steel, Cl was present at the rust-metal inter-
face over a considerably wide area, On the other hand, in
the 0.02C-2.7Ni steel, the presence of Cloin the rust
layer was extremely rare. In addition, Ni was more
denscly present than in the conventional weathering stecl
and it was uniformly distributed over the entire dark rust
layer.

'Table 1 shows the constituents of rust for the conven-
lional weathering steel and 0.02C-2.7Ni steel as mea-
sured by X-ray diffraction quantitative analysis using
ZnO as the internal standard”. The majority of the rust
in both the conventional weathering steel and the (LO2C-
2.7Ni steel was amorphous by X-ray analysis. Howevcr,
the ratio of the amorphous rust was approximately 10%
higher i the 0.02C-2.7Ni sicel than in the conventional

No. 46 June 20{2

27

Constituents of 1ron rusts for the 0.02C-2.7Ni steel and conventional one exposed in Okinawa for 1 year

Fe 0, Xray amorph(ﬁls rust
0.6 67.0
0.9 55.8

Amarphows rask: No, 1—8
3 Grunular o, w-FeOOH: No, 4~ 10
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Photo 3

TEM images and electron diffraction pat-
terns of rust layer formed on the 0.02C-
2.7Ni steel exposed mm Okinawa tor | year

weathering steel. The X-ray amorphous rust percentage
was obtained by subtracting the crystalline rust percent-
age from 100 mass%.

In order to investigate the microstructure of the dark
rust tayer adjacent to the rust-metal interface, thin-film
specimens of cross-section of the rust layer were pre-
pared by using the focused ton beam (FIB) technigque
and observed in detail by means of a TEM. Photo 3
shows the results of TEM observation for the 0.02C-
2.7Ni steel specimen. The regions marked by open
squares with black lines in Photo 3 (a) were observed
under high magnification, and diffraction patterns werce
also measured In the same regions. Examples are shown
in Photos 3 (b} and 3 (c). The rust layer was found to
have three types of regions: (1) regions {Nos. [-8)
mainly composed of amorphous rust, as shown in Photo
3 (b). (2} regions (Nos. 9, 10) mainly composed of fine
granular grains, and (3) regions (Nos. 11-14) mainly
composed of leat-like grains of coarse a-FeOOH and y-
FeOOH, as shown in Photo 3 (¢). Although these threc
types of region were also observable in the conventional
weathering steel, the percentage of the area composed
primarily of amorphous rust was approximately 20%
higher in the 0.02C-2.7Ni steel than in the conventional
weathering steel.

The results of the analysis are summarized as follows.
In the rust layer of the 0.02C-2.7Ni steel, (1) the dark
rust layer covering the metal substrate was more contin-
uous, (2) Ni was densely present and uniformly distrib-
uted in the dark rust kayer, (3) the dense rust composed
mainly of amorphous rust was present at a higher per-
centage, and (4) the smaller amount of Cl was present at
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the rust-metal interface. Accordingly, the 0.02C-2.7Ni
steet s considered to have supenior charactenstics for
resisting chiorides because the dark rust layer, which is a
dense layer of mostly amerphous rust with an uniform
distribution of Ni, prevents Cl frem penetrating to the
surface of the metal substrate.

3 Characteristics of Developed Steel

Based on the above described findings, two types of
exiremely-low carbon bainitic weathering stecl were
developed: one for rural use and the other for coastal
usc, Their characteristics are described below.

3.1 Chemical Compositions

Table 2 shows chemical compositions of the newly-
developed rural and coastal weathering steels. The new
weathering steel for rural use containg Ni, Cu, and Cr as
alloving clements to increase the weathering resistance
and conforms to the chemical composition specificd by
JISG 3114, The new weathering steel for coastal use
contains 2.7 mass% Ni to improve the resistance (o chlo-
rides, as described in Section 2.2, and stecls with
strength levels of 400, 490, and 570 MPa were produced
mainly by varying the Mn content.

