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ABSTRACT

In the present work, we examined the modification of a rust layer on
a carbon steel surface during a cyclic corrosion test. The rust layer
grown in a coastal region of Japan was used as a model rust layer. The
X-ray diffraction analysis of the model rust layer revealed that the layer
consisted of a-FeOOH, B-FeOOH, y-FeOOH, and Fe304. During the cyclic
corrosion test, an additional immersion of the surface in solutions
containing metal cations such as Mg2*, Al3*, Cu?*, or Ni* was
performed. The additional immersion in the cation-containing
solutions modified the model rust layer, that is, the fraction of stable
o-FeOOH increased in the rust layer. Furthermore, the modification of
the model rust layer could suppress the corrosion of steel. The
decreased corrosion rate was attributed to the suppressed cathodic
reduction of the rust layers due to the presence of the stable a-FeOOH
in the rust layers.

INTRODUCTION

Steel has been employed as structural material due to its abundance
as well as superior properties in strength, toughness and workability.-
3) In Japan, many infrastructures have been built using steel in the high
economic growth period of the 1960s.4) The constructions made of
steel cannot avoid degradation due to atmospheric corrosion when
they are used in atmospheric environments where water, oxygen and
other corrosive species are present. According to the atmospheric
corrosion process proposed by Evans et al.,® during the wet period, the
anodic and the cathodic reactions expressed in the equations (1) and
(2), respectively, are balanced under rust layer formed on steel.

Fe > Fe?* + 2e (1)

8FeOOH + Fe2* + 2e” > 3Fe304 + 4H,0 (2)

In the drying period, the supply of oxygen through the rust layer occurs
effectively, and the oxygen re-oxidizes the formed Fe30,, according to
the following equation (3).

3Fe304 + 3/40, + 9/2H,0 - 9FeOOH (3)

Based on the model, one can deduce that the corrosion proceeds
during the repeated wet-dry cycle once steel corrodes to form a rust
layer in the atmospheric environment. If rusted steel constructions
continue to be used while they are aged without being repaired,
serious accidents would occur.67)

It is well-known that the rust layers formed on steel in atmospheric
environments consist of a-FeOOH, B-FeOOH, y-FeOOH, Fe304 and
poorly crystallized iron oxides.8-19 Further, the fraction of the phases
in the rust layers is strongly affected by the environment in which the
rust layers grow.?) In addition, the electrochemical properties of the
rust layers are reported to be different, for example, a-FeOOH is
electrochemically stable compared to the other types of
oxyhydroxides.12 13) Therefore, if the fraction of a-FeOOH increases in
the rust layer on steel, the cathodic reaction expressed in the equation
(2) can be hindered, leading to a suppressed atmospheric corrosion.
Weathering steel has been reported to form a protective rust layer on
its surface. Therefore, it exhibits superior atmospheric corrosion
resistance. Extensive studies have revealed that alloying elements such
as Cu and Cr in weathering steels are enriched in rust layers and
contribute to the excellent protectiveness of the rust layers.1417) This
finding implies that the introduction of metallic cations in rust layers
modifies the structure and composition of the rust layers as well as
their protectiveness, thereby contributing to an improved atmospheric
corrosion resistance. If the introduction of metallic cations in rust
layers is realized by a post-treatment, the approach will be useful for
the repair of rusted steel constructions.

In the present work, we examined the feasibility of our idea, that is,
the introduction of metallic cations in a rust layer grown on carbon
steel to modify the structure and composition of the rust layer and its
resulting electrochemical properties. For this purpose, we performed
the immersion of rusted steel in cation-containing solutions during a
wet/dry cyclic corrosion test.



