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Abstract Information on weathering steel behaviour and its rust products characteristics after
decades of atmospheric exposure are scarce. On the other side, generally accepted
laboratory tests for the assessment of its corrosion resistance have not been developed yet.
Consequently, simulating corrosion in the laboratory during long periods of time are
attractive for the interesting and complete information obtainable from them. In the
present work, AISI-SAE 1008 and ASTM-588 B steel samples have been exposed for two
years to a immersion-emersion CEBELCOR type test in the laboratory, simulating a
moderate urban atmosphere. Two groups of six samples each were tested. After the first
year, three samples of each batch were retired for analysis and the rest was kept until they
reached two years of exposure. The half cell electrode potentials were measured daily. The
rust was characterized by metallographic techniques, Mdssbauer spectroscopy (MS),
Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). Comparison
was done with field exposure experiments reported in the literature, and conclusions on the
behaviour of tested samples were drawn looking for differences and similarities with
samples and structures under actual atmospheric conditions.

Keywords Low-alloy steel. Rust. Mssbauer spectroscopy. Iron oxides. Immersion-
emersion test.

Simulacion de los procesos de corrosidon atmosférica durante largos periodos de tiempo
de un acero autoprotector y ordinario

Resumen La informacién sobre el comportamiento y las caracteristicas de los productos de corrosién
de los aceros auto protectores, después de varias décadas de exposicién a la atmdsfera, es
escasa. Por otra parte, atin no se han desarrollado ensayos de laboratorio de aceptacién
general para evaluar su resistencia a la corrosién. En consecuencia, cada dia toman mds
importancia los ensayos de laboratorio durante largos periodos de exposicién. En el
presente trabajo, se sometieron muestras de acero AISI ~-SAE 1008 y ASTM 588-B,
durante dos afios, a un ensayo de laboratorio de inmersién-emersiéon tipo CEBELCOR. Se
ensayaron dos grupos de seis muestras de cada composicion de acero, en una disolucién que
trataba de simular una atmésfera urbana moderada. Después del primer afio, se retiraron tres
muestras de cada grupo y el resto se dejo en el ensayo hasta completar los dos afios
exposicion. Diariamente, se midié el potencial de electrodo respecto al electrodo de
Calomel saturado. Las herrumbres formadas se caracterizaron mediante microscopfa 6ptica,
espectroscopia Méssbauer e infrarroja con transformada de Fourier y difraccién de rayos X.
Se realizé una comparaciéon de los resultados obtenidos en este experimento con los
reflejados en la literatura y se formularon conclusiones respecto a las diferencias y
similitudes en su comportamiento.

Palabras clave  Aceros de baja aleacién. Herrumbre. Espectroscopia Méssbauer. Oxidos de
hierro. Ensayos de inmersién-emersién.
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1. INTRODUCTION

Weathering steels (WS) appeared approximately
forty years ago, like an alternative to prevent the
atmospheric corrosion of the structural steels. They
are low-alloy steels, generally containing a mixture
of elements such as copper, chromium, nickel,
phosphorus, and silicon, with the resulting good
mechanical properties, but, mainly, with a
characteristic adherent and protective rust layer,
developed during long-term exposure to
atmospheres containing SO,. Consequently, WS is
used in outdoor conditions, without the need for
paint or other protective coatings. Because of its
advantages over painted steel and concrete, its use
in highway bridges in the United States, is
increasing currently at an annual rate of c.a. 17 per
cent!!l, Also, in Japan, construction of bridges
using WS in the unpainted condition increased
sharply in the last two decades, and consequently,
about 20 per cent of the steel bridges constructed
in recent years used WS, accounting for an annual
consumption of WS of about 50.000 tons!?.

Although the behaviour of the WS is widely
known, the underlying mechanisms are not
completely understood. One of the main reasons
for this lack of knowledge is related with the
absence of practical and generally accepted
laboratory tests as a support for the study of WS
and, consequently, many years of outdoor testing
are needed to obtain new relevant information for
the understanding of the mechanisms of protection
and the development of new grades of WS. An
alternative to the estimation of the long-term
behaviour are the empirical equations deduced for
the corrosion rate according to the WS
composition® and the subsequent index proposed
by ASTM G1011,

Several years ago, morphological, chemical and
electrochemical  features, including good
stratification, higher density and adherence, and
the presence of some of the alloying elements in
the rust layer were identified as the responsible of
the better behaviour of WS over carbon steel (CS).
As a similarity, the same constituents, including
lepidocrocite (y-FeOOH), goethite (o-FeOOH),
akaganeite (B-FeOOH), magnetite (Fe;O4), and
some other crystalline and amorphous iron oxi-
hydroxides and oxides were identified in both the
steels® 7.