3.2 Mechanical Properties of Base Metal

Steel plates with thicknesses of 25-75 mm were pro-
duced in the as-rolled condition from slabs with the
chemical compositions shown in Table 2. Their mechan-
ical properties are listed in Table 3. The new weathering
steel for rural use satisfied the mechanical property
requirements of JIS SMASTOW at both the 25 and
75mm in thickness. The coastal steels satisfied the
mechanical property requirements for JIS SMA400CW,
490CW. and 570W at hoth 235 and 50 mm in thickness.

3.3 Weld Cracking Susceptibility

The new 570 MPa grade weathering steels for rural
and coastal uses were subjected to maximum hardness
tests (JIS Z 3101) under the arc-strike welding condition
of JISZ 3115, Figure 3 shows the resualts of the tests
along with those for the conventional Q-T steel. The
maximum Vickers hardness values of the new weather-
ing steels for rural and coastal uses were 265 and 275
poinis, respectively, These values are significantly lower
than 350 points, which 15 generally accepted ay the
upper limit of HAZ hardness for preventing weld crack-
ing. The results suggest that these newly-developed
steels have superior weldability, futhermore indicate that

Table 2 Chemical compositions of new weathering steels

L ) ) _ L (s %)
Sweel | Gaade [ C s ] My P s | o N_l_{_g_____(_fq  Pem
Rural use steel H70 MPa 0.02 (.32 137 ' 0011 0.004 049 | 024 (151 0.37 0,16
T Y 020 | 030 C 00ll | 0002 042 275 ooz | olx o
Coastal use steel © 490MPa | 002 ' 03 OO_UQ o0z | 038 267 a (.02 1 0.a7 l_-T-IS .
570MPa | 002 ‘ 0011 | 0003 ¢ 037 270 o002 | 027 015
) 400 MPa | T ) T [ R
! :;éfﬁi:ulijm OMPR | 018 | Ly g | =088 008 R A
B on B R B

Ceq = C + Ma/6 + Si/24 ~ Ni/dD + Cr/5 + Mo/4 + V/14

Pem =C +-Si/30 + Mn/20 + Cu/20 + Ni/60 + Cr/20 + Mo/15+ V/10 1 5B

Table 3 Mechanical properties of new weathering steels

Thickness B f= SOmun
seThickness (8): 50 mm =2 = 100 mm

I[ 7 ) ! Thickness. ¢ I ii‘(fnsiit‘ propierﬁ(-:;; ) " Venoteh Ch:.lrpy_[_a_r_uﬁi‘lie
Steel Grade | IEH;:;})SE' ! Thickness Test YS TS El Thick.,  Test | vE, v |
! ! L position piece | (MPa) (MPa) (%) | position picee | () I ]
o - , | Full thickness No. 5 494 670 29 1/4t No. 4| — 270 258
Rural use steel | 570MPa 1/41 No.d | 459 615 28 | 1/4r Nod| — 202 2%
400 M R T Full thickness  No. 1A | 395 499 377 1/t No. 4388 —  uiw
@ 1/4¢ No. 4 382 181 37 0 /4 No. 4 1597 — E).L
S N B Full thickness  No 1A | 447 568 23 | 1/4 No.4| M1  — 31
Coastal use sleel | 490 MPa | 141 No.4 & 448 580 33 | /& Ned |37 — 31
o | “TFull thickness  No.5 514 684 30 | 1/4t A= e
PTOMPa | 1/41 No.d 620 /48 No 4|
B A | bFull thickness No. 1A = 40— /4 Y
SMALDOCW 1/4¢ No. 4 510 1/ Nood !
JIS G 3114 MAAGOCW | Lull thickness  No. 1A 490~ 1/41 4
specification SMALHOCW i 1/4¢ No. 4 610 1/4t No. 4
1 [ . - — B .
CnA AR Full thickness No. 5 a7l — 1/4t Na 4!
SMAGTOW /i No. 4 20 174 Nod: —

“I-direction, **L-direction
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Open mark: Q-7 steel
Solid mark: Extremely-low carbon baioitic steel
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Fig. 3 Effect of Pem on maximum hardness for

570 MPa grade weathering steels in arc
strike welding

these steels can also tolerate arc strikes.

