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ABSTRACT

ASTM A-588 Weathering Steel, used in over 2000 bridge structures in
the U.S.A., has been found to be experiencing corrosion problems due to
salts used for deicing purposes. Corrosion problems encountered in about
25 bridges located in the states of Louisiana and Texas were studied and
analyzed. Bridges chosen for study are located very near the Gulf Coast
(near-marine), in the dindustrial belt of coastal area (industrial,
near-marine) and in the central and northern parts of Louisiana. Formation
of coarse flakes and measured section losses of 3 to 5 mils per year (mpy)
have been found in coastal area bridges in sheltered locations, whereas the
metal loss is about 1 mpy in sheltered locations in rural area bridges in
the northern parts of Louisiana. Roughly half as much thickness loss as in
sheltered Tlocations was registered for exterior, bold-exposed surfaces.
The weight losses determined by analyzing field coupons located at several
bridge sites yielded average losses of about 1.6 mpy in near-Gulf bridge
sites; 1.35 mpy in the Coastal area bridges located in the industrial belt;
and about 0.5 mpy in the rural areas in the northern parts of Louisiana for
interior, sheltered Tocation exposure, and roughly half as much for
exterior, open exposure. These losses observed are compared with the
results obtained by other investigators worldwide.

Pitting is another problem encountered in bridges. The exterior
faces, as well as bridges in the rural areas, do not show any evidence of
pitting. Interior, vertical faces show the least severe pits. Fairly wide
and deep pits were observed in partially boxed areas above the gusset
plates at the entrance to piers. Pits as deep as 50-60 mils were located

in these areas. Such wide and deep pits are attributed to debris
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collecting at these spots and retaining water or experiencing wet
conditions for fairly long periods, contributing to wmaximum rusting.
Sheet-type of rust forms in these areas.

Accelerated laboratory atmospheric exposure simulation tests with an
acceleration factor of 50 and extending for a maximum of 2200 wet-dry
cycles (6-year exposure equivalent) gave corrosion loss data that agreed
fairly well with the field data derived from field coupons. The tests
corresponding to sheltered 1location exposure showed that the rusting
process does not slow down and stabilize with time in humid, tropics -
equiva]eht conditions. Average metal losses were: 0.1 - 0.33 mpy in tests
simulating exterior, open exposure, about 1 mpy in tests simulating
sheltered 1location exposure, about 2.5 mpy in total immersion testing,
about 40 to 64 mpy in salt fog tests and about 60 to 100 mpy corrosion rate
in electrochemical tests for initial corrosion processes.

Structural analysis revealed that the initial rust to form in
atmospheric exposure is the so-designated "Amorphous Mix (AM)" phase, which
is judged to be a mixture of highly amorphous 8-, y-FeOOH and ferrihydrite.
These and other rust phases, including a-FeOOH and Y-Fe2 03 . H20, form and
grow on top of the sedimented AM layer. The amorphous phases are compact
and dense and provide for corrosion and rusting resistance, whereas
crystalline phases are porous, erode off easily and contribute to corrosion
losses. The morphology and growth characteristics of the rust phases are
defined.

Surface modifications with rust modifier-type inhibitors are generally
found to be beneficial to slow down the corrosion process and stabilize the
protective AM Tlayer or the amorphous rust phases. Phosphoric acid

application is found to be very effective in this respect and fine rusting

(vi)



prevails on top of such phosphoric acid-treated surfaces. Based on the
results obtained, several recommendations are made for treating the
weathering steel 1in several Louisiana bridge sections with inhibitor-type

chemicals.
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INTRODUCTION

Weathering Steel, ASTM A588 - grades A and B, used extensively in
bridge structures, buildings and other high-rise structures such as sports
stadia, has been observed to be plagued with corrosion problems, especially
more than allowable metal loss and pitting [1,2]: The metal has been found
to be doing well in outdoor, open-bold-exposures, but does not fare well in
sheltered areas in chloride-laden environments or where salt has been used
for deicing purposes during winter months. Airborne salt and other
po]]utanfs reach the steel beams in sheltered locations and contribute to
the corrosion problems encountered. Salt concentrations as high as 8% have
been found in places where the leaking expansion joints allowed the salt
water to seep through and stagnate on beams. In areas touched by the salt
spray as much as 3% salt has been found. These data are from Michigan [3].
On account of widespread corrosion problems encountered in Michigan, the
weathering steel A588 has been barred from usage in bridges and roadway
sections that would be subjected to high salt pick-up. The state of
Michigan has subsequently instituted a total ban of its usage in all
structures built by the state. Many other states have followed suit and
there is now a ban on the use of weathering steels in many places.

The moratorium instituted by the State of Michigan and others applies
to new structures. According to a recent poll [4], eighteen states in the
U.S.A. do not design bridges with weathering steel, thirteen have no
restrictions, and nineteen states design with some restrictions. But there
are already upwards of 2000 weathering steel highway bridges in use

throughout the U.S.A. and two Canadian provinces [4].



About 80 bridges built with the A588 steel are in the Gulf states of
the U.S.A., of which about 25 are in the state of Loufsiana. Coarse
flaking and pitting have already been encountered in some of the coastal
area bridges, the finding of which necessitated a thorough investigation of
the magnitude of the corrosion problems and evaluation of corrosion
mitigative measures other than regular painting. So much was the
jndication of the problem that immediate attention was warranted.
Accordingly, a research project was initiated at Louisiana State University
in full collaboration with the Research and Development Section and the
Maintenaﬁce Division of the Louisiana Department of Transportation and
Development in September 1983.

It was of primary interest to assess the extent of damage by corrosion
and section thickness Tlosses by direct measurements in representative
weathering steel structures in the-states of Louisiana and Texas and seek
suitable remedial procedures to mitigate the corrosion processes. Instead
of painting, it was felt it would be wiser to let the steel rust but
provide it suitable treatment so that a compact and adherent protective
rust layer would be formed and maintained on the steel sections already in
place on the bridges. An optimum, economical method of surface treatment
that would counter the corrosion problems encountered was sought. Three,
known, inhibiter-type acids, those that would form chemical conversion
coatings on the steel, were planned to be applied alone or in suitable
combinations on surfaces of the steel, after cleaning by sand blasting,
acid pickling or wire brushing,

Such treatments or any other mitigative measure thought of would be of
Tess value if one would only evaluate the weight or section losses by

corrosion on these treated or surface modified steels. A clear knowledge



of the nature and causes for excessive rusting and the characteristics of
the rust layer formed under the prevailing conditions on the steels exposed
as such, as well as on steel surfaces suitably surface modified or treated
with chemicals, is necessary in order to gain a clear understanding of the
phenomena and the effects of any mitigative measure suggested.
Accordingly, the study also was oriented toward understanding the corrosion
processes of weathering steels in the atmosphere and elucidating the
characteristics of the rust layers formed.

The project was started with the following specific aims:

(1). Undertake a program of field monitoring of AB88 steels in
selected, representative bridge sections and document the
corrosion data.

(2) Analyze the field rust samples and determine the causes for
excessive flaking and corrosion.

(3) Determine the section thickness losses due to continued rusting
and removal of rust by natural processes.

(4) Undertake a program of field monitoring and rust analysis from
A588 steels in chosen bridge sections after suitably modifying
their surfaces by different chemical treatments.

(5) 1Install suitably surface-modified A588 steel coupons in the field
at the bridge locations (in both open and sheltered locations)
and evaluate their corrosion behavior and the rust layers formed
on them through subsequent periodic analysis.

(6) Undertake a modest program of accelerated corrosion testing in
the laboratory with similarly surface-modified A588 steel coupons
under conditions that would closely simulate the field conditions

and conform to ASTM test specifications.



(7) Evaluate the specific effects of chloride in the rusting and
corrosion processes in the A588 steel under the prevailing
weather conditions.

(8) Critically analyze the atmospheric corrosion data in the
literature on the low alloy and weathering steels in various
conditions and correlate the data from this project to the
general findings. Discuss similarities and differences.

(9) Determine the optimum surface modification technique that can be
applied to offset the problems, and

(10)‘ Develop and specfify suitable maintenance procedure for surface-

modified A588 steel spans.

The long-term goal of the project was to understand the prevailing and
potential corrosion problems, such as pitting, crevice gattack, stress
corrosion cracking, etc., especially at critical locations and highly
stressed areas, and seek suitable remedies.

Between 1983 and 1986 considerable work was undertaken on all aspects
of the project and a great deal of data collected from eight representative
bridges located strategically in different parts of the states of Louisiana
and Texas, as well as from accelerated laboratory tests and field exposures
with A588 steel coupons. The results obtained in this research program are
being presented in a series of reports and papers intended far publication.
This final report encompasses salient data and results from those reports
and papers. For detailed information, readers are referred to the

respective reports or papers as indicated at appropriate places.



LITERATURE INFORMATION

Corrosion Kinetics.

McKenzie [2] reported increased corrosivity of steel under sheltering
in marine environments owing to the air-borne sea salt. Under sheltered
conditions in exposure to the atmosphere both the sulphur compounds and
chlorides present had significant effects, whereas in open, exterior, bold
exposure, chlorides were not found to be as influential due to the frequent
washing action by rain. McKenzie also observed the formation of rougher
rust in Ehe]tered, marine locations. His study also showed that pitting
occurred extensively in sheltered specimens in marine enviraonments and pit
depths as high as 25 mils were found.

In semi-tropical Gulf Coast states, where excessive snowing does not
occur and the use of deficing salt is minimal, the corrbsion problems
encountered are from the air-borne sea salt deposited on the structure by
wind. Thus, McKenzie's data and results would be directly applicable to
conditions in Louisiana.

McKenzie's data from England also showed a lower corrosion rate under
bridge sheltering than in oppen bold exposure in areas where high chloride
levels were absent. Corrosion thickness losses of about 150+4225 um (6 to 9
mils) over a five-year period were found for Cor-Ten B (A588 - grade A) in
highly industrialized area$ of the U.K. On the contrary, a' loss of about
75 to 100 um (3 to 4 mils) ifor a five-year periéd was obtainedd in rural and
urban areas. (See Table 8)

Much higher thickness losses than reported by McKenzie have been
recorded in Brazil [5]. Annual losses averaged from about 25 um (1 mil) in

moderately high chloride 1levels (350 m away from the sea) to about



|

300-375um (12 to 15 mi]sw in high chloride levels in marine atmospheres
(100 m from the sea line)%for the Cor-Ten B (A588 - grade A) steel. The
corrosion rate was only aﬁout 15 um (0.6 mil) per year at 600 and 1100 m
from the sea line. In 1bdustria1 areas the corresponding annual losses
were about 60 to 75 um k2.4 to 3 mils). These are for outdoor, open
exposures in tropical mari?e and subtropical industrial climates.

Results obtained in 1exterior, bold-exposure tests with weathering

steels in various other co@ntries can be summarized as follows:

(1) Austen-50 steel, equivalent to A588 - grade B, hadlabout 90 um (4
mils) thickness | loss in 10 years whereas Austen 60 stee1;
equivalent to Aﬂ88 - grade A had slightly higher losses, about
120 wm (5 mi]s)iin 10 years in heaVi]y industrilalized coastal
environments in %Austra1ia. Plain carbon steel without copper
lost nearly twice as much as these steels. On the contrary, the
thickness losses were only about 50 wm (2 mils) in 10 years for
the weathering siteels and about 60-90 um (3-4 mils) for plain
carbon steel in rural areas [6].

(2) Duncan and Ballance [7] found appreciable chloride iin the
atmosphere derived from sea salt, far away from the coastline in
New Zealand. The chloride content of the atmosphere played a
significant roleg 1in corrosion, causing more metal loss in
sheltered 1ocatiohs than in open exposures.

(3) Perez [8] showed &hat changes in the atmospheric cdrrosion in
Cuba are primarh]y due to salinity. More weight Tloss was

obtained with a decrease in temperature in the humid, tropical

climate. A higher salinity and lower solar radiation were



ascribed to be 'the reasons for increased weight loss in the
winter months. |

The maximum thickness of the patina layer is about 200 um (8
mils) [9,17]. ¢orrosion Tosses of Atmofix 52A i(equivalent to
A588 - grade B) gtee1 were about 50 um (2 mils) inioutdoor rural,
urban and weak]y!po]]uted industrial atmospheres |put were about
100 to 150 uml (4 to 6 mils) 1in outdoor heavily polluted
industrial areaséin 5 years in Czechoslovakia. These values are
about similar toithe values reported by Townsend @and Zoccola in
the U.S.A. [10].? Further information and data on corrosion in
Czechoslovakia cgn be obtained from the works of Barton, et al
[11].

Atmospheric corrgsion testing in Norway and Sweden using
electrolytic cells in the atmosphere has indicated 'that for steel
cells the time of wetness is close to the exposure time at RH >
90% at least in the initial stages [12]. The average thickness
losses for a wedthering steel with low Mn were about 40-50 um
(about 2 mils) in 5 years in rural and urban areas of Norway
[13]. Analogous 'thickness losses for Cor-Ten steel (A588) over a
five-year period was about 60 um (about 2.4 wmils) in Finland
[14].

An extensive atmospheric corrosion testing program exists in
Japan [15]. The\dapanese scientists have carried out elaborate
work to characterize the structure and properties of the rust
layers formed on [the weathering steels. The pioneﬁring works of

Misawa outlined in Ref. (15) and surveyed briefly later are

already well kno%n. These scientists have showd that a good
1



(7)

washing of the surface by rain is most important for the early

development of a protective rust film and that it :!is particularly

so in 1ndustri%1 atmospheres. Aging processes activated in
colloidal aggregates formed determine the corrosion fates.
Copper 1in the structural steel inhibits the growth of colloidal
particles and increases the flocculent forces of | the aggregate,
thereby 1leading| to better compactness of the rust film and

corrosion resistance.
\

The rust layers formed on iron and steel haye the specific
ability to absorb and transport selective ion Ispecies, which

property has been studied in detail by Sato, et al. [16]. These

scientists observed that hydrous ferric = oxides are

Lo, .
anion-selective = in  neutral chloride solution and are

cation-selective in alkaline solution, with | a point of
i
iso-selectivity Ebeing pH = 10.3. Anion selective ferric

|

hydroxide films| would accelerate the anion enrichment and

decrease the pé at the rust-metal interface such that the

corrosion rate Qou]d increase. Such conditions would apply to
\

exposure at inteﬁior, sheltered locations.

Studies in Canada by Manning [17] showed that corré¢sion of

weathering steel in open exposure decreased with time and
attained "stead‘ state" conditions in about !3 years. In
industrial sites the corrosion rate was the hilghest, but it
diminished rapidly.

The indust*ia] effluents could also cause beneficial,

inhibitive actioTs and in one study lower corrosfon rates have

been recorded in| industrial environments than in marine or even



rural environme¢ts [177. Generally, however, ma&imum corrosion
losses have been registered in marine or coista]-industria]
environments, e least in rural areas, and infermediate, but
fairly high, 10%5 in industrial environments. ! The corrosion
Tosses 1in heav*]y polluted areas are the combosite of many
factors and are, hence, site sensitive; howéver, a heavy
dependence on atmospheric pollutants has been fo&nd. Thus, for
example, the works of Atteraas and Haagenrud [{3] as well as
Knotkova-Cermakova, et al. [9] have estab]ished increased
corrosion 1osses}with increased SO2 contents in the atmosphere.

(8) Townsend and Zocko]a's data in the U.S.A. [10] showed a maximum

thickness loss éf about 55 to 70 um (2 to 3 mils) in industrial
areas, about 60 pm (2.4 mils) in rural areas and around 75 um (3
mils) in marine énv1ronments over a period of 5 years These are
similar to the v#]ues obtained in Australia.

Data of Reed and Kendr1ck (18] from California 1nd1caﬁed a corrosion
thickness loss for weather%ng steel in open exposure of abo¢t 0.1 mil/year
in the low rainfall urbar environment, about 0.15 mil/year in the Tow
rainfall dindustrial envirﬁnment, and about 0.33 mil/year "in the marine
environment. These va]ue§ are all on the low side, as compared to other
values reported around the)wor]d.

One of the most exthsive works in the U.S.A. on ﬁhe effects of
chlorides in the atmospher% is that by Ambler and Bain [19]. Their results
also showed a direct r%lationship between corrosion and atmospheric
salinity. The early wor& of Copson [20] showed that the different

corrosion rates are basic%]]y due to the quantity and quality of water

reaching the steel surface.



The corrosion rate

f weathering steel is dependent bn the time of
wetness [21-24], i.e., time for which the surface stays Met in wet-dry
cyclic situations, in addition to chloride and sulfate cont%mination. The
wetting of steel is controlled by many factors, particularly temperature

and RH, and pollution as well as the heat transfer rates a]sb play dominant

roles. It may be controlled by many other factors, such as wind

conditions, structure and| porosity of the rust Tayer itsé]f, direct hit
from the rain and solar radiation, etc.
Corrosion of weathering steel is not homogeneous and uniform - it
varies with the seasons, and certainly it is controlled by fhe severity of
the atmosphere, which is| a site variable. Dutra and Vijanna [5] have
beautifully demonstrated |the decreasing effects of ch]brides in the
atmosphere as a function aof distance from the waterline in coastal areas.
Their data showed drastic reduction in the corrosion rate of a carbon
steel, from about 600 um (‘4 mils) to about 20 wm (1 mil) per year, as the
test site was moved by aboﬁt 0.5 km from the waterline at the coast. The
effects of increased SO2 ontents in air on corrosion rates have already
been alluded to. The com os1t1on of the atmosphere at a s1te can vary
periodically and seasonally, thereby altering the corrosion Wates Thus it
is well recognized that a mospherwc corrosion at a given gite is a very
dynamic, enigmatic process Only averages and approximation& can be found
through periodic tests. can also be noted here that diffkrent parts of
a given structure, such as a bridge, get exposed to various types of
conditions; for example \to highly wet conditions, totb11y immersed

situations in stagnant poo]F of water, to foggy conditions, wet-dry cycling

with and without intermitte%t rain wash and exposure to solarl radiations,

10



etc. Thus, the corrosion pf steel at a bridge is not uniforb and should be
considered as location sensitive. |
In general, the sites are classified into three or fo@r categories

rural (very mild) and urban (mild), mild industrial, heavy industrial,
marine, marine-industrial,| etc. Tests are conducted routi4e1y at various
sites representative of the different classes, and data% collected and
analyzed. A thorough understanding of the various corrbsion problems
encountered by bridge structures at different Tlocations a%d sites would
require the study of the |rusting process and kinetics under diversified
conditioﬁs of exposure, both in the field as well as in the iaboratory.

Mechanism of Rusting and Cdrrosion of Weathering Steels.

Okada et al. [25] have proposed and shown that duripg atmospheric
rusting there are two Tayers of -rust formed, which, poésibly develop
through the growth of the jouter zone during the wet periods!and the inner
zone during the dry periods. During the wetting part of the cycle, the
high RH is the only sourc% of the electrolyte ‘and the corrpsion (anodic)
process is accelerated. Dpring drying, circular pits resemﬁ]ing blisters
with collapsed roofs dev%]op [26] due to evaporation ofi moisture and

pressure build-up. It was shown that one mode of corro#ion extension
involves the rupture of such bubbles leading to open piks [27]. The
probable mechanism would be similar to the one suggested by Barton, et al.
[28]. In this mechanism the concentration of dissolved matéria]s such as
sulphates would induce the diffusion of water into the postule and

subsequent evaporation would cause swelling of the membrané and eventual

rupture, \

11



Inside these blisterg, fine nodules of green rust hav¢ been observed
[29]. This intermediate rust is the basis for further onidation, and
around neutral values of pH it is essential for the progresslof the rusting
process [30]. Further rusting proceeds by the formation ofiY—FeOOH, which
has been found to be the dominant structure in atmospherid rusting. The
formation of y-FeOOH is best explained by Misawa, et al. H30,31] in the

following manner:

Slow

Fe, 0
oxidn. 374

Fe - Fe2+ > FeOH+ + Green complexes

| Rapid
oxidn. y - FeOOH

Green complexes formed at the initial stages of rusting by aerial
oxidation of FeOH' result in the precipitation of Fe3 04 Ey slow aerial
oxidation and y-FeOOH by rapid aerial oxidation at pH in the range 6-7.
The further advanced state of rusting after formation of y-HeOOH was shown
to consist of a densely- p cked inner layer of Fe3 04 and}green rust in
varying proportions. De ending on the environmental ﬁactors, other
intermediate forms such as{B—, §-, a-FeQOH and amorphous oxyﬂydroxides have
been observed, which, depending on their ability to get reduced to Fe3 04,
control the cathodic processes, hence affecting the corrosfon rate [32].
It has been shown that ~-FeQOH does not get reduced to Fe3304, while the
others do [33,34].

