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The rusts formed on mild steel (15-year exposure) and weathering steel (32-year exposure) exposed to an industrial environment have
been characterized by means of X-ray diffraction technique®dRd Mossbauer spectroscopy. By using an X-ray diffraction method, it is
suggested that the rusts formed on both steels consist of the crystafie®0H,y-FeOOH and an X-ray amorphous phase, which gives no
peak to X-ray diffraction pattern. The amount of the X-ray amorphous phase exceeds 50% of the total amount of theXiss. Massbauer
spectra observed at 10 K indicate that the rust contains@flgOOH,y-FeOOH and Fg ;04 (y-Fe;03) for mild steel, and only-FeOOH
andy-FeOOH for weathering steel. The X-ray amorphous substance in the rust layer formed on mild steel possesses the structures of mainly
a-FeOOH showing superparamagnetism owing to its small particle size, ang@ze(y-Fe,0O3). They are contained both in the inner rust
layer and in the outer rust layer. The X-ray amorphous phase in the rust layer formed on weathering steel és ResH.
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1. Introduction been reported for the weathering steefs?®24) In addition,
some different structures of the X-ray amorphous substance
An understanding of the mechanism of atmospheric corrbave been proposed such as spinel type iron substatce,
sion of steel requires a study of the corrosion products (ruste(OH},%>) ands-FeOOH? by other authors. Recently, sev-
formed on the steel surfaces. It has been widely reported tlegital pieces of literature on the investigation of the rust formed
they consist of iron oxyhydroxides, such ad=eOOH, 8- on steels exposed to atmosphere have been reported by means
FeOOH,y-FeOOH, and magnetite as crystalline substancesf Mdssbauer spectroscdy*? because it has a great advan-
and so-called “X-ray amorphous substant@? Their for- tage for identification of poorly crystalline or amorphous cor-
mation strongly depends upon the environment where steetsion products?-3") Cook et al.?®) and Yamashitat al.?”)
are exposeds-FeOOH, for instance, is formed in the case opointed out that the X-ray amorphous substance formed on
existence of chloride. the weathering steels exposed for 16 years in a rural envi-
Weathering steels, which contain a small amount of Cu, Qgnment having ISO site corrosion class C3 (S0, PG?r3)
P and Ni, form protective rust layers as corrosion proceeds mainly Cr substituted.-FeOOH, of which crystal size is
under atmospheric conditions. It is believed that the protetess than 15nm. Okada al.® have investigated the inner
tive rust layer is composed of double layers of outer and innaust, which was tightly adhered to the bulk steel, formed on
rusts, and the inner rust layer is dense enough to protect the weathering and mild steels exposed in a “semi-rural” type
permeation of the corrosives. Under various environmentaf environment. They pointed out thatFeOOH is the ma-
conditions it is therefore of great importance to investigater component in the inner rust of both steels, and the dif-
rust formed on steels because the formed rust layers, whignence in the structures of the inner rust between the mild
may act as coatings, greatly affect the corrosion resistance. diod the weathering steels is its particle size distribution;
investigate rust is also of great importance from a viewpoiiteOOH particle in the rust on weathering steel has a con-
of electrochemical behavior of weathering steels, especialinuous distribution, while that on mild steel does not. The
under the initial wet/dry cycles. Because the rust is reducedbove literature deals with the rust formed in the semi-rural
just after wetting of the dry surface as cathodic reaction byr rural environment. It is well known that the superior per-
the negative electrode potential, and during drying the ox§ermance of weathering steel is generally obtained in the rel-
gen reduction as cathodic reaction takes place on the reduegislely severe conditions, where the pollutant such ag iSO
rust surface in the pore system of the rtisé? contained in the atmosphere; the great difference in corrosion
In spite of the importance of the rust on the corrosioloss between weathering steel and mild steel is observed in
behavior of steels, limited numbers of studies have methe industrial environmerif) We have investigated the rust
tioned the rust constituents formed on the steel surfacdsrmed on the weathering steel in an industrial region for 15
The crystalline rust, which is detected by X-ray diffractioryears by means of Bssbauer spectroscopy and the following
technique, has been well characterized, and the compositi@sults can be summarizé8. The X-ray amorphous phase
change of the crystalline rust with the exposure duration haire the rust layer is mainlyx-FeOOH which shows a para-
magnetic doublet due to the superparamagnetism occurring
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for small particles at room temperature. The outer layer also
contains a considerable amount of the superparamagnetic «-
FeOOH (spm. «-FeOOH). The particle size of a-FeOOH is
widely distributed and theinner layer containsrelatively well-
crystallized «-FeOOH compared to the outer layer.

