JOURNAL OF MATERIALS SCIENCE 38 (2003) 3597- 3602

Characterization of the rust on carbon steels
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Characterization of the rust formed during long-term atmosphere exposure at Beijing
station on carbon steels pre-corroded by different gaseous pollutants was performed by
means of Fourier transform infrared spectroscopy and X-ray diffraction. Goethite
(a-FeOOH), Lepidocrocite (y-FeOOH) and Feroxyhite §-FeOOH are identified in the rust
formed on all of the samples independent of the different pre-corrosion conditions and the
different carbon steels. The results also show that: the rust constituent of the same kind of
carbon steel pre-corroded by different pollutants are the same; the rust of carbon steels
exposed for one year is some different to that exposed for two years; the phase
constituents of the inner rust at the upper surface are the same as that at the downward
surface, but those of the outer rust are different. It is concluded that the phase constituents
of the rust of the same kind carbon steel after one year are the same under the different
pre-corrosion conditions. © 2003 Kluwer Academic Publishers

1. Introduction

Generally speaking, carbon steel always suffers from
corrosion in ambient atmosphere before it is put into
use, and the initial corrosion products may have some
influence on the long-term exposure behavior.

An understanding of the atmospheric corrosion
mechanism of steel requires a comprehensive study
on the influence of environment on the formation of
the rust. X-ray diffraction (XRD) can be useful for the
characterization of the rust of carbon steels. However,
in many occasions the phases of the rust are “amor-
phous”, and they can hardly be identified by XRD [1].
Infrared absorption (IR) spectroscopy is one of the old-
est and most commonly used techniques in chemistry
to analyze the bonding characteristics among structural
components in materials and can delineate various non-
crystalline phases [2].

In this paper, carbon steels were pre-corroded in some
artificial atmospheres containing certain such as sul-
fur dioxide, hydrogen sulfide or nitrogen dioxide for
certain periods, then the pre-corroded samples and the
blank samples were further exposed at Beijing station,
located in the North part of China. Fourier transform
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infrared (FTIR) spectroscopy and XRD patterns of sev-
eral representative rust products obtained from samples
were used to characterize the phase constituents of the
rusts and to deduce long-term corrosion performance.

2. Experimental methods

2.1. Preparation of specimens

Carbon steels A3 and 16Mn of chemical composition
shown in Table I were studied, the steels were cut into
plates with the dimensions of 100 mm x 50 mm X
4 mm, then mechanically polished, degreased, rinsed
and dried. Some of the plates were pre-corroded in at-
mospheres with different gaseous pollutants for some
days. The pre-corrosion parameters are list in Table I,
with H,S, NO, and SO, denoting the atmospheres con-
taminated by the respective gas, and damp air stand-
ing for air with 85%RH. Blanks in which specimens
were not pre-corroded were also tested. The pollutants
were provided by the Chinese National Research Cen-
ter for Certified Reference Materials. The pre-corroded
and blank plates were exposed for two years to a ru-
ral atmospheric environment (a Beijing’s suburb) at an
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TABLE 1 Nominal chemical composition of exposed carbon steels
(Wt%)

C S P Mn Si Al Fe
A3 0.2 0.009 0.015 0.6 0.3 base
16Mn 0.16 0.025 0.009 1.4 0.4 0.05 base
TABLE II Pre-corroded parameter of exposed carbon steels
Pre-corrosion condition Damp air SO, H,S NO,
Relative humidity (RH) 85% 85% 85% 85%

Temperature (°C) 35 35 35 35
Pollutant concentration (10~%) - 11.3 33 206

angle of 45° to the ground facing south and under open
condition.

2.2. Analysis of the rust

The surface morphology of the samples were caught
by SONY DSC-F707, and the compactness of the sam-
ples was evaluated by Cambridge LEO S360 SEM pho-
tographs of cross-section.