EXPERIMENTAL PROCEDURE

The material used was a carbon steel (S5400-JIS G3101) sheet with a
thickness of 3 mm. The chemical composition of the steel was as
follows (mass%) ; C: 0.05, Si: 0.03, Mn: 0.33, P: 0.016, S: 0.01, Fe: bal.
The carbon steel sheet was exposed to a coastal environment in
Obama City, Fukui Prefecture in Japan for three months, during which,
a rust layer grew on the steel surface. The city is situated at lat. 35°53’
N. and long. 135°75’ E. Average airborne salt at the site is estimated as
1.0 mg NaCl/dm?/day. After the exposure, the rusted carbon steel was
cut into as-rusted specimens to be used for the cyclic corrosion test,
characterization and electrochemical measurements described below.
The specimens were rinsed in methanol and then dried in air prior to
further experiments.

The rusted specimens were subjected to a laboratory cyclic corrosion
test in accordance with the SAE J223418) that consists of three stages:
the humid stage, immersion stage, and dry stage. These stages
simulate a severe atmospheric corrosion environment where chloride
is present. Therefore, the SAE 12234 test has often been used to
evaluate the atmospheric corrosion resistance of steel in severe
conditions.!® 20 In the humid stage, the rusted specimens were held
for 6 h in an environment with a temperature of 50 °C and a relative
humidity (R. H.) of 100%. In the subsequent immersion stage, the
specimens were placed in a mixed solution of 0.5 mass% NaCl, 0.1
mass% CaCl, and 0.075mass% NaHCOs for 15min. Thereafter, they
were held for 17 h 45 min at 60 °C and 50% R. H. (dry stage). These
three processes were repeated for up to 30 cycles in the present study.
It should be noted that from the 2nd cycle, the specimens were
additionally immersed in a solution of 1M MgSQ4, Al;(SO4)3, CuSO4, or
NiSO, for 5 s prior to the humid stage at each cycle. These specimens
are hereafter referred to as Mg?*, A3+, Cu?*, or Ni2* specimens,
respectively. Some rusted specimens were not subjected to the
additional immersion, but to only the cyclic corrosion test (referred to
as the “reference specimens”).

To evaluate the electrochemical properties of the as-rusted specimen,
the reference specimens as well as specimens subjected to the
additional immersion, potentiodynamic polarization measurements
were accomplished in a conventional three-electrode configuration cell
with a Ag/AgCl/KCl(sat.) reference electrode and a platinum counter
electrode. The solution used for the electrochemical measurements
was the same as the one used in the immersion stage of the cyclic
corrosion test, as explained above. The potentiodynamic polarization
was conducted at a scan rate of 0.5 mV s without the deaeration of
the solution. Furthermore, in the present work, to examine the
reduction reaction on the rust layers of all specimens, the cathodic
polarization curves were also measured in the mixed solution of
chlorides and bicarbonate. For the cathodic polarization, the potential
was swept to 500 mV lower than the open circuit potential of each
specimen with a scan rate of 0.5 mV s'1. These morphological,
structural and electrochemical characterizations were carried out using
a single specimen for each cycle of the cyclic corrosion test to avoid
possible individual differences of specimens after the exposure to the
coastal environments for three months.

The morphology of the specimen surfaces was examined by scanning
electron microscopy (SEM, JEOL JSM-5600) with an accelerating
voltage of 25 kV, whereas the phase of the rust layers on the
specimens was identified with X-ray diffraction using a Cu target
operated at 45 kV and 40 mA in a Phillips X’pert X-ray diffractometer.

RESULTS

3.1 Morphology and composition of rust layer
Figure 1(a) shows the SEM image of the surface of the as-rusted
specimen which was exposed to a coastal environment in Obama City,

Fukui Prefecture for three months. It is clear that the specimen shows
a plate-like morphology, similar to that found in the literature.2%.22)
This plate-like rust layer is supposedly not protective as water and
corrosive ions can penetrate through the hollows in the rust to the
underlying steel substrate.?3 24 The as-rusted specimen was examined
by X-ray diffraction (XRD) and the pattern obtained is presented in
Figure 1(b). In particular, diffractions derived from the a-FeOOH, B-
FeOOH, y-FeOOH, and Fe30,4 phases are observed, and clear peaks of y-
FeOOH are confirmed. In order to evaluate the rust layer
quantitatively, the mass fractions of a-FeOOH, B-FeOOH, y-FeOOH, and
Fes04 (described as Ma, M, My, and Ms, respectively) in the rust layer
were calculated using the intensity of the diffraction peaks obtained
for each crystalline phase (I, /g, Iz, and Is, respectively), based on the
following equation,