The Y-groove weld cracking tests specificd by JISZ
3158 were carried out to evaluate weld cracking suscep-
tibility, The parameters for the tests of the rural use steel
were a thickness of 30 mm, the SMAW welding process.
a 4.0 mmg welding electrode cquivalent to JISZ 3214
DA3816W, operating conditions of 170 A-25 V-
2.5 mm/s, and a humidity ol 60%. The parameters used

for welding the coastal use steel were a thickness of

50 mm, the FCAW welding process, a 1.2 mmep, FG-
6OSSW weld wire operating conditions of 250 A-30 V-
S mnys, and a humidity of 60%. The crack percentages
observed at the surface, root, and section were % at
20°C for both types ol steel.

3.4 Toughness of Weld Heat Affected Zones

The HAZ toughness was evaluated by heat cycle tests
with a peak temperature of 1 400°C. Figure 4 shows the
effects of the cooling rate over a range of 800 to 500°C,
along with the estimated heat input, on the Charpy
absorbed cnergy for the sunulated HAZ, For both rural
and coastal use steels, the Charpy absorbed energy val-
ues at the remperature specificd by JIS G 3114 exceeded
the minimum requirement of 47 J over a heat input range
equivalent to 2-20 kd/mm. These results indicate that
high heat input welding up to 20 kJ/mm can be applied
with the newly-developed stecls.

3.5 Weathering Resistance
3.5.1 New weathering steel for coastal use

Figure 5 shows the relationship between the dura-
tion and the corrosion loss for the new weathering steel
for coastal use as tested i Okinawa (airborne salinity:
0.8 mdd). The corrosion loss of the new weathering steel
for coastal use after an exposure of one year and nine
months was 70% of that of the conventional weathering

Na, 46 June 20002
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for the new weathering steel for coastal use
and conventional one exposed in Okinawa

steel. This result confirms the superior characteristics of
the newly developed steel for resisting chlorides. In this
exposure test, specimens of the conventional weathering
stecl developed conspicuous orange rust. On the other
hand. dark-brown rust was formed on the new wcather-
ing steel for coastal use. The exposure test in Okinawa is
still ongeing, and additional exposure tests are being
carried out at other sites throughout Japan under differ-
ent environmental conditions such as airborne salinity.

3.5.2 New weathering steet for rural use

The new rural use steel and the conventional weath-
ering steel showed the same corrosion loss of 0.020 mm
afler one year of exposure at Kurashiki City, Character-
istics of the rust formed on the two steels arc similar
from the standpoint of continuity of the dark rust layer at
the rust-metal interface, the distribution of alloying ele-
ments that increase weathering resistance (Cr, Cu, Ni),
and the constituents of the rust. These results indicated
that the weathering resistance of the new weathering
steel for rural use is similar to that of a conventional
weathering steel.
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Table 4 Mechanical properties of welded joints and welding conditions (or evaluation of weld performance of
490 MPa grade new weathering steel for coastal use

B Irmol s ommiimoeneoms a0

Weldi ; i Clensilet 1[ Side | Vnotch Charpy impact testrs
Yo 5 . Lo I . [P . e e T .
ml(;tthll])]é‘ Welding material ‘ Welding condition : TS Position of | hend Position vE, | VE .,
L - | (MPa) | fracture | lest B e VI RO
| - No preheat ‘ Weld metal | 82 71
! - Shiclding gas: 100200, Rond 105 w7
N .| Wire: FG-6088W Corrent: 250 A - Base | one & i
Feaw (L2 mmgp) - 2w - Vollage: 30V 601 metal Good A7 =% 130 | 99
: - Speed: 3.0 mm/s i I . -
' - Heal input: 2.5 k] /mun HAZD# e 2 315 33l
- No preheat ‘ Weld metal 141 130
Wire: KW-605W -Current: BH0 A ; I : YT
At (4.0 mumg) nliage 15 A L Base R Bond 250 | 286
SAW / e Volage: 35 ¥ | 609  ; Good )
[ e - Speed: 4.7 un/s ! mela N HAZ ] #### 319 320
Flux: KB-5W - Hean imput: 4.9 kf/mm i ! -
: ' o | | HAZY=r=+ | 321 | 324
| S Lo