According to exposure corrosion tests [27,35-37] a 1arbe quantity of

o-Fe00H (goethite) is believed to be formed by non-dissociaked substances

such as gypsum and ash particles containing sulphates. On the other hand,

12



the rusts formed on steelg that have been used in marine aFmospheres at a
pH above 8 were found to contain a large amount of B-FeOOHiin addition to
a-FeOOH and Fe3 04. B-FeOOH can be obtained only when C1~ #r other anions
such as F are present [31,38-40]. Formation of goethi*e is directly
related to the concentration of lepidocrocite (y-FeOOH) and%its solubility
rate [41-44]. The main steps governing the rate of this tra%sformation are
[41]: (1) the dissolution of lepidocrocite, and (2) thé formation of
goethite nuclei and their subsequent growth, each step ?consisting of
further steps. Villiers |and Van Rooyen [43] showed th% intermediate
substepsmas the dissolution of y-FeOOH and formation of %—Fe2 O3 which
proceeds to change to a-Fe O3 through the following chemicai reactions:

2 y-FeOOH 4 Y-Fe, 05 + H,0

2

l
|
y—Fe2 O3 +1 a Fe 03

This reaction, though\favored by thermodynamics, does ndt occur due to

|

kinetic reasons and goethi

te is the most commonly found o%yhydroxide of
rust at the final stagesk Therefore, this transformatioﬁ occurs most
likely according to the fr1]owing mechanism proposed by Wisawa, et al.
[30]: ‘
vy-FeQOH -+ > Fe hII - fons > amorph. ferric oxyhydroxides

Fe OX (OH)3_2X + a-FeQOH. |

It is worth noting | that y-FeOOH has about 104'5 ~times larger
solubility in water than a-FeOOH [31]. The rate of this crystallization
from amorphous Fe III oxyhydroxide depends Qirect1y on t%e pH of the

solution [45]. 1In acid solutions the crystalline product 1‘s9a-Fe2 03. In

basic solutions it is a mixture of o-FeQOH and a-Fe2 03, and}in some cases

13



pure o-FeQOH. At a pH =110, the formation of mostly a-FqOOH is favored
[45]. w |

Although not identified to be one of the dominant forms|in atmospheric
rusts, 6-FeOOH is another one of the possible phases fnvolved. Its
formation has been well elucidated by Misawa. &-FeOOH i% synthetically
produced by rapid oxidation of ferrous hydroxide 1in sobium hydroxide
solution. This oxidation process results in the formatién of strongly
ferrimagnetic, deep-brown precipitate of &-FeQOH [30,46—48ﬂ. The classic
work of Bernal, et al. [49] as well as the works of otheﬂs [50,51] have
explained the violent fast|reaction occurring as ”topotact1c+, involving no
long-range diffusion in the two structures, with hexagonal,ic]ose1y packed
layers of oxygen and hydr‘xy1 jons. The reaction was statéd to occur as

follows:

Jio]ent
Fe(OH)2 + 3 O2 ‘ Td 5-FeQOH + } H20.
oxidn.

Violent oxidation ofyfreen complexes and green rusts also gives rise

to 8-FeOOH, as indicated by Misawa, et al. [30].

Green rusts I & II
(with cubic layers of oxygen

and OH™ in hcp structures \\\\\\\*u

precipn. §~FeOOH

Green complexes (I & II)



A11 the reactions diqussed above are topotactic in ch%racter except

g-FeQOH ﬂ a-Fe, 0,
Fe (OH)2 + a-FeQOH

Fe (OH)2 > Fe3 04.

B-FeOOH and a-Fe2 03

felt to be necessary for

have dissimilar structures and r%nuc]eation was
he transformation process. Howev%r, Mackay [52]
suggested that the hollandite structure of g-FeOOH could beltransformed to
a spinel by the migration of some of the Fe-ions in the hattice to the
tetrahedral sites and adjustment of some bond distances su#sequent]y. If
this is feasible, then it would make the B-FeOOH ~ a-Fe2 03itransformation

a series of topotactic transitions.

Johnson, et al. [27], who characterized the rust 1ayer?formed on mild

steel panels after exposing them for short periods in dry, sbnny locations,

found y-Fe2 03.H20 and o-FeOOH on the sun-exposed top side but only the

Y-Fe2 03.H20 on the underside. They indicated the detectibn of Y-Fe2 03

also. Keiser, et al. [53] studied the rusting process using Raman
spectroscopy and identified the various rust phases present using also

infrared spectroscopic analysis. Leidheiser, et al. [54,5%] stated that

the initial corrosion product y-FeOOH changes to a-FeOOH\ and y—Fe2 03
during outdoor bold-exposure. Steels exposed for about 25 jears contained

only y-Fe2 03. These resulits were deduced based on Mﬁssbaued spectroscopic

data. ;

Singh et al. [56] 1den%ified the rust phases formed on ﬂtee]s in open,

exterior exposure through MOssbauer spectroscopy and found y-FeOOH and

a-FeO0OH, with some B-FeOOH and Fe3_X 04 (x between 0 and 1/3) being present
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in the marine environments. Leidheiser, et al. as well a% Singh, et al.
did not detect any 8-FeQOH in the samples. |

During the development of the protective films the ﬁusts present a
continuous, double-layered structure, with the inner obe being more
corrosion resistant [57].| Morphological studies indicated\that the 1inner
layer was dense and uniform and offered a greater barrier éffect to water
and oxygen than the outer layer. Misawa [58] has shown %hat the inner
layer is composed mostly of the amorphous ferric oxyhydroxid%. Analysis of
Keiser et al. [59] has shown 6-FeOOH as the major compone%t of the inner
layer wiih some 10-20% y-FeQOOH and possibly some o-FeQOH. IOkada, et al.
[25] found the two layers|in the rust deposit to be opticJ]]y active and
isotropic, respectively. Using a polarized light microscope, the main
constituent of the rust Tlayer on weathering steels was fdund to be the
optically isotropic layer, which_in turn was composed of% the amorphous
spinel-type iron oxide. This layer, shown to be beneficiaﬂ in preventing
the penetration of water and oxygen to the steel surface, w%s found to be

damaged under very damp conditions. On the contrary, the\rust layer on

mild steels consisted of both the isotropic and active layerg.

|

Morphology of Rust Phases.

Feigenbaum, et al. [6Q] refer to the more porous structbre of a-FeQOH
(goethite), owing to its tendency to grow in needles or ob]bng platelets,
whereas magnetite grows in |layer form due to its tendency té aggregate in
granules consisting of a large number of crystals grouped aropnd a nucleus.
The nest-like honeycomb structure of a-FeQOH is 111ustrateﬂ in rusts and

colloids by Johnson, et| al. [27] as well as by Mafijevic (611,

respectively.
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Micrographs of B-FeOQH given by Murad [40] show the crystals of this
phase to possess star shape and x-shaped twins. The cryst%]s of B appear
as somatoids or cigars also. Smith and McEnaney [29] charakterized Fe3 O4
as polyhedral crystals and green rust as hexagonal cryst$1s. Colloidal
a-Fe2 03 particles appeared as fine spheres, aging of whic* at 250°C with
suitable reducing agents produced magnetite that appeared] as polyhedral
crystals. Fe3 04 particles produced from a ferrous hydroxi%e gel appeared
as uniform spheres {28].| The morphologies of the other \phases 6- and
y-FeOOH as well as ferrihydrite and the amorphous rusts are %ot documented.

Effects of Alloying E]emen£§ in Weathering Steels.

It is generally beljeved that the better corrosion| resistance of
weathering steels is due |[to the compact and adherent inﬁer rust layer
composed of amorphous phases. Thg essential }easons for Hts protective
nature are not well understood. It could be due to the %arrier effect
[25,567] or due to ion-splectivity effects, preventing ﬁenetration of
harmful anions, as pointed out by Sato, et al. [15,16]. ﬁhe effects of
alloying elements in the weathering steel on the Formation and
stabilization of this inner layer 1leading to protectibn have been

investigated.

Alloying elements responsible for the beneficial weatheﬁing properties

of low alloy steels are Cu, Cr, Si, P, Ni and Mo. Copson [62], Horton
[63,] and Bruno, et al. [b4] demonstrated the effects of khese alloying
elements by tracing their migration from the substrate to thé outer regions

1. [63] showed that the protect%ve effect of

of the rust. Horton et

alloying elements in weathering steels does not result from any barrier

effect and that the beneficial elements function in the e1eciro1yte at the
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steel rust interface or |elsewhere within the rust Tlayer Suzuki [65]

illustrated the effects of the alloying elements during corrosion exposure

and related the effect of copper to the inhibition of growth of iron oxide
in the form of various oxyhydroxides and magnetite. Cu, Cr, and P were
ormation of the amorphous ferri& oxyhydroxide.

This is due to the transformation of y-FeOOH from Fe(IIP complexes to

found to facilitate the
amorphous 6-FeQOOH by the catalytic action of Cu and P concéntrated on the
metal surface [58]. Phosphorus alone is well known tL form ferric
phosphate, which tends to favor the formation of the amorpho%s form of rust
and hinéer its transformation to other forms [66]. Phbsphorus gives
optimum protection at 0.005% and was found to be detriment41 to corrosion
resistance if present in large amounts [67]. However, a t%chnica] report
from Nippon Steel Corporatjon by Zaizen, et al. [68] 1ndicaﬁes the effects
to be otherwise. Increasing P-contents up to 0.1% wer% found to be
beneficial to corrosion resistance. In spite of their r€1ative1y high
P-content, these steels could be easily rolled into plates, Tnc]uding heavy
plates, and retain weldability even better than the conventidna] structural
steels. Some of these steels with high P-content up to 0.1%3are said to be
applicable in seawater also. |

P, Cu, Ni and Mo are |beneficial while C and Cr are harmful in steel
for service in highly saline, highly humid environments [68]J For seawater
service, Cr, Si, Al and Mo are beneficial, while C and S areidamaging.

Fyfe et al. [69] related that the beneficial effect of ku was present
only when 'S' 1in the steel was tied up with Mn as MnS ratﬁer than being

present in FeS. FeS is good electronic conductor with Tow hydrogen

overvoltage and therefore forms local corrosion cells in steeﬂ, whereas Mn$S

of low Fe content is a poor conductor and does not form sudh cells f70].
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It was also suggested that the deleterious effect of 'S' js nullified by
precipitation of SZ' jons from the rust cell electrolyte las CuS, which,
being highly insoluble, will be incorporated harmlessly in|the rust. The
addition of small amounts |[of 'S' to pure Fe increases its dissolution rate
(up to 100 times) in acids for two reasons: (a) couple action of Fe-FeS,
resulting in pitting and (b) absorption on the Fe surface of sulphide ions,
which catalyze both the anodic dissolution reaction and the cathodic
hydrogen evolution. Mn addition counteracts effect (a) and reduces the
S-content in solid solution in Fe but does not completely prevent effect
(b), sinﬁe MnS is more soluble in acids than FeS. Cu-addit;on couhteracts
effect (b) in the dissolution process by combining with S?'ions to form
Cu2$, which is insoluble in acids [70]. The effects of su1p‘ide inclusions

on pitting in mild steels are well studied and documented [71-73].

Effects of Atmospheric Inhjbitors and Rust Modifiers.

Phosphates, tannates |and benzoates have long been stuhied for their
beneficial effects on forming stable forms of rust durihg atmospheric
exposure. Achieving suitable phase transformations is the)major goal 1in
employing the inhibitors known as rust transformers. |

The effect of phosphates in the form of different sa1t4 and acids has
been studied by various investigators [74-77]. . Phosphoric acid is used to
produce phosphate layer that would prevent rerusting after| pickling. It

has been shown [74] that phosphates tend to form Fe PQ,.4 2O, Fe.,, P0,.8

4 3> 74

H20 after the reaction with metallic iron, Fe3 04 and Fe on the steel

surface, but acid phosphate Fe H3 (P04)2. 2.5 HZO is formed when they react

with a-, @8-, and y-FeOOH or with a-, and y-Fe, 0,. The latter product

exhibits a relatively high stability and results in slow cgverage of the
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steel surface with time, Tesu]ting in a decrease of the cor%osion rate with
time [75].

Tannin in pure form,|as well as in various proprietary preparations,

is recommended as a rust modifier. It is said to convert the prevalent
rust to a black form, supppsed to be magnetite, that is highly adherent and
protective. It is found |in general that tannates or tannic acid reacts
with the steel surface to form a crazed outer layer of ferric tannates
[78]. From studies of surface pretreatments prior to application of tannic
acid it has been found that optimum rust stabilization is achieved when it
is applied on a rusted surface after the loose rust has been removed by
wire brushing [79-81]. he reaction between the tannate|layer and the
steel substrate is believed to be oxygen dependent [82].| Iron tannate
forms at the anodic sites land hydrogen is liberated at the Lathodic sites.
It is believed that the reaction product based on tannin %pp]ication has
either of the two forms - amorphous tannate or Fe Th1# film has been
found to break down when lexcessive moisture both extracts the unreacted
tannin and allows it to redct with the existing rust, causing it to grow.
Benzoates on the other hand can inhibit the corrosion reaction in the
presence of dissolved oxygen. Their inhibition mechanis entirely
different from those of phosphates and tannates in that the do not react
with the steel to form stabilized solid products. It has be n demonstrated
[83] that benzoates react| very slowly with the substrate ﬁeta], forming
very small iron benzoate particles, which are produced aq the sites of
breakdown of the rust layer. At these local anodes the pH m%y be depressed
considerably below that of| the bulk solution, thus favoring\precipitation
of the less basic compound,| Fe (C6 H5 C02)x (OH)3_2x. While\this substance

may be unable to form a truly passivating layer, relativelv bross deposits
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of it may nevertheless be capable of sealing.pores in the oxide film.
Other factors, such as the ability of the absorbed benzoate| ions to retard
the iron dissolution reaction [847, may also contribute to their inhibitive
action.

Cumulative effects of inhibitors have been not so widely studied.
Shreir [85] found that the addition of phosphoric acid to a tannin solution
produced a coating with far better corrosion resistance than| that formed by
either of the individual constituents alone.

Detailed studies on long-term effects of these inhibitors applied on

steel surfaces have not been undertaken anywhere.
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LXPERIMENTAL PROCEDURE

1

The experiments carrjed out were of three different | kinds - field

tests, laboratory tests, and rust analysis. Procedures adopted in these

tests are described briefly below:

General.

Five different steels were used in various tests of the program,
These were: A588 - grades|A and B made by U.S. manufacturer‘, A588 - grade
A and R{verten R made by |Kawasaki Steel Co., Japan and the regular A36
steel. The A588 - grade A|(U.S.) was obtained from U.S. Steel Co. directly
and the grade B made by Bethleham Steel Co. through a bridge contractor.

's steels were obtained from Kaw%saki Steel Co.
\

The two Kawasaki Steel Co.
in Japan while A36 was bought from local suppliers.
The steels were slice

into 3 in. x 5 in. (grade B) or 4 in. x 6 in.

(grade A) coupons and exposed in sets of three for each sunface treatment
at each site. These were

ptimum sizes for coupons whose weights could be

1 g. accuracy) using digital e1ec$ronic balance.

measured accurately (to 0.

Coupons of size 1 in. x 2 in. were also used so that they ca4 be studied as
such in the analytical instruments for rust characterizationJ Two or three
coupons of the small size were used for each surface tre#tment so that
weight loss data could also be generated from such small samples.

The coupons were cleaned by either sand blasting (SB) oy acid pickling
(AP) and degreased using acetone and dried prior to weighing. Such coupons
were then surface treated with 25% phosphoric acid (PA), or 25% phosphoric

acid-benzoic acid mixture (PA-BA) in equal proportion, or 10ﬂ tannic acid

| |
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(TA) by spraying and smearing with suitable brushes. The samples were

designated suitably by stamping prior to acid treatments as follows:

Four digit designation: P Q R S - for field coupons

where P Gibbstown; 2. High Island; L. Leesville;

Bridge Site:
Boeuf River and 5. Luling;

Rack number 1

O
i

hrough 9 designating various exposure times at
sheltered locations, 1 to 6 and 8 for 1, 3, 6, 9, 12, 15 and 18
months exposure, respectively; that is, 1 for 1 month, 2 for 3
months, etc. and 9 were racks in which the specimens were
retreated with|similar chemicals after 1 year and later
withdrawn after 15 and 18 months total exposure,| respectively.
R = Surface treatment designation given as follows: l
1 - SB only

2 - SB + agpplication of 25% PA

3 - SB + gpplication of 25% PA-BA

4 - AP + st application of 10% TA + 2nd apé\ication of

25% |PA |
5 - AP + 1st application of 10% TA + 2nd ap%]ication of
25% PA-BA |
6 - AP + application of 10% TA

|
|
|

7 - AP onl
9 - uncleaned specimens with mill scale \
S = number of specimen in a set. 1 to 3 for big couJons; 4, 5 for
small coupons along with big coupons in a rack; and 6 to 8 for
small coupons bpld-exposed at the open, exterior location.

Exterior racks [in the open were similarly designated, except

there were only two or three racks at each bridge| site.
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3 digit designation: XYZ for laboratory coupons

where X = set of specimens corresponding to speciLic exposure

time.
Y = treatment number (similar to field couans)

~
u

specimen number in a set.

Specimens on some of [the racks were reused after firsl-time exposure
and analysis after suitable cleaning.

Specimens were suitably mounted and held tightly 1in| wooden racks.
They were exposed freely fin the open atmosphere either in| the sheltered
locationé (under the bridges) or in exterior, open locations at the edges
of the bridges. Since the|racks had to be held close to the edge vertical
web plate when the specimens were bold-exposed, only o]e surface was
getting exposed to the sun., This duplicated the conditions #f the edge web
plates of the briges. However, in order to study the ef%ects of total
exposure on both sites to the sun and rain, sets of samp]es?in racks (both
big and small coupons) were bold-exposed at the roof of t%e Engineering

CEBA building of the Louisiana State University for various éeriods of time

1, 3, 6, 12 and 24 months. Data for the first four exposures have been
collected and the 2-year exposure is continuing.

Only small specimens were used in laboratory tests. Again, at least
three specimens were used for each treatment and time of expdsure.

The corroded coupons were cleaned by using Clark's reagent (25% HC1
solution in water with stapnous chloride and antinonous oxide inhibitors)
at room temperature after removing bulk of the removable rust by dry and
wet wire brushing. Suitable corrections were applied to agcount for the
rust that was still adherent on the steel surface after careful cleaning

whenever this was the case. The weight loss per dm2 was c%]cu]ated from
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the initial and final wefights after cleaning. The data |from the three
specimens usually showed| some expected deviations and the average was
obtained only from consistent data. The purpose of taking |three specimens
was mainly to identify such consistent data. Values which were too far
deviant from the consistent ones were discarded.

Dividing wt. loss in g/dm2 by the density of steel in g/dm3 gives the
thickness loss in dm. Thus the weight loss value in g/dm2 was multiplied
by 12.72 to get the thickness loss in um. Bearing in mind 25 uym = 1 mil

(1073

in.), the thickness Toss in mils can be obtained.
Field Tests.

Two types of field tests were undertaken in the resear#h program. The
first one, by using suitably treated field coupons mounted in wooden racks,
has already been described. There were 9 interior (sheltered location)

racks under 5 bridges and 2 exterior racks located one on|either side of

|
I

the bridge parallel to the bridge for each site. The five bridge sites
where the samples were exposed have also been mentioned. These encompassed
near-marine, industrial, and rural areas.

Field tests were also| carried out on the b%idge structures themselves,
on the weathering steel beams, after cleaning and surface treating selected
areas at six representative locations on each bridge as for| field coupons.
Since acid pickling could not be applied on the bridge sTructures, wire
brushing (WB) was the chosen substitute. 1 ft. x 1 ft. o\ 2 ft. x 2 ft.
areas at each of the six [locations were used for each treatment 1 through

7. The cleaned areas were| surface treated, using similar tr%atments as for

field coupons. Prior to surface treatments the thicknesses %f the beams or

plates were measured with a digital ultrasonic thickness gauPe that read
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the thickness accurate to
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Another important study in the field pertained |to pit depth
measurements in order to |evaluate the pitting characteristics. This was
accomplished using a digital linear depth gauge that reads transiations

(107

——

accurate to 1/10th of a mifl. in.). Taking readings on the top and at

the bottom parts of the pits, the pit depths could be found. The small
sized gauge could be mounted on a magnetic chuck and a linedar translator to
hold it on the steel beam in any location, even upside down for taking

readings on the lower faces of the beams facing the ground, and moved

suitably so that readings| could be taken accurately. The data is, hence,
felt to Be very accurate.

Since pits of varyiTg depths occur at a given Tlocation, extremely
accurate readings are not essential, nor of any use unless jone could study
the pit depth variations|in a given pit as a function of time. It is
extremely difficult to isolate one pit among many and errprs are likely.
Hence the growth characteristics of the pits were not studied in this
project. Where pit depths varied a great deal, at least [twenty readings
were taken in order to determine the pitting profile, that |is to determine
the average number of pits vs. pit depths in small intdrvals of depth
ranges and draw the relevant plots. Some of these plots are given in this
report.

Observations were made during periodic visits and inspections on the
nature of the rust layer [formed on the various treated areas at different
locations of the bridges. | From these observations, deductians were made on
the particle size and rusting rate at various locations on the differently

treated surfaces.

Finally, the locations of the bridges under study (the field exposure

sites) are given in Fig.| 1. There were seven bridges in the state of
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Louisiana in this study and one in the state of Texas at High Island (HI)

near Beaumont, Texas, loca
in Louisiana are as follow

1. Forked Island (FI

2. Gibbstown (GT) in
3. Leesville (LV) in
4. Boeuf River Bridg
037-02-00.00-1.
5. Luling (LU) on th
No. 450-37-00.00-
6.
and 7. Larose (LR) in La

O0f these the Leesvil
of which only 4 locations
Loc. I, one interior on t
locations III & IV), and
main span using the Kawa
approach span using the U
youngest, about 3 years ¢

years old. The bridges a

]

while the rest have the

S:

e (BR) in W. Carroll Parish, Str.

