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A. NEED FOR WEATHERING STEEL

Recognition of global warming and environmental degradation has caused the direction of
technology to shift toward environmentally conscious and sustainable development, with the result
that increased efficiency in the use of limited resources is now a focus; (e.g., recycling industrial
materials). In addition, the environmental characteristics of industrial products, structures, and
materials through their life cycles are being improved by life cycle assessment (LCA) of ISO 14000s.
Although LCA needs further improvement, it is a potentially useful methodology for systematically
analyzing a product from the extraction of resources to eventual abandonment, including reuse,
recycling, or disposal in terms of energy, in most cases, and materials, emissions of hazardous
substances, and wastes.

The LCA approach is being used to clarify quantitatively the important role of steel and steel
products in our society, in terms of their abundant resources, economic availability in large quanti-
ties, workability, reliability, reasonable life cycle cost, relatively low environmental burden, and
recycling possibilities.

Structural steel is expected to remain one of the most environmentally friendly materials
available in the twenty-first century. In addition, the recent life cycle study of automobiles, houses,
bridges, and so on conducted by the Engineering Academy of Japan has demonstrated that 70-85%
of the energy consumed by these products throughout their life cycle occurs during service, rather
than during production or product assembly [I]. This observation indicates that materials
performance, durability, and reliability are important considerations in the design of a product or
a structure for its life cycle energy efficiency. Figure 1 shows an example of the framework for the
systematic assessment of materials performance, including (a) life cycle cost (LCC) analysis, (b) life
cycle safety (LCS) design, (c) life cycle assessment (LCA) for energy and materials, and (d)
diagnosis of life prediction based on the operating mechanisms.

Our living environments consist mainly of fresh water, seawater, the atmosphere, and soil. These
four categories include the environments in which the majority of structural steel products and large
structures are exposed. Corrosion mechanisms of structural steels and the dominant corrosion
parameters in these environments are discussed in other chapters. In this chapter, carbon and low
alloy structural steels resistant to atmospheric corrosion (i.e., weathering steels) are discussed.
Weathering steels are widely accepted and have important applications for saving energy and
resources.
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FIGURE 1. Framework for the systematic assessment of weathering steel performance.

B. HISTORY

Weathering steel contains Cu, P, Cr, Ni, and Si as alloying elements totaling a few percent maximum.
During field exposure, an adherent, compact, and protective layer of corrosion products grows under
a coarse surface rust layer, retarding further corrosion.

Weathering steel was originally developed by U.S. Steel in 1933 as CORTEN, a high-strength,
low-alloy structural steel of yield strength > 35 kgf/mm2 and corrosion resistance superior to that of
Cu-bearing steel [2]. The initial chemical composition is shown in Table 1 [3] with more recent
American Society for Testing and Materials (ASTM) specifications [4].

Buck [5] reviewed investigations dating from 1908 that showed the beneficial effects of Cu as an
alloying element in steels for atmospheric exposure. In 1916, ASTM took an initiative to conduct
long-term exposure tests to evaluate the effect of Cu on atmospheric corrosion resistance of various
steels. The final report [6] confirmed the superior corrosion resistance of steels containing up to 0.3%
Cu, compared to those without Cu (< 0.03%). The additional beneficial effect of up to 0.09% P was
also noted. The role of Cu, Cr, Ni, P, Al, and Mo in atmospheric corrosion resistance was assessed in
systematic studies in the United States [2], United Kingdom [7], and Germany [8, 9].

Addition of 0.2-0.3% Cu was found to increase the corrosion resistance by a factor of ~ 2.
Weathering steel, with 0.5% Cr in addition to the Cu, has corrosion resistance improved by an
another factor of ~ 2, as shown in Figure 2 [2]. Corrosion resistance is usually assessed by
measuring the reduction in thickness from both sides of a steel plate during a specific exposure time.

1. Applications

The first version of CORTEN was based on the Fe-Cu-Cr-P system, whereas later versions were
based on the Fe-Cu-Cr-Ni-P system, the basis for the ASTM standard series listed in Table 1 [3].
CORTEN B was specially designed with P < 0.04% (like ASTM 588, registered in 1968) compared
with 0.07-0.15% P for CORTEN A, to avoid weld cracking of plate > 37 mm (1.5 in.). Nickel was
added to minimize plate damage during rolling, due to enrichment of Cu in the surface scale [10],
and to improve the corrosion resistance in chloride-bearing environments [2].