In the present study, to clarify the difference in the rust
congtituents between those formed on the weathering steel
and those on the mild steel in an industrial environment,
where the weathering steel shows superior corrosion resis-
tance to the mild steel, the constituents of corrosion products
formed on a mild steel exposed to an industrial environment
for 15 years are characterized by means of Modssbauer spec-
troscopy, and compared to the results previously obtained for
the rust formed on the weathering steel 3 Furthermore, the
rust formed on weathering steel exposed to an industrial envi-
ronment for 32 yearsis also characterized in order to investi-
gate the phase-change of the rust with the exposure duration.

2. Experimental

2.1 Atmosphericrusting and preparation of specimens

Plates of mild steel and weathering steel (60x 100x 4 mm?)
were exposed at Amagasaki, JAPAN at an angle of 30° fac-
ing south for 15 years and 32 years, respectively. This site,
located approximately 5km inland from the coast but hav-
ing below 0.01 mdd (mg/dm?/day) of the deposition rate of
chloride, is considered industrial having ISO site corrosion
class C3 (S0, P1, T4). This site is identical to that in the
previous report.3? The chemical compositions of the steels
used for the exposure test and also used in the previous re-
port®? arelisted in Table 1. The specimens after the exposure
were cut perpendicular to the plate surface with a dimension
of 15x10mm?. A scrap of steel wasfirst affixed to the surface
of the specimens with rust by hard adhesives (Torr Seal man-
ufactured by varian) so that the rust on the steel is not scraped
off by subsequent polishing procedures, and the specimens
were then fixed by an epoxy resin. The cross-section of the
fixed specimen was mechanically polished by emery papers
(grades 400-1500) and then with a diamond paste. The rust
layers formed on the steel surface were also scraped off by
arazor until the steel surface appeared, and then they were
ground into powder. The powdered rust samples were desic-
cated for aweek in advance of the subsequent analyses.

2.2 Analysis of the powdered rust and cross-section of
rust

The powdered samples were characterized by means of

X-ray diffraction technique (XRD). The XRD measurements

and the quantitative determination by peak intensities of rust

were carried out according to the same procedure reported
previously.®%) The cross-section of the surface rust layers was
investigated by the observation of the reflection behavior of
polarized light in an optical microscope using a Nikon Model
OPTIPHOT2-POL.

The 5Fe M osshauer measurements for the powdered rust
sampleswere performed in transmission geometry in the tem-
perature range between 300K and 5K using a °’Co y-ray
sourcein Rh. The outer (1020 pm in thickness) and the inner
(60-80 um in thickness) rust were divided by the same proce-
dure in the previous paper.3? The velocity scale is relative to
a-Feat 300K. Obtained spectrawere analyzed by using athin
foil approximation. Distribution analyses of the Massbauer
parameters have been performed by using a NORMOS DIST
program devel oped by Brand.*V)

3. Results

3.1 Constituent of rust

The surface of the mild sted exposed for 15 years and
the weathering steel exposed for 32 years were covered with
dark-brown rust, whose average thickness was approximately
60-90 um. Figure 1 shows the cross-section of the rust. It
was found by microscopic observation, using reflected polar-
ized light and crossed nicols, that the rust layer formed on the
weathering steel exposed for 32 yearsis mainly composed of
optically isotropic region (darkened), and only outer surface
of therust isoptically active (illuminated). On the other hand,
the rust formed on the mild steel is composed of the mottled
structure consisting of the optically active and isotropic cor-
rosion products. For the mild stedl the big cracks reaching
the steel substrate were clearly observed, whereas no crack
was observed for the weathering steel, which is the same ten-
dency for the weathering steel exposed for 15 years.3? Those
cracks can be mostly formed during the sample preparation
of cutting and/or polishing procedure since they were not de-
tected by the surface observation before cutting the samples.
It should be therefore noted that the rust formed on the mild
stedl is fragile, and in other words, the rust formed on the
weathering steel can be adherent and tight.