1.

Doullut Canal (DQ) in Orleans Parish, Str. No. 062-

le bridge is a small railroad bri

were chosen instead of normal si

he vertical web plate Loc. II, a

saki A588 grade A steel from

S.A588 - grade A.

n1d, while the rest of the bridge

t HI, LV and BR have the A588 -
A588

grade A variety. Th

ted within 2 km from the Gulf Coaslt.

Fourche Parish, Str. No. 407-02-03

The Luling bri

The bridges

) in Vermillion Parish, Str. No. 207-01-14.12-1.
Cameron Parish, Str. No. 193-02-08.53-1.
Vernon Parish, Str. No. 025-01-00.34-2.

No.

e Mississippi River in St. Charleg Parish, Str.

05-08.96-1.
.50-1.

dge (on account
X, one exterior

nd two interior

Luling is the longest, made of twg sections - the

Japan and the
dge is also the
2s are about 12
grade B variety

ese two differ

essentially in their Ni-content, the former grade B having about 0.4 - 0.5%

Ni while the grade A var
although the ASTM specifi
the Kawasaki A588 - grade
also has very low S, 0.00¢%

tions of the steels in the

jety usually has no Ni
cation allows some Ni content in

A in use at Luling has about 0.1%

%, much lower than in other steels

> varijous bridges are given in Tab
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Laboratory Tests.

Five different 1abokatory corrosion tests were undrrtaken. These
were:
(1) Accelerated Atmospheric Exposure Simulation Test-The]tered
Location Equivalent.
(2) Accelerated Atmaspheric Exposure Simulation Test + Open, Bold
Exposure Equivalent. }
(3) Salt Fog Test

(4) Continuous Immevision Test, and

(5); Electrochemical Tests

Accelerated Atmospheéjc Exposure Simulation Test - ShJ]tered Location

Equivalent. Hot and humid environmental conditions as in(Louisiana were

duplicated in a closed chamber. _Specimens were tested 1niwet-dry cyclic

actual exposure. Each wet-dry cycle was of one half hour duration with 20
minutes of wetting time and 10 minutes of drying simulating

approximately the natural|conditions of exposure. To brin

conditions as in nature. |One wet-dry cycle would correspond to one day of
about wet-dry

cycling at slightly elevated temperatures, steam genera ed in a water

vertically standing on the other side of the chamber, so that the steam

boiler was let into the closed chamber at one far end. Spe imens were set
condensed on them and caused wetting. Warm air blowers were turned on
automatically in the drying part of the cycle and the stea entry stopped
so that drying conditions lwere simulated. To study the ef ects of two of

the most important air pollutants, S0, and cl7, 0.1% H, S04 and 3.5% NaCl

e

solutions were sprayed on |the surfaces of the specimens onge a day. Five

coupons were used for each surface treatment and one of them was not
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sprayed on in order to |determine the differences the polluting agents

2200 cycles and analyzed

weight loss data were plg

analyzed to determine the

rate constants.

Accelerated Atmospheric Exposure Simulation Test -

caused. Specimens were removed periodically after 200, 500, 750, 1200 and
for weight loss and corrosion mechanisms. The

vtted against time and the resultant plots were

Open, Bold -

Exposure Equivalent. Thig test was similar to the previous

simulation was activated
could be sprayed on the su
Such spraying was used fi

during the day time, i.e.

in this case.

Another chamber

one except rain

in which water

rfaces of specimens simulating the rain was used.
or 1 or 2 minutes once in every twenty cycles

the rain simulation was carried oyt twice a day -

once in the morning and once at night, approximately 12 hours apart. This

was equivalent to one ra

different run of the test

in in approximately 20-25 days.

However, in a

, specimens were soaked wet in each cycle during

the wetting part using the atomized water spray, which approximated to the

wet conditions in rain. This corresponded to one rain every day throughout

the period of exposure.

pecimens were sprinkled with 0.1%

H SO4 and 3.5%

2

NaCl solutions twice a day in order to introduce the sulfate and chloride

ions into the corrosive medium.

similar number of cycles 3

Salt Fog Test. This

B117-73. A 3.5% salt sol

Specimens in batches were removed after

s in the previous test and analyzed.

test was performed according to the ASTM Standard

ution was used as the electrolyte in the initial

study. However, the tests were repeated with tap water without any

additive in subsequent t

rusting are from the use of 3.5% salt solution.

30
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chamber was 110°F and the
treatment were removed af
weighed to determine the
each batch corresponding
various analytical procedu

Continuous Immersion

RH was 100%. Samples in sets o
ter 1, 2, 4, 7, 15, 45 and 90 da

weight Toss.

res for rust characterization.

Test. Two different electroly

water and plain tap wate
separate fish tanks and sp
nylon threads and plastig
below the water line. The
but it was changed once
Specimens with different
Specimens in batches of f
30, 100 and 180 days and §
collected by tapping the s
filtered and dried. The W

the laboratory atmosphe

r, were used in this test.

clamps. Specimens were kept at

every fifteen days during long

surface treatments were kept 1in

jve for -each treatmen% were remov
tudied. The loose rust formed on
pecimens before they were removed
et specimens with the adherent rug
re before

collecting the rust

Specimens were cleaned by

Electrochemical Ted

using wire brushes and Clark's sol

ts. These were both

potentiodynamic runs. Th

corrosion potential, corrosion current from Tafel slopes i

linear polarization plo

tendencies, if any. Spec
open circuit potential

determined.

e latter was used to determine t

Pulse polarg

graphic tests were also undertak

One representative

to a given surface treatment wa

They

ecimens were hung and kept immerse

solution was kept stagnant throug

potentiostatic

f five for each
ys, cleaned and
> specimen from

s subjected to

tes, 3.5% salt
were taken in
d in them using
least one inch
hout this test,
time exposures.
separate tanks.
ed after 7, 15,
the samples was
from the tanks,
t were dried in

for analysis.

ution.

and
he open circuit
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Multiple data were dFrived wherever possible to elimipate errors and
assure the correctness of the data. Innumerable samples were tested in
each test such that consistent and reliable results could be obtained. The

results reported are still to be construed as the best of the average data

derived in both field and/laboratory tests.
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The results obtained

be put

submitted for publicatio
specialized reports have
need not be duplicated here.

condensed and presented h

other reports for details:

(1)

(2)

A1l these reports ha
and submitted to the LA-D(

Corrosion Problems Encount

in one report.

RESULTS AND DISCUSSION

Corrosion proble
structures in Lag
Rusting characte
tests;
Rusting characte

laboratory corrg

Several

1.

in this project are so numerous that they cannot

technical papers have been written and
Some references to these papers and other
to be made in this report such that all the data

The data and results contained therein are

ere. The readers are referred tp the following

ms in unpainted highway weathering steel

uisiana and Texas;

ristics of weathering steels studjed in field

ristics -of weathering steels studjed in

sion tests;

Study of rusts from weathering steels in Louisiana bridges;

Characterization
infrared absorpt

Characterization

of rusts formed on weathering steels using

ion spectroscopy, and

of rusts formed on weathering steels using

Mossbauer Spectroscopy.

ve been generated under the aegis

TD.

ered in the Bridges.

Two major problems

Formation of coarse, non-g

seen on weathering steels

nf this project

in bridges are: (1)

dherent flake-~type rust leading t$ more than
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anticipated metal 1loss, |and (2) pitting underneath the| rust. Another
potential problem identified is crevice attack in loose joints.

The rust on weathering steels occurs generally as flakes or particles.
The exterior sun exposed surfaces have fine powdery rust particles of
average diameter about 0.5 mm. This is due to repeated washing of the rust
by rain which not only removes some rust but prevents the particles from

growing to big sizes. The rain wash may also have a stabilizing effect on

an amorphous rust layer, | designated as "amorphous mix" (AM) tlayer, which
usually forms as a dense |layer and does not allow growth 1f flakes to big
sizes.

The exterior surfaces are devoid of any damaging corrosion problems.
They show no pitting or any excessive metal loss by rusting. In dusty
areas the rust on exterior surfaces can be slightly coarser, but they are
still relatively small in|/size, <_.1-mm.

In contrast, the rusts formed in the interior, sheltered locations of
some of the coastal area bridges are flaky or sheet-typed. The Tlatter
forms in boxed locations where water stays stagnant, i.e.,| the steel stays
wet for longer periods| of time. Stratification can |be observed in
sheet-type of rusts as well as in flakes, dindicating different growth
kinetics based on seasondal variations. The reasons for the demarkation of
various layers could be related to phase transformations that take place in
rust layers, but this has not been well researched. The amorphous rust
"AM" gets converted to crystalline forms of rust, which grow on the surface
of the amorphous layer. |The amorphous rust is adherent to the surface of

the steel, but is postulated to lose the adherence when it crystallizes.

The crystalline rust phases formed on the top surface can also be washed

away by rain or removed br wind.
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on the edges of some of
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differentiated from the others in such a short span of t1me (2 years),

averages of section thickness losses were calculated using the data from

all surface treatments at|a given location.

(1) Much of the data collected was found to be inconsfistent, and in

several instances readings of thicknesses taken| in Tlater years

came out larger than the previous readings. | Each time the

reading was taken after scraping the rust off from the surface of

The following general comments on the data are pertinept at this time.
the steel at the place where the ultrasonic |transducer made

contact with the steel. The discrepancies encountered are felt

times, and (b) perhaps due to inconsistent calibr

to be due to (a) different gauges being used at|three different
tion.

every time. Though this may not cause large d

(2) Thickness readings have not been taken very near the same spot
viations, small

Even in spite of these deficiencies, the averages of reasonable

section thickness loss values derived from a large number o

differences in readings could be due to this fact
readings taken

single beam in a bridge and six different locations on edch bridge) were
analyzed carefully and |they yielded the general results of section

on a given bridge (at least 70 readings on each 1ocationﬂ;n a particular

thickness losses for weathering steel sections in various bridges given in

Table 3.

The results can be summarized as follows:

minimum corrosion losses. Results of section losses at Leesville

(LV) and Boeuf River (BR) bridges, as well as th

(1) In rural, mild environments the weathering steel experiences
phase analysis

of rusts formedion the steel in these bridges, indicate a lass of
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about 0.5-1 mil/year on the exterior sections and about 1
mil/year at the sheltered interior locations. [Data from field
coupons as welll as Tlaboratory tests indicate still Tlower
thickness losses, even half as much, for steel in these bridges.
(2) 1In bridges located in moderately harsh industrial| environments,
within about 20-30 km from Gulf Coast, the section losses are
about 2 to 3 mils/year for exterior surfaces and 2 to 4 mils/year
in sheltered areas. Luling approach span, Gibbstown, Larose,
etc. are in this category.
(3) Bridges that are Tocated in close proximity to sallt water, such
as the DC and HI bridges, seem to lose about 2 to 3 mils/year at
the exterior surfaces and about 3 to 5 mils/year fin the sheltered
areas. Thus the steel in these bridges 1is subjected to more

serious corrosion. Appreciable pitting is alsa encountered in

steels in these|bridges.

(4) The data reveals the general trend that exterior surfaces erode
much less (only|about half as much) than the interior surfaces in
sheltered regions of bridges.

(5) Regarding the various surface chemical treatments|, it could be
noticed that treatments 2 and 3 lead to formulatipn of fine rusts
and somewhat |lower section Jlosses than theg vrest of the
treatments. However, the period of data collection is not long
enough and thel data not consistent enough to |make a precise

estimate of the magnitude of thickness losses |in such treated

sections.

Loss of about 1 mil/year or a fraction thereof cannTt be determined

accurately by taking measurements over a two-year periiod. Long-term
‘1
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monitoring is needed. The readings should continue to be
year for about 10-12 years with the same instrument after

it every time at the bridge site just prior to taking the

aken once every
uly calibrating

readings. Also,

the thicknesses should |be measured at 1locations very!| close to the

previously measured places in order to guarantee consistency. They should

not be taken on the exactly same spots, since the grease| used to create

good contact between the transducer and the steel would alter the rusting

kinetic.

Corrosion weight losses or thickness losses could not| be measured by

removing the rust formed on the steel from a fixed area, say 1 sq. ft., as

was planned earlier. This is due to various reasons. It

the location, and thus much of the fine, powdery rust gets

is very windy at

lost. Also, the

locations where the rust is to be removed are not simple, edsily accessible

sites. Hence, it poses great difficulty to collect precisgly all the rust

formed at such precarious locations. Furthermore, suitable equipment to

collect the rust could not be assembled. A few attempts dee were futile.

Hence, that technique was not perfected in this project.

Pitting.

Pitting was found to be significant in coastal area brildges. Steel on

bridges located far away from the coastal area, such as atlleesville (LV)

and Boeuf River (BR), did not show any pits.

The maximum and average depths of pits from several readings taken at

various locations on four of the six coastal area bridges on which

measurements were made are given in Table 4. The averages of all the

maximum readings and the average readings at similar locatfions on various
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bridges are given in the |last two columns of this Table, [from which some

general conclusions are drawn and interpreted as follows:

(1)

(2)

Sun and rain exposed exterior surfaces generally $re devoid of

pitting or show very fine and shallow pits so iclosely located

that it can be gonstrued as a general form of uneven attack.
Maximum pit depths are seen in partially enclosed, boxed

locations (#5 in Table 4) above the gusset plates|at the entrance
to a pier, where owls and other wildlife take shelter and build

their nests. |Rust debris wusually collects here and holds
moisture for longer duration. Formation of sheet-type rust in
such locations has already been explained. Fairly wide and deep

pits have been|seen underneath such sheet-type| rust. Maximum

readings of about 52 mils (1.3 mm) have been r corded at this
location in the Doullut Canal bridge. The average of all the

maximum values firom the four bridges in the Tab]eJ1s 28 mils (0.7

mm) and the avenage of all the readings in the bnied locations is

about 17 mils (.42 mm).

Such pits surfaces at the

ave also been found on horizontal

edge locations of a pier in the Luling bridge.| Rainwater has
access to this |place and it has been held stag%ant here. The
highest reading|of 41 mils (1.03 mm), recorded o the horizontal
skyward face off the steel plate here, is similar to readings
obtained in partially enclosed, boxed locations.

The pits at these locations, formed under sheet-type rust,
are also considerably wider, compared to pits fo med at other
Tocations. They are generally round, about %-3% 14 (6 to 12 mm.)

in diameter,
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Such wider and deeper pitting is due to excessive rusting on
account of thel steel remaining wet in this area for longer
periods of time. Electron microscopic obseryations of the
rusting process point frequently to the water!| aggregating in
circular pools |and causing hemispherical bubbles and blisters.
The metal at the central regions of such water d¢ircles would be
anodic and corrode in the pitting mode. The "differential
aeration cell |mechanism" developed by Evans| [71,86] would
adequately explain the mechanism of pitting. According to this
mechanism, the |central regions of such droplets lack oxygen
supply whereas the peripheral zones get continuous, more supply
of oxygen. The oxygen starved regions act |as anodes and
corrosion by dredging progresses. The circular |nature of pits

observed supporits the view that water aggregatles as circular

droplets on the|rust and contributes to the differential aeration
cells.

Another possibility 1is that the sedimentary rust layer
itself may not| be uniformly dense all over, [in some places

possibly more sg than in others. Also, it could be somewhat more

adherent to the metal surface in some places than at others due
to differential wetting and drying. These could glso lead to the
establishment ofl differental aeration cells.

Periodic g¢leaning and vremoval of the dkbris at this
Tocation, thus | assuring drainage of water, i§ essential to

prevent continued excessive pitting at such locations.
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The Luling bridg
Mississippi River near
LA. This bridge, built w
- grade A steel from
Steel Co., Japan (in the
and U.S. Steel Co. (in
span on both sides of the
the youngest of all the by
opened to traffic in 1983

e on the
New Orleans,
ith the A588
the Kawasaki
> main span)
the approach

bridge), is
~idges in LA,
The bridge

is located close to Lake Pontchartrain

in New Orleans and

petroleum

refineries and petrochemical companies
nearby and finds itself vulnerable to

severe corrosion problems
formed on the steel

. The rust
is already

starting to coarsen. (leaning and

maintenance methods for
are proposed later in th

this bridge
is report to

mitigate the severity of the attack

and metal loss.

View of the Doullut C

A588 - grade A weatherin
River, flowing very close
other side. It spans ove

salt from the air and expe
is not severe on the ext

anal (DC) bridge with the middle gpan made out of
g steel. This bridge parallels the Mississippi
to it on one side, and a salt water lake on the
r the lake at its periphery. The steel picks up
eriences coarse rusting and pitting. The problem
erior faces, and it is judged that maintenance

treatments proposed in this report would adequately take care of the

problems.
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View of the Boeuf Riﬁer (BR) bridge with the snooper

the study. This bridge is
the rural area, far away
serious corrosion problem.

Exterior surface, as

sunlight and rain wash anc
whereas the interior area
loss. Even so, this is n

bridge devoid of problems.

n place during
built with the A588 - grade B steel. Being in

from the Gulf coastline, it is|free from any

shown here on the BR bridge, gets exposed to
i hence experiences in general the least damage,
s that are sheltered encounter more corrosion
pt serious at BR. This can be taken as a model
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(3)

|

Pits somewhat less severe, but about half the size| of the pits

seen in boxed |locations, are seen on the bottom faces of

horizontal and |inclined beams (#4, 7, 10 in Table 4). The

average of the maximum readings on such surfaces from various

bridges is about|13 mils (0.32 mm) and the average|pit depth from
all the readings|is about 9 mils (0.23 mm) on the surfaces facing
downward. In contrast, the pits on similar beams on surfaces

facing upward (#3, 9 in Table 4) are slightly less deep. The

average value of| the maximum readings is about 10 mils (0.25 mm)
and the average |pit depth from all readings is ‘bout 7.6 mils
(0.19 mm). The |readings on the top surfaces weﬂe consistently
smaller than the | readings on the bottom surfaces.

It appears |that at least in some bridges t%e pits on the

surfaces of beams facing downward are slightly d%eper than the

pits on opposite faces, on the surfaces facinq upward. The

gravitational forces do not apparently play a do%inant role in

determining the pitting mechanism in weathering sﬁee]. Instead,

the surface tensjon forces which would make tke water form

droplets or collect into circular pools seem to}be exerting a

dominant influence. In other words, the wetting Jharacteristics

of the rust by water seems to be an important issue. Water may

evaporate more from such pools formed on skyward| surfaces than

from analogous pools on lower surfaces facing dowbward. At any
rate, this should be studied further more thoroughlb.

The bottom faces jof the edge girder beams on both Jides of the
|

bridges (#8 in Table 4) seem to experience less %evere pitting

aces of the inner beams. This c#u]d be due to

than the bottom
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The number of pits ranged from 10 to 20 per in. 2 in most locations but
was much less, about 6 per in. , in the partially boxed areas. The pit
density was much larger wherever finer pits were seen,

It was found also that sulfides or other inclusions ane not needed to
nucleate the pits in weathering steels. Uneven wetting and retention of
water on the surface in some areas more than in others would cause more
rust to form 1in such nregions, which would activate the formation of
differential aeration cel More rusting occurring underneath such regions
and seasonal variations of the rusting kinetic lead to stratification of
the rust mound and to lateral spreading or widening of the pitted areas.
As such, sharp and deep jpits do not form, but wider and}]ess deep pits
abound.

Increased salt content of the atmosphere would not onhy increase the
corrosion rate and, hence, the pitting rate, but would 4150 affect the
surface tension and wetting characteristics of the water. %It can be noted
that wider and deeper pits were seen in chloride-laden envi%onments.

The bulk of the data| indicate that partially boxed edfe Tocations in
sheltered zones are worthy of considerable attention. They |should not only
be periodically cleaned but treated, if necessary painted;ito prevent the
pitting and excessive corrosion (section loss) problems.

i

Results from Field TJsts

Sheltered Location Exposures. The plots of weight losses in g/dm2 VS.

exposure time in days are given in Fig. 4 (a to d). These contain the data
from the Il set of exposure, that dis from the samples that have been
exposed once, brought to the laboratory, analyzed, reprocessed for second

time exposure in the fieldland exposed again at respective bkidge sites for
|
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periods up to 20 months.

The plots from data of specimens| brought to the

laboratory after the first exposure were similar in the cases of Gibbstown

and High Island exposures

weight losses with time

experimental errors.

As is commonly found
N

fit relation y

K.ty W

y but yielded linearly or exponentially increasing

for some treatments, which could be due to

» the regression analysis of datal with the power
2

?

here Y = wt.loss in g/dm™, t exposure time in

days and K & N are rate constants gave the best results, R values being >

0.97. During analysis
discarded, but usually fi
used.

In the power fit r

measure of the inherent r

of N relates the resistance to- transport processes withi

product [8]. A value of

congenial for stabilizati

of data one or two deviating da

ta points were

ve or more out of seven data points were good and

elation given above the value of K provides a
eactivity of the metal surface, whereas the value
the corrosion
¥ close to 0.5 indicates good parabolic oxidation,

on of the rusting process. On the other hand a

value close to 1 indicates the dominance of the linear coTrosion process,

while the value close to
Table 5 summarizes t

for atmospheric exposure

exposure show the lowest

treatments being around (

good stabilization tendencies.

show a good bit of tenden
and this is certainly a w
Data from specimens

not show good tendency to

zero indicates great stabi]izationftendency.

he values of K & N obtained for various treatments

at varjous bridge sites. Data| from Gibbstown

values for all treatments, values bf N for surface

.25.