Mi = Mia(l/lin) [ 3(Mia- I/ lia) (i,j=a, B, v, S)
(4)

where lia, lia and Mia, Mija are the reference diffraction intensities and
the reference mass fractions, respectively, obtained from the
reference rust used in our previous work. The details on the estimation
are described in the literature.?) The mass fractions computed for the
as-rusted specimen were as follows: 21% for a-FeOOH, 5% for B-
FeOOH, 59% for y-FeOOH and 1 % for Fe30a.

After the cyclic corrosion test, the morphology and composition of
the as-rusted specimen was observed to vary. Figure 2 shows the
SEM images of the specimen surfaces. Notably, the specimens shown
in Figures 2(b) - 2(e) were subjected to the additional immersion in
the cation-containing solutions during the cyclic corrosion test
whereas the reference specimens in Figure 2(a) were not subjected
to the additional immersion. The morphology of the rust layers on
the reference specimen is unchanged, as shown in Figure 2(a).
However, drastic changes in morphology are observed for the
specimens subjected to the additional immersion. Furthermore, the
changes strongly depend on the solution used for the additional
immersion. The morphological change from the plate-like to a
flowery shape is confirmed for the Mg?* specimens after the 3rd
cycle. In addition, the flowery structure becomes finer with an
increase in the number of cycles. For the other specimens subjected
to the additional immersion, that is, for the AlI3*, Cuz* and Ni2*
specimens, a different morphological change to a cotton ball shape is
recognized. The flowery and cotton ball structures were reported by
Prakash et al. on a mild steel.2!) The rust layers with the finer flowery
shape or the cotton ball shape are found to be more protective
compared to those with a plate-like shape because the flowery or
cotton ball shaped rust layers are more compact and dense due to
fewer hollows, as displayed in Figure 2. In the following, the
composition of the rust layers on these specimens is discussed.
Figure 3 presents the mass fraction of the rust phase on the
reference specimens and the specimens subjected to the additional
immersion in the cation-containing solutions. In the figures, the
result obtained for the as-rusted specimen is also included for
comparison. For the reference specimens, the fraction of a-FeOOH
increases whereas the fraction of y-FeOOH clearly decreases. After 30
cycles, the fraction of a-FeOOH reaches approximately 40%.
Although a similar change is observed for the specimens subjected to
the additional immersion, a further increase in a-FeOOH is observed.
For the Mg?*, and Ni2* specimens, the fraction of a-FeOOH after 30
cycles is around 50%, which is slightly smaller compared to that of
the Al3*, and Cu?* specimens.

3.2 Electrochemical property of rust layers
Figure 4(a) shows the representative polarization curve obtained from
the as-rusted specimen. In the present work, the corrosion potential,