~ More recent work on long—term outdoor
exposure of WS have confirmed a lot of the above
mentioned characteristics, including the fact that
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nearly all the layers formed during more than 15
years, display similar structures when viewed in
microscopic cross sections. They generally consist
of alternating layers of goethite and lepidocrocite,
plus some scattered patches of either magnetite or
maghemite!®),

Taking into account the significance of the
above mentioned tests and, on the other side, their
non-practical long exposure requirements,
laboratory simulated experiments emerge like a
very attractive alternative. Consequently, wet/dry
chamber procedures look like a good possibility, if
the importance of that cycle on the WS behaviour
is recognised! 24 101,

As a tool to perform good rust simulations in
the laboratory, the immersion-emersion
CEBELCOR technique has been known for several
years!!!l. Using this technique, very good
simulations of the actual corrosion process at an
specific site, can be done using cyclic immersion-
emersion test in an artificial solution with the basis
characteristic composition of the rain water at the
same place. Multiplication factors can be
calculated, and decades of actual exposure can be
simulated by more reasonable periods of time.

2. EXPERIMENTAL PROCEDURE

A conventional CEBELCOR immersion-
emersion chamber was used, and the following
specific characteristics were fixed: 45 min per
revolution, 13 min. immersion by 32 min.
emersion relationship, drying temperature c.a.
328K, and a1 x10*M 8042‘ corrosive solution,
according to the mean concentration in the rain
water of the moderately polluted Medellin,
Colombia, atmosphere!'?. The multiplication
factor for the same assembly, with AISI-SAE 1008
CS probes had been calculated in a previous work
as 1:10 13,

Six samples of each steel, a very low CS and a
typical ASTM A 588 B WS, with the compositions
showed in table I, were exposed to the above
mentioned conditions for two vyears, with a
retirement at the end of the first and second years.
The half cell electrode potentials were measured
daily.

Then, rust characterisation by Mossbauer
spectroscopy at room temperature, as one of the
more proper techniques for this subject!"] was
done. Also, complementation with metallographic
analysis under polarised light (Nikon Epiphot 200
microscope coupled to a Leica 500MC image
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Table I. Composition of the CS and the WS samples tested

Tabla I. Composicién de las muestras CS y WS ensayados

Steel Composition (%)
C Mn Si P S Ni Cr Cu Mo Al Sn Vv
cs 0.02 0.28 0.00 0.025 0.019 0.02 0.00 0.01 0.005 0.001 0.006 0.016
wWs 0.10 1.19 0.95 0.021 0.011 0.04 0.63 0.29 0.013 0.025 0.006 0.036

analyser), FTIR (Perkin-Elmer spectrometer
operating in transmission mode, with KBr optics,
in the 250-4000 cm™ region), and XRD (Rigaku-
Miniflex 2005 difractometer, equipped with a Cu-
Ko cathode and Ni filter), was done, assessing the
outer and loose, and the inner and adherent sub-
layers, separately, when it was possible.

3. RESULTS AND DISCUSSION

Significant differences were observed in the
behaviour of the two steels. In figure 1, it is
observed that CS presents a very irregular
behaviour of the potential, showing strong
oscillations as a function of time; this can be
associated with periodical disintegration of the rust
layer on the CS; also, the potential is moving
toward negative values, indicating the formation of
a magnetite type constituent!’”. The WS begins
with a potential more negative that CS, due to a
larger activity caused by the alloy elements, and
moves quickly toward positive values, reaching an
almost constant value, indicating a decrease of the
corrosion process““.