These and the corresponding plots indicate

Specimens located at High|Island likewise

cy for the corrosion process to become stabilized

elcome result.
located at Leesville and Luling, |in contrast, do

ward stabilization. This could be|l due to the fact
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that not enough rust is f

that the rusting process
Gibbstown or High Island
pollution effects.

refineries and chemical pl

effluents, along with dust

river.

It is noteworthy frd

treatments are generally

stabilize the rusting proc¢

Luling and High Island,

Leesville and Gibbstown.

good for Gibbstown insofa

amorphous rust phase for ¢

The results obtaine
approximate thickness 1los
loss in um is obtained b}
case by multiplying the wj

25 um). There is a la
beyond which there is a d
a change in the slope of
mean that initially the ¢

after the initial corros

Lulir

ormed at the Leesville site, but
does not slow down at Luling a

might be significant, for it c

\g bridge, being in the vicinit

m the figures that the chemical
good to minimize the thickness
ess.
whereas Treatment 2 is found
The IRAS data has shown also that
r as it enabled the retention of
ver 2 years.

18 months

d over exposure giv

s values given in Table 6. (Note
y multiplying the weight Tosses s
t. Toss in g/dm® by 12.72. Also 1
rge weight loss in about the firé
rop in the rate of weight loss; th
the curve after the first 3 mont
orrosion process starts off at a

ion product layer has formed, it

reduced pace. This could

rusting process.

ants, does get exposed to considen

. from grain elevators nearby on t

Treatment 3 seems to be ide

the observation

5 easily as at

puld be due to
y of petroleum

able industrial

he banks of the

conversion type
losses and to

ally suited for

to be good for

Treatment 3 is

the protective

e rise to the

that thickness

uitably, in our
-3

mil 10 7 in.
t three months,
at is, there is
hs. This would
rapid pace, but

continues at a

be due to a changeover in the m

echanism of the

The losses at High Island site are about 25-40% more [than the losses

at Gibbstown, which are @about similar to the values obtarned at Luling.
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Leesville location shows very low thickness losses, about 1/6 - 1/3 of the

values at Tocations close
locations are about 50-20
CEBA exposures, see Table

smaller than the CEBA exte

Open, Exterior Locat

to the Gulf Coast.

onh Exposures.

exterior surfaces of the b
side web plates well oven
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This was the case for nea
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good drying and baking of
expected to be wet for Tes
It is very windy at
also that the wind swirls
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during different seasons 1

general case most of the

Plots of weight loss data from specimens of A588 -

exposed at the Engineering
of exposure time up to 1

both the grade A varieti

Kawasaki Steel Co., Japan,

addition of nickel.

50°C)

ime.

the ambient levels.

rior exposure losses.

These Tlosses

in sheltered

0% more than for exterior exposure results from

6. The values from Leesville are about 50-60%

The solar radiations hitting the

good absorbers for solar radiations.

as the radiations fell

parallel to north-south.

n the exterior side faces.

year are given in Fig. 5 (a,b).

es made by the U.S.

The sfimilarity of the two sets of data
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ridges were found to raise the tenmperature of the

The rust layers formed on

The plates,

thick and vast in area, had their temperatures
divectly on them.

r1ly six hours in a day for each surface, as most

51y this caused

the rust, and the surfaces facing east can be
s time than the surfaces facing west.

the Gibbstown bridge location, and it appeared
and blows much stronger underneath the bridge in
Visits to the bridge

0 retrieve the racks indicated that this was the

grade A steel

CEBA building at LSU, Baton Rougd, as a function

The plots for

as the

are similar, though the latter has a very small

would prove the




validity of results, for These were collected at different time periods for
the two varieties.

The K & N values obtained for the plots from the regression analysis
are given in Table 7. The plots show highest weight losses| for steels with
the mil1l scale left as such, indicating the removal of the mill scale layer
in the first three months., Thereafter the plots are nearly| parallel to the
plots for Treatments 1 to 7. All these plots are essentially linear and
the power constant N is close to 1 for Trts. 1 and 7, which/do not have any
chemical treatment. These two conditions obviously d¢ not Tlead to
stabilization of the rustiing process within one year and indicate a nearly
linear corrosion process}; Trt. 6 with 10% tannic acid solution yields
somewhat lower corrosion |losses than for Trts. 1 and 7, but the loss is
higher than for other treatments. The value of N is high for Trt. 6 also.
Trts. 3 and 5 show similar curves, but the weight losses ar‘ somewhat lower

than for Trt. 6. In contrast, Trts. 2 and 4 seem ko show better

better stabilizing tendencies as well. Based on these dat

characteristics. The weight losses are not only minimum, {the curves show
s it would seem

that Trts. 2 or 4 utiliziing phosphoric acid would be gooh for exterior,

bold-exposed surfaces.

The results give ris% to the following approximate thi&kness losses in

the first year.

Trts. 1 & 7: 20um (0.8 mil); Trt. 6: 15um (0.6 mil);
Trts. 3 & 5: 10um (0.4 mil); Trts. 2 & 4: 9 um (0.35 mil)

Location of the expojure site at LSU in Baton Rouge c%n be considered

to fall in a mildly industrialized area and the losses deﬂermined compare
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loss of about 3 mils can be expected over a five-year period.

favorably with the values determined by Townsend and Zoccpla [10], for a
These values

are somewhat similar to the values determined in Australia, but are much

less than the values obtajned by McKenzie in England [2].

The values obtained in exterior bold-exposure in Baton|Rouge are about
1/3 to 2/3 of the values obtained for steel coupouns |in exposure at
sheltered locations unde

the bridges in the Gulf Coast area, the lower

ratios 1/3 to 1/2 being obtained for treated conditions and slightly higher
ratios 1/2 to 2/3 for

he sandblast-cleaned condition. | However, these

values are about equal (for Trts. 3 and 5) or nearly 2 (for|Trts. 1, 2 & 4)
and 3 (for Trt. 6) times the values obtained for sheltered location

exposure at Leesville in rural areas. These result

indicate the
importance of location, anpd particularly industrial po]]ut]on, in altering
the corrosion weight losses of ~weathering steels by ru#ting, and more
losses can be obtained inlexterior bold-exposure in an 1ndu%tria1 site than
for exposure under sheltered conditions in rural areas.2 However, at a
given site in a given type of environment in Louisiana and Texas, it is
found that the losses in exterior exposure are about one ha{f of the losses
at the sheltered locations.

The thickness losses reported by various investigaqors around the
world are compared with the results obtained with field #oupons in this
study in Table 8. Our results with field coupons compare\favorab]y with
those of Townsend and Zoccola [10] for exterior, bold |exposures, and
McKenzie [2] seems to have obtained much larger losses for exterior

exposure 1in industrial enyironments. The industrial atmosphere must have

——_—

been more severe and harsher than the mild industrial atmosphere in Baton

Rouge, LA or in Bethlehem, PA. McKenzie has obtained lower Tlosses in
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to simulate the conditions in sheltered areas, which was done in a closed
chamber in darkness, and|the other simulating rainfall on the exterior,
bold exposed surfaces. 1In addition to these two tests, tests performed in
salt fog chamber with water containing 0.1% salt approximated the exposure
to Louisiana's hot and muggy atmospheres, which contain traces of salt in
coastal areas. The tota]l immersion test was performed to identify the
performance characteristics of the steel and analyze the rust layers formed
under these conditions. | Such situations prevail in areas where the
condensed or rain water accumulates and stagnates due to | drainage holes
being plugged in. The electrochemical tests were performed to identify, if
possible, the corrosion mechanism and to see under what conLitions pitting

occurs. The results from [these tests are described below and correlated to

field data. |

Fig. 6 (a to d) shows the.plots for weight Tosses vs; exposure time
for the four steels studied in the Accelerated Atmospheric Exposure
Simulation Test - Sheltered Location Equivalent. The corresponding plots
for the four steels in analogous tests simulating exposure at exterior
locations are given in Fig. 7 (a to d).

Fig. 8 (a to d) likewise shows the results in plots f?r the salt fog
test and Fig. 9 (a to e) gives those for the continuous imﬁersion test in
3.5% salt water. |

The average corrosion losses that occur in the varkous tests are
summarized in Table 9. |The plots for 2200 cycles in qhe atmospheric
exposure simulation tests yield thickness Tosses over a six-year equivalent
period. The p]otslfor the sheltered location equivalent exposure do not
seem to stabilize, whereas the plots for the open, bold exposure equivalent

tests indicate only slightl stabilization tendency for the r&sting process.
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The results of average thickness losses for 2200 cycles (6-year equivalent)

are divided by 6 to yield average annual losses, which are also given in

the table. The values of N are also close to 1, indicating the nearly
Tinear process of corrosiion. Thus the averaging is Jjustified and the
values are not far from the true annual losses.

The results show that minimum Tosses of about 0.2 to 0.5 mpy occur for

all steels in the bold exposure equivalent test in the presence of chloride
and sulfate jons. However, tests performed without these yield still lower
results, about 0.04 to 0.1 mpy. The latter values compare! favorably with
those of Reed and Kendrick [18] in outdoor exposure tests|in California.
The rest of the values dapproximate those of the other sc¢ientists. The
exterior bold exposure at |[CEBA has yielded 0.8 mpy for the first year and,
given the tendency for slow stabilization, the results in exterior, bold
exposure at CEBA would approximate our laboratory test resulfs. The actual

losses in exterior, bold |exposure appears to be very sit# dependent and

more Tlosses can be expected in the marine and industria]\sites than in
rural areas. They are also very dependent on rain wash.

There is good correlation between the results obtained in the
simulated sheltered locatijon exposure test and the resui#s of exposure

tests performed in the field at the bridge sites. The aLerage loss is

about 1 mpy for the industrial site and slightly higher abokt 1.5 mpy for
the near-marine site. These values compare favorably with t%e average loss
of about 1 mpy in analogous laboratory test. (See Table 12.

The immersion test yields slightly higher thickness 1o;ses, about 2.5
mpy, than these atmospherig exposure simulation tests.
Of the five steels tested in immersion, Riverten R o% the Kawasaki

Steel Co. 1is the one which showed some tendency for stabihization. The
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values of K and N in the power fit relation are given in Table 10. These
values for various steels ?Mere compared by taking the averages of the
values for treatments 2 to B for all steels. Both Riverten R and A588 -
grade A (U.S.) had low va]ués for both K and N, signifying slower rusting
process and tendency for stabi]ization.

Treatment 6, representing 10% tannic acid application prior to
immersion and drying, y1e1d§ best results for all steels in the immersion
test. The average thicknesJ losses for 6 months are: 0.46 mils for A588 -
grade A (U.S.), 0.87 mils fdr grade A (Kaw) and grade B, which translate to
the losses in the first yedr of: 0.8 mil for grade A (U.S.) and 1.6 mil
for grade A (Kaw) and grade B. The steels still show some stabilizing
tendency of the rusting process when their surfaces are chemically treated
with the passivating acids used.

For Trt. 6, comparing the results of Riverten R for 100 days exposure
with those of others, it can be seen that the average thickness loss is
about 0.2 mil, which is about 1/2 and 1/4 as much as that for A588 grade A
and grade B, vrespectively (data compared in figures). In untreated
conditions, for Trts. 1 and 7 the corrosion losses increase linearly with
immersion time for most steels. Trt. 9 with mill scale seems to show some
stabilization tendency compared to Trts. 1 or 7 for both Ab88 - grade A
(Kaw) and A36 steels. Results for Trt. 7 - grade A (U.S.) and Trt. 1 -
Riverten R appear to be anomalous and some of the data could be wrong.

Taking Trt. 1, for which data is available for all steels, the average
thickness losses in immersion in the first year could be about: 65 um (2.5
mil) for grade A (U.S.), grade A (Kaw) and grade B varieties, about 60 um

(2.4 mil) for A36 steel and perhaps about 50 wm (2 mil) for the Riverten R.
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These are values extrapolated for 1 year and may be slightly inaccurate.
However, the trend can be analyzed from these data.

The 1important findings in immersion tests are that the thickness
losses are generally linear for the untreated conditions and they could be
as much as 2 - 2.5 mils per year. With chemical treatments or even with a
mill scale layer being present to start with there is a tendency for the
corrosion process to slow down and stabilize, and Trt. 6 with the tannic
acid works best in immersion situation. A slimy layer seems to be formed
on the surface in the latter case, which appears to be beneficial.
Bacterial action on such layers could be responsible for promoting the
formation and retention of the "amorphous bulk (AB)" layer, along with some
ferrihydrite. This would beé discussed again Tlater under rust analysis and
relative merits of different surface chemical treatments.

In comparison to these three- tests, the salt fog test as well as the
electrochemical test yield much higher weight and thickness losses. The
average value of the thickness Toss is about 30 to 60 mpy in the salt fog
test, whereas in the electrochemical test values of about 60 - 100 mpy have
been obtained. The latter test evaluates in a fast manner the corrosion
losses during the initial dissolution process and usually the corrosion
process starts out very fast initially. These values indicate also the
maximum Tlosses possible and such conditions could prevail in certain
localized corrosion processgs. The presence of deep pits is certainly an
indication of high rates of corrosion losses, if not to the large extent as
obtained in the electrochemical test.

That the salt fog test yields maximum and linear corrosion rates is
not surprising, for the corrosion progresses in a hot and 100% humid

atmosphere in this:test. Presence of chloride also aids vastly in the
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corrosion process. Due to high humidity, a film of water should always be
present and in conjunction with chloride ions the dissolution rates are
very high, as much as in the electrochemical test under open circuit
conditions. Slightly elevated temperature aids also the corrosion process.

Both in the salt fog as well as electrochemical test, the protective
amorphous rust apparently does not get stabilized and this enables the
corrosion process to continue unmitigated. However, in the total immersion
test, a protective ;morphous rust layer does form and hence the corrosion
rates are low. An average loss of about 2 to 3 mpy is indeed acceptable
under total immersion conditions. However, pitting could occur. Also,
what the average losses would be under total immersion conditions when the
electrotyte (fluid) moves (flows) needs to be ascertained further. This
could be high due to erosion losses.

The losses obtained in field tests with coupons, as well as from field
thickness measurements at various time periods, are compared with the
losses found 1in the various Tlaboratory tests in Table 12. Several
photographs taken in the field at the bridge sites illustrating the rusts

and conditions observed, as well as the methodology used, are included in

Appendix.
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Structure and Morphology of Rust Phases.

There are various forms of rust and counting the amorphous varieties
at least a dozen different phases can be recoganized. In atmospheric
exposure, under wet conditions, the oxyhydroxides of iron form and are
retained. The most stable form of rust is a - Fe2 O3 (hematite), which
results only when these oxyhydroxides are heated at elevated temperatures.

A major contribution of this study is the sound establishment of the
usefulness of the infrared spectroscopic (IRS) technique in rust structure
and phase analysis. The IRS spectra of several standard forms of rust have
been obtained, compared with those known in the literature and used to
jdentify not only the rust phases present in the various field rusts, as
well as those that have been obtained in the various tests, but also to
follow the rust phase transformation sequences. Fig. 10 indicates the IRS
spectra of several standard rust.phases that are commonly encountered in
various types of rusts. Fig. 11 shows several field rusts obtained from
various bridges analyzed by this technique.

Fig. 11 (c) shows v- and 6-Fe0OH in a brown colored rust scraped off
from an A36 steel beam bold-exposed to the ambient conditions. Under
bold-exposure similar phases form on weathering steels also. Powder rust
collected from the Luling bridge shows also §- and y-FeOOH (y*) phases with
traces of an unknown phase, Fig. 11 (d). Coarse flakes obtained from the
field also have these two phases, Fig. 11 (f).

Unlike these samples, rust samples collected from the air-side or from
intermediate layers of some of the sheet specimens show v - Fe2 03 . H20
designated as y, Fig. 11 (h). This phase has been found to have different
degrees of crystallinity. A pattern from its highly amorphous analogue is

shown in Fig. 11 (j).
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Upon exposure to the atmosphere, within the first month or so, the
first semi-stable rust forms. This rust has been identified using IRS to
be either the amorphous y-FeOOH or the so-called "Amorphous Mix (AM)",
which was judged to be a potpourri of y-, and 6-FeQOH, ferrihydrite and
possibly one or two other initial intermediate complexes. Fe0 and ferrous
hydroxide have likewise been observed in some samples. As time of exposure
increases, various crystalline rust phases develop from the amorphous mix
phase. Initially, these different phases exhibited high degree of
non-crystallinity and only after a long duration were fully crystalline
phases encountered.

IRS data also showed that in open, bold-exposed specimens the stable
phases that were obtained even after a 2-year exposure were y-FeOOH and
6-Fe00H, both still exhibiting a considerable degree of non-crystallinity.
6-FeQ0OH remained highly non-crystalline. The X-ray diffraction patterns
could not establish the presence of this §-phase, although its presence was
well established through IRS patterns of rusts.

Nearly similar results were obtained in interior, sheltered Tlocation
exposure also. y-FeOOH formed initially, along with the amorphous rust
fraction. This was identified in the X-ray diffraction batterns from a
broad peak at 26 = 12° from the planes that give rise to the strongest peak
at this location for Mo - K, X-rays. The pattern also indicated a large
degree of amorphous nature. However, rusts collected after longer exposure
time periods showed successively the diminution of amorphous y-FeOOH and
formation of crystalline phases, particularly Y-Fe2 03 . HZO’ with a strong
peak at 26 ~ 16.5° (for Mo - Ka). Even the latter phase has the strongest
peak, according to ASTM-data [88] for diffraction from planes at 26 ~ 12°.

However, since several other rust phases (magnetite, 8 - & & - FeOOH,

61



etc.) have their strongest peaks at the location corresponding to 20 . 16°,
the appearance of the strongest peak at 26 . 16° was not surprising. It
was deduced that the highly amorphous y-FeOOH and "AM" components formed
initially and gave rise to crystalline y-Fe2 03 . H20 and 6-FeQ00OH phases.
o-FeOOH was likewise found to increase in amount and become somewhat more
crystalline. Its strongest peak occurs at 26 . 9.8° (for Mo - Ka).

The variations in the intensities of the X-ray diffraction lines in
the low-angle region as a function of exposure time are shown in Fig. 12
for rusts collected from A588 - grade B specimens, exposed in sheltered
locations under the bridge at High Island, TX. Unlike in exterior
exposure, crystalline phases form much sooner in sheltered Tlocation
exposure.

XRD and IRS patterns of rusts formed on inhibitor acid treated
surfaces were also obtained and-analyzed. These showed that Trts. 2 and 3
with phosphoric acid and phosphoric-benzoic acids, respectively, enabled
the retention of the amorphous phase "AM" for considerably longer time
periods. The results from IRS analysis are discussed later under the
sub-heading "Relative Merits of Different Surface Inhibitor Treatments".
These results, coupled with the relatively lower weight iosses for these
surface treatments, indicate that these treatments are good to promote
rusting resistance. In contrast, Trt. 6 with 10% tannic acid enabled the
crystallization of §- and o-FeOOH. The weight losses for specimens with
this treatment were also much higher. This is interpreted as being due to
the crystallization process that leads to more porosity and access of water
and oxygen to the substrate, resulting 1in more corrosion. The

morphological studies with SEM substantiated these findings.
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Representative microstructures of rust phases developed on the
weathering steel surface during various exposures are given here and
discussed. Detailed descriptions of morphological features are given in
separate papers.

The salient feature of the "amorphous mix, AM" phase appears to be its
various growth patterns on top of a flat, dense, sedimentary-type layer.
This layer shows several cracks that have been developed during drying,
Fig. 13 (a). 0dd pillars, mounds, etc. seen (Fig. 13, b to d) with no
structural features are deduced to be the AM-phase. Hemispherical and
cylindrical swellings are common, Fig. 13 (e). These are probably formed
due to gas or vapor evolution and many of them burst out at the initial
stages, leading to subsequent development of crystalline phases in a
circular area, Fig. 13 (f). These are also shown in the SEM photographs of
rusts presented in Fig. 13 (g,h). -

Crystalline phases such as y-, 6-, and a-FeQOH as well as ferrihydrite
form directly on top of the amorphous rust layer. A1l these phases form
plate-like grains, but the different phases could be identified through
certain unique features which have been identified in single phase rust
specimens derived both from the various tests as well as from laboratory
chemical synthesis.

The microstructure of y-FeOOH is seen vividly in Fig. 13 (i). The
crystals of this phase grow in thick plates, which bend and wiggle around.
The plates are also laid close to each other so that a cross sectional view
of an aggregate of y-plates, i.e., a colony of y-FeOOH, appears as a
collection of worms, Fig. 13 (j). The plates are considerably thicker,
indicating the faster growth rate of this phase out of the amorphous mix

layer.
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Crystals of &-FeOOH are also plate-formed; they also bend and fold.
However, these plates often show flowery patterns. The beautiful rose-type
flowery pattern of &§-FeQOOH has been observed in both the synthetic rust, as
well as 1in the field rusts from several bridges and rusts formed on
field-exposed weathering steel coupons. Representative microstructures are
given in Figs. 13 (k,1).