Ecorr, and the corrosion current density, /corr, Were evaluated by the
extrapolation of Tafel slopes within the potential range of £100 mV
from Ecorr. Ecorr and Icorr fOr the as-rusted specimen are estimated as -
414 mVag/agai and 0.028 mA cm??, respectively. The same
measurements were carried out for the other specimens, that is, the
reference specimens and the specimens subjected to the additional
immersion. The obtained Ecor and Icor are summarized in Figures 4(b)
and 4(c). The results for the as-rusted specimen are also presented for
comparison. As shown in Figure 4(b), after the 3rd cycle, the E, for
the reference specimens is almost similar to that for the as-rusted
specimen, however, it increases slightly with cycling. For the A3+
specimen, the Er is less noble particularly in the18th and 30th cycle.
For the other specimens, except for the reference specimens and the
A3+ specimens, the Ecorr tends to decrease once in the initial stage, and
thereafter, increases with cycling. After the 30 cycle, the E.,r Of the
Al3* specimen is lower than that of the reference specimens whereas
the Ecorr Of the other specimens with the additional immersion is
higher, particularly for the Cu?* specimens. Figure 4(c) reveals that the
lcorr Of the reference specimens increases slightly with cycling
compared to the /e of 0.028 mA cm2 for the as-rusted specimen. For
the Mg2* and NiZ* specimens, the I.orr increases once in the initial cycles
and then decreases significantly in later cycles. However, the /o for
the Al3* specimens decreases monotonically with cycling. From these
variations, one can observe that in the later stages of the cyclic
corrosion test, the /.o Of these specimens is smaller than that of the
as-rusted specimen. Contrastingly, the /o for the CuZ* specimens in
the later stages is roughly comparable to that of the as-rusted
specimen although the /e fluctuates through the cycle. However,
when compared to the reference specimens, all the specimens with
the additional immersion exhibit a smaller /o, indicating that the
additional immersion in the cation-containing solutions increases the
corrosion resistance of the as-rusted specimen in the later stages.

To evaluate the reduction reaction on the rust layers in addition to the
Ecorr and Icorr, the cathodic polarization curves for all the specimens

were measured, where the potential was swept with a rate of 0.5 mV s

luntil it reaches 500 mV lower than the open circuit potential of each
specimen. Figure 5(a) shows the cathodic polarization curve obtained
for the as-rusted specimen. It is clear that the cathodic polarization
curve does not exhibit the current plateau related to the oxygen
diffusion limit. In addition, interestingly, the cathodic current density is
relatively larger than the oxygen diffusion-limited current density of
approximately 25 pA cm2 on polished carbon steel.26:27) This implies
that the reduction of the rust layer occurs on the as-rusted layer,
contributing to the cathodic current density. To examine the effects of
the cations on the reduction of rust, a specific cathodic current density,
I, was determined at 500 mV less than the open circuit potential of
each specimen from the cathodic polarization curve. For example, the
I for the as-rusted specimen was estimated as 0.92 mA cm2 from the
cathodic polarization curve shown in Figure 5(a). For the other
specimens, the /. was determined by the cathodic polarization curves
and is summarized in Figure 5(b). The /. for all specimens increases in
the initial stage of the cyclic corrosion test, however, subsequent
variations differ depending on the specimen. The /. of the reference
specimen and the Cu?* specimen decreases with cycling and then levels
off to stable values, although the current densities for the 18th cycle
are relatively larger than the stable values. On the other hand, the /. of
the other specimens decreases monotonically with cycling after the
initial increase, and finally converges to approximately 0.4 mA cm2. It
should be noted that each /. presented in Figure 5(b) is larger than the
oxygen diffusion-limited current density, indicating that the reduction
of the rust layers occurs on all the specimens examined. Furthermore,
the reduction is strongly affected by the cations.

DISCUSSION

4.1 Effects of cations on the electrochemical

properties of rusted steel

In section 3.2, Ecorr and leorr are presented in Figures 4(b) and 4(c),
respectively. The relationship between Ecorr and Ieorr is summarized for
all the specimens subjected to the cyclic corrosion test and is
presented in Figure 6. The data for the as-rusted specimen is also
plotted as the star symbol, %, in each figure. As apparent from Figure
6, these correlations differ depending on the specimen. For the
reference specimens, the /.o is almost comparable each other
although a scatter in the data is observed. As described in section 3.1,
the rust layers on the reference specimens are not adequately
protective, thus, the rust layers cannot effectively suppress the
penetration of the electrolytes to the steel substrate. For the Mg?* and
NiZ* specimens, a relatively large Icorr and a low Ecorr are confirmed in
the initial stage. However, in the later stages, the /corr decreases and
the Ecorr increases. These variations in the later stages imply that the
anodic reaction is suppressed with cycling, which is probably due to
the growth of the dense rust layers as indicated in Figure 2.