In the early applications, weathering steel was used for freight trains, trucks, agricultural
equipment, and so on with various paints. In 8-year atmospheric field exposure tests, paints on
weathering steel lasted 1.5 to 4 times longer than on conventional steels [U]. Paints, which retard
corrosion initiation and minimize stains from corrosion products, are evaluated for their contribution
to life cycle economy, their environmental aspects, and their ease of use.



TABLE 1. Compositions of Weathering Steels"
Weight Percent (w/o)

YS ̂ SOksi
ASTM- A242 Type 1

VO.02-0.10 YS ̂ 50ksi
ASTM-A588GRA

VO.02-0.10 YS ̂ TOksi
ASTM-A852

VO.40-0.10 YS ̂  60ksi
ASTM-A871GR60,65

VO.02-0.10
VO.01-0.10
VO.01-0.10
Zr 0.05-0.15
CbgO.04
MogO.10
Cb 0.005-0.05

NiCrCuSPMnSiC

0.03

gO.65
0.51

gO.65

gO.40

gO.40

gO.40

<0.40
gO.50
0.25-0.50

gO.40

0.50-1.50
1.1

0.30-1.25
1.0

0.50-1.25

0.40-0.65

0.40-0.65

0.40-0.70

0.40-0.65
0.40-0.70
0.30-0.50
0.50-0.90

0.40-0.70

0.20-0.50
0.42

0.25-0.55
0.41

0.25-0.55

0.25-0.40

0.25-0.40

0.25-0.40

gO.20
0.25-0.40
0.20-0.40
0.20-0.50
gO.30

0.30-0.50

0.035

gO.05
0.030

gO.05

gO.05

gO.05

gO.05

gO.05
^0.05
^0.05
^0.05
^0.05

^0.05

0.10-0.20
0.16

0.07-0.15
0.11

0.07-0.15

gO.04

^0.04

^0.04

^0.15
<0,04
^0.04
^0.04
^0.04

^0.04

0.10-0.30
0.30

0.20-0.50
0.48

0.20-0.50

0.80-1.25

0.80-1.25

0.80-1.35

^1.OO
0.80-1.25

0.75-1.35
0.80-1.35
0.75-1.25

0.50-1.20

0.50-1.00
0.93

0.25-0.75
0.54

0.25-0.75

0.30-0.65

0.30-0.65

0.30-0.65

0.30-0.65
0.15-0.50
0.15-0.40
0.50-0.90

0.25-0.50

-0.10
0.09

^0.12
0.06

^0.12

^0.19

gO. 19

^0.19

^0.15
gO. 19
gO.20
gO.15
0.10-0.20

gO. 17

CORTEN
Example [2]

1940 CORTEN
Example [2]

USS CORTEN A

USS CORTEN B

USS CORTEN B-QT

USS CORTEN C

ASTM A242 (M)
ASTM A588 A
ASTM A588 B
ASTM A588 C
ASTM A588 D

ASTM A588 K

a See [3].
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FIGURE 2. Atmospheric corrosion of steel as a function of time (industrial atmosphere) [2].

Bare weathering steel was first used in a full-scale application in the John Deere and Co. office
building in Moline, Illinois, in 1964, stimulating the use of weathering steel in buildings and other
structures, such as the Chicago Civic Center, towers for power transmission lines, and highway
bridges, thereby expanding the use of weathering steel in the United States; (e.g., by 1993, there were
~2300 bridges in the United States without coatings) [12]. Guidelines were prepared for the
removal of mill scale and contaminants and for the design to include water drainage.

2. Development of Enhanced Performance

Weathering steel was first commercialized in the United States, and the use of weathering steel then
spread to other parts of the world where different environmental conditions exist. In the late 1950s,
weathering steel was modified in Japan [3]; for example, Cu-P, Cu-P-Ti, Cu-Cr-Ni-P (COR-
TEN), Cu-P-Cr-Mo and other systems. The main features included (1) diversified selection of
steels according to P content: high P for high corrosion resistance, and low P for better welding
properties; (2) three grades of tensile strength covering 41, 50, and 58kgf/mm2 (58, 71, and 83 psi,
respectively) for welded structures; and (3) a variety of coatings to stabilize the corrosion products
early in the exposure period to avoid stains of corrosion products [13-16].