Figure 2 shows the final corresponding sketches
of the microscopic CS and WS rust images. It can
be concluded that the nature of the formed
products is in agreement with the rust formed on
real structures: the same constituents in both kinds
of rust, an evident sub-layer structure on the WS,
with the expected dark patches!® and an
heterogeneous mixture on the CS. A higher
magnetite content and a higher thickness in the
CS rust, and a higher goethite content in the WS
rust. The layer structures found are in agreement
with the findings of Yamashita et al. for WS and
Rendon!™! for CS. As can be seen in the WS
image, there is essentially an internal goethite layer
close to the steel surface, and an external
lepidocrocite layer.

Tables II and Il summarises results from the
Méssbauer  characterisation, including  the
measured hyperfine parameters, the identified
constituents, and their relative amounts, after a

Rev. Metal. Madrid Vol. Extr. (2003) 265-269

(c) Consejo Superior de Investigaciones Cientificas
Licencia Creative Commons 3.0 Espafia (by-nc)

200

100

0

-100
-200

-300
-400

-500

Half Cell Electrode Potentia/mv(vs SCE)

-600 - T T
0 100 200 300 400 500 600 700

Time/days
a)

Y T T T

Halif cell Electrode Potential mv(vs SCE)

08— ]
"600 T T T T T T T
0 100 200 300 400 500 600 700
Time/days
b)

Figure 1. Variation of the half cell electrode potential with
time at, the entrance into the electrolyte, for CS(a) and
WS (b).

Figura 1. Variacién del potencial de electrodo de media
celda a la entrada en el electrolito, para CS (a) y WS (b).

fitting with a non-linear least-squares procedure,
assuming Lorentzian line shapes. More important
conclusions on this subject are concerning with: i)
the same basic constituents in both types of rust for
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b)

Figure 2. Sketches of the microscopic images. (a) CS and (b)
WS. A gray scale convention, going from the clearest
substrate steel, o goethite, lepidocrocite, magnetite, and
mounting resin, as the darkest one, is used.

Figura 2. Imégenes microscépicas (a) CS y (b) WS. Una
convencién de escala de grises es usada, yendo del
substrato de acero maés claro, la goethita, lepidocrita,
magentita, y la resina usada es la més oscura.

the same time of exposition, ii) there is a strong
increment in the magnetite content, and a
decrease in the goethite and paramagnetic species
between the CS rust for one and two years of
exposure to the CEBELCOR chamber, iii) the
doublets in the spectra of all the samples are
assigned to lepidocrocite and super-paramagnetic
goethite, corroborated by XRD and FTIR (this
doublet is the main component for the WS rust as
can be expected from the complementary
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Table Il. Room temperature Méssbauer parameters and
relative areas, the one year the exposition

Tabla Il. Parémetros Méssbauer a temperatura ambiente y
dreas relativas de las herrumbres después de un afio de
exposicion

Sample Constituent H IS Qs Area
assignment (kOe) (mms”) (mms™) (%)

Magnetite A 492 0.24 -0.004 246
Magnetite B 457 0.55 -0.02 139

CS - outer rust  Goethite 327 0.27 -0.27 27.8
Doublet 1 0.19 0.50 7.1
Doublet 2 0.31 0.57 26.6

Magnetite A 492 0.21 -0.03 233
Magnetite B 458 0.54 0.05 15.0

CS - inner rust  Goethite 313 0.16 -0.47 27.2
Doublet 1 0.23 0.47 18.8
Doublet 2 0.32 0.58 15.7
Magnetite A 495 0.26 0.0 5.8
Magnetite B 465 0.66 0.0 4.1
ws Goethite 296 0.34 -0.27 14.1
Doublet 1 0.30 057 67.0
Doublet 2 0.10 0.51 9.0

Table lll. Room temperature Méssbauer parameters and
relative areas, the two year the exposition

Tabla Ill. Parémetros Méssbaver a temperatura ambiente y
las éreas relativas de las herrumbres después de dos afios
de exposicién

Sample Constituent H IS Qs Area
assignment  (kOe) (mms') (mms") (%)
Magnetite A 491 0.19 0.00 37.2

cs Magnetite B 457 0.47 0.00 315
Goethite 300 0.16 -0.27 19.9
Doublet 1 0.23 0.55 11.4

WS Magnetite A 481 0.15 0.0 13
Magnetite B 450 0.55 0.0 10.2
Doublet 1 0.26 -0.60 76.8

techniques used) and, iv) for the two years CS rust,
the clearest sign is that of magnetite, also goethite
and lepidocrocite are present in smaller amounts.