From the X-ray diffraction patterns, the rust layers formed
on the mild stedl and the weathering steel were mainly com-
posed of a-FeOOH and y-FeOOH as crystalline constituents,
and Fe;04 can be hardly detected in the rust of both steels
as shown in Fig. 2. The quantitative phase-analysis obtained
from the diffraction intensities indicated that the rust con-
tained 20% of «-FeOOH, 15% of y-FeOOH and 65% of the
X-ray amorphous substance for the mild steel, and 25% of «-
FeOOH, 10% of y-FeOOH and 65% of the X-ray amorphous

Table 1 Chemical compositions of the steels tested (mass%).

C Si Mn P S Cu Ni Cr
Mild steel 0.12 0.32 1.47 0.023 0.004 0.01 0.02 0.04
(15-years exposure)
Weathering steel30) 0.11 0.24 0.75 0.014 0.005 0.33 0.12 0.49
(15-years exposure)
Weathering steel 0.10 0.50 0.50 0.018 0.014 0.55 0.53 0.91

(32-years exposure)
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Fig. 1 Cross-section of the rust formed on the weathering steel for 32 years (a) and the mild steel exposed for 15 years (b) by polarizing

microscope.
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Fig. 2 Typica X-ray diffraction patterns of the rust formed on the steels.
(a) Weathering steel exposed for 32 years, (b) Mild steel exposed for 15
years.

substance for the weathering stedl.

3.2 Maosshauer spectroscopy of the inner and the outer
rust

Figures 3 and 4 shows %'Fe Mossbauer spectra obtained
from powdered sampl es scrapped from the inner and the outer
rust formed on the weathering steel exposed for 32 years, to-
gether with the results from the distribution analysis of the hy-
perfine magnetic field at 78K at the right of the figures. The
line profile of the individual lines of sextets of the distribu-
tions was assumed to be Lorentzian and their width was fixed
to 0.4mms™! for the fitting. The spectra obtained were sim-
ilar to those for the weathering steel exposed for 15 years.3)
The room temperature spectrum of the inner rust shows a su-
perposition of an intense quadrupole-split doublet and a mag-
netically split-sextet. This magnetically split-component is
divided into two sextets with strong and weak intensities.
Anaysis was done by a least-square-fit with a thin foil ap-
proximation. The former sextet is clearly due to «-Fe hav-
ing a magnetic hyperfine field Bjy = 33T at room temper-

ature, which was contaminated during the scraping of the
rust. The latter sextet is assigned to be a-FeOOH. The room
temperature spectra for the outer rust show only an intense
quadrupole-split. These results mean that the inner rust con-
tains relatively well-crystallized «-FEOOH, and agree with
theresults obtained for the rust formed on the weathering steel
exposed for 15 years.*? For the spectra of the inner and the
outer rusts at 78K, the intensity of the central doublet de-
creased and the intensities of the sextets increased. These re-
sults suggest that the central paramagnetic component at 78 K
may be due to the paramagnetic y-FeOOH whose Néel tem-
perature is reported to be 73K*? or 35K*) and also due to
the spm. «-FeOOHZ-28.30) whose Néel temperature is much
higher than 78 K. This result is significant and leads to evi-
dence of the existence of superparamagnetic small particles
in the rust layer formed on the weathering steel exposed for
32 years. Asshown at theright in Figs. 3 and 4, the hyperfine
magnetic field of the sextet due to ¢-FeEOOH is widely dis-
tributed at 78 K. Theseresults may correspond to thewide dis-
tribution of the particle size of «-FeOOH. The central doublet
obtained at 78 K cannot be clearly identified because it may
contain smaller particles, which show paramagnetism even at
78K. For the spectra of the inner and the outer rust at 5K the
central doublet completely vanished, which implies that the
superparamagnetic fluctuation of the magnetic momentsin a
nano-scaled particle of hydroxides may become static at 5K.
The spectraobserved at 5K were analyzed into two sextets by
aleast-square-fit; oneis due to «-FeOOH having Bj; = 50T,
and the other isdueto y -FeOOH having Bj; = 45T. It should
be concluded that there is no phase-change of rust formed on
the weathering steels exposed for 15 years and 32 years.
Figures 5 and 6 show the 5’Fe M dssbauer spectra obtained
from powdered samples scrapped from theinner and the outer
rust formed on the mild steel, together with the results from
the distribution analysis of the hyperfine magnetic field at RT
and 78K at the right of the figures, respectively. The spectra
obtained were different from that for the weathering steels.
The room temperature spectrum of the inner rust shows a
superposition of an intense quadrupole-split doublet and a
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magnetically split-sextet. In addition, another broad sextet
was observed, which has alarge full-width at half-maximum
(FWHM) and does not show the sharp spectrum. This sex-
tet having a large hyperfine field of approximately 50 T was
never observed for the rust formed on the weathering steels.
The room temperature spectrafor the outer rust also show an
intense quadrupole-split doublet and a broad sextet having a
large hyperfine field of approximately 50T. For the spectra
of the inner and the outer rust layer at 78K, the broad sex-
tet observed at RT became sharpened, and the intensity of the
central doublet decreased and the intensities of the new sextet
lines increased. These results suggest that the central param-
agnetic component at 78 K may be due to the paramagnetic