The rust from the samples was characterized by
means of FTIR spectroscopy and XRD. After one-
year exposure, the rust products on the carbon steels
were quite thick, and were possible to distinguish to
be two different layers: outer and inner rust. The outer
rust could be descaled very easily from the substrate
(in some cases it could be separated as a whole using
tweezers). The inner one was more adherent and care-
fully scraped off from the metallic substrate using a
razor blade [1, 3]. The layers were then ground to fine
powder with a mortar and pestle. A Nicolet Corporation
model Magna-IR560 (with VeeMax accessory) infrared
spectrophotometer was used to determine the spectra of
the powdered samples, which were mixed evenly with
spectrally pure KBr and pressed to form thin plates,
then were subjected to infrared spectroscopic analysis
by scanning 64 times in the spectral ranges 400 and

4000 cm™! with spectral resolution of 8 cm™!. The
X-ray diffraction measurements were carried out using
a model D/MAX-RB diffractometer with Cu K, radia-
tion and a scanning speed of 8° min~! and 26 was from
5° to 80°.

3. Result and discussion

A rust product was visible on the A3 and 16Mn steels
after pre-corrosion in the atmospheres containing dif-
ferent gaseous pollutants. In order to study whether
the preformed corrosion products were the same and
whether the pre-corrosion conditions influence sub-
sequent corrosion behavior, FTIR spectra of the pre-
corroded samples were recorded. In the spectrum of
the samples pre-corroded by the atmosphere contain-
ing NO,, the peaks of NO, and NOj are evident, and
the peaks of SO%‘ and SOZ‘ are evident in the spectra
of the samples pre-corroded by the atmospheres con-
taining SO, and H,S.

Whether the samples exposed at Beijing station for
one year or two years, all of them corroded seriously.
The FTIR spectra of carbon steel A3 pre-corroded by
different gaseous pollutants were recorded to analyze
any variation in the constituents of the rust. Fig. la
shows the FTIR spectra of inner rust of steel A3 pre-
corroded by the atmosphere contaminated with NO,
and then outdoor exposed for 1 year. Although pre-
corroded by NO,-containing atmosphere, the peaks of
NO; were not detected. Fig. 1b, c and d show the FTIR
spectra of the inner rust from one-year exposed samples
pre-corroded in damp air, SO,-containing atmosphere
and H,S-containing atmosphere, respectively, but S*~,
SO%‘ or SO~ was not detected on the corresponding
samples.

It can also be seen from Fig. 1 that the FTIR spec-
tra corresponding to different pre-corrosion conditions
were similar. The powder-like, as well as the flake-
like rust, formed on the steel surfaces consisted of
a mixture of goethite (v-FeOOH), lepidocrocite (y-
FeOOH) and §-FeOOH. Goethite had peculiar peaks
at 885 cm~!(s) and 780 cm~!(s), and lepidocrocite
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Figure 1 FTIR spectra of A3 steels pre-corroded by different pollutants ((a) NO,, (b) damp air, (c) SO, and (d) H,S) then exposed for 1 year at

Beijing station. G: a-FeOOH, §: §-FeOOH, L: y-FeOOH.
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Figure 2 FTIR spectra of the inner rust of the samples pretreated by SO,
then exposed 1 year (a) A3 steel, (b) 16Mn steel.

had peaks at 1020 cm~!(s) and 750 cm~!(vw) and
1450 cm™!(vw), while the amorphous §-FeOOH had
peaks at 1124 cm~!(mb) and 794 cm™!(wb). Here, “s”,
“vw” and “mb” stand for “strong”, “very weak” and
“mild broad”, respectively. The FTIR spectra of the rel-
evant phases can be found in the literature [2—4]. The
peak at 3120 cm ™! is the O—H stretch vibration from
lepidocrocite, and the peak at 3380 cm™! is the O—H
stretch vibration from §-FeOOH [3, 5]. In addition, the
absorption band found in the vicinity of 1640 cm~! in
Fig. 1 demonstrates that the rust contained a consider-
able amount of bound water.