During the 1960s, air pollution in industrial areas in Japan, up to 0.07 ppm SO2, caused by
combustion of sulfur-bearing fossil fuel, along with high rainfall and humidity levels and high
chloride concentration near the seacoast, led to poor performance of weathering steel. The alloy
design was modified and coatings were developed to meet the needs for the local applications [3].
Steelmakers collaborated in 12-year exposure tests that were carried out to classify the severity of the
environments in Japan into five zones [17]. The maximum acceptable deposition rate of air-borne
salt was 0.05 mdd (mg/dm2/day) in order for the corrosion rate of weathering steel to be < 0.3-mm
corrosion loss during 50 years [18].
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The protective compact rust layer is the product of corrosion reactions between the steel substrate
and the chemical species in the environment, for example, chloride and sulfate ions under wet and
dry conditions with temperature variation. Because of these variables, the performance of weathering
steel varies with geographic location, such as distance from the seashore, as well as structural
location and orientation, such as the angle with respect to incident sunlight. Experience with
weathering steel in Japan [3] indicates the need for quantitative assessment of time-dependent
environmental parameters, especially concentrations of sulfate and chloride, seasonal humidity, and
solar radiation, and the effects of these parameters on formation of the compact protective layer of
corrosion products.

By 1980, the application of bare weathering steel to highway bridges had increased to 12% of all
bridges in the United States [12]. Corrosion of bridges constructed of weathering steel has occurred,
predominantly on upper decks and joints where deicing salts sprayed during the winter accumulate
[19]. Analysis of the corrosion damage showed that, to ensure the satisfactory performance of
weathering steel, it is important to avoid water pools where salts concentrate and degrade the
protective corrosion products [2O]. This experience indicates the importance of design in the use of
weathering steel. It is essential to avoid water pool formation and accumulation of salts, which could
be deicing salts or airborne sea salts, depending on geographic location, as described in Section C.

C. ALLOYING ELEMENTS

The role of alloying elements in weathering steel may be divided into (1) effects on formation of the
protective layer of corrosion products (discussed in this section), (2) enhancement of mechanical
strength and toughness, and (3) improvement of weldability. The protective qualities of the layer of
corrosion products on steel depend on the continuous growth of the adherent, compact, inner layer,
and on low porosity within the layer. From statistical analysis of data obtained in long-term exposure
tests [2, 21-27], the kinetics of atmospheric corrosion were found to obey Eq. (1),

C = Af (1)

as shown in Figure 3 [2], where C is the corrosion loss, t is time and A and B are constants.
Expressing Eq. (1) differently,

logC = logA + Blogf (2)

and using regression analysis, the two constants, A and 5, may be expressed in terms of alloy content
or environmental parameters, such as chloride and sulfate ion concentrations [26], depending on
available data. In using statistical analysis, it is essential to establish the reliability of the available
data, and then to select a mathematical methodology (e.g., extreme value analysis or discriminant
analysis).

In this way, the beneficial effects of Cu, Cr, and P, and the small contribution of Si, Ni, Al, and Mo
in the protective layer of corrosion products were established. The present understanding of the
structures of the corrosion product films is described in Chapter 30, pp. 520-521.

The protective aspects of weathering steel have been characterized by observing the dark color
and limited porosity of the protective corrosion product layer. Study of cross-sections, using
polarized light reflection [28] as well as X-ray analysis and electrochemical techniques, identified
the inner corrosion product layer as amorphous, spinel type iron oxide, enriched with Cu, Cr, and P,
and the outer layer as y-FeOOH, as shown in Figure 3. The protective nature of weathering steel was
attributed to the continuity of the amorphous inner layer. Ferroxyl tests were used to study
discontinuities on weathering steel surfaces caused by porosity or sulfate nests, which are spot-like
open defects within the corrosion product layer where chlorides and sulfates accumulate because of
localized corrosion [29, 3O]. As the sulfate nests become smaller in size and in population, the



FIGURE 3. Schematic illustration of the corrosion product layers identified on steels exposed to rural and
marine atmospheres for periods of up to 5 years [28].

protective qualities of weathering steel improve. Recently, integrated instrumental analysis, with
X-ray diffraction, Raman spectroscopy, and infrared (IR) transmission, was used to show that
Cr-bearing oc-FeOOH could be the stable and protective rust layer on samples exposed for 26 years
[31], although identification of the stable phases has been somewhat controversial for other samples
exposed for 35 years [32].

Applications of weathering steel are still very limited in the presence of concentrated sea salt or
accumulated deicing salts because of insufficient formation of the protective corrosion product layer
in the presence of chloride nests [33]. One of the proposed solutions to this difficulty is to increase Ni
content by as much as 3-5%. Nickel enrichment of the amorphous inner layer was found to retard
corrosion, supporting the hypothesis that chloride ions do not penetrate the layer at higher Ni
contents [34-36].