y-FeOOH and the spm. a-FeOOH as mentioned above. This
leads to evidence of the existence of superparamagnetic small
particlesin the rust layer for the rust formed on the mild stedl.
Therefore the rust formed on the mild steel also contains a
considerable amount of the spm. «-FeOOH. As shown at
theright in Figs. 5 and 6, the hyperfine magnetic field of the
sextet due to «-FeOOH is widely distributed at 78 K. These
results may correspond to the wide distribution of the parti-
cle size of a-FeOOH, as mentioned above. The remarkable
differences in the distribution of the hyperfine magnetic field
were not observed between the mild steel and the wesather-
ing steel in this study. For the spectra of the inner and the
outer rust layer at 10K the central doublet completely van-
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Fig. 3 Typica transmission Mdsshauer spectra of the inner rust formed on the weathering steel exposed for 32 years. The velocity is
relative to a-Fe. Right: hyperfine magnetic field distributions used to fit the spectra on the | eft.



698 T. Kamimura, S. Nasu, T. Tazaki, K. Kuzushitaand S. Morimoto

ished. The spectra observed at 10K were analyzed into three
sextets by a least-square-fit; one is due to y-Fe,O3; having
Bint = 52T, another is due to a-FeOOH having Bjy = 50T,
and the other can be y-FeOOH having By = 47T, which
is dightly larger than B;. reported for the synthesized y-
FeOOH*4) and the obtained y-FeOOH in the rust formed
on the weathering steel as mentioned above. It is therefore
undeniable that a small amount of ferrihydrite may contribute
to this spectrum, whereas the M dssbauer spectrum of ferrihy-
driteis not yet clear.*>4"

4. Discussion

4.1 X-ray amorphous substance in rust formed on mild
steel

Magnetite (FesO4) and magnetite (y-Fe,O3) were not ob-
served in the rust formed on the mild steel used in this study
by means of XRD as shown in Fig. 2. The crystal structure of
these two iron oxides is cubic (inverse-spinel structure). The
lattice parameters are close to each other, and therefore they
cannot be distinguished easily only by XRD. The M ossbauer
spectra obtained for the rust formed on the mild steel clearly
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Fig. 4 Typica transmission Mdsshauer spectra of the outer rust formed on the weathering steel exposed for 32 years. The velocity is
relative to a-Fe. Right: hyperfine magnetic field distributions used to fit the spectra on the | eft.
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shows the existence of 3rd substance except «-FeOOH and
y-FeOOH. As has mentioned, «-FeOOH and y -FeOOH were
detected by XRD as crystalline. From the hyperfine parame-
ters of the 3rd substance at 10K, it islikely that it is assigned
to y-Fe,03, because the spectra of the site for Fe(ll + I1I)
of B-site in Fe30,4 were not clearly observed at RT. For the
spectra observed at RT the broad sextet due to y-Fe,O3 is su-
perposed on the intense doublet. This cannot be observed in
the rust formed on the weathering steel at all. It is proven
from the spectraat 10K that there is no presence of intrinsic
amorphous phase in the rust. It should be pointed out that the
rust may contain aconsiderable amount of non-stoichiometric
substances. It isknown that Fe;Oy is partly oxidized and then