FTIR and XRD results revealed the presence of
the constituents reported in table IV. Both types of
the more eminent features are in close agreement
with the above results, with some special
characteristics to be mentioned: the obvious SO4*
presence, but higher in the WS rust,
simultaneously with a higher water content.

XRD results are in agreement with MS and
FTIR. In the two years CS samples is observed an
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Table IV. Summary of FTIR and XRD results
Tabla IV. Resumen de los resultados de FTIR y XRD

Steel

Main features

XRD

FTIR

CS-outer rust-one year . .
and evidence of magnetite, too.

CSHi t-
inner rust-one year Maybe goethite.

CS-t ea
Wo years maybe lepidocrocite.

Strong evidence of abundant lepidocrocite

Evidence of lepidocrocite and magnetite.

Evidence of magnetite and goethite

Clear evidence of lepidocrocite, scarce

Strong evidence of lepidocrocite, evidence goethite
and magnetite. Important presenc of oxyhydroxides.
Presence of SO.

The same than the outer sub-layer.

Evidence of lepidocrocite, goethite and magnetite.

Strong evidence of lepidocrocite, maybe goethite

WS one year . . and magnetite. Important presenc of oxi-hydroxides,
magnetite, and maybe goethite (see text). g
water and SO 4.
Clear evidence of lepidocrocite, scare Evidence of lepidocrocite, maybe goethite and
WS two years . . .
goethite (see text) and magnetite. magnetite.
increment in the intensity of the magnetite peaks Acknowledgements

and a decrease of the peaks of lepidocrocite. With
regard to WS, the spectrum it is very similar for
both samples, showing more intense peaks for
lepidocrocite and weak peaks for goethite and
magnetite. The small peak intensity for goethite is
due to its form of nano-particles so showing broad
and small peaks but its amount in the WS rust is
large as can be seen from the results of MS, FTIR,
and microscopy images.

4. CONCLUSIONS

The results showed a good agreement with the
reported features for WS. Thus, it is possible to say that:

— Differences between CS and WS were evidently
marked.

— Half cell electrode potentials were in good
agreement with the reported results, and with
the proposed rust formation mechanisms.

— The assessed rust characteristics were in direct
relation with the reported results from long
term exposure conditions in the field.

— All the evidences show that the constitution of
the rust formed on the WS, is equivalent to the
rust reported for the same material exposed
during decades to actual SO, polluted
atmospheres.

— Consequently, corrosion studies in the laboratory,
such as the wet/dray methods, can support the
current research on conventional WS and,
mainly, in the development of new steels.
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titulo del congreso, volumen de los restimenes, ciudad de la cele-
bracién, pais, afio de la celebracién, nombre del editor(es), nom-
bre de la editorial, ciudad de la edicién, pafs, afio de publicacién,
ndmero de las paginas inicial y final.

2.4.5. Tesis Doctorales

Inicial(es) del nombre del autor seguido del primer apellido,
Facultad, Universidad, afio de calificacién de la Tesis.

2.4.6. Ejemplos

[1] C.CORNEJOYy J. GARCIA-NUNEZ, Rev. Metal. Madrid 34
(1998) 235-239.

[2] E R. MORRAL, E. JIMENO y P. MOLERA, Metalurgia Gene-
ral, Ed. Reverté, Barcelona, Espafia, 1985, pp. 161-168.

[3] J.G.SMITH y R. H. JONES, Proc. ICSMA-8, vol. 2, Tampe-
re, Finlandia, 1987, T. Thomas y R. Wilson (Eds.), Pergamon
Press, Oxford, Inglaterra, 1988, pp. 131-136.

[4] L. ASENJO, Tesis Doctoral, Facultad de Ciencias Fisicas,
Universidad Complutense de Madrid, 1995.