Crystals of a-FeQOH take on different shapes. Besides forming
directly from the amorphous layer, they have been found to form on top of
the plates of y-FeOOH also. a-crystals are generally thin, needle-shaped,
rod-shaped, petal-like, and thin, flat-plate-shaped with sharp edges.
Needie-shaped crystals appear as whiskers on y-FeOOH plates at the initial
stages of growth, Fig. 13 (m). These grow into rods in time. The rods of
o-Fe00OH have been found to start out of the amorphous Tlayer as well, Fig.
13 (n). The whiskers could grow into plates as well, but these plates
probably do not grow to great extent. They probably become small
petal-shaped. Several small petals formed on a hemispherical dome of the
amorphous Tlayer appear as a carnation flower. Representative flower
patterns of a-FeOOH are shown in Fig. 13 (o,p).

Thin, petal-shaped crystals of o formed directly frém the AM-layer
appear as a collection of rice grains, as seen in Fig. 13 (q). Though the
identity of these phases had not been firmly established at the time of
photographing the microstructures during SEM analysis, correlation with the
structural data from XRD and IRS analysis and inference from several
photographs indicate that the designations made are the most likely ones.

a-FeO0OH is known to form "nest-Tike" spongy patterns, as seen in Fig.

13 (r) [61]. Such patterns, as well as whiskers, have been recognized in
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field rusts [89]. Another mode for the formation of o-FeDOH shall be
discussed a little later.

Morphological studies firmly establish the transformation of y-FeQOOH
and possibly also ferrihydrite into o-FeOOH. The transformation occurring
on the surfaces of plates of y-FeOOH is seen in Fig. 13 (s). It appears
that possibly both y-FeOOH and ferrihydrite transform to o-FeOOH, whereas
such was not found on the plates of §-FeOOH.

8§~FeO0OH itself dis very closely related to o-FeOOH and the
transformation from § to o could occur very easily through topotactic
processes.

In the 1long run, y-FeOOH and ferridydrite would be converted to
a-Fe00H and a mixture of a- and §-Fe0OH phases should exist. Eventually,
after the topotactic transformation of §-FeOOH, only o-FeOOH should remain.
But it is found that the establishment of equilibrium is not achieved that
easily in nature. Thus, due to frequent rain wash in exterior,
bold-exposure and fresh wetting taking place in sheltered locations due to
condensation, rusting progresses and the final equilibrium that would
dictate the presence of only «-FeQOH is reached only very rarely. In
reality, a mixture of y- and 6-FeOOH with some a-FeOOH is seen on
bold-exposed surfaces, Fig. 13 (t), whereas §-FeOOH is found to be dominant
in the rusts formed on weathering steels in sheltered locations.

Ferrihydrite probably has been observed in many specimens collected
from two bridges -~ Leesville and Luling. In the latter, it is found in the
old rust, possibly the powdery rust that was left after the plate-shaped
initial rust layers have been removed. The Kawasaki Steel Co.'s A588 -
grade A variety in the main span was completely covered with a sheet-type

patch rust at the beginning. These layers started peeling and subsequently

65



they were removed in open areas, as well as in towers, by air blasting.
They are still present at the interior of trapezoidal boxes. Ferrihydrite
mixed with quartz was seen in the powdery rust (dust) collected after these
layers were removed. Based on other IRS data, a structural variant of
ferrihydrite is also believed to be present. This was obtained, along with
magnetite, on the dark rust-metal contact surface of the rust. These were
established from the X-ray patterns of the sheet-type of rust on the
rust-metal contact surface, as well as from IRS patterns of rusts scraped
off from this face. At Leesville, it has been found not only in the rust
removed from some bridge sections, but also on coupons exposed at this
location. IRS has been the only source of identification of this phase.
Its XRD pattern, however, resembled the pattern of B-FeQOH. There seems to
be thus a close correlation between ferrihydrite and B-FeQOH.

The crystals of ferrihydrite appeared mostly as very fine, powdery
aggregates or as aggregates of rectangular plates, laid one on top of the
other, Fig. 13 (V2). The fine powdery mass can aggregate into porous
mounds, tubes and walls that resemble mud walls. It appeared that several
odd plates that appeared like mud walls, as seen in Fig. 13 {V1), are also
made up of ferrihydrite, but clear proof is lacking. Fefrihydrite grows
also in the form of uniform cylindrical tubes (nocodle-shaped). These have
been observed in some specimens formed in the immersion test, Fig. 13 (v).
Our deductions are é]so in conformity with the observations of Chukrov, et
al. [90].

Another phase observed in sheet-type rust samples from Luling and
Doullut Canal is Y-Fe2 03 ; HZO' This phase was recognized first from its
XRD pattern, and later clearly differentiated from y-FeOOH or Y-Fe2 O3 from

its unique IRS pattern. It was found on the air-side of the sheet rust
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samples. SEM observations of phases at this location indicated sandy
grains, Fig. 13 (w), or aggregates of such sand grains into mounds that
appeared like "ant" or "termite" nests [89]. Such microstructures are
deduced to be those of y—Fez 03 . H20. This phase has also been obtained
in salt fog tests carried out with solutions containing salt to different
extent (0 to 3.5%). It also formed when pure water was used in this test.
Based on these facts, it was deduced that y-Fe

03 . HZO forms more easily

2
under highly humid conditions, especially in the presence of salt. But
immersion in salt water or continuous wetting of surfaces, as in exterior
exposure by rain, stabilizes y-FeOOH and leads to its tramsformation to
a-FeOOH.

The structure and morphology of rust phases formed in several
laboratory tests have also been studied. In the accelerated atmospheric
exposure simulation tests, similar results as in field exposure have been
obtained. In the test containing rain simulation, y- and 6-FeQOOH were the
dominant phases. Rust specimens showed colonies of both these phases
adjacent to each other, both formed on the "AM" layer. In contrast, in the
sheltered location exposure simulation test, a-FeOOH was the most dominant
phase after long time exposure. The a-Fe0OH was found to form first in the
form of a cloudy layer, which closely resolved at very high magnifications
to fine whiskers. This cloudy layer was judged to be amorphous o-FeQOH,
from which crystalline o grows. The growth of whisker-type crystals of
a-FeQOH could be seen at the periphery of such clouds, as seen in Fig. 13
(x). Thus, this would constitute an alternate mechanism for the formation
of FeOOH. It forms directly from the amorphous «-FeOOH layer.

Another important result in this work is the finding that all of the

rust phases first occur in the highly non-crystallized form. Amorphous mix
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"AM" itself is an agglomeration of highly amorphous rust phases. Out of
"AM" developed individual rust phases in a highly non;crysta11ized form as
well. Thus, for instance, ferrihydrite or y-FeOOH or §-FeOOH formed first
in the amorphous form, either alone or in combinations. These were evident
from XRD analysis. Only after long time periods was crystallinity
developed to near completion. The IRS patterns of all these phases showed
corresponding broadening of the absorption peaks.

The "Amorphous Bulk (AB)", which was detected from its typical IRS
pattern, was the important phase to form in the sedimentary rust deposit
developed on the surfaces of not only the weathering steels but on regular

structural steel A36 as well. This phase, as can be seen in Fig. 10, has

1

a broad transmission peak in the wave number range 1000 to 1400 cm ', with

maximum intensity occurring at around 1200 cm'].

The "amorphous mix, AM"
was not obtained in the immersion test. The compositional and other
physical differences between "AM" and "AB" are still to be established. It
is possible that the "AB" has more ferrous ions incorporated in it and AM
perhaps none. Further studies are underway.

The AB converts to crystalline phases steadily and the outer porous,
loose Tlayer developed on immersed specimens 1is compased mostly of
crystalline rust phases. In the presence of chloride ions, B-FeQOOH and
magnetite have been obtained. The occurrence of the former phase is not
definitely established through a well-defined IRS pattern. Its presence is
inferred from XRD data.

As stated earlier, Y-Fe2 03 . H20 forms easily in the salt fog test
under high humidity conditions. It may form from y-FeOOH that forms first

in the first few hours or directly on the metal itself. Another important

phase obtained in the salt fog test is magnetite, which was seen to form in
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several layers, as in Fig. 13 (y). This magnetite layer showed swelling at
its periphery, Fig. 13 (z1), which could be due to phase transformation.
At the periphery of the magnetite layers, powdery and sandy y—Fe2 03 . HZO
could be recognized, Fig. 13 (z2). It is likely that the magnetite changes
to y-Fe2 05 . H20. How the magnetite forms and stays stable in such a
highly humid and oxygen-enriched atmosphere is not obvious. It may be
developed through cathodic reduction processes changing some y to ferrous
ion containing Fe3 O4 (M). The former has only ferric ions. Through slow
oxidation, M transforms perhaps back to y or to o-FeOOH. These are being
studied further.

That magnetite forms through cathodic reduction processes when rust
forms through fast kinetic in large amounts is indicated by the result
obtained in the sheet-type rust sample. As indicated earlier, magnetite
was observed in the rust sheet/at the rust-metal contact surface. This
magnetite could have been formed through cathodic reduction of y-FeQOOH or

AM formed first. It is unlikely that magnetite formed os at,psijeroc

ristomg directly on the metal surface is stable in the presence of large

amounts of oxygen.

Phase Formation and Transfarmation Mechanisms.

The mechanisms and schemes of rust phase formations and
transformations given by Misawa, et al. [30,91] can be used in conjunction
with the general schemes given by Bernal, et al. [49]. These are the only
complete and cogent schemes found in the literature encompassing all the
rust phases. Qur results are compared with the schemes given by these

scientists and modifications and/or amplifications are proposed.
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The transformation characteristics of y-FeOOH in air were studied
using synthesized rusts. Though B-FeOOH was not obtained in any of the
field samples, its transformation characteristics were also studied in air
and in vacuum with, a view to identifying the topotactic transformation
processes.

In air y-FeOOH transformed first to y-Fe2 03 . H20 upon heating at
around 190°C. The latter formed in highly amorphous form first and seemed

to gradually crystallize. It subsequently became amorphous again and

transformed to o- Fe 0

o 0j. The latter was obtained in a highly

non-crystalline form at first and changed to completely crystalline form
slowly.

The B-FeOOH changed in air, likewise, to y-Fe2 03 . HZO in a highly
amorphous form, which subsequently became crystalline and non-crystalline
before converting to a-Fe2 03.,,a—Fe00H was not obtained in either case.
y-Fe2 03 . H20 seemed to change straightaway to a-Fe2 03.

In vacuum, however, B-FeOOH first changed deminantly to B-Fe2 03,
which has been identified easily from the water peak slowly disappearing
[92]. B-FeOOH obvisouly did not lose all the water or B-Fe2 03 . H20 must
have been formed, for upon further heating y-Fe2 O3 . H20 formed. Further
transformation sequence was as in y-FeOOH.

The following transformation sequences are proposed:

In air and in vacuum:

y - FeOOH » Y-Fe2 O3 . HZO(y)(am) + vy + y(am) + a(am) » a - Fe2 03(a).
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In air and in vacuum:
B - FeOOH » B - Fe2 03 . H20 > B.Fe2 03 . HZO(am) + y(am) » y »
v(am) + a(am) + o .

[(am) = not well crystallized].

a - Fe2 O3 forms only when heating is applied. Otherwise, as
explained earlier, a - FeOOH would formafter a very long period of time.
These transformations are all judged to be topotactic in nature.

The results given above for the transformation of y-FeOOH to o-FeOOH
through y-Fe2 03 . HZO is one of the paths and this perhaps does not
require nucleation and growth. However, as seen from SEM micrographs,
y-FeOOH can change directly to o-FeQOH through nucleation and growth. This
scheme is advocated by Misawa [30]. However, we see that these are not the
only paths. oa-Fe0OH can form directly from an amorphous analogue, which
itself forms directly under certain circumstances on steel in the form of a
cloud-layer. It is deduced that fast reactions at high pH levels might
induce the formation of such amorphous a-FeOOH clouds.

In outdoor, exterior exposures either y-Fe0OH (am) or amorphous mix
forms at a pH around the neutral Tevel. These slowly changé to 6-FeOOH and
a-FeO0H, as already explained. Ferrihydrite apparently forms only under
specific conditions. Its formation might require dusting (silicon and/or
calcium) and sulfur. Sulphate-reducing bacterias might be responsible for
its formation and growth. No information is available on the conditions of
formation of ferrihydrite in the atmosphere-exposed specimens. Since it is
formed in Leesville extensively, these inferences appear to apply. It may
form in the presence of chloride ions under bacterial activity instead of

B-FeOOH. More work is needed on ferrihydrite.

71



Due to frequent rain wash, the amorphous rust layer is stabilized and
this provides for improved corrosion resistance. The Japanese scientists
are of similar view. But why this occurs needs to be studied further. The
effects of solar irradiations could play a dominant role. These effects
are not known.

The results indicate that in the absence of rain wash and solar
irradiations in the sheltered locations, the rusting continues unabated in
the marine and marine-industrial areas. Crystallization is readily obvious
and the porous crystalline phases formed are not curtailing the corrosion
processes. In the presence of chloride and alternate wetting and drying,
the rusting continues at about twice the pace as compared to the exterior,
open-exposed surfaces.

The initial scale layer found on the as-received (rolled) steel is
composed of magnetite. This layer wears off in about 3 months in exterior
exposure, but lingers longer in sheltered locations. In regions where the
magnetite layer has defects, attack by water vapor is made. Such regions
probably act anodic to the rest of the areas and anodic oxidation processes

2+ 3+

occur, converting the Fe™ ions in magnetite to Fe” ions. Fe3 04 converts

to y-Fe, 05 with compositional defects, that is having oxide-ion vacancies.
This 1is turn becomes hydrated y-Fe2 03 . H20. This transformation then

progresses, converting magnetite to y-Fe 03 . HZO’ which in turn

2
transforms to §- or o-FeQQH. Evidence for this has been abtained in the

field. The transformation causes loss of adhesion and peeling. It is
possible that some ferrihydrite forms at the magnetite scale-metal
interface, which leads to slight passivation of the metal. The magnetite-

peeled metal seems to passivate more easily in the absence of chloride,
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probably because of the presence of ferrihydrite. This needs to be
verified.
Based on the results obtained in this study, the following structural

transformations can be proposed:

Initial Fast Process:

Fe » Fe2+ > Fe(OH)+ > Fe(OH)2 + Green rust + AM (or)
complexes y-FeQOH(am)

Slow Further Transformations:

y-FeQOH
Am -+ (am) 6-FeQOH > am.8-FeQOH + y-FeOOH(cryst.)
Ferrihydrite
under alk. or topotactic
> > > > 6-FeO0H + a-FeOOH *> o-FeQOH.

acidic conditions

Alternate routes in chloride-laden environments:

(i) AM » y-FeOOH - y-Fe, 0, . H,0 + §-FeOOH + a~Fe0OH + o« FeQOH
2 73 2

(i) AM > B-FeOOH » B Fe2 03 . H20 > Y-Fe2 03 . H

a-FeOOH +» o FeOQH

20 > §-FeOOH +

cath. anodic
redn. oxidation
(i1i) AM ~» Fe3 04 > y-Fe2 03 . H20 + 6- or a-FeQQH,

Final Transformation:

a -~ FeOOH - o - Fe, O

2 "3
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The results of immersion tests indicate:

Fe » Fe2t » Fe OH Fe(OH)2 > Amorphous Bulk (AB)

Fe O
v-Fe, 05 . H0
AB » cryst. 5-FeQOH
(in loose
(adherent rust) a-Fe0OH
rust)
g-FeOOH
ferrihydrite
Fe3 04

The transformation processes prior to the initial stages are not well
established in this study. However, the results obtained have indicated
fairly fast formation of y-FeQOOH (am) or AM in open atmospheric exposure.
The rust deposit formed on weathering steels after electrochemical tests
also indicates the formations of these two phases. FeO and perhaps Fe(OH)2
have been obtained in a few cases, mostly in the laboratory tests or in
inhibitor-treated specimens 1in exterior, open-exposure at the initial
stages, in the first month. These phases, as well as Muhe green rust
complexes, form only under such suppressed kinetic conditions. They
readily change over to y-FeQOH, as Misawa pointed out, and hence their
influence on corrosion processes would be minimum. Hence it appears that
the amorphous phases, particularly AM and amorphous &6-FeOOH, determine the
rusting and corrosion resistance of steels. The longer they are retained,
the greater the resistance seems to be to continued rusting.

These amorphous films form macropassive layers and, unless some

specific components are included, their continued retention without
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crystallization would be difficult. It appears that incorporation of Si
and Cu might be beneficial, for the ferrihydrite formation might be
induced, which could be held stable due to the presence of these
impurities. It is also found that incorporation and retention of phosphate
ions in these layers 1is very helpful to increase the rusting resistance.

This is discussed in the next section.

Relative Merits of Different Surface Inhibitor Treatments.

The merits of different surface chemical treatments could be assessed
by two different methods - a) by direct weight loss determinations and
study of passivation (rust stabilization) characteristics, and b) by
structure and phase analysis, especially by infrared spectroscopic analysis
of rust. Electrochemical studies yielded some additional supportive data.

The results of weight loss analyses have already been discussed. It
was shown that treatments with 25% phosphoric acid (Trt. 2) and 25%
phosphoric-benzoic acid mixture (Trt. 3) were beneficial in reducing the
corrosion losses. The Tosses were not only minimized but the steels also
showed better rust stabilization tendencies, i.e., the slowing down of the
rusting process occurred much faster with these treatments. Treatment 6
with 10% tannic acid was not found to be beneficial except for total
immersion or bold-exposure situations. The tannic acid treated specimens
rusted nearly as fast as the sand-blasted (Trt. 1) or acid pickled (Trt. 7)
specimens in sheltered location exposure tests. There was no indication of
the stabilization process as well. However, in the continuous immersion
test and in the bold-exposure simulation test, treatment 6 showed better
characteristics than the other treatments and also showed stabilization

tendencies. Treatments 2 and 3 generally led to fine powdery rust, whereas
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treatment 6 formed coarse flakes in sheltered location exposure. In the
immersion and in highly wet, bold-exposure simulation tests, a jelly-like
complex was found to develop on surfaces treated with tannic acid, which
led to better protection.

The general results discussed earlier also indicate that there is not
much of a difference in the composition and structure of rust layers formed
on various grades of steel, between the rusts formed at the sheltered
locations or at the, open, exterior (bold) locations. Some of the phases,
such as ferrihydrite or hydrated maghemite, Y—Fe2 03 . H20, form only under
certain specific conditions and only in certain places. Other than that,
the mechanism of formation of rust phases, as well as their subsequent
transformations, seem to be nearly similar at all sites on the differently
treated surfaces. Only the kinetics of transformations seems to be
controlled by the environmental factors, as well as the specific surface
treatment involved.

As stated and proved elsewhere, the initial phase to form in the rust
on weathering steel exposed to the atmospheric conditions is the amorphous
mix (AM), which is a mixture of y-FeOOH, 6-FeOOH and ferrihydrite in the
highly amorphous form. The crystalline phases corresponding to these
forms, as well as o-FeOOH, emerge out of this initial rust. The amorphous
mix forms as a sedimentary deposit on top of the steel, completely covering
it. It is found to be dense, but cracks develop at Tater stages due to
drying.

Under immersion condition, the other amorphous phase, Amorphous Bulk
(AB), develops and grows steadily. Linear growth kinetic is found in the

immersion situation on non-treated surfaces, whereas surfaces treated with
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inhibitor chemicals, particularly with 10% tannic acid or 25% phosphoric
acid, show rust stabilization and growth-arresting tendencies.

Misawa has explained that the corrosion resistance is due to the
formation of this amorphous oxy-hydroxide rust layer on the surface of the
metal, owing to its being compact and adherent to the metal. The results
obtained by other Japanese scientists, as well as those obtained in our
laboratory, strongly support this contention.

For continued protection, two requirements must be satisfied. First,
the amorphous rust Tlayer should remain stable and not grow further; that
is, the growth process should have slowed down and no more growth should
occur, at least to large extent. This is favored by the growth-inhibiting
stabilization tendencies. Second, the amorphous rust should not get
converted to crystalline fractions, for these are generally porous and
would allow the penetration of- water and oxygen to the metal surface,
activating the corrosion process again. The cracks forming on the rust
layer are unavoidable, but some sealing agent should be provided to plug
these cracks as they develop or the corrosion process itself should be
self-plugging. Provision of these measures would assure corrosion
resistance. ﬂ ﬁ

Our results confirm that the formation and preservation of AM or any
of the rust phases, such as 6-FeQOH or ferrihydrite in the amorphous form,
would enable the attainment and preservation of rusting resistance. The
rust Tlayer formed would act as a patina and stop the further corrosion
process. |

With the basic background arguments given above, the relative merits
of the various surface treatments can be analyzed in terms of mitigating

the corrosion process. Discussions are based on IRS results from rusts
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collected from various bridges that have been grouped to fall in three
exposure-type categories - mild, medium-severe, and severe. Figure 14, A
to L, and Table 11 are referred to in this context.

Treatment 1, the plain, sand-blasted conditions, as well as Treatment
7, acid-pickled or wire brush-cleaned situation, are not able to hold down
the fast rusting process. Rusting takes place fastest on these surfaces
and, depending on the severity of the atmosphere, the AM phase quickly
passes on to &- + y-FeOOH (y*). This takes place slowly under mild
environmental conditions, such as at Leesville (LV) or Boeuf River (BR)
locations, Fig. 14, A and B, where the formation of ferrihydrite is also
favored, or fast as at Luling (LU), Fig. 14 E, experiencing medium-severe
environmental conditions. It can be mentioned that the formation of
ferrihydrite would be indicative of the slow rust phase transformation and
prevalence of dusting that would be helpful to plug the pores or the cracks
developed. The rust layer is made up of § + y* after two years of exposure
at BR, but only 6 months is needed to form these phases at LU. The rust

formed at the Tatter site may include also considerable amounts of a-FeQOH
and y-Fe, 05 . H,0.