it can be expressed as Fe; 504 (0 < 6 < 1/3,§ = 1/3 cor-
responds to y-Fe,03.). Since the spectrafrom Fe(ll + 111) at
B-site in Fe30,4 were not observed at RT as shown in Figs. 5
and 6, § is thought to be mainly close to 1/3 (corresponding
to y-Fe;,0O3). However it is probable that the rust contains
Fes_sO4 having various values (0 < § < 1/3). This may
result in the broad spectrum and widely distributed hyperfine
magnetic field at RT, shown in Figs. 5 and 6 on right hand
side. From the above-mentioned discussion, it may therefore
be concluded that one of the X-ray amorphous substance in
the rust formed on the mild steel is y-Fe;O3 (Fez_5O4).

The intensity of paramagnetic doublet is large at RT but
decreases at 78K, and the contribution of the magnetically
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Fig. 5 Typical transmission Mossbauer spectra of the inner rust formed on the mild steel exposed for 15 years. The velocity is relative
to «-Fe. Right: hyperfine magnetic field distributions used to fit the spectraon the left.
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split-sextet, on the other hand, increases at 78 K. It should
be noted from these results that the rust formed on the mild
steel contains a considerable amount of spm. «-FeOOH. An
intense quadrupole-split doublet, except for y-Fe,O5 at RT,
is due to y-FeOOH and the spm. «-FeOOH. It is therefore
concluded that the spm. «-FeOOH is aso one of the X-ray
amorphous substances in the rust layer formed on the mild
steel. Furthermore, those y-Fe,O3 and the spm. «-FeOOH
are even contained in the outer rust layers.

Figure 7 shows the comparison of the mass frac-
tion of a-FeOOH, y-FeOOH and y-Fe,O3 in the rust
formed on the mild steel obtained by XRD and M 6sshauer
spectroscopy at 10K. Quantitative analysis of Mosshauer
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spectra was performed by using the data of recoil-
free fractions [f(x-FEOOH)/f(y-FeEOOH) = 0.98,
f (y-Fex03)/ f (y-FeOOH) = 0.92 at 77K] reported by Oh
and Cook.*® The mass fraction of y-FeOOH by different
quantitative determination is ailmost identical, and this aso
supports that the X-ray amorphous substance is mainly the
spm. a-FeOOH and y-Fe; O3 in the rust formed on the mild
steel. The remarkable point obtained from Fig. 7 is that
approximately half of the X-ray amorphous substance is y-
Fe, O3, and theresidual isthe spm. «-FeOOH. It is concluded
again that the X-ray amorphous substance in the rust formed
on the mild steel is composed of «-FeOOH and y-Fe,O3 al-
though the rust may somewhat contain a small amount of y -
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Fig. 6 Typical transmission Mossbauer spectra of the outer rust formed on the mild steel exposed for 15 years. The velocity is relative
to «-Fe. Right: hyperfine magnetic field distributions used to fit the spectraon the left.
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Fig. 7 Comparison of the mass fraction of rust obtained by X-ray diffrac-
tion and by Mdssbauer spectroscopy for the rust formed on the mild steel.
Note that mass fraction of Mdsshauer spectroscopy was calculated from
the data of the recoil-free fraction of y-FeOOH, a-FeOOH and y-Fe;O3
by Oh and Cook,* that is, f (@ — FeOOH)/ f (y — FeOOH) = 0.98 and
f(y — FexO3)/ f(y — FeOOH) = 0.92 at 77K.
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Fig. 8 Comparison of the mass fraction of the rust obtained by X-ray
diffraction and by Mossbauer spectroscopy for the rust formed on the
wesathering steels. (a) Weathering steel exposed for 32 years [XRD],
(b) Weathering steel exposed for 32 years [Mossbauer spectroscopy], (€)
Weathering steel exposed for 15 years [Mossbauer spectroscopy]3® Note
that mass fraction of M@ssbauer spectroscopy was cal culated from the data
of the recoil-free fraction of y-FeOOH and «-FeOOH by Oh and Cook,*®)
that is, f (« — FEOOH)/ f (y — FeOOH) = 0.98 at 77K.

