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The rusts formed on carbon steel and weathering steel exposed in Qinghai Salt Lake atmosphere for 6
months were characterized by X-ray diffraction (XRD), infrared transmission spectroscopy (IRS),
scanning electron microscopy (SEM), electron probe micro analyzer (EPMA) and electrochemical po-
larization techniques. The two kinds of steels showed the similar corrosion rate, corrosion product
composition and electrochemical polarization behavior. Their rusts were mainly composed of 3-FeOOH,
Feg(0O,0H).cCl;3 and a little y-FeOOH. CI” played an important role during the corrosion process of
low-alloyed steels. The alloyed elements Cr, Ni and Cu in weathering steel were detected in the rusts;

however, they showed no remarkable protective ability.

atmospheric corrosion, carbon steel, weathering steel, XRD, EPMA

Carbon steel and weathering steel as important structural
materials are widely used in buildings, bridges, towers,
and vehicles, etc. These equipments are mainly operated
under atmospheric environment. Particles and dust in the
air often induce the corrosion of steel and significantly
influence its service life!"?], Among various atmospheric
pollutant particles, chloride ion attracts much attention
because it is more readily adsorbed than oxygen in
competition for surface sites and severely disrupts the
protective nature of the corrosion film on steels!. In
addition, the dissolved chlorides increase the conducti-
vity of the aqueous solution formed at the surface of the
steels, resulting in the acceleration of corrosion. Marine
atmosphere contains an amount of chlorides and the
corrosion behaviors of low-alloyed steels exposed to this
environment have been studied” . Salt lake atmosphere
also contains chlorides particles. However, little work
has been addressed about the atmospheric corrosion of
low-alloyed steels in this kind of environment.

Qinghai Salt Lake is located in the northwest of
China. The atmospheric corrosion in this region is ag-
gravated by the high salinity in salt lake water and high
rates of natural and sea-salt deposition'®. With the fast

development of local economy, the corrosiveness of the
salt lake atmosphere for steels has received more inter-
ests. Thus, in this paper, the rusts formed on carbon steel
and weathering steel exposed to a salt lake region for 6
months were characterized and the corrosion mechanism
was discussed.

1 Experimental
1.1 EXxposure tests

Test specimens were cut from commercially available
Q235 carbon steel and Corten A weathering steel and
their compositions are given in Table 1. The coupons
(100 mmx50 mmx5 mm) and electrode samples (ex-
posed area 1 cm?) were exposed to Qinghai Salt Lake
atmospheric environment at an angle of 45° facing south
under open conditions for 6 months. The exposure site is
on an office building roof which is about 40 m away
from the salt lake.
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Table 1 Compositions of carbon steel and weathering steel (wt.%)

Element
Steel
C Si Mn P S Cr Ni Cu Al
Q235 0.14 0.01 0.33 0.011 0.02 - - - -
Corten A 0.09 0.3 0.35 0.081 0.005 0.48 0.27 0.28 0.037

1.2 Characterization of the rusts

Compositions of the rusts were determined by a Nicolet
Corporation Model magna-IR560 (with Veemax acces-
sory) infrared spectrophotometer and a Rigaku-D/max-
2500PC Model X-ray diffractometer. The surfaces of
rust layers were analyzed by a FEI Company Model
XL30 ESEM FEG environmental scanning electron mi-
croscopy (ESEM) and energy dispersive analysis of
X-rays (EDAX). A Shimadzu Model EPMA-1610 elec-
tron probe micro analyzer was employed to investigate
the distributions of some important elements in the rust.

1.3 Electrochemical measurements

Potential dynamic polarization measurements were car-
ried out by a Princeton Applied Research (PAR) 263
potentiostat in 0.1 mol/L Na,SO, electrolyte open to the
air at (20+1)C. A three-electrode system was adopted
and the reference electrode was a commercial saturated
calomel one (SCE). Prior to the measurements, the
rusted electrodes were left freely in the solution for 60
min allowing the open-circuit potential to reach a steady
state.