The dense rust layers grew on the other specimens such as the AIF*
and CuZ* specimens, however, the correlation between Ecor and Ieorr for
the AI3* and Cu?* specimens is completely different from the
correlation between E.or and Ieor for the Mg+ and Ni2* specimens. For
the AI3* specimens, as shown in Figure 6(c), the I relatively decreases
compared to the as-rusted specimen, but the Ecor hardly increases,
compared to the Mg?* and Ni?* specimens. Otani et al. investigated the
corrosion behavior of a mild steel and an aluminum alloy, focusing on
the effects of metallic cations in various salt solutions.28 29 They
described that compared to metallic cations with a small hardness,
those with a high hardness9-31), such as Al3*, are adsorbed into the thin
oxide layer on the mild steel. 28) The hydroxide of the adsorbed metallic
cation is formed for a short time. If a similar phenomenon is assumed
to occur for Al3*, the adsorbed Al3* could promote the formation of a-
FeOOH, which is the dominant phase in the rust layers on the Al3*
specimen. As described above, a-FeOOH is electrochemically stable,
thus suppressing the cathodic reaction expressed in the equation (2).
Therefore, these variations can be explained by a suppressed cathodic
reaction. The E.or of the Cu?* specimens drastically increases,
compared to those of the other specimens. The higher Ecor is
considered to result from the acceleration of the cathodic reaction.
The XRD analysis reveals that the mass fraction of FeOOH is larger for
the Cu?* specimens compared to those of the other specimens, as
shown in Figure 3. The effect of Cu?* on the oxidation reaction of Fe2*
was reported by Cher et al. and Stumm et al.32 33) They found that Cu?*
catalyzed the oxidation of Fe?* to Fe3*. Assuming the catalytic action of
Cu?*, the increased amount of FeOOH is reasonably explained. The
large amount of FeOOH can increase the reduction of rust described in
the equation (2). Therefore, it can be concluded that CuZ* increases the
growth of FeOOH, which results in the increase of the cathodic
reaction. This could contribute to a higher E.o for the CuZ* specimens.
The above discussion implies that a large amount of FeOOH induces a
higher Ecorr. Figure 7 shows the relationship between Eor and the ratio
of the total mass fraction of FeOOH to the mass fraction of Fe304. The
total mass fraction is calculated from the sum of the mass fraction of
a-FeOOH, B-FeOOH and y-FeOOH. A linear dependence between Ecorr
and the ratio is obtained, indicating that Ecor is strongly affected by the
amount of FeOOH. Contrastingly, /.o has been discussed in terms of
the other index, a/y*,3436) where a and y* indicate the mass fraction of
a-FeOOH and the total mass fractions of B-FeOOH, y-FeOOH, and
Fes0q, respectively. Figure 8 presents the relationship between /oy and
a/y*. In Figure 8, I.orr decreases with an increase in o/y*. Kamimura et
al. also found that the composition of the rust layer on weathering
steel changes during atmospheric corrosion and the corrosion rate



decreases with an increase in the index, a/y*.3% 36) This correlation
between Iorr and the index suggests that /cor is reduced due to the
growth of a certain amount of a-FeOOH.