IS Z 3121 (No. 1A)
IS 74 3122 (R =20

3.6 Mechanical Properties of Welded Joints
3.6.1 New weathering steel for coastal use

New weld consumables for welding the new weath-
ering steel for coastal applications were newly devel-
oped by adding Ni in an cquivalent to that in the base
mctal, because consumables should have similar weath-
ering resistance. Multi-pass FCAW and SAW joints of
the new 490 MPa grade coastal weathenng steel were
prepared using these weld consumables, and the resuli-
ing mechanical properties were evaluated. Table 4
shows the welding conditions and the results of tensile
tests, side-bend tests. and Charpy impact tests of the
welded joints. The tensile strength of the joints exceeded
that of the base meial, and the joints also demonstrated
excellent bending property. The toughness of the joints
was evaluated by Charpy impact tests with notch loca-
tions at the weld metal, fusion line, HAZ 1 mm (i mm
apart from the fusion line) and HAZ 3 mm (3 mm apart
from the fusion line). High values of absorbed energy at
—20°C were demonstrated at all notch locations.

3.6.2 New weathering steel for rural use

The new weathering steel for rural usc can be
welded using the same weld consumables for conven-
tional weathering steel. The welded joint was fabricated
from 25 mm thick plates using SAW with a double-vee
groove. A weld consumable equivalent to JIS Z 3183
S582-AW (4.8 mmed) was used at a hcat mput of
5.0kJ/mm. The mechanical propertics were then evalu-
ated. The tensile strength of the welded joint was
687 MPa, and the toughness was excellent, with values
of 210} for vE_5 and 196 I for vE ;. The side-bend test
results were also excellent.

4 Conclusion
Fwo kinds of new types of extremely-low carbon
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batnitic weathering steels were developed. in which the

catbon ¢ontent  was reduced to  approximately

0.02 mass% and the characteristics were evaluated. The

results are summarized below.

{1) The new weathering steel for coastal use, which
contains at least 2.5 mass% Ni, demonstrated a corro-
sion oss that was 15% compared with a conventional
weathering steel afier a two-year scawater spray est.
The corrosion loss after one year and nine months
exposure in Okinawa was 70% of that of a conven-
tional weathering steel. The results of analysis of the
rust suggest that the new weathering steel for coastal
use has superior resistance to chlorides because of its
dark rust layer. This dense layer, which is mainiy
composed of amorphous rust and contains an uni-
formly distributed Ni, prevents Cl from penetrating Lo
surface of the metal substrate.

{2) The new weathering steel for rural use satisties the
tensile and toughness requirements of the 570 MPa
grade, also the new weathering steels for coastal use
satisfy the requirements for 400 MPa, 490 MPa, and
570 MPa grades, all in the as-rolled condition.

(3) The weathering resistance of the new weathering
steel for rural use is equivalent to that of conventional
weathering steel from a standpoint of corrosion loss
and the characteristics of the rust.

(4) Under severe low heat input welding conditions,
such as in arc strikes, the new 570 MPa grade weath-
ering steels for rural and coastal uses showed a maxi-
mum Vickers hardness of approximately 270 points in
the heat affected zonc, demonstrating their superior
resistance to weld hardening. Furthermore, no crack-
ing was obscrved in y-groove weld cracking tests at
20°C.

{5) The new weathening steels for rural and coastal uses
shiowed Charpy energy values that exceed the mini-
mum requircment of 477 in an estimated weld heat
inputs range up to 20 kJ/mm. indicating that high heat

KAWASAKI STEEL TECHNICAL REPORT



input welding up to 20 kJ/mm can be applied.

(6) Two types of new weld consumables for the new
weathering steel for coastal use were developed, and
multi-pass FCAW and SAW joints were fabricated.
Evaluation of the properties of these welded joints
revealed excellent strength, toughness, and bending
property on the weld,

This development made it possible to produce steel
plates that have superior rural and coastal weathering
resistance along with excetlent weldability. In particular.
these plates have outstanding material properties in the
as-rolled condition, which shortens the delivery time.
These products are expected to provide an important
contribution 1o the reduction of construction and mainte-
nance costs of bridges and other steel structures.
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