Treatment 6 with 10% tannic acid also yields the AM phase and enables
it to be retained over a period of 2 years in mild environments, though
some amorphous § and y* have been formed, Fig. 14 B (e,f,g) and Fig. 14 C
(d,e). Formation of considerably more amorphous § is indicated. These two
phases § and y* have been formed within 1 year under bold-exposure
conditions 1in medium-severe industrial environments, Fig. 14 I(e). The

* *
sequence of transition from the first-formed am y to 6 + y ~can be

followed in Fig. 14 I (a to e). Under severe environmental conditions
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relating to presence of large amounts of chloride, as at High Island (HI),
TX or at Doullut Canal, DC, the stable phases & and y* are formed within
the first six months, but seem to retain the amorphous nature for longer
periods of time, up to 2 years, Fig. 14 L (a to c). Under bold-expaosure
situations tannic acid treatment would yield more of the amorphous phases ¢
and v and still hold AM. There is also the indication that v goes
through Y-Fe2 O3 . H20 to 6-FeOOH in such highly humid marine atmospheres.
The y—Fe2 03 . H20 is also highly non-crystalline under various
circumstances. Thus treatment 6 is judged to be generally helpful even in
severe environmental®conditions for exterior, bold-exposure situations when
applied repeatedly, as in our retreatment experiments, in as much as such
treatments stabilize the re-formation of the AM phase and its retention for
longer periods of time, Fig. 14 L (e,f).

Treatments 2 and 3 with 25% phosphoric acid and 25% phosphoric-benzoic
acid mixture, respectively, can be considered together, for they yield
similar results. The results obtained with these treatments are generally
very satisfactory. They not only yield the AM phase easily but also enable
its retention for long periods of time. Trt. 3 may be slightly better in
this respect than Trt. 2, for the benzoic acid may be acting slowly in the
cracks formed and lead to plugging, with similar AM rust at these cracks as
well. |

At the HI bridge site, located within a couple of km from the Gulf
Coast, these treatments enabled the stabilization of mostly AM in sheltered
locations, with the concurrent formation of small amounts of amorphous
6-FeO0H and only traces of y-FeOOH, Fig. 14 J. Retreatment after 6 months
results in the AM phase being retained for 2 years, with only slight

*
amounts of amorphous § and vy getting formed, under exterior bold-exposure
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conditions, Fig. 14 K (c,d). Fig. 14 G shows the results obtained with
treatment 3 at the Gibbstown (GT) bridge location for treated panels
exposed under the bridge deck. AM phase is very stable even after 18
months and only a very small amount of amorphous 6-Fe0OH is indicated to be
present along with it. Similar results are seen for Trt. 2, Fig. 14 F (a
to c), for exterior surfaces of the web plate at the GT site treated with
the phosphoric acid. However, at Luling (LU) trt. 3 does not seem to hoid
AM for long, showing the formation of § and Y*, though still much of the AM
component is retained after 2 years at the exterior location, Fig. 14 H (a
to g). Retreatment at about 6 months from the original date of treatment
seems to be helpful to retain the AM component for longer periods. Trt. 2
yields similar results. Both these treatments yield very fine powdery
rusts on exterior surfaces and only small amounts of rust were formed on
treated surfaces.

Treatment 2 stabilizes the ferrihydrite phase along with AM at
Leesville (LV) and retreatment is generally helpful to re-form the AM phase
and hold it for longer periods of time. Trt. 3 is l1ikewise very beneficial
for retaining the AM component formed.

Treatments 4 and 5 can be discussed together sinﬁe again their
performances are similar at a given bridge location. As discussed earlier,
treatment 6 alone is not as beneficial as the treatments 2 or 3. However,
when applied one after the other, as in treatments 4 and 5, their
characteristics are improved. Though the steels with these treatments also
form the AM phase, it is not held stable but changes over to & + Y*. The
PA or PA-BA second surface treatment does not seem to help and the initial
tannic acid treatment plays the dominant role. Trt. 5 seems to work better

than Trt. 4, for at BR, Fig. 14 D (a to c), the AM phase is retained for 2
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years with only slight formation of ferrihydrite in areas retreated after 1
year.

Trt. 4 is showing good results at GT, Fig. 14 F (d to f), but Trt. 5
is not yielding good results at Luling (LU), Fig. 14 E (d to G). In panels
exposed under this bridge in sheltered locations, the progressive change of
AM to § + y* can be clearly seen. Slight segregation of amorphous
ferrihydrite and § is indicated even after 1 month exposure at this site,
Fig. 14 E (d). Specimen after 3 months exposure shows considerable &, Fig.
14 E (e), and the one after 15 months shows the complete transformation to
8, Y* and possibly some o, Fig. 14 E (h). Trt. 5 gives rise to am. Y*
after 1 month exterior exposure, Fig. 14 1 (a), as Trt. 7, Fig. 14 I (f),
under similar conditions. A very heavy rain could remove the chemical
conversion layer and make the surface behave similar to non-treated
condition.

Likewise, Trt. 4 shows the transformation of AM to § + y* in severe,
near-marine environments, Fig. 14 K (h). Similar results have been
obtained for trt. 5 also in such Tocations. Still it is interesting to
note that these treatments enable the retention of the AM phase in the
exterior, bold-exposed surfaces, even under near-marine coﬁditions.

The results obtained and discussed above clearly demonstrate the
benefits derived from the chemical treatments of bare weathering steel
surfaces with phosphoric acid and phosphoric-benzoic acid wmixtures.
Whereas Trt. 3 is ideal for the GT bridge, Trt. 2 can be recommended for
the Luling bridge and for other bridges located in the medium-severe,
sub~tropic, humid environmental zone. For bridges at the near-marine
locations also, treatment 2 can be recommended, but careful retreatments

would be needed. The bridges close to the coast line or in a severe
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industrial belt (equivalent to HI and DC of our study) can get retreatment
every six months in the first year and one after the first 2 years. The
bridge at Luling and others in a medium severe environment could use one
retreatment after the first year. These are for interior surfaces in
sheltered Tocations. The boxed locations over the gusset plate could get a
treatment with tannic acid. Those in the near-marine area should get
retreatments once every year for the first two years. As already pointed
out, cleaning of debris and rust collected at such places should be
undertaken once every year.

The exterior surfaces could use Trt. 6 in these two types of
atmospheres. They would require no retreatment.

The bridges Tocated in rural areas which experience mild environmental
conditions, such as the LV and BR bridges, do not require any treatment,
especially in the exterior areas.. If warranted, the interior surfaces can
be washed with a weak PA or PA-BA solution after cleaning. Periodic water
jet cleaning itself should be adequate for the weathering steel at these
locations. In areas where saline water flows, stagnates and gives rise to
sheet~type of rusting, treatment with tannic acid can be used if the
wetting is continuous. Otherwise treatment with PA could be beneficial.
Perhaps for such areas, mixtures of TA with PA or TA with PA-BA could be
useful. The characteristics of such mixtures have not been studied in this
project. For Louisiana situations, such mixtures are still applicable to
exterior, bold-exposed surfaces and also in boxed locations above gusset
plates. The characteristics of weathering steel treated with TA-PA and

TA-PA-BA mixtures should be studied further.
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Specific Recommendations.

As stated in the previous section, bridges located in the northern and
central parts of the state of Louisiana do not experience any serious
corrosion problems. As such, they do not require chemical treatment.
However, washing of the bridges to remove rust debris and bird excretions
would be highly desirable once in a while. The bridges at Leesville (LV)
and Boeuf River (BR) can be cleaned with water jet once every ten years or
SO.

The bridges in the medium-severe industrial environment require
chemical treatment. The bridges at Luling, Larose, Gibbstown and Forked
Island fall in this category. They are not very close to the Gulf Coast,
yet they do experience some air-borne chloride contamination. The high
humidity prevalent in this region would not allow the rusting process to
stabilize in sheltered areas, as shown in the laboratory test. It is
expected that the rusting process would continue unmitigated, though at a
slow pace, at a steady rate consuming about 2 to 3 mils of section
thickness per year. Localized pitting has been proven to exist and, if
left unattended, would cause considerable erosion in some places in a short
time. Losses as much as 5-6 mils per year could occur in~such places as
the partially boxed areas above the gusset plate.

The rusts in the sheltered areas are flaky and rough, indicative of
crystallization processes and continued growth of rust. The powdery rust
seen after the initial removal of the sheet-type of rust an the Kawasaki
A588 - Grade A steel in the main span of the Luling Bridge is already
starting to grow into flakes and in a few years the situation of rusting at

Luling would be equivalent to the rusting at Larose or Gibbstown, etc.
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bridges. Also, pits as deep as 40-50 mils have been observed in areas
where water collects and stays in pools forming sheet-type rust.

The bridges at Empire, LA (Doullut Canal, DC) and High Island, TX (HI)
are in the severe environment category. They experience considerable
humidity and appreciable salt from the sea and the conditions at these
bridge sites could at times become similar to those in the salt-fog test.
Coarsest flakes averaging about 2 to 5 mm (1/8 to 1/4 inch) in diameter and
about 1/32 inch 1in thickness are common in sheltered areas. Deep pits,
about 50-60 mils jin depth and about 1/4 to 1/2 inch in width, have been
seen in these bridges. At DC, even the bolt heads at the semi-boxed areas,
where water and debris collect, form sheet-type rust layers. Severe
weakening of the bolts in a short span of time is possible.

Because of these facts, the interior, sheltered locations at these
coastal area bridges need to be cleaned and treated with chemicals as

indicated below:

Medium-Severe Atmospheric Conditions:

Luling, Larose, Gibbstown, Forked Isfand Bridges:

Interior Areas: Clean the surface with water jet containing sand. This

process should remove all of the rust. Cleaning to white metal is not
needed. Thereafter, surface treat (by spraying or brushing) with 25%
phosphoric acid. Soak thoroughly the areas of the bolt-head, nuts, etc.
with the acid. Proper collection of the acid and prevention of spilling
should be instituted. After drying, apply the acid solution a second time.

Retreatment with this acid would be needed after 1 year. The acid
should be applied on previsouly treated areas without removing the rust or

cleaning the surface. One time application is adequate.
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Boxed Locations: Clean the surface with air jet and water jet containing

sand. Clean the bolt heads, nuts, etc. thoroughly also. Thereafter, apply
10% tannic acid solution and let it dry. The horizontal and vertical
surfaces (about 2 feet high) close to the bottom horizontal surfaces should
get this treatment. The rest of the areas should get the phosphoric acid
treatment.

Remove the debris, bird excretions, etc. and reapply these chemicals
after one year. Air blasting is adequate to remove the debris. Clean and

reapply the chemical one more time after two years at these Tlocations.

This should prevent excessive rusting and pitting.

Exterior Surfaces: Clean with water Jjet containing sand. Apply 25%

phosphoric acid solution. (These surfaces alternatively could use a
mixture of phosphoric and tannic acids, 10% each.) No retreatment is

necessary.

Repeat all the above mentioned treatments at the beginning of every

ten-year cycle.

Severe (Near-Marine) Atmospheric Conditions:

Doullut Canal (DC) and High Island (HI) Bridges:

Interior Areas: Clean the surfaces with water jet incorporating sand.

Cleaning to near white metal 1is necessary. Thereafter apply the 25%
phosphoric acid solution (by spraying or brushing). Reapply one more time
after drying. Soak the areas at the bolts, nuts, etc. thoroughly.

Retreat the treated areas first after six months and then again after

six more months and after two years from the first treatment. The rust
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formed on the surfaces need not be removed. The retreatment is better

handled by spraying thoroughly on the rusted steel.

Boxed Areas: These require treatment with 10% tannic acid + 25% phosphoric
acid mixture. Recleaning and reapplication would be necessary after six
months, 1 year and:2 years from the first-time treatment. Thereafter,
these areas should be cleaned thoroughly once every year and the chemical
should be sprayed thereafter. If debris is not excessive, retreatment with
the acid can be stopped after the second year. However, if there is any
indication of water collection, it is prudent to apply at least the 10%

tannic acid solution after cleaning.

Exterior Surfaces: Clean with water jet containing sand and apply a 10%

tannic acid + 10% phosphoric acid solution. Retreatment after 1 year would
be necessary. This can be done by spraying.

Repeat the treatments given above at the beginning of every ten-year

cycle.

Marine locations very close to the coastal areas could use similar

treatments as for the near-marine locations. Treatment of the entire
bridge with 25% phosphoric acid can be recommended for vertical areas, both
interior and exterior. Retreatments after 6 months, 1 year and two years
from the first treatments can be recommended. For exterior areas two more
annual treatments could be adequate. Where water would stagnate and cause
sheet-type rust, apply the 10% tannic acid solution annually three times.
If water does not stagnate, apply the 25% PA solution at these areas also.

Areas where the wind brings in and deposits large amounts of salt would
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require painting at the horizontal and near vertical (up to 3 foot high)
surfaces.

Fortunately, such marine Tlocations are not encountered in any
Louisiana bridge built with the weathering steel.

Finally, bridges can be continued to be built with the weathering
steel in the central and northern parts of the state and these can be
handled as the Leesville and Boeuf River bridges, by periodic cleaning with
water jet. In industrial areas away from the coastline, they can still be
used with institution of adequate maintenance procedures. In near-marine
Tocations their use should be checked thoroughly. They could still be used
in places similar to Doullut Canal, High Island, etc. with adequate caution
and institution of maintenance procedures. In marine locations very close
to the coastline, painting might be warranted. Each location should be
judged 1individually and the optimum choice made. By the same token,
painting might not be needed for the entire bridge. Only certain areas
1ikely to experience severe corrosion problems might require painting.

Careful analysis is essential.

Conclusions:

Based on the results of this study, the following conclusions are
reached:

(1) Excessive rusting leading to formation of coarse flakes that
adhere loosely to the steel and pitting are two of the common problems
encountered in weathering steel bridge spans in Louisiana and Texas.
Sheet-type rust develops in areas where water stays stagnant for 1long
periods of time. Such rusting occurs also on bolt heads and nuts in

partially enclosed boxed areas above the gusset plates at the entrance to
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the piers. These problems are more severe in bridges located close to the
coastline.

(2) The rust flake size 1is proportional to the chloride-content in
the atmosphere and deposited in the rust. The higher the chloride-content,
the coarser, thicker and sharper are the flakes that develop. Thus the
coastal area bridges are found to develop coarse flakes that peel off
easily.

(3) Section thickness losses are maximum, as much as 3 to 5 mils per
year, in horizontal areas at sheltered locations in some of these bridge
spans, and are caused mainly by chloride accumulation. The chloride
penetrates to the rust-metal interface and is not removed by subsequent
peeling of the rust.

(4) The bridges far away from the coastal region, as well as the
exterior surfaces of coastal area- bridges, develop fine, powdery rust and
do not show any serious corrosion problem.

(5) Pits are generally found in the coastal area bridges in sheltered
locations. The pitting is correlatable to flake size, though pits of
maximum depth are found in areas where sheet-type rusting occurs, and to
chloride content of the atmosphere. “

(6) Most of the pits are about 10 mils (0.25 mm) deep in the interior
Tocations of coastal area bridges. Vertical surfaces experience the least
severe pitting. Horizontal and inclined surfaces have much deeper pits.

(7) Partially boxed locations above the gusset plates at the entrance
to the piers where birds take refuge and build nests collect debris and
allow water to stagnate, leading to more rusting, sheet-type rust formation
and wider and deeper pits. Pit depths as great as 52 mils (1.3 mm) have

been recorded at Doullut Canal. Salt and chloride accumulation lead to
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considerable metal loss. Deepest and widest pits are directly correlated
to enhanced chloride-content and water retention, leading to more rusting
and sheet-type rust formation. Our pitting data agree well with those
given by McKenzie [2].

(8) Measured average section losses are about 1 mpy in rural area
bridges (LV and BR), 2 to 4 mpy in bridges located in the medium-severe
industrial environment (LU, GT, FI and LR) and 3 to 5 mpy in severe
near-marine coastal atmospheres (HI, DC) 1in the interior, sheltered
locations. Roughly half as much thickness loss is registered in exterior
locations. These losses, obtained by use of an ultrasonic thickness gauge,
are generally two to three times as much as those obtained from tests with
field coupons exposed at these bridge sites. (See Table 12.)

(9) The thickness losses obtained by exposing field coupons in
sheltered locations are about 0.5- mpy at Leesville (rural area), 1.35 mpy
at Luling and Gibbstown and about 1.6 mpy at High Island for the
sand-blasted condition. Nearly similar but slightly lower values are
obtained for specimens treated with 10% tannic acid (Trt. 6). However, the
rest of the chemical treatments with rust modifiers give rise to a third or
two-thirds lower losses. (See Table 12.)

(10) Treatments with 25% phosphoric acid or 25% phosphoric-benzoic
acid mixture are very effective in reducing the rusting rate. Some
indication of the slowing down of the rusting process with time, i.e. rust
stabilization, was obtained.

(11) Initial rusting is found to be fast, but after about 3 months of
exposure there is a definite drop in the rusting rate.

(12) Data for losses in exterior exposure indicate that losses in

exterior, bold-exposures are about 33 to 50% less than 1in analogous
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exposures in sheltered locations. However the losses in exterior exposures
in the medium-severe industrial areas are about twice as great as at the
sheltered locations in mild, rural area bridges. Correspondingly larger
losses can be expected in the near-marine coastal bridges also. Average
losses are about 0.2 to 1 mpy in exterior locations, depending on the
bridge site.

(13) At a given site in Louisiana, nearly twice as much loss occurs in
the sheltered locations as compared to exterior areas. In coastal area
bridges, much higher losses occur in the sheltered locations, particularly
in partially boxed areas, as mentioned already.

(14) The thickness losses experienced in Louisiana are quite different
from those reported by other scientists. Only the data from the rural area
bridges approximate the results reported by others. Our results agree
somewhat with those reported by -McKenzie in England [2]. However, we did
not see any loss at an exterior location larger than the Tloss at the
analogous interior sheltered locations at any site. The Tlosses in
sheltered locations were always larger and nearly twice as great as at the
corresponding exterior location.

(15) In laboratory accelerated atmospheric exposure sgmu1ation tests
similar to sheltered location exposures, an average thickness loss of about
1 mpy was obtained. This compares favorably with the Tosses obtained in
field exposures with field coupons. As a result, it is Jjudged that an
acceleration factor of 50 used in these tests did not distort the results.
The corrosion losses over 2200 wet/dry cycles, corresponding to 6 years of
field exposure, were linear and showed only slight tendency for slowing
down. Such behavior corresponds to somewhat warm and humid tropical

conditions.
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(16) In laboratory simulation tests corresponding to exterior,
bold-exposure, average thickness Tlosses of about 0.1 (rural area
equivalent) to 0.33 (industrial area equivalent) mpy were obtained. The
latter values are about half as great as found in actual exterior exposure
carried out at CEBA, LSU.

(17) Average thickness 1losses under total immersion and stagnant
conditions were about 2.5 mpy, and large losses of .about 40 to 65 mpy were
obtained in the salt-fog test. These tests showed also linear kinetic of
the rusting process.

(18) Weathering steels with chemical treatments generally underwent
about 50 to 80% of the losses experienced by analogous specimens with no
surface treatments.

(19) No pitting was observed in electrochemical tests. Initial
corrosion processes resulting in -thickness losses of 60 to 100 mpy were
obtained for all steels. The surface treatment with phosphoric acid
reduced this initial loss by an order of magnitude which would indicate its
protective nature. The phosphoric acid-treated surface did not degrade and
corrode as easily as the bare weathering steel surface.

(20) The initial rust to form in atmospheric exposure is proved to be
the "Amorphous Mix (AM)" phase, which is judged to be a mixture of highly
amorphous y- and 6-FeQ00H and ferrihydrite from its infrared absorption
pattern., It gives way to individual amorphous phases y- or &-FeOOH or
ferrihydrite. Gradually, crystalline phases belonging to these forms, as
well as y-Fe2 O3 . H20 and a-FeQ0OH, form directly on its surface and grow.

(21) y-FeOOH grows more in the form of thick plates that fold and

bend. An aggregate of these plates in their cross-sectional view would

appear as a bunch of worms.
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(22) &5-FeOOH forms thin plates that bend and fold too. They form
flowery patterns.

(23) Ferrihydrite 1is fine powdery or cylindrical or square
tube-shaped. It also grows as mud walls, and all of these are formed and
grown probably by bacterial activity.

(24) Y—Fe2 O3 . H20 has sandy grain structure, and both y and
ferrihydrite could form mounds.

(25) «a-FeOOH develops directly from the AM layer and grows in the form
of rods or short petals of flowers. Beautiful patterns resembling
carnation and cactus flowers are judged to be of this phase. o forms as
whiskers on top of the plates of y-FeOOH and ferrihydrite. This is judged
to be due to phase transformation processes. All of the phases ultimately
convert to a-FeOOH under atmospheric conditions. o-Fe0OH also forms
nest-like, foamy patterns with sharp plates. The plates of « do not bend
and fold, unlike the plates of §- and y-FeOOH. They are also very thin.