1. Mechanistic Aspects

Regarding the role of Cu, Masuko and Hisamatsu [37] and Suzuki et al. [38] found in their studies of
artificial rust that addition of Cu ion decreases the size of iron oxyhydroxide (FeOOH) particles,
increases its buffer capacity, and stabilizes its amorphous state. The role of Cu was also assessed by
Stratmann and Streckel [39] using the Kelvin method, who confirmed the considerable retardation of
corrosion by the formation of a compact corrosion product layer containing Cu. Studies have been
carried out on the ion selective properties of corrosion products, on local solution chemistry, and on
agglomeration of colloidal particles [40, 41]. By observing in situ the formation of colloidal
corrosion products using a video enhanced microscope during the initial stage of corrosion, a
phosphate layer was identified, beneath which the amorphous corrosion product layer grows. This
mechanism explains the role and location of P at the interface between the inner amorphous layer
and the outer FeOOH layer in weathering steel exposed to the atmosphere for 19 years [42].

Since the corrosion reactions of weathering steel are very slow and have many variables, the
precise mechanism of the formation of the protective layer of corrosion products is still somewhat
uncertain. Experimental techniques that may be useful in elucidating further the mechanism of
corrosion protection of weathering steels include AC impedance with controlled thin water films
under wet and dry conditions [35], Kelvin vibrating-capacitor technique [39], colloidal chemical
techniques with video enhanced microscope [42], and high-energy X-ray sources for higher
resolution in situ.

Enrichment
of Cu, Cr, P

Amorphous layer

FeOOH

Fe3O4

FeOH

Steel

Weathering steel

Steel
Plain carbon steel



D. MONITORING CORROSION PRODUCT FILMS

Stable corrosion product film formation in the field has been confirmed by visual observation,
thickness measurement, and by the ferroxyl test, which identifies the anodic dissolution of the Fe2 +

ion from local active sites, called nests. At these sites, stable film formation is incomplete, as shown
by blue spots on filter paper after wetting the steel surface and removing the unstable surface rust.
The tests are conducted with a solution of 10 g potassium ferrocyanide, 1Og potassium ferricyanide,
and 60 g sodium chloride in 1L of water. The ferroxyl test is easy to use but can be misleading due to
incomplete penetration of test solution in the presence of thick heterogeneous corrosion product
films.

Kihira et al. [43] developed a portable instrument, based on electrochemical ac impedance and
harmonic current measurements, for identifying the formation of a protective compact corrosion
product film on weathering steel. Through a film of 0.1M Na2SO4 solution, two probes were attached
to the steel surface, which had been exposed to a semiindustrial environment for 13 years. By
measuring ac impedance and harmonic current characteristics, an appreciable difference in ionic
resistance of the corrosion product films on carbon steel and on weathering steel was found at
frequencies of 10OmHz to 1 kHz.

According to Okada et al. [28], the features of corrosion resistant films are (1) a surface layer
consisting mainly of crystalline FeOOH and (2) inner layer consisting of amorphous iron oxy-
hydroxides with enrichment of Cu, Cr, and P. Cross-sectional observations of corrosion product films
using a polarized light microscope indicate the presence of an amorphous layer, which absorbs light,
whereas a crystalline surface layer reflects it. These observations combined with other measure-
ments, using ac impedance and an electromagnetic film thickness gage, made it possible to establish
a relationship between film thickness and film resistance for numerous weathering steels exposed at
various locations throughout Japan. The quantitative classification map for performance of
weathering steels was constructed and is shown in Figure 4. In the zone designated as A, the film
resistance may increase without increasing the thickness where a uniform and protective film is
formed. On the other hand, there is a zone C, in which thickness increases without increase in
resistance, where anomalous rust composed of FeOOH is located next to the surface, and crystalline
Fe3O4 is contained in the rest of the corrosion product film.

An instrument called a corrosion product stability tester was used on a 13-year-old bridge located
approximately 2 km from the mouth of a river, in order to assess the state of the corrosion product
films. Figure 5 illustrates the observations. The steel inside the girders (C-D-E-F) and outside the
upper girders (A and H) are still covered with the initial rust because of the relatively low humidity.
The steel outside the lower girders (B and G) is, however, covered with a protective corrosion
product film. This film may be attributed to deposits washed out by rainfall at this location, in
contrast to points C and F, where dust and sea salt accumulate. This nondestructive and mobile
corrosion product stability tester can be used to assess a structure, such as a bridge, so that formation
of a protective corrosion product film can be predicted. In addition, feedback of information to the
design stage is useful for avoiding formation of nonprotective corrosion product films.