2 Results and discussion
2.1 Morphology of the rust layer

All the exposed samples were completely covered by
corrosion products after exposure for 6 months. And a
relatively uniform dark brown rust layer was developed
on the upward and downward surfaces of weathering
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and carbon steels. After removing corrosion products,
the mass loss of the steels was determined and shown in
Table 2.

Figure 1 shows the metallographic cross sections of
the rusted steel samples. The corrosion products con-
sisted of one layer on every side surface of weathering
and carbon steels. The thickness of the rust layers on
fifteen different regions of each cross section was meas-
ured and averaged. The results are shown in Table 2.
Comparing mass loss and rust layer thickness of weath-
ering steel with carbon steel, it could be seen that the
corrosion grades of the two kinds of steels were similar.
In addition, for the same steel, its upward and downward
surfaces exhibited no apparent difference in corrosion
degree by the rust layer thickness analysis.

Table 2 Thickness and mass loss analysis results

Average thickness (um)

Steel Mass loss (g/mz)
upward downward
Q235 22 22 66.76
Corten A 23 22 61.85

Figure 2 shows the SEM of the rusted steel surfaces.
For each kind of steel, its upward and downward surface
had a similar morphology. White and loose clumps in
different sizes were scattered in the rust layers. The se-
lected rectangle area of the rust layers in Figure 2 was
magnified and displayed in Figure 3. All rust layers
contained many microcracks, indicating that the rusts on
both kinds of steels could not effectively prevent corro-
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Metallographic cross sections of the rusted samples. (a) Upward surface of carbon steel; (b) downward surface of carbon steel; (c)

upward surface of weathering steel; (d) downward surface of weathering steel.
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sive chloride ions from contacting the substrate.

More than 10 different points on the clumps covers
and the rest areas on each surface were selected and
analyzed by EDX. The elements and their average con-
tents were determined and listed in Table 3. O, Mg, S
and Cl were found in upward and downward rust layers,
whereas Al, Si, K and Ca were detected only in upward
rust. The amount of S was little while Cl was rich in the
corrosion products. Similar results were also obtained by
EPMA analysis of the cross section of the rusts. This
illuminated that CI", not S, had an influence on the cor-
rosion of steels in the salt lake area. It can be seen from
Table 3 that the content of Cl in the clumps covers was
higher than that in the rest areas on each surface. In or-
der to know the distribution details of Cl, a clump was
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Figure 3 High magnification in the selected rectangle area of the rust layers in Figure 2.

Morphology of the rusted steel surfaces after being exposed in the salt lake atmosphere for 6 months.

" Corten down

randomly chosen on downward surface of weathering
steel (shown with a circle in Figure 2) and five different
points (Positions 1—5, from center to the edge) in its
area were examined through EDX. The results are
shown in Table 4. From center to the edge of the clump,
much Cl and Fe were detected and the content of CI re-
markably decreased. Based on the above analysis, it can
be concluded that during the initial exposure periods, the
formation of compounds containing iron and chlorine
accelerated the corrosion of steels.

2.2 Distribution of elements

The distribution of some important elements in the rust
layers formed on carbon steel and weathering steel are
determined by EPMA and shown in Figures 4 and 5,
respectively. The striking feature was rich Cl and poor S

3448 www.scichina.com | csb.scichina.com | www.springer.com/scp | www.springerlink.com



Table 3 Element content (wt.%) in the rusts on the upward and downward surfaces of two kinds of steels
On clumps of Q235 On rest area of Q235