(26) Magnetite and y-Fe2 03 . H20 form in the salt fog test. It is
found that magnetite transforms to vy and ultimately to a-FeOOH in wet
environments. It is highly adherent to steel in the wet condition, forms
in layers and converts to y or o through anodic oxidation processes

3+

. + . . . .
converting Fe2 ijons to Fe” ions. The reverse transformation of magnetite

to y or o is probably the cause for loss of adherence and peeling.

(27) The stable phases in exterior bold-exposure are §- and y-FeOOH.
Some o-FeOOH might also be formed. The AM phase is more stable under
exterior exposure situations than in sheltered locations.

(28) In continuous dimmersion situation, another amorphous phase
designated as "amorphous bulk (AB)" forms. Unlike "AM", this phase may

have more Fe2+ jons in it. It transforms to all crystalline rust forms
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including magnetite. Magnetite and a-FeOOH have been obtained more
commonly in the loose rust fraction formed. Fe0O was also obtained in the
immersion test.
(29) The amorphous rust layer is stabilized on exterior surfaces due
to frequent rain wash. This contributes to improved rusting resistance.
(30) Based on the results obtained, the following structural

transformations are proposed:

Initial Fast Process:

2+

Fe > Fe +Fe(OH)+ > Fe(OH)2 > Green rust » AM (or)

complexes am.y-FeOOH

Slow Further Transformations:

y-FeOOH
AM + (am) §-Fe00H -+ am.5-FeOOH + y-FeOOH (cryst) + » »
ferrihydrite
alkaline or topotactic
> > §-FeOQOH + o-FeQOH > > a-FeQO0H

acidic conditions

Alternate routes in chloride-rich environments:

(i) AM » y-FeOOH + y-Fe, 0, . H,0 » 6-FeOOH + a-FeQOH + o-FeQOH

2 73 2
(ii) AM »> B-FeQOH » B--Fe2 03 . H20 > Y-Fe2 03 . HZO + & FeOOH +
a-FeO0OH + oa-Fe00OH
Cathodic redn.. Anodic L topotactic (7)
(iii) AM » Fe3 04 > Y-Fe2 03 . H20 > a-FeQ0H

oxidn.

93



Final transformation:
slow

a~Fe0OH > a-Fe2 03
dehydration

Under immersion conditions:

Fast Process:

Fe » Felt » Fe(OH)+ > Fe(OH)2 » Amorphous Bulk (AB)

FeO
Stow Process:
AB > cryst. y-Fe2 03 . H20
(adherent (in loose 8- y-» a-, B-FeQOH
rust) outer rust)
ferrihydrite
FeO, Fe3 04

(31) Different surface chemical treatments are generally beneficial.
Various test results indicate that applications of 25% phosphoric acid or
25% phosphoric-benzoic acid mixture are highly beneficial for reducing the
corrosion losses in the sheltered locations. The "AM" rust formed on these
treated surfaces degrades slowly and is retained for fairly long periods of
time, even over 2 years.

(32) Tannic acid treatment is beneficial for highly wet situations.
It is recommended for application in partially boxed locations, on exterior
bold-exposed surfaces in industrial areas and on surfaces where water
collects and stays stagnant for considerable time. Alternatively, a

mixture of tannic acid and phosphoric acid can be used. A jelly-like
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complex forms on such treated surfaces and contributes to rusting
resistance,

(33) Treatment with phosphoric acid stabilizes ferrihydrite in areas
where dusting is prevalent. Incorporation of Si and Ca are congenial for
stabilizing the ferrihydrite, which could be more protective.

(34) Incorporation of phosphate ions in the amorphous rust layer is
very helpful to increase the rusting resistance.

(35) Painting is not needed for any weathering steel bridge located in
Louisiana or Texas. Surface chemical treatments would be capable of
handling the corrosion problems encountered in some of these bridges.

(36) Specific recommendations for surface inhibitor treatments would
include initial c1eaqing with water jet containing sand and application and
reapplication after 1 year of 25% phosphoric acid in sheltered locations,
in bridges located in the medium-severe industrial and near-coastal area
environment at Luling, Larose, Gibbstown and Forked Island. The boxed
locations are recommended to be treated with 10% tannic acid solution
annually for the first two years. Proper cleaning and removal of debris
collected at this location are essential. Exterior surfaces can be treated
once with the 25% phosphoric acid solution. These treatments are
recommended to be repeated once in every ten-year cycle.

(37) For near coastal area bridges at High Island, TX and Doullut
Canal the suggested treatments are as above but the frequency of
reapplication is greater. Thus the 25% phosphoric acid treatment is
recommended for interior, sheltered areas initially and 6 months, 1 year
and 2 years after the first applications. The boxed areas are recommended
to be treated with 10% tannic acid + 25% phosphoric acid mixture up to a

height of about 3 feet from the bottom Tevel. The exterior areas are to be
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treated with 10% tannic acid + 10% phosphoric acid solution and a
retreatment after one year is recommended. Again, the treatments should be
repeated once in every 10 year cycle.

(38) Bridges can continue to be built with weathering steel A588 and
adequate maintenance procedures can be instituted. There is no need to
remove the surface scale at the beginning. As in current practice, it can
be allowed to degrade and wear out. After about one or two years, the

entire cleaning and coating procedure can be instituted and cycled as

necessary.
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TABLE1 : Chemical Compositions of Representative Weathering Steels
1
Type of Steel Chemical Composition, wt.% Mechanical Properties
C Si Mn P S Cu Ni Cr Mo Y.St. uTs %Eln. Imp. Str.
(ksi) (ksi) (ft.-1b.) |
"Kawasaki Steel ‘
A588-Grade A 0.14 0.25 1.23 0.018 0.005 0.28 0.11 0.47 -- 0.043 50.5 76.9 34 198
Kawasaki Steel 0.08 0.34 0.39 0.082 0.008 0.27 0.20 0.47 -- - 51 60 22 ---
Riverten-R 0.10 0.40 0.47 0.082 0.013 0.26 0.31 0.51 -- - 38 53 35 --=
Kawasaki Steel \
A325-Type 3-(c) 0.17 0.25 0.89 0.027 0.017 0.28 0.33 0.41 -- 0.03 --- -—= --- ---
U.S. Steel
 A588-Grade A 0.19 0.23 1.05 0.618 0.03 0.28 =-- 0.40 -- 0.055 55 78 25 22
" Bethlehem Steel
! A588-Grade B 0.09 0.30 1.15 0.01 0.02 0.22 0.32 0.59 -- 0.068 65 95 22.5 60
Mild Steel, A36 0,093 0.025 0,47 0,007 0.008 o.u2 0.03 0.02 =-- - === - === --"
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TABLE 3: . Average section thickness losses obtained from direct
measurements at various locations in bridge spans
in Louisiana and Texas

Bridge Average Section Thickness Losses, mils/year
Locations
Exterior vertical Interior walls, hori-
surfaces zontal and inclined taces

ZONE 1: Mild, rural atmosphere

Boeuf river (BR) about 1 inconclusive
Leesville (LV) inconclusive inconclusive
Average: about 1 -——-

Estimate irom
field coupon data about 0,2 about 0.5

ZONE 2: Medium severe, industrial, near coastal atmosphere

"Forked Island (FI) 2-2.5 inconclusive
Gibbstown (GT) 2-3 2-4

Luling (LU)~ 2-3 2-3
(approach span)

Larose (LR) inconclusive 2-3

Average: 2-3 2-4

Estimate from

field coupon data about L 1-1.5

From pitting data -———- 2-4%

ZONE 3: Severe, near marine atmosphere, close to Gulf coast

High Island (HI) 3 4-5
Doullut Canal (DC) 3 3-4
Luling (LU)- 1.5-2 4-5
Main Span

Average: 3 3-5
Estimate from
field couponsdata 1-2 I:5=-2
From pitting data -——— 2-5%

* Conservative estimates from average and maximum pit depths
measured, The losses saould be higher than these values since
some ot the metal in the pitted area is also being unitormly
corroded ott. Thus the maximum values could be higher by one
or two mils in selected localized areas of attack.
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Table 4 : Maximum and Average Pit Depths at Selected Locations in Representative Bridges.
(Data in parenthesis refer to analogous locations on another pier, on the
opposite side of the bridge) :

Location in Bridge Pit depth, 10—3 in. (mil)+
Eastern Sector Western Sector Averages
Bridge: Luling (LU) Doullut Canal (DC) High Island (HI) Gibbstown (GT) All Bridges
Max. Ave. Max. ‘Ave. Max.~ Ave. Max. Ave. Max. Ave.
(1) Vertical face 9.7 5.8 12.0 7.7 7.4 4.5 9.0 5.6 8.8 5.6
on the side (nearly equivalent (9.0) (6.1) (7.3) (4.3) (7.3) (5.4)
wall (inner, surface)
sheltered
side)
(2) Vertical face 24% 9.1% 8. 6.2 7.0 6.2 8.7 5.7 8.8 6.2
on inner web . (6.7) (5.1) (13.5) (7.7)
plate, ‘
(3) Horizontal beam - - 10.5 7.2 13.3. 10.5 10.5 7.3 10.2 7.5
on pier, facing (12.9) (10.4) - (6.8) (4.7) (7) (5.1)
up
(4) Horizonal beam 19.5 8.8 10.4 10.1 18.3 16.3 8.0 5.9 13.2 9.3
on pier, facing (14.8) (9.5) (14.0) (10.3) (9.6) (6.2) (11.0) (7.3)
down
(5) Boxed location 41.2 21.8 52.4%% 11.6 - - 32 22.2 28.7 16.8
over gusset (equivalent location) 20.2 (10.6) (30) (17.8)
plate, facing . (20.0)

up
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Table ,: Maximum and Average Pit Depths at Selected Locations in Representative Bridges.
(Data in parenthesis refer to analogous locations on another pier, on the
opposite side of the bridge)

- +
Location in Bridge , Pit depth, 10 3 in. (mil)
Eastern Sector Western Sector Averages
Bridge: Luling (LU) Doullut Canal (DC) High Island (HI) Gibbstown (GT) All Bridges
Max. Ave. Max. Ave. Max. Ave. Max. Ave. Max. Ave.
(6) Horizonal - - 23.5 16.4 18.3 13 11.2 8.8 14.8 10.4

surface, facing (12) (10.3) (17.3) (8.7) (6.5) (5.1)
up, on gusset .
plate, outside

of box
(7) Horizontal - - 13 10.3 - - 15.7 12.4 12.1 9.5
surface, ; : (7.5) (5.9)

facing down,
on gusset
plate, outside

of box
(8) Edge flange at - - 12(16) 10.3 9.3 4.5 5.5 4.3 9.8 7.0
the entrance (16) (11) (6) (4.9)

to the pier,
facing down

(9) Incliped beam, 7(7.9) 6(5.2) 7(7) 5.5(5.8j 15.7 11.6 16.5(11) 10.3(9.6) 10.3 7.7
top surface
(10) Inclined beam, - - 20(12) 9(8.7) 12.9 10.2 18(6) 11.6(4.8) 13.8 8.8
bottom surface
(3) & (9) 10.3 7.6
(8), (1) & (10) 13 9.2
(1) & (2) 8.8 5.9

ots

* Pits formed under sheet-type rust; values are anomalously high.
** Few such high readings were obtained; they do not include also perhaps some general thickness loss.
multiply mil by 25 to get values in pm.



Table 5: Constants K and N for power fit relation Y = K t

for data from steels exposed at various bridge sites.

N

Constants Surface treatment no.

1 2 3 4 5 6

GIBBSTOWN BRIDGE

K .464 . 692 .349 -396 <4087 .308

N . 297 .168 . 277 .234 .236 .331
HIGH ISLAND BRIDGE

K «267 .195 »176 .251 .148 .258

N 427 411 <412 «.371 .446 .649
LEESVILLE BRIDGE

K 021 .043 .369 .gl4 -39 .014

N .641 .352 .466 .526 .730 .585
LULING BRIDGE

K .09113 .032 .032 .022 .025 .041

N . 562 .679 649 .769 .733 .696
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Comstants K and N for power fit relation Y=Kt,-_N

Table 7
for Exterior Exposure at CEBA, LSU,
Constants Surface treitment no.
1 2 3 4 5 6 7 9

A-588 Grade A (Kaw)

K .016 .028 .016 .016 .022 .019 .013 212

N .778 .552 .685 .453 .621 .690 .815 .396
A~588 Grade A (US)

K .023  .042 .030 .02 .017 .010  ,016 L4264

N .700 471 .551 .601 .655 .789 .258

.767
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TABLE 8 Average thickness losses for weathering steels reported by various
investigators around the world, Exposure time in years is given
in parenthesis,
Exposure Average Thickness Losses, Mm (mil)
condition . -
Country | U.K. L Brazil [Australia. Czech. |. Norway U.S.,A. | U.S.A. | U.S.A.
Ret. Mckenzie jDutra & Wallace & | Knotkovg Atteras Townsend| Reed & Raman, et al
(2) deO Vianna Badger et .al(9) et al(13)| Zoccola |Kendrick present work
(5 yrs) (5) (per yr)(6) (1l0yr) Finland (10) (CA-HD, 18) (1 yr)
Hakkarainen (5 yrs) (per yr.) Trt.l Passivn.
(14) (5yr) Trts.
Rural 75-100" " |15 (0.6) | 50 (2) 50 (2) | 40-60 60(2.4) | 2-3(0.L) | w===  ==--
(3-4) ¢ 2)
Exterior |Industria}l150-225 60-75 100-125 100-150 ———— 55-70 4 (0.15) 20(0.8) 9-15
Bold (6-9) (2.4=3) (4-5) (4-6) (2-3) (0.4-0.6)
Marine 75(3) 300(12)- -—— S ——— 75 (3) 8(0.33) | =m==  —m--
25(1)
Rural 75(3) ———— ———- - ———— ———- ———— 12(6.5) 4~10
(O.2-0.4J
Interior Industriaq 75(3) ———— -——- ———- ———- ———— -——— 30(1.2) 20-30
Shel~ (0.8-1.2)
tered Marine 150(6) ——— -—— e -— -—-- -—— -———- -—--
Near- ———— -——— -——— ———— R ———— -——- 40(1.6) 25-35
Marine (1-1,4)
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TABLE 9 ., Summary of Laboratory Test Results- Average thickness losses in (mil) obtained
tor ditterent steels in various tests in the untreated and chemical-treated conditions,
Type of Average Thickness Losses, MUm (mil)
Test ‘Type of Steel: ,
.| A588-Grade.A (US Steel)| A588-Grade.A(Kaw.steel) A588-Grade,B(Beth,Steel) A36 steel
Untrtd. Treated Untrtd, Treated Untrtd. Treated Untrtd. Treated
AAEST-EBL * . * %
-2200 cycles| 50 (2) 30 (1.2) 15 ;0.6)* b*(6¢25)* 40 (1.6) 30 (1.2) 75(3) 40 (1.6)
-1 yr.aver, 8 (0.33) 5 (0.2) 2.5(0.1) 1 (0.04) 7 (0.27) 5 (0.2) 12.5 (0.5) 7 (0.27)
AAEST-ISL
-2200 cycles{ 145 (5.8) 115 (4.6) 160 (6.4) 150 (6) 140 (5.6) 125 (5) 200(8) 190 (7.6)
-1 yr.aver, 25 (1) 20 (0.8) 27 (1.1) 25 (1) 23 (0.9) 21 (0.8) 33(1.33) 31(1.25)
Salt Water
Immersion
-1 yr. aver.] 65 (2.5) 40 (1.6) 65 (2.5) 50 (2) 65 (2.5) 45 (1.8) 60 (2.4) —~———-
Salt Fog
-100 daysa..| 280 (11) 235 (9.5) 190 (7.5) 150 (6) 445 (17.5) 318 (13) 300 (12) 215(8.5)
-1 yr.aver, 1025(41) 850 (34) 700 (28) 550 (22) 1625(65) 1150(46) 1100(44) 800(32)
FElectrochem,
-initial rate 1500-2500 ———- ——— ———— 1500-2500 ———- 1500-2500 ————
(mpy) (60-100) % Al (60-100) &% (60-100) &%

* Results obtained without periodic application of 3.57NaCl solution or a 0.1%

soln.zof HZSO4'

*% 1In potentiostatic tests performed with coupons treated with 257 phosphoric acid the magnitude
ot the anodic current atter stabilization was about an order of magnitude smaller than for
untreated surfaces. Accordingly, an order of magnitude lower corrosion losses can be assumed

for phosphoric acid treated surtaces.




Table lUA: Constants K & N calculated for power fit relation

relating weight loss vs exposure time in the Continuous

Immersion Test.

Constant Surface treatment
1 2 3 4 5 6 7 9

A 588 Grade A (Kaw)

K P29 .062 «B25 +111 P76 290 B39 .319

N .865 .654 .824 570 +650 + 560 . 809 406
A 588 Grade A (Us)

K 932  .@56 .ﬂ24‘ .g22 .0928 036 .853 .253

N .855 . 609 . 808 . 885 .801 .633 677 .481
A 588 Grade B (US)

K 836 .155 .49 .22 062 .048

N .843 .506 .699 .849 .648 1.03
Riverten R

K .352 .398 052 042 919 0634 .033 .285

N .703 .485 .612 . 784 .911 <415 . 9pY «723
A-36 Mild Steel

K 049 B34 <167

N .877 .922 «592
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Table 10B~ Constants K and N calculated for power fit relation, relating

weight loss vs exposure time for A588-grades A,B, and A36 mild
steels.

1- AAEST-EBy,

K+
N

AAEST-EBL

N

AAEST-EBI,

N
AAEST-EBL

K.

N

2—- AAEST-ESL

N

AAEST-ESL

AAEST-ESL

AAEST-ESL

K
N

(AS88-A Kaw.)

1 2
0.038 0.132
0.359 0.132

(A588-A USS)
0.003 0.003
0.943 0.918

(A588-B ' BS)
0.007 0.005
0.786 0.836

(A36-MILD)
0.003 0.015
0.984 0.684

(A588-A Kaw.)

0.015 0.004
0.874  1.040
(A588-A USS)
0.024  0.007
0.764 0.936
(AS88-B  BS)
0.086 0.050
0.624 0.687
(A36-MILD)
0.005 0.031
1.030 0.781

Treatment Numbers

3

0.023 O.
0.367 0.

0.004 0.
0.859 0.

0.001

0.005 O.
0.847 0.

0.006 O.
0.987 1.

0.003 O.
1.030 1.

0.012 oO.
0.894 0.

0.004 0.
1.070 1.

114
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039

291

0I1
703

0.014
.678

010
736

004
050

004
040

034
726

001
230

0.
0.

5
019

452

.009
. 746

. 007

0.778

.040

0.530

0.010

.914

.004
.020

.005
.010

. 0004
. 380

6

.006
.611

0.021
0.596

.038
0.524

0.008
777

.007
0.938

.020
0.785

.010
.902°

. 004
.110

7
0.004

0.751

0.013
0.887

0.004
1.050

0.008
0.948



Table 10B- Continued

3- Salt fog test (A588-A Kaw.)