After exposed for one year or two years, FTIR spectra
of the inner layers from the samples pre-corroded under
the same condition were similar, and the outer rust lay-
ers from the samples pre-corroded under the same con-
dition were similar too. Fig. 2 shows the FTIR spectra of
the inner rust of the different carbon steel samples pre-
corroded in the SO;-containing atmosphere and then
exposed for one year. The spectra from the two kinds
of carbon steels are similar. The frequencies of the main
peculiar spectra are the same except the intensities are
some different, therefore the main constituents of the
rusts on the two kinds of carbon steels are the same and
the content of every constituent is different.

After exposure for one year or two years, the inner
and the outer rust on the same sample pre-corroded
under the same condition had different FTIR spectra.
Fig. 3 is the FTIR spectra recorded from A3 steel pre-
corroded in the NO;-containing atmosphere and then
exposed for one year. The outer rust showed some
difference from the inner rust. The analysis of the
FTIR spectra of the different constituents indicates that
goethite, lepidocrocite, §-FeOOH, Fe(OH); and mag-
netite, which spectra lies in 580 cm™' and 745 cm™!
[6], are the constituents of the outer rust, of which the
main difference with the inner rust is that the magnetite
was not detected in the inner rust.

The XRD data were used to support the FTIR spec-
tra results. Standards for the XRD analyses were ob-
tained from literatures [4, 7-9]. Fig. 4 shows the XRD
patterns of the outer and the inner rusts from carbon
steel 16Mn pre-corroded in the SO,-containing atmo-
sphere and then exposed for two years. According to the
XRD analysis results, the outer rust mainly consisted
of the following phases: goethite (e-FeOOH: Joint
Committee on Power Diffraction Standards [JCPDS]
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Figure 3 FTIR spectra of A3 steels pretreated by NO; and exposed for
1 year (a) FTIR spectra of the inner rust and (b) FTIR spectra of the outer
rust.
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Figure 4 X-ray diffraction patterns of the outer and the inner layer
rust of the 16Mn steel pretreated by SO, and exposed for 2 years
(L: y-FeOOH, G: «-FeOOH, F: Fe;03-9H,0, M: y-Fe;03).

290713), lepidocrocite (y-FeOOH: JCPDS 80098),
maghemite (y-Fe,O3: JCPDS 391346) and ferrihy-
drite (5Fe,03-9H,0: JCPDS 290712); while the in-
ner rust was mainly made up of goethite, lepidocrocite
and ferrihydrite. The lines corresponding to goethite,
lepidocrocite and ferrihydrite were clearly identified
in both of the XRD patterns recorded from the inner
and the outer rusts. The relative intensities of goethite
in the inner rust layer were stronger than those in the
outer layer, and the diffraction peaks of the inner rust
were broader than those in the outer rust. This latter
result indicates that the grain size of the inner layer
rust was smaller than that of the outer layer. Rust with a
smaller grain size may more compact and therefore may
more effectively hinder the inward permeation of water
and oxygen and hence retard further corrosion of the
samples.

From the XRD patterns (Fig. 5) of the rust layers
formed on steel A3 after pre-corrosion in the SO,-
containing atmosphere followed by 1 year exposure, it
can be seen that goethite, lepidocrocite, ferrihydrite and
maghemite are the main oxides identified in each layer.
Besides the four constituents, the diffraction peaks due
to the magnetite are clearly identified in the outer rust
in Fig. 5. It can also be seen from Fig. 5 that the rel-
ative peak intensities with the corresponding peaks of
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Figure 5 X-ray diffraction patterns of the outer layer and the inner layer
corrosion products of the A3 steel pretreated by SO, and exposed for
2 years (L: y-FeOOH, G: «-FeOOH, F: Fe;03-9H,0, M: y-Fe,03,
N: FC3 04).
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Figure 6 X-ray diffraction patterns of the outer layer rust of the A3 steel
pretreated by SO, and exposed for 1 year and 2 years (L: y-FeOOH,
G: a-FeOOH, F: Fe;03-9H,0, M: y-Fe;03, N: Fez04).

goethite and lepidocrocite were very different. The rel-
ative peak intensities of lepidocrocite in the outer rust
layer were much stronger than those in the inner rust
layer.