FeOOH, which can not be detected by means of XRD owing
toits small particles.

Figure 8 shows the comparison of the mass fraction of «-
FeOOH and y-FeOOH in the rust formed on the weathering
steel obtained by XRD and Mosshauer spectroscopy at 5K.
The mass fraction of y-FeOOH by different quantitative de-
termination is almost identical, and this also supports that the
X-ray amorphous substance is mainly the spm. a-FeOOH. It
is concluded that the X-ray amorphous substance is mainly
composed of «-FeOOH for the rust formed on the weathering
stedl exposed for 32 years. The mass fraction of a-FeOOH
and y-FeOOH for the weathering steel exposed for 32 years
is dlightly different from that for 15 years,3? as shown in
Fig. 8(c). It is likely that the mass fraction of o-FeOOH

dlightly increases with an increase of the exposure duration.
This tendency agrees with the results obtained by Yamashita
et al.,? athough their quantitative phase-determination was
doneonly by X-ray diffraction intensities. Theincreasein the
mass fraction of «-FeOOH in the rust with an increase of the
exposure duration was not observed for the weathering steels
exposed for 15 years®® and 32 years by X-ray diffraction
method, however the results by Mossbauer spectroscopy indi-
cated the increase tendency of the mass fraction of a-FeOOH
with an increase of the exposure duration. The systematic in-
vestigation is needed to clarify the each mass fraction change
of rust with the exposure duration.*?

4.2 Difference between rust constituentsformed on mild
and weathering steels

It was found that the X-ray amorphous substance in the
rust is «-FeOOH for the weathering steel and «-FeOOH and
Fes_s;04 (y-Fey03) for the mild steel. The exposure site is
identical, and therefore the difference of the rust constituents
is caused by the aloying elements such as Cu, Cr, Ni and
P. When one considers the process of the rust formation, the
solid state transformation of rust should aso be taken into
account.>0

Misawa et al.”% reported the detailed formation mecha-
nism of iron oxides and oxyhydroxides. The fact that rust
formed on the mild steel contains Fe;_sO4 may indicate one
possible rusting process, in which the rust can be formed via
green rust. Fe(OH), is first generated by the anodic dissolu-
tion during the atmospheric corrosion.®? It is gradually oxi-
dized to green complex or green rust, which are the complex
compounds of Fe(ll) and Fe(ll1). Fe(OH), has a hexagonal
close-packed structure of oxygen, and therefore it seemsim-
possible that Fe;04 and y-FeOOH is formed directly from
Fe(OH), because they have a cubic close-packed structure.
Therefore, Fe(OH), is first converted to the intermediate
phase (green rust) having both hexagonal and cubic layers of
closed packed oxygen, and then converted to Fe;O4 and y -
FeOOH. In the case of formation of Fe;O4, two oxygen ions
per three molecules of Fe(OH), must be removed with dehy-
dration and deprotonation. If the oxidation proceeds slowly
and the oxidation time islong enough to remove oxygen from
crystal and rearrange oxygen and iron in crystal lattice, the
Fe30,4 phase may be constructed. If the oxidation proceeds
fast and the structural rearrangement of green rust cannot be
completed, y-FeOOH can be formed having the distorted cu-
bic packing of oxygen. From the above-mentioned process of
Fe;0,4 and y-FeOOH, the added aloying elements may &f-
fect the oxidation process of Fe(OH),. In other words, they
can affect the rearrangement of crystal structure. It was re-
ported that Cu, which is one of the most effective elements on
the atmospheric corrosion of steel, can affect the oxidation of
the Fe(l1)-complexes by catalytic effect,? and therefore y-
FeOOH can be formed without a formation of FesO,4 for the
rust formed on the weathering steel.