1 2 3 4 5 6
K 0.218 0.120 0.092 0.097 0.088 0.098
N 0.914 1.030 1.080 1.010 1.050 1.070

Salt fog test (A588-A USS)

K 0.464 0.065
N 0.817 1.230

(=]

.094 0.019 0.055 0.073
.150 1.450 1.310 1.310

[

Salt fog test (A588-B BS)

7

g.167
0.995

0.253
0.992

9
0.228

0.986

0.294 0.116 0.113 0.120 0.124 0.255 .356 ——
N 1.050 1.210 1.150 1.149 1.160 1.070 1.010 ---
Salt fog test - (A36-Mild)
0.696 0.196 0.284 0.104 0.173 0.796 0.825 -—-
N 0.762 0.973 0.925 1.110 1.000 0.729 0.709 -
Abbreviations:

Kaw = Kawasaki Steel Co., Japan; USS = U.S. Steel Co.;
BS = Bethleham Steel Co.; Mild = mild steel
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TABLE 11

ANALYSIS OF IR ABSORPTION PATTERNS FOR RUSTS FORMED ON
WEATHERING STEEL SURFACES WITH VARIOUS TREATMENTS

- AT, G S8 W G D e W v e Sy G W T U S A S e S Gt S S S Sn® (M TEE P G G M gt S CHS W GES TS G G T W WS WS B Sotr SR SR G S P G YT RS G M St S e

Trt. No. Trt. Phases present Figure
(No., appln.) (dominant phase given first) -

- . o ) S . Ty S it s Pt S Sy S S o A T G I A — e G e W S S G G G W e A S G S S WA TSP e AR T GTS G S G A R T Gl T

Mild Environmental Conditions (Rural)

a) Lvat Intericr Locations

1 3 MAT AM + Er.1(am) A(a)
1 6 MAT F+i*-+m4+6hm) A(Db)
1 15 MAT F + 1* + & A(c)
1 18 MAT F+yY + & A(d)
2 1 MAT AM A(e)
2 3 MAt F + Ag A(E)
2 1 YAT F + < (am) + AM , Alg)

- e - v T G S ) P —ia S — - T G S () St St G M - S o ST G (L G W e e S Gt SR S S et W S Gt A S S G T W G S Sy S S T S S O 0 S > -

b) BR at Exterior Locations
*

Rust as is §(am) + v (tr.) B(a)
2 2 YAT . AM + tr. § B(b)
2 2 YAT + 1 YRT AM B(c)

12 2 YAT AM + §(am) + 1*(tr.) +9 (tr.) B(d)
6 1 YAT &(am) + ’{*(am) + AM B(e)
6 2 YAT & (am) + {*(am. tr.) + AM B(£)

16 2 YAT AM B(g)
7 1 YAT S(am)*+'{*(am. tr.) B(h)

7 2 YAT d+ 1 + tr.q B(i)
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c) LV at Interior Locations

*
Rust as is JXaHO + 1 (am. tr;) C(a)
4 2 YAT AM + §(am) + tr.9 c(b)
*
4 2 YAT + 1 YRT Slam) + tr.q + AM c(c)
*
6 2 YAT AM +-1 (am. tr.) + & (am. tr.) c(da)
+ F(am. tr.)
*
6 2 YAT + 1 YRT AM + S(am. tr.) +1 (am. tr.) C(e)
*
6 2 YAT + 1 YRT §+14 (tr.) + AM C(£)

(another location -

violet brown rust)
*

16 1 YAT S(am) + 1 (am) + AM + + I C(g)

—— -, . —— Tan > S TS G S Gt RS G e b A ey > S U Y Sy A e G G G0 T T T e G G e R S G S T T TR G e QA S G S W D G G W G W EmS

d) BR at Interior Locations

5 1 YAT AM D(a)
5 2 YAT 8(am) + 1*(am. tr.) + AM D(b)
5 2 YAT + 1 YRT AM/-iZS (am) + F(am) D(c)
3 1 YAT AM D(d)
3 2 YAT AM + § (am. tr.) + -{*(am. tr.) D(e)

—— e " S Y e S . e T . S G RS GE G S W Se S G LS S e A G W GES G SRS SIS St G G S G D BN WD G S SAS S Gre GNP G G P et G B S S D G G Y G W G

Environment of Medium Severity (Mild Industrial)

a) LU at Interior Locations
*

1 6 MAT S§+1 +eot(am) + AM E(a)
1 9 MAT 5+ 'l* + AM E(b)
1 1 YAT é + 1*(tr) + ok (am) E(c)
5 1 MAT iM"-z-aSmfaIE;.i):r.) + F(am. tr.) E(4)
5 3 MAT AM + d + -{*(am. tr.) E(e)
5 9 MAT AM + § +'{*(am. tr.) E(£)

*
5 1 YAT AM + & (am) + o (am) +{ (am.tr.) E(g)
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b) GT at Exterior Locations

2 6 MAT AM F(a)
2 1 YAT AM F(b)
2 2 YAT + 1 YRT aM F(c)
4 6 MAT S+ 1* + of + AM F(d)
4 1 YAT &+ "‘*(tr.) + AM(tr.) F(e)
4 2 YAt + 1 YRT d +4 (am. tr.) + AM F(£f)

" - ——— S " T Pam . W G T W S G . St G G G St S Ean GAe e G G GUD S e G G W et GRS W S S G et TED S G G G G BN S s Wb B WD St e G S S

c) GT at Interiér Locations

3 6 MAT AM G(a)
3 9 MAT AM G(b)
3 1 YAT AM - G(e)
3 18 MAT AM + § (am. tr.) G(d)

. S e S > G G e D T S P G G = A S S Y S e St S W S P e S e GER G G UM TAS W G GE WP GO Y W GAe W W N G Gt S Gt S S S G G G G S

d) LU at Exterior Locations

3 . 6 MAT AM + § (am) +-F£am) + 1 (a.m tr.)H(a)
3 1 YAT AM + & (am) + Y (am.) H(b)
3 2 YAT AM + § + "I*(tr) H(c)
3 1 YAT + 6 MRT  AM + 0 + '{*(tr) H(d)
3 2 YAT + 6 MRT AM + § H(e)
3 2 YAT + 1 YRT § + "(*(tr) + AM H(f)
3 2 YAT + 6 MAT  AM + & + '{*(tr) H(g)

+ 1 YAT

. Tt G S Bty et et G G > S Wy S . — A Tan S — . T G S G S S i G S G G S S e SIS SN T W G SN VD G G GEN SEe G WAY GED G S G e
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e) CEBA at Exterior Locations
*

5 1 MAT " + AB + § (am. tr.) I(a)

6 1 MAT I 1(b)
1 *

6 1 MAT 1 +1 +§(am. tr.) I(c)

another specimen 1

*

6 3 MAT 4 +8&8(am) + AB 1(d)

*

6 1 YAT $§+1 + A8 I(e)
*

7 1 MAT 1 +&(am. tr.) I(£)
*

9 3 MAT T . S +ol I(g)

Very close to Sea Shore (Marine)

a) HI at Interior Locations
*

2 6 MAT AM + 4 (tr) + § J(a)
2 2 YAT AM + 8 + J(tr) J(b)
2 2 YAT + 1YRT AM + § + {(tr) J(c)
3 1 YAT AM +-1*(am. tr.) + § J(d)
3 1 YAT + 6 MRT AM + 1*(am. tr.) + § J(e)
3 2 YAT AM + & + 1*(tr) J(£)
3 2 YAT + 1 YRT AM + 9§ + 1*(tr) J(g)

— — S - o TR T G GLS S s S W G v W S S A G - —— e S G e G G Goh Gt G G Gl e SN SN G GED G D M G G G G S GG SEA G G D TRn S GRS MR e G G S0 Sem G e o

b) HI at Exterior Locations

2 1 YAT AM + §(tr) + 4 (tr) K(a)
2 2 YAT T+ §(am. tr.) + 1*(am. tr.)  K(b)
2 1 YAT + 6 MRT AM K(c)
2 2 YAT + 6 MRT AM K(d)
2 2 YAT + 1 YRT AM + §{am. tr.) + 1*(am. tr.) K(e)
12 2 YAT 1 (am) + tr. aM K(£)
4 6 MAT AM + ¢ (am. tr.) + 1*(am. tr.) K(g)

*
4 1 YAT AM + § + 1 (tr) K(h)
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¢) HI at Exterior Locations

6 6 MAT é + '{* + oK L(a)
6 1 YAT éd(am) + '{*(am. tr.) + AM L(b)
6 2 YAT J (am) + ~(*(am. tr) +y( am. tr.) L{c)
6 1 YAT + 6 MRT o (am) + "*(am.) + AM L(d)
6 2 YAT + 6 MRT  AM + § (am) +*[:(am. tr.) L(e)
6 2 YAT + 1 YRT AM + §(am) + { (am. tr.) L{f)

+ 4 (am. tr)
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et

TABLE .12, Comparison of Average Thickness Losses of Weathering Steel A588 in Field Exposure,
with those obtained in Simulated Laboratory Corrosion Tests and with those deter-
mined on the Steel Beams in Bridge Sections.

Exposure Environ- First Year Thickness Losses, A@l(mil)

Condition ! ment type’| Field Cdupons [ Field ‘| Pitting Characteristics [Laboratory Tests
Readings | & Pit depths, (mils)
max. fave.)
SB only Chemical {SB and WB (after about 12 yrs in use)| SBSAP Chemical
(Trt.1) Trts.2-6 | (Trts.1&7) (Trts.1&7) Trts.2-6

Exterior, | Rural ——— ———— (1-2) No pitting 2.5(0.1) 1 (0.04)
Bold

Industrial RO (0.8) 9Y=L> (2-3) Very fine and shallow pits| 8 (0.33) 5 (0.2)

(V.4=0.6) ,

Near- -——- ~——- (:3) Very fine, 5 mils deep ——ma immee

Marine
Interior, | Rural (LV) 2 (0.5) 4&-10 ( 2) No pitting -———- -————
Shelteread (0.2-0.4)

Industrial B0 (1.2) 20-30 (2-4) (9-41/6-17); low on verti-{25 (1.0) 20 (0.8)

(GT,LU) (0.8-1.2) cal faces,deepest at boxed

o locations;max. 41 mil at LU

Near-= .. .0 (1.6) 25-35 (3-5) (8-52/6-16) ———- S

Marine (HI) (L.0=-L1.4) Max, pit depth: 52 mil at DC
Complete Tropical ———— ~——— -——— Very wide and shallow pits | 1000-1625 500-1000
Wetting, Marine (40-65) (20-40)
hot,muggy
Complete | Stagnant ——-- ———- ——— No visible piltting 65 (2.5) 40-50
Immersion | sea water (1.6-2)
Electro- |0.l1% chlo- | ---- ———- -—— No pitting at low (60-100)  (5-10)

chemical

ride soin.

current densities
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Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

CAPTIONS TO FIGURES

Wt. Losses vs. No. of Wet-Dry Cycles for Weathering and Mild
Steels in the Accelerated Atmospheric Exposure Simulation Test
Sheltered Location Exposure Equivalent (AAEST-SLE)

a) A588 - Grade A (U.S. Steel)

b) A588 - Grade A ((Kawasaki Steel)
c) A588 - Grade B

d) A36 Steel

Wt. Losses vs. NO. of Wet-Dry Cycles for Weathering and Mild
Steels in the Accelerated Atmospheric Exposure Simulation Test
Bold Location Exposure Equivalent (AAEST-BLE)

A588 - Grade A (U.S. Steel)
A588 - Grade A (Kawasaki Steel)
A588 - Grade B

A36 Steel

a0 oo
et e e s

Wt. Losses vs. Exposure Time for Weathering Steels in the Salt
Fog Test

A588 - Grade A (U.S. Steel)
A588 - Grade A (Kawasaki Steel)
A588 - Grade B

A36 Steel

0T
— et e

Wt. Losses as a Function of Exposure Time for Weathering and Mild
Steels in the Continuous Immersion Test in Salt Water

A588 - Grade A (U.S. Steel)
A588 - Grade A (Kawasaki Steel)
A588 - Grade B

Riverten Steel (Kawasaki Steel)
A36 Steel
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Fig. 12. Variations in the Relative Intensities of Prominent

Diffraction Peaks off—FeOOH,Y—Fe2 05 . H,0 andekFe00H
in Field Rusts as a Function of Exposure Time

137



Fig.

13.

Microstructures of Various Rust Phases Formed on Weathering
Steels as Observed in a Scanning Electron Microscope (SEM)

(A588 - Grade B, except for those exposed at CEBA, LSU,
which are A588 - Grade A)

(a)

Trt. 4 - 2 yrs. (HI) (E), amorphous layer with cracks,
1420 X

Trt. 1 -1 yr. (CEBA, LSU) (E), amorphous rust growing in
the form of a circular mound, 890 X

Trt. 1 - 8 months (HI) (S), amorphous rust grawing as
pillar aggretate, 1500 X

Trt. 6 - 1 yr. (LU) (S), the amorphous layer swells some-
times due to gas or water vapor accumulation, bursting out,
if the pressure reaches high levels. Several bubbles
closely aggregating, some ruptured, are seen in the
picture, 3700 X

Trt. 3 - 9 months (LU) (S), the amorphous rust grows some-
times in the form of swollen cylindrical mounds; each mound
shows several fine layers, and some cracks can be seen
also, 4800 X

Trt. 3 - 3 months (CEBA, LSU) (E), this photograph shows a
hemispherical bubble that burst and allowed §-FeOOH petals
to grow at its center. The bright rust on the wall of the
burst bubble is probably the amorphous rust, 1000 X

Trt. 4 - 6 months (GT) (S), formation of y-FeOOH plates

within the bulged, bud-shaped postule; the goosebumps in
the amorphous layer to the left of the bud are probably

amorphous y-FeOOH; rods of «-FeOOH seem to shoot out of

the AM layer on the right, 1000 X

Trt. 1 - 1 month (CEBA, LSU) (E), Growth of &§-FeOOH
crystals in the hemispherical area; it appears that the
bud has blossomed into a nice flower mass, 1000 X

Trt. 7 - 2200 cycles, AAEST-SLE, bent and wiggled plates
of y-FeOOH; each plate has fine layers laid perpendicular
to it, 1000 X

Trt. 7 - 18 months (GT) (S), fully crystallized plates of

v-FeOOH aggregating at a place and appearing as a bunch of
worms, 830 X

6-Fe00H powder prepared in the laboratory shows flowery
pattern resembling roses, 5000 X

Trt. 1 - 1 month (LU) (S), plates of §-FeOOH bending and
aggregating to show flowery pattern in a field rust, 600 X
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(w)

a-FeQOH forming as whiskers on top of plates of y-FeOOH.
This has been found on the top part of an intermediate
layer in a sheet-type of rust with multiple layers from the
Luling bridge -~ main span (A588 - Grade A, Kawasaki Steel)

Trt. 2 - 15 months (HI) (S), a-FeOOH crystals shoot out of
the AM layer as rods. The whiskers are inferred to grow
into such rods, 2000 X

Trt. 1 - 20 months (HI) (S), a~FeOOH crystals in the form
of thin plates aggregating to show flowery pattern; the
plates of o are straight and not bent, 3800 X

Trt. 2 - 1 month (Salt Fog Test), fully grown whiskers of
o-FeQ0OH aggregate to show flowery pattern, 1400 X

One side of coarse flake showing carnation flawer patterns
of a~FeOOH crystal aggregates, 5000 X

Trt. 2 - 2 months (HI) (S), rice grain like tiny crystals
of a-FeO0H formed on top of the amorphous tayer, 1600 X

Trt. 7 - 3 months (BR) (S), a-FeOOH plates aggregating to
show a spongy, nest-like structure, 2000 X

Trt. 5 - 6 months (GT) (E), transformation of y » o can be
seen here; whiskers of a-FeQOH nucleate and grow on top of
the v-FeOO0H plates, 4300 X

Trt. 7 - 6 months (GT) (E), formation of y-FeQOH (top left)
and §-FeQ0H (right) colonies separated by what appears as a
wall of ferrihydrite; y- and §-FeOOH coexist in rusts
formed on specimens during bold-exposure, 1500 X

Trt. 3 - 1 yr. {CEBA, LSU) (E), ferrihydrite seems to grow
in the form of walls of compartments in this photograph,
1400 X

Trt. 1 - 100 days (immersion in salt water), ferrihydrite
in the form of cylindrical tubes aggregating as cooked
spaghetti, 1000 X

Trt. 2 - 3 months {LY) (S), ferrihydrite forms as tiny,
tiny plates which aggregate to show a unique pattern as
seen here. It is a collection of several ferrihydrite
plates growing along different directions, 5200 X

Trt. 3 - 15 days (immersion in salt water), Y—Fe2 0

. H,0
grows as sand grains; not so well defined grains ma§ dengte
the amorphous nature of vy, 1700 X
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(x)

(z3)

Trt. 2 - 20 months (HI) (S), formation of a-FeOOH in the

form of a white cloud on top of the amorphous layer; the

cloudy layer itself indicates amorphous nature of aj; tiny
whiskers of o can be seen growing at the periphery of the
cloud, 1500 X

Trt. 6 - 1 month (Salt Fog Test), magnetite grows in layers
as seen here, 100 X

Trt. 6 - 1 month (Salt Fog Test), swelling occurs at the
periphery of the magnetite layer formed; such swellings
show interesting swirling structures that resemble a snake
in motion and donuts, 50 X

Trt. 5 - 2 weeks (Salt Fog Test), magnetite transforms
either to v-Fe 03 . HBO or to a-FeOOH; such a transfor-

mation is seen“at”the periphery of the magnetite layer,
500 X

Trt. 3 - 1 month (Salt Fog Test), magnetite layer showing
bulges at the periphery present along with tiny, tiny
grains of a-FeOOH or Y—Fe2 0, . HZO' Magnetite itself
might grow devouring such grgins, 100 X
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Captions to Figures
Figure 14 : IR patterns of Rusts Formed on Weathering Steels
coupons and surfaces in Bridge Structures with Different Surface
Treatments, Exposed at Various Bridge Locations.

A) Field coupons with treatments 1 and 2 Exposed in
Sheltered Locations at Leesville, La.

B) Exterior, bold-exposed Surfaces at Boeuf River Bridge
with Treatments 2, 6 and 7.

C) Interior, Sheltered Surfaces of Steel in the Leesville
Bridge with Treatments 4 and 6.

D) Interior, Sheltered Surfaces of Steel in the Boeuf River
Bridge with treatments 3 and 5.

E) Field coupons with treatments 1 and 5 exposed at
Sheltered Locations at the Luling Bridge.

F) Exterior Surface of Steel at the Gibbstown Bridge with
Treatments 2 and 4.

G) A588 Grade B Field coupons with Treatment 3 Exposed at
Sheltered Locations at Gibbstown Bridge.

H) Exterior Surfaces of Steel at the Luling Bridge with
Treatment 3.

I) A588 Grade A Coupons with Treatments 5, 6, 7 and 9 Ex-
posed at the Roof of the CEBA Building, LSU, Baton Rouge.

J) Interior Surfaces at the High Island Bridge, Tx. with
Treatments 2 and 3.

K) Exterior Surfaces at the High Island Bridge, Tx. with
Treatments 2 and 4.

L) Exterior Surfaces at the High Island Bridge, Tx. with

Treatment 6.
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APPENDIX



Appendix:

Photographs taken in the field at bridge sites which illustrate the
conditions observed and the techniques used.

Photograph:

(10)

(11)

(15)

View of the Gibbstown bridge with the Weathering Steel A588 -
grade A span.

View of the Leesville railroad bridge with the Weathering Steel
A588 - grade B span.

Coarse rust seen on the Weathering Steel at High Island bridge.
Another view of the coarse rust at Doullut Canal bridge.
Another photograph of the coarse rust at the Gibbstown bridge.
Coarse rust seen at Larose bridge.

Even the weld areas are affected as seen at Gibbstown bridge.

Sheet-type of rust removed from the Kawasaki A588 - grade A
steel at the Luling bridge.

Sheet-type of rust from -the LU-bridge; another view.

This photograph shows fine to coarse type of rust samples
collected from various bridges.

The mill scale remains usually for the first few years only.
This photograph shows the mill scale sticking to the steel in
the approach span (U.S. Steel grade A) at LU.

Partially enclosed and boxed areas at the entrance to the piers
accumulate rust debris and bird wastes. This photograph is from
the Larose bridge.

Wildlife, usually owls, take shelter in such boxed locations and
lay eggs. This photograph shows the owl eggs at the GT bridge.

This photograph shows the owl chicks after hatching of the eggs.
Note the debris. This is at the GT bridge.

The rust debris collected in such partially boxed areas above
the gusset plates can be seen here. The rust forms in sheets

in such areas. Note the rust sheet also on the bolt-head. This
is at the DC bridge.

The sheet-type of rust can be seen after removing the debris.
This photograph shows the appearance after partial sand blast
cleaning in the boxed area. Note the sheet-type rust on the

facing edge also. This is at DC.
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(23)

(24)

(25)

(28)

Pits can be seen after sand blast cleaning. This photograph
shows the pits observed in the blast cleaned portion at the GT
bridge.

Pits seen on the steel at the DC bridge.

Pits seen on the steel at the HI bridge.

Pits seen on the top side of the horizontal span at HI.
Pits seen 6n the horizontal span at GT.

Severe pitting with pits as deep as 40-50 mils has been seen at
Luling underneath the sheet-type of rust removed. A piece of
the rust is laid back to illustrate the condition seen.

After sand blast cleaning depths of pits were measured using a
digital, linear electronic gauge. The gauge is attached to a
magnetic chuck to hold the gauge in place and a translator was
also used as shown attached to the magnetic chuck. This photo-
graph shows the gauge located in place for taking the readings
on the vertical side web plate at GT.

The gauge in use to measure the pit depth on an inclined face
at Luling.

Readings are taken using the gauge and manipulating it suitably.
Here the readings are being taken on the vertical face of the
beam at LU.

Section thickness losses were ascertained by measuring the
thicknesses of the beams and plates at several locations
annually. Here the initial readings are being taken in the
first year after cleaning the steel at the Boeuf River bridge.
Mr. Kirt A. Clement is taking and dictating the readings.

Here Mr. Clement is taking the readings and dictafing them to
Mr. Ron Allen. The readings are taken at the HI bridge location
on top of a pier.

Specimens of Weathering Steel were located in racks installed at
five different bridge sites and exposed. Here the racks are
located in sheltered areas on the pier under the bridge and tied
to the horizontal beam. Nine racks were located at each bridge
site. This one is at GT.

One of the interior, sheltered location racks in place at High
Island. Racks are suitably identified. The number 21
identifies it as the rack at High Island bridge, removed after 1
month exposure (I set) and after cleaning and reinstalling the
specimens in the same rack, re-exposed for 1.5 years at the same
site (II set).
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(31)

(32)

One of the exterior racks at the bridge site located on the rim
at the exterior at Gibbstown.

Some of the areas were cleaned and treated with various rust-
modifier-type (inhibitor) chemicals. This photograph shows the
exterior vertical face of the steel in the tower at the Luling
bridge after getting the treatment the first time. The numbers
stand for respective treatments and 111 identifies the location
on the bridge.

Lower half of the treated areas were retreated with similar
chemicals after 6 months. This photograph shows the color
changes resulting after such a retreatment at LU.

The vertical half of the treated and exposed areas were
retreated after 1 year from the initial treatment. This photo
shows steel in Location I on the LU bridge after getting such a
retreatment. Loc. I is analogous to Loc. III.

The investigators are taking the thickness readings. This shows

the readings being taken at LU after 1 year from the first time
readings were taken. An ultrasonic thickness gauge was used.
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