The XRD patterns of the samples exposed for one
year and two years were similar independent of the
pre-corrosion conditions. Fig. 6 shows that the XRD
patterns of the outer rust of steel A3 pre-corroded in the
SO;,-containing atmosphere and then exposed for one
year and two years. The phase constituents in both of
the XRD patterns were mainly identified to be goethite,
lepidocrocite, maghemite, ferrihydrite and magnetite.
The relative peak intensities of goethite in the pattern
of the sample exposed for two years are higher than
that for one year, while the relative peak intensities of
lepidocrocite are lower than that for one year. It has
been proposed [10, 11] that lepidocrocite can be trans-
formed into goethite by a solid state transformation.
A possible explanation for those observations is that
lepidocrocite tends to transform into goethite in the
inner rust, and the fine goethite possesses the cation
selective ability that impedes the penetration of aggres-
sive anions passing through the rust layer to the steel
surface [12].
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The XRD patterns of the inner rust of steel A3 pre-
corroded in the SO;-containing atmosphere and then
exposed for one year and two years were similar too,
and the phase constituents were mainly goethite, lepi-
docrocite, maghemite and ferrihydrite. Just as the outer
rust, the relative peak intensities of goethite of the inner
rust of the samples exposed for two years were higher
than that for one year, while the relative peak intensities
of the lepidocrocite were lower than that for one year.
Thus it may be concluded that lepidocrocite tends to
transform into goethite in the two layers of the rust.

It can be seen from the XRD patterns that goethite and
lepidocrocite were the main constituents, which are in
agree with the result from the FTIR spectra. §-FeOOH
was also the main constituent. The peaks of 6-FeOOH
were mixed with that of goethite and lepidocrocite in
the XRD patterns, while the peaks of the three phases
can be clearly identified in the FTIR spectra. The pre-
corrosion conditions had no influence on the long-term
atmospheric corrosion products of the two kinds of car-
bon steels.

During the following exposure, it was found that the
downward surface corroded more seriously and had a
looser rust layer than the upward surface, as was shown
inFigs 7 and 8. During the exposure, the upward surface
was shined in the sun and was easy to be dried, and the
precipitation and the rust could be washed down by
rainfall; while the downward surface had a longer time
of wetness, which caused more serious corrosion than
the upward surface. It can be seen from Fig. 8a and c that
the rust was made up of two layers and the downward
surface of A3 steel is looser than that of 16 mn steel. The
upward surface morphology of 16 mn steel is the same
as that of A3 steel. The outer layer is looser and easier
to fall off from the samples than the inner, and this is
the reason why the cross-section photograph showed
only a layer and why the downward rust was brownish
yellow and the upward rust was brownish black. The
inner rust is more compact and therefore the inner rust
may more effectively hinder the inward permeation of
water and oxygen and hence retard further corrosion
of the samples, which is in agreement with the results
from the XRD.

Table III is the corrosion rates of the carbon steels
exposed for one year and two years. The corrosion
rates of steel A3 are greater than those of steel 16Mn
pre-corroded under the same pre-corrosion conditions.
Table I shows that the chemical compositions of steel
A3 and steel 16Mn are different. Aluminum is present
in steel 16Mn and absent in steel A3, while the content
of manganese in steel 16Mn is higher than that of steel
A3. Aluminum can combine with other elements into
inclusions that are hard to melt and disperse in the steel,
which makes the crystal grain of steels finer [13] and
improve the anti-corrosion of steels [14]. Iron sulfide
always arranges along the crystal boundary and makes
steel brickle, and manganese is a desulfurizer and a de-
oxidizing agent in steels. After manganese desulfurizes
from iron sulfide, manganese sulfide will be formed and
will avoid sulfur arrange along the crystal boundary,
besides manganese can make pearlite finer [15]. Other
than this, Sulphide inclusions are inactive as sites for
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Figure 7 Cross-section photographs of the samples exposed for 1 year. (a) the downward rust of A3 steel, (b) the upward rust of A3 steel, (c) the
upward rust of 16Mn steel, and (d) the downward rust of 16Mn steel.