The other formation process of Fe3O, is the reduction
of the rust already formed on steels during the atmospheric
corrosion. The atmospheric corrosion is electrochemical in
nature.5? It is widely reported that rust is electrochemically
highly active,>18) and therefore the rust on the corroding
steel surfaces is affected by the potential of steel. Due to the
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variation in thickness of the electrolyte layer during exposure
to the atmosphere the rate of oxygen reduction should vary
periodically and this should result in a periodic variation of
the corrosion potential .

Stratmann et al.'*'® have investigated the reduction be-
havior of rust in detail by means of in-situ Mosshauer spec-
troscopy. They demonstrated that the rust reduction behavior
is affected by pH, the concentration of Fe?+ and potential. o-
FeOOH is thermodynamically stable and not easily reduced,
althoughitis partly reduced at avery negative potential below
—0.5V SHE. On the other hand, y-FeOOH is easily reduced.
y-FeOOH isreduced and {Fe.OH.OH} isformed probably on
the surface of y -FEOOH as anintermediate.’® At the negative
potential such as —0.4V SHE, which is nearly the corrosion
potential of Fe and, that is, the potential near the steel/rust
interface, y-FeOOH is reduced to Fe3O,4. They also demon-
strated that the formed Fe;O,4 by the reduction of y-FeOOH
is oxidized back not to y-FeOOH but y-Fe;,O3. The added
elements are expected to affect the reduction behavior of y-
FeOOH. In fact, Cu-incorporated y -FeOOH is not easily re-
duced as compared to y -FeOOH.5®) Furthermore from the re-
sults of the potential measurements of the steel's exposed for a
long period,> the negative value of potential is observed for
the mild steel, while the more noble potential is observed for
theweathering steel because of the inhibition of the anodic re-
action by the protective rust layer. This could result in the re-
duction of y-FeOOH and the formation of Fe3O4, which can
be partly oxidized to y-Fe,O3 during a long period of expo-
sure for the mild steel. From the results on the cross-section
of the rust as shown in Fig. 1, the rust formed on the mild
steel seemsto befragile. Thismay be related to the formation
of Fe3_504. If theformed y-FeOOH isreduced to Fe;Oy, the
volume change can be expected. If Fe3O, isformed and there-
fore the pore structure in the rust is changed, the subsequent
corrosion can be accel erated since Fe;O4 having agood elec-
tric conductivity may act the cathodic site. From a viewpoint
of thereduction of rust, it is possiblethat even the rust formed
on weathering steels can also contain Fe;_; O, if the corrosion
potential stays at a very negative value; the thick water layer
forms repeatedly or for along time on the stedl surface, or the
atmosphere contains alarge amount of air-borne salt particles
and protective rust cannot be formed.

It isstill unclear whether Fe3sO,4 and y-FeOOH are formed
simultaneoudly at the rusting process or the initial corrosion
products is y-FeOOH as has been stated by Misawa et al.,”
and then the formed y-FeOOH is partly reduced to Fe;O, af -
ter the subsequent corrosion process, whereas it is certain that
the added elements can be greatly related to both processes.

5. Conclusions

Therust layers formed on the mild steel (15-year exposure)
and the weathering steel (32-year exposure) exposed to anin-
dustrial environment have been characterized by means of X-
ray diffraction technique and Mossbauer spectroscopy. The
conclusions obtained are summarized as follows:

(1) The large cracks reaching the steel substrate are
clearly observed for the mild steel, whereas no crack is ob-
served for theweathering steel. The rust formed on the weath-
ering steel is presumably adherent and tight, and the outer rust

is also adherent and tight.

(2) Therust constituents formed on weathering steels are
not changed after a long exposure; they are only «-FeOOH
and y-FeOOH.

(3) TheX-ray amorphous substancein therust formed on
the weathering steel exposed for 32 yearsisa-FeOOH having
the small particle size.

(4) The X-ray amorphous substance in the rust layer
formed on the mild steel, which gives no peak of X-ray
diffraction pattern, is mainly «-FeOOH showing superpara-
magnetism owing to its small particle size, and Fez_sO4 (y-
Fe;O3). They are contained both in theinner rust layer and in
the outer rust layer.

(5) Two possible formation processes of Fe;_;O4 on the
mild steel are discussed. One is the oxidation of Fe(OH), via
green rust, and the other is the reduction of already formed
y-FeOOH during the atmospheric corrosion of stedl.
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