4.2 Influence of the reduction of rusts on corrosion

current density

Evans developed an electrochemical model on the atmospheric
corrosion of iron in wet-dry cyclic conditions. In the model, during the
wet period, the anodic dissolution of iron under a porous rust layer
was balanced by the cathodic reduction of FeOOH, which is expressed
in the equation (2). The re-oxidation of Fe;04 subsequently occurs in
the drying period, according to the equation (3). The reduction of
FeOOH and the re-oxidation of Fe30,4 repeatedly occur in wet-dry
cycles. It was reported that y-FeOOH can be easily reduced to Fe;04
whereas a-FeOOH is stable and can scarcely be reduced.37-39)
Therefore, a-FeOOH is found to suppress the reduction of rust, which
is in accordance with the finding obtained from Figures 3 and 5(b). The
reference specimens with a relatively low fraction of a-FeOOH in the
rust layer exhibit a higher /.. However, the other specimens with a
higher a-FeOOH fraction exhibit a lower /. compared to the reference
specimens. From the above-mentioned discussion, one can deduce
that a lower /. is related to the suppressed reduction of rust. Figure 9
shows the relationship between /. and Icorr, also shown in Figures 4(c)
and 5(b), respectively. /.o decreases with a decrease in /.. This
demonstrates that the corrosion current density, /corr, ONn rusted steel is
strongly related to the reduction current density of the rust, I,
indicating that the corrosion rate of carbon steel in an atmospheric
environment is significantly dominated by the reductive property of a
rust layer on the steel. The present work clearly demonstrates that the
reductive property of a rust layer on carbon steel can be modified with
an immersion in a cation-containing solution, that is, the introduction
of a cation into the rust layer. This modification results in an improved
corrosion resistance of carbon steel experiencing atmospheric
corrosion. However, further works are required to confirm the
feasibility of the present results to rusts grown after longer exposures
to the environment. In addition, the synergistic effects of the cations
on the modification of a rust layer on carbon steel can be expected,
that is, the growth of a-FeOOH can be facilitated by the immersion of a
rust layer in mixed solutions of the cations. These will be examined in
the near future.

CONCLUSIONS

**  The Ecorr- lcorr plot indicated that the rust layers on the Mg?* and the
Ni2* specimens suppressed an anodic reaction whereas the rust
layers on the Al3* specimen retarded a cathodic reaction.

*»*» The correlation between I, and the cathodic current density, /., of
the rust layers revealed that the atmospheric corrosion of carbon
steel may be dominated by cathodic reaction.

< Aclear correlation between /.or and the mass fraction of a-FeOOH
in the rust layer was recognized, implying that the modification of
rust layers by the introduction of metallic cations will be effective
in suppressing the atmospheric corrosion of carbon steel.
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FIGURE CAPTIONS
FIGURE 1. (a) SEM image, (b) XRD pattern, (c, d) polarization curves
obtained for the as-rusted specimen.

FIGURE 2. SEM images of the specimen surfaces subjected to the cyclic
corrosion test of 3,9, 18 and 30 cycles; (a) reference, (b) Mg?*, (c) Al?*,
(d) Cu?*, (e) Ni2* specimens.

FIGURE 3. XRD quantitative analysis obtained from the specimens after
the cyclic corrosion test: (a) reference, (b) MgZ*, (c) A3+, (d) CuZ*, (e)
Ni2* specimens.

FIGURE 4. (a) Corrosion potential, Ecorr, and (b) corrosion current
density, I.orr, Obtained from all specimens subjected to the cyclic
corrosion test. Those obtained for the as-rusted specimen are included
for comparison.

FIGURE 5. Specific cathodic current density obtained at 500 mV less
than the open circuit potential of all specimens subjected to the cyclic
corrosion test. The cathodic currnet density of 0.92 mA cm2 obtained
for the as-rusted specimen is included as a reference.

FIGURE 6. Relationship between Ecor and Ieorr Obtained after defined
cycles of the cyclic corrosion test. The data for the as-rusted specimen
is presented as a reference.

FIGURE 7. Relationship between corrosion potential, Ecorr, and the ratio
of total mass fraction of a-FeOOH, B-FeOOH and y-FeOOH to that of
Fes04 obtained from the specimens after 30 cycles of the cyclic
corrosion test.

FIGURE 8. Relationship between corrosion current density, /corr, and
a/y*.

FIGURE 9. Relationship between corrosion current density, /corr, and
cathodic current density, /corr-
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FIGURE 3
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FIGURE 3 (continued)
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FIGURE 4
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FIGURE 5
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FIGURE 6
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FIGURE 6 (continued)
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FIGURE 7
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FIGURE 8
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FIGURE 9
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