On clumps of Corten A On rest area of Corten A

SPECIAL TOPIC

Element
upward downward upward downward upward downward upward downward
(o} 8.57 8.17 5.38 6.94 11.16 11.59 5.92 12.87
Mg 1.34 2.16 1.16 1.54 1.32 0.72 1.73 2.05
S 1.12 0.93 0.89 0.80 1.37 0.98 1.03 0.83
Cl 10.74 9.60 4.66 4.73 13.45 9.67 9.39 6.76
Al 1.51 - 1.17 - 5.70 - 1.92 - Culj
Si 2.82 - 2.1 - 9.34 - 8.24 - -
K 0.93 - 0.68 - 1.22 - 0.67 - :é
Ca 1.03 - 1.30 - 117 - 0.92 - °<‘

Table 4 EDX analysis result of a clump cover on downward sur-
face of Corten A steel in Figure 2 (wt.%)

was considered that sand particles in the air penetrated
and were accumulated in the product[8]. In addition, for

Position . . .
Element , 5 3 Z 5 weathering steel, Cr, Cu and Ni were observed in the
o 675 10,81 837 186 - rust layer and Cu and Ni were uniformly d%strlbut.ed.
cl 34.78 3263 1267 991 419 Generally, these three elements were beneficial to im-
Fe 58.47 5657 7896 8523  87.97 proving the resistance of the steel to atmospheric corro-

in the whole rusts of the two kinds of steels, which is in
good agreement with the detected result by SEM/EDX.
It is worth noting that a large amount of Mg appeared in
the rusts on the two kinds of steels. Airborne MgCl, par-
ticles were deposited on the surface of steels and deli-
quesced, and Mg®" and CI” were released”). After fur-
ther reactions, insoluble compounds of Mg were formed
and retained in the rust. On the surfaces of steels, oxy-
gen atoms were distributed at high content in the corro-
sion products, which were mainly composed of oxyhy-
droxides and hydroxychlorides of iron (confirmed by the
later XRD patterns). Si was detected in the rusts and it

>
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sion*®], However, in this work, the mass loss and rust
layer thickness of weathering steel were close to those of
carbon steel, indicating that the resistant function of the
alloyed elements was confined because of the presence
of abundant Cl in the rusts. P was not detected since the
content of P in Corten A weathering steel is smaller than
others reported**).

2.3 Constituent compounds of rust

Figure 6 exhibits the XRD results of the powered corro-
sion products on upward and downward surfaces of the
two kinds of steels. They were mainly composed of
B-FeOOH, Feg(O,0H);4Cl; 5 and a little y-FeOOH. IR
analysis of the rusts (shown in Figure 7) also confirmed

Figure 4 The distribution of CI, S, O, Mg and Si in the rust formed on upward surface of carbon steel. Back Scatter Electron Image (BSEI) of
the analyzed portion is shown in (a) and (b). (a) and (b) are from the same sample.
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Figure 5 The distribution of S, O, Mg, Si, Cl, Cr, Cu, Ni and Fe in the rust formed on upward surface of weathering steel. Back Scatter
Electron Image (BSEI) of the analyzed portion is shown in (a) and (b). (a) and (b) are from the same sample.
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Figure 6 X-ray diffraction patterns of the rusts formed on the
upward and downward surfaces of the two kinds of steels.

the presence of B-FeOOH and y-FeOOH. No IR data for
Feg(O,0H),6Cl; 3 could be referenced in literatures. In
addition, broader and weaker peaks of y-FeOOH on
downward surfaces of the two kind of steels indicated its
poor crystallization. The absorption band at the vicinity of
1630 cm ™' demonstrates that a considerable amount of
bound water was contained in the corrosion products[g].
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Figure 7 IR spectra of the powdered rust formed on the upward
and downward surfaces of the two kinds of steels.

2.4 Electrochemical polarization

To evaluate the protectiveness of the rust layers, anodic
and cathodic polarization measurements were carried
out on different samples and the results are shown in
Figure 8. The free corrosion potentials of both kinds of
steels were about —0.630 V (SCE).
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Figure 8 Polarization curves of the rusted electrode samples
exposed upwardly.