2.5. llustraciones, figuras y micrografias

2.5.1. Presentacion

Cada figura o ilustracién debe presentarse en una hoja separada.
Los pies de las mismas, redactados en espafiol y en inglés, deben
permitir una correcta interpretacién de aquellas sin que sea preci-
so acudir al texto. Ademds, los pies de todas las figuras que apa-
rezcan en el trabajo se relacionardn conjuntamente en hoja apar-
te y correlativamente. Las figuras deben ser de una calidad que
permita una buena impresién. Es obligatorio enviar un juego de
figuras originales y una copia del mismo que se procurard sean de
buena calidad para su correcta impresién. Las figuras que inclu-
yen gréficos, en los que aparezcan ejes cartesianos no deben
presentarse con trama de fondo, cuadricula o sub-ejes, a no ser que
sea imprescindible para interpretar la figura.

2.5.2. Micrografias y fotografias

Las micrografias, y en algunos casos las fotografias, deben especifi-
car los aumentos por medio de una escala en el interior de las mis-
mas. En casos excepcionales se podrd indicar los aumentos en el
pie de figura, como en el ejemplo siguiente: “x 150”. Ademds, en
el reverso de las mismas y escrito a ldpiz, debe hacerse constar el
nombre del autor y el niimero de figura.
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2.5.3. Color

Las figuras, micrografias o fotografias seran editadas en blanco y
negro aunque el original enviado sea de color. Sélo se publicardn
en color cuando el autor, expresamente, acepte abonar los gastos
extra ocasionados.

2.5.4. Tamario y colocacion

Las figuras se enviardn de un tamafio igual o mayor al de las dimen-
siones finales a las que aparecerd reproducido en la Revista. Estas
dimensiones son: ancho de columna (80 mm) o ancho de pagina
(170 mm). La altura final de las leyendas y expresiones de las figuras,
tras la reduccién correspondiente, debe ser de un minimo de 3 mm.

Cuando una figura esté formada por dos o més ilustraciones o
micrografias relacionadas entre sf, de modo que todas las ilustra-
ciones se correspondan con el mismo ndmero de figura, se indica-
ra cudl es la a), b), c¢),... mediante la insercién de la letra corres-
pondiente en la figura.

2.6. Tablas

Las tablas deben llevar un encabezamiento, en espafiol y en inglés,
y deben ser inteligibles sin necesidad de acudir al texto. Las tablas
no presentardn trama alguna vy las divisiones horizontales y verti-
cales de los datos se limitardn a las imprescindibles para la com-
prensién de los mismos.

2.7. Unidades

Tanto en el texto como en las ilustraciones sélo se utilizardn los
simbolos y abreviaturas del Sistema Internacional de Unidades
(SI). Como excepcién se admitird que las temperaturas se expre-
sen en grados centigrados y los tiempos largos en horas.

2.8. Pruebas de imprenta

El autor con el que se mantenga la correspondencia sobre el tra-
bajo recibird, con caricter general, un juego de pruebas de impren-
ta para su verificacién. En todo caso, se le solicitard la conformi-
dad al texto final que haya sido preparado con las correcciones de
los revisores o de la Redaccién de la Revista antes de su envio a la
imprenta. En esta etapa de la edicién del trabajo no se admitir4 la
inclusién de material nuevo.

2.9. Separatas y ejemplares impresos

Al autor con el que se mantenga la correspondencia sobre el tra-
bajo se le enviard tantos ejemplares del nimero de la Revista
donde aparezca aquel como autores tenga el trabajo. Se pueden
enviar separatas, a cargo de los autores y a los precios de costo de
las mismas, siempre y cuando se haga constar al devolver, una vez
corregidas, las pruebas de imprenta del trabajo.

2.10.Devolucion de fotografias y originales

En el caso de rechazarse expresamente la publicacién de un traba-
jo se devolver4 el material original aportado a la Revista. Cuando
el trabajo no llegara a publicarse por haber sido retirado por los
autores en cualquiera de sus fases previas a la publicacién, el mate-
rial original sélo se devolvera por peticién expresa recibida en los
30 dias siguientes a la retirada.

3. DERECHOS DE AUTOR

Al remitir un trabajo, los autores acceden a que sus derechos sobre
el mismo sean transferidos al editor siempre y cuando el mencio-
nado trabajo sea aceptado para su publicacién. Estos derechos de
autor cubren los derechos en exclusiva para reproducir y distribuir
el articulo en cualquier soporte y las traducciones del mismo. Con
cardcter general, no se devolverdn a los autores ni los originales en
soporte papel e informdtico, ni las figuras o ilustraciones origina-
les correspondientes a los trabajos publicados.
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