Figure 8§ Morphology of the sample exposed for 1 year (a) the downward surface of A3 steel, (b) the upward surface of A3 steel, (c) the downward
surface of 16Mn steel, and (d) the upward surface of 16Mn steel.
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TABLE III Corrosion rates of carbon steels, um/a

Pre-corrosion condition Damp air H,S NO, SO, Blank

Time (a) Ist 2nd 1st 2nd 1st 2nd 1st 2nd st 2nd
16Mn 37.2 8.8 37.7 10.3 38.4 7.5 37.2 10.6 37.9 9.8
A3 40.2 9.2 40.3 12.3 41.5 9.9 40.8 10.4 41.2 9.6

stable corrosion initiation if they are sufficiently small.
This is because a small open cavity formed by the initial
triggering cannot retain a solution of composition that
is sufficiently aggressive to continue the corrosion [16].
Therefore 16Mn steel corroded lighter than A3 steel be-
cause of the correlation of aluminum and manganese.

It can be seen from Table III that the corrosion rates
of the first year were much greater than those of the
second year. This is because the rust formed in the first
year hinders the corrosive medium to permeate inward
and hence retards further corrosion of the samples in
the second year. The corrosion rates of the samples
pre-corroded by NO; in the first year are the great-
est, followed by blank, H,S, SO, and damp air, while
the corrosion rates of the samples in the second year
and pre-corroded by NO; is lighter than those by other
atmospheres. NO; triggered corrosion of the samples
during the pre-corrosion. This effect is caused primar-
ily by electrochemical reduction of NO; on the sur-
face of the steels, the formation of nitrite shows that
NO; reduction is contributing to the cathodic current
on the surface [17] [reaction (1)—(4)]. The corrosion ef-
fects of SO, and H,S are their hydrolyzations [reaction
(5)-(9)]. Thus the corrosion rates of the samples pre-
corroded by NO; are greater than by other atmospheres.
The pre-corrosion products activated the samples’ cor-
rosiveness in the first year. After the active corrosion
products were depleted by the environmental factors,
the corrosion rates of the samples pre-corroded by NO;
will be smaller than others.

NO; (g) & NO; (ads) (1)
3NO; (ads) + H,0 — 2NO; (ads) + NO (g)
+2H" (ads) )
NO; (g) +e — NO; (ads) 3)
NOj (ads) <& H* +NO™ (ads) “4)
SO, (2) ¢ SO; (aq) @)

SO» (aq) + H,O < HSOj (aq) + H' (aq) (6)

HSO; (aq) + '/205 (aq) — SO; (aq)+H" (aq) (7)
H,S (g) © HaS (aq) ®)

H,S (aq) ¢ S* (aq)+2H™ (aq) (9)

M + xH,O — M - xH,0O 4+ ne™ (10)

O, + 2H,0 +4e~ — 40H™ 1D

The local environment of the blank samples and the
samples in the damp air is acidified by the hydrolysis of
the dissolving metal (M) cations [reaction (10)—(11)].

Thus their corrosion rates are smaller than the samples
pre-corroded by the other atmospheres.
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4. Conclusions

1. The inner or the outer rusts of carbon steels pre-
corroded by different atmospheres were similar, and
phase constituents of the rust are mainly goethite, lepi-
docrocite and §-FeOOH regardless of the pre-corrosion
conditions.

2. The inner rusts of two kinds of carbon steel ex-
posed for one year and two years were similar, while
the outer rust for one year and two years had some dif-
ferences. Lepidocrocite tends to transform into goethite
in both of the outer and the inner rusts.

3. The phase constituent of the rusts of carbon steel
A3 and carbon steel 16Mn were different, and this might
be the reason that carbon steel A3 corroded more seri-
ous than carbon steel 16Mn.
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