E. DESIGN PARAMETERS

Larrabee [44] and Schikorr [45] noted the importance of orientation and geometrical configuration of
samples in field exposure tests, that is, the angle with respect to the horizontal, and the upper and
lower sides of a sample, due primarily to the time of wetness and amount of deposit. In a study of
geometrical factors, Moroishi and Satake [46] assessed carbon and weathering steels using samples
having one side coated, and exposed at various angles and directions. The lower side tends to be
corroded as much as 60-70% more than the upper side, and the extent of corrosion increased as the
orientation approached vertical. These observations correlated with the concentration of sulfate in
corrosion product layers on samples exposed on the lower side only. On the other hand, samples with
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FIGURE 4. Quantitative classification of the states of corrosion products on weathering steels based on
measurements of film resistance and thickness [43].

upper side exposure behaved differently because of the washout effect caused by rainfall. These
corrosion phenomena were more prominent for carbon steel than for weathering steel.

Important studies of design parameters and the formation of protective corrosion product layers
were conducted by Satake et al. and Matsushima et al. in 1970 [47] and 1974 [48], respectively. They
constructed models having configurations anticipated for weathering steel structures: H-shaped
pillars and beams, ceilings, window frames, siding, louvers, and stairs. Matsushima et al. [48]
reported the time required for stabilizing the corrosion product in terms of location in the structure
and of environment, industrial or urban. This time varies from 1 to 5 years, except for the locations
where no stabilization occurs, because of water pool formation.

Design criteria and guidelines for construction and maintenance of bridges using bare weathering
steel were established in Japan in 1993 [18]. As a result of exposure tests on 41 bridges for 9 years,
the design criteria and guidelines clarified the critical concentration of sea salts, below which the
corrosion product layer is protective and stable, as shown in Figure 6. Above 0.1 mdd, anomalous
corrosion products are formed. Since SOx has been dramatically reduced in Japan from 0.04 to
0.06 ppm around 1970 to < 0.01 ppm, the essential consideration for environmental parameters has
been focused on sea salt deposition and time of wetness. If salt deposition is < 0.05 mdd, corrosion
loss in thickness during 50 years of service is estimated to be < 0.3 mm.

F. GUIDELINES FOR USING BARE WEATHERING STEEL

Use of weathering steel for bridges has several advantages over the alternative, concrete, including
lighter weight, ease of construction, strength, and the formation of a protective corrosion product
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FIGURE 5. Distribution of the states of corrosion products on a bridge constructed from weathering steel 2 km
from the mouth of a river [43].
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Air Born Salts (NaCI, mdd)

FIGURE 6. Influence of air-borne salts on the stability of the protective layer of corrosion products [18].

layer within several years in most atmospheres, reducing life cycle maintenance costs. In order to
ensure the protective rust layer, the following design and fabrication requirements must be met,
according to the guidelines issued by the Japan Association for Construction of Bridges [49].

In parallel with the use of bare weathering steel, new types of coatings, with ion selective and
corrosion product stabilizing functions, have been developed [50-52]. Reliable and economical
surface coatings will be required in order to expand the potential applications of weathering steel.

The main design points are the minimization of time of wetness and control of chloride
deposition (< 0.05 mdd). Following are typical considerations for design of weathering steel
structures: (1) secure drainage for rainfall; (2) give the lower /beam flange a slight tilt; (3) minimize
the bottom-flange extrusion of the box girders; (4) provide good clearance between neighboring
lower flanges; (5) minimize the entry of water at friction grip bolts beneath splice plates; (6) avoid
water leakage at expansion joints; (7) protect the slab from intrusion of water from bridge surfaces;
(8) paint the inside surface of the box girders to protect against condensation of water, and paint the
girder edge to protect against intrusion of water from expansion joints; (10) blast clean the steel
surfaces to facilitate the formation of the protective corrosion products; and (11) avoid or minimize
foreign substances, such as oil, grease, mortar, and markings.

Minimum maintenance bridges, proposed by the Ministry of Construction of Japan in 1997 in
collaboration with universities and industries, will contribute to sustainable development in saving
energy and cost and in reducing the environmental burden.
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