(i) Anodic polarization. Anodic polarization curves
of rusted carbon steel and weathering steel were similar.
With the increase of potential from the free corrosion
potential to about 0.5 V (SCE), the current densities of
two kinds of steels increased exponentially and the val-
ues of current densities were very close, indicating the
anodic dissolution rate for carbon steel and weathering
steel were almost the same and the alloyed elements in
weathering steels showed no protective action. This is in
good agreement with the results that weight loss and rust
layer thickness of two kinds of steels were close (Table
2). As the potential moved to higher potential, the cur-
rent density greatly decreased and then increased slowly.
This may be because the following reaction occurred:

Fe’' - Fe''+ e (D)

The standard potential of the electrode reaction is
0.53 V (SCE)"". In addition, when the potential was lar-
ger than 0.65 V (SCE), the current density of weathering
steel was smaller in comparison with that of carbon steel,
which is because that the alloyed constituents existed in
the rusts of weathering steel and their higher valence
products blocked the anodic dissolution of the steel!"”".

(ii) Cathodic polarization. The cathodic current
densities of rusted carbon steel and weathering steel in-
creased rapidly with the decrease of the potential. And
the values of their cathodic currents were very large,
which was attributed to the reduction of the rust lay-
ers®>!12 addition, the cathodic curves for rusted
carbon steel and weathering steel were nearly over-
lapped, implying that the species in the rusts that were
involved in the cathodic reaction were very close. In
other words, the two kinds of steels had similar rust

composition, which agreed well with the XRD and IR
spectra results (Figures 6 and 7).

2.5 Corrosion mechanism

In this work, weathering steel and carbon steel exhibited
the similar corrosion rate, corrosion product and polari-
zation behavior. The alloyed element in weathering steel
showed no remarkable protective ability due to the short
exposure time!®).

Based on all the above analysis, it could be summa-
rized that Cl” played an important role during the initial
corrosion process of carbon steels and weathering steels
in Qinghai Salt Lake atmosphere. And the corrosion
process involved a micro-cell mechanism!'>'¥. At the
beginning of exposure, saline particles were deposited
on the steel surface and reacted with water in air result-
ing in the formation of an electrolyte film and the re-
lease of chloride ions. At anodic sites that the electrolyte
film covered, iron was dissolved and transformed into
ferrous ions. At cathodic area that was not covered, O,
was reduced. The excess positive charge at anodic sites
was balanced by chloride ions. In this way, electro-
chemical cell Fe | FeCl, solution | 0O, was formed and
scattered on the steel surface, which accelerated the
corrosion of steel. FeCl, could deliquesce and a neutral
or slightly acidic environment was created, which was
unfavorable for the formation of Fe(OH),*”. In this
environment, mixed Fe (II, III) complex hydroxychlo-
rides, such as intermediate product “green rust I”
[GRI(Fe(OH,Cl),55)], tended to be formed because iron
possessed the ability to be readily transformed between
the +2 and +3 valence states™”). These intermediate
iron hydroxychlorides were easily oxidized in air and
converted into various corrosion products, such as [-
FeOOH, Feg(0,0H)6Cl; 3 and y-FeOOH. With the for-
mation and accumulation of rust film on steel surface,
the cathodic reaction was dominated by the reduction of
rusts. In addition, CI” penetrated into the rust-metal in-
terface along the cracks and holes in the rust film. The
electrochemical cell was changed to Fe|FeCln solu-
tion | rust and the corrosion was continued.

3 Conclusions

In the early exposure (for 6 months) in salt lake atmos-
phere, weathering steel and carbon steel showed analo-
gous corrosion behavior. For the same kind of steel, the
corrosion degree of upward surface was similar to that
of downward surface. The rusts on both kinds of steels
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consisted of one layer and were mainly composed of
B-FeOOH, Feg(O,0H)6Cl; 3 and a little y-FeOOH. CI
played an important role in the corrosion of low-alloyed

steels and promoted the formation and development of
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