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ARTICLE INFO ABSTRACT
Keywords: In this study was examined the response of carbon steel to atmospheric corrosion after one-year
Atmospheric corrosion exposure in Valle de Aburrd, a subregion located in northwestern Colombia. The study involved

Carbon steel
Tropical atmosphere
Corrosion rate

the assessment of material mass loss and corrosion rate, the characterization of atmospheric
aggressiveness, and the analysis of the morphology and composition of corrosion products in five
different sites. Climatological and meteorological factors were assessed by testing for chloride
content, sulfur dioxide levels, and time of wetness (TOW). The analysis of corrosion products was
conducted using scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman
spectroscopy. Based on corrosion rates, two sites exhibited a more aggressive environment, with a
corrosivity category of C3, while the remaining sites were categorized as C2. The study confirmed
the presence of lepidocrocite and goethite phases on the surface of carbon steel at all test sites.
Data analysis revealed that both the TOW and the industrial activity significantly influence the
corrosion of this metal.

1. Introduction

Structural materials damage due to corrosion processes results in high building maintenance and rehabilitation costs [1,2]. Many
metallic equipment and structures operate in the atmospheric environment, which poses an enormous challenge in corrosion science
[3,4].

The corrosion process involves numerous site-specific variables, including the Time of Wetness (TOW), which is influenced by
meteorological factors such as temperature and relative humidity. In addition, the presence of atmospheric elements such as SO, and
chlorides accelerates atmospheric corrosion [5-7]. It is well known that corrosion rates of metals in the atmosphere may vary by tens
or even hundreds of times depending on their location [8]. Hence, conducting corrosion studies specific to certain areas or regions is
crucial [9].

Valle de Aburra, located in the southern part of the Colombian department of Antioquia, in the heart of the Central Andes
Cordillera, is a metropolitan area with distinctive geographical, meteorological, and urban growth characteristics that exacerbate air
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quality issues. It is affected by both stationary and mobile sources of pollution throughout its entire territory and is surrounded by
towering mountains that impede air circulation during specific periods of the year.

Remarkably, the last atmospheric corrosion study in the city dates back sixteen years [6]. Therefore, analyzing the valley atmo-
sphere’s corrosivity evolution in recent years and assessing the impact of varying environmental factors is crucial to estimate the
lifetime of carbon steel structures and equipment. Moreover, it aids in developing effective strategies to control corrosion.

In this study, atmospheric corrosion of carbon steel AISI - SAE 1005 and its susceptibility to different atmospheric variables were
evaluated over a one-year period at five test stations within Valle de Aburrd. Corrosion products were characterized using Scanning
Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS), X-Ray Diffraction (XRD), and micro-Raman Spectroscopy
(RS).

2. Materials and methods
2.1. Materials

In this research was used carbon steel (CS, AISI/SAE 1005), a material commonly employed in construction applications. The CS
samples were cut to dimensions of 10 x 12 x 0.1 cm, labeled with nylon thread for identification, subjected to sandblasting, and
cleaned with absolute ethanol. The initial weights of all samples were recorded before exposing them to various sites in Valle de Aburra
for comparative analysis, in accordance with ASTM G31 (Section 7.9). Subsequently, the samples were sealed in airtight bags for
transportation. Table 1 shows the chemical composition of CS, which was determined using a Bruker Q8 MAGELLAN optical emission
spectrometer.

2.2. Exposure sites and sample assembly

The study was conducted in Valle de Aburrd, a region located in the department of Antioquia, in northwestern Colombia (see
Fig. 1a). The five chosen locations were assigned the following notations: Site 1 - S1 (Center), Site 2 - S2 (West), Site 3 - S3 (Southeast),
Site 4 - S4 (North), and Site 5 - S5 (Southwest). The carbon steel plates were placed on unprotected racks at an inclination of 60° facing
north, according to ASTM G50 [10], as depicted in Fig. 2.

2.3. Determination of atmospheric pollutants and time of wetness (TOW)

Both sulfate and chloride collectors, prepared according to NBR-6921 and NBR-6211 standards, respectively, were used at the five
test sites [11,12]. Additionally, CEM thermohydrometers (with a precision of +5 % and +2 °C) were employed to obtain continuous
temperature and relative humidity readings. Using this dataset, time of wetness (TOW) was determined, defined as the fraction or
percentage of time (monthly or yearly) during which the temperature surpasses 0 °C while the relative humidity equals or exceeds 80
% [13].

The quantification of chlorides and sulfates was performed using a METROSEP IC ion-exchange chromatograph (model 761
COMPACT IC, version 2.761.0020), on a quarterly basis until the end of the assessment. The level of atmospheric aggressiveness was
determined following ISO 9223 guidelines. Fig. 1b shows the design of the pollutant collectors used in the corrosion stations.

2.4. Determination of mass loss and corrosion rates

The samples were exposed to the atmosphere for one year. Mass loss was measured, and corrosion rates were calculated on three
replicates after 3, 6, 9, and 12 months of exposure. To determine mass loss, corrosion products were removed by chemical pickling
according to Section 9 of ASTM G1 [14]. Afterward, the samples were washed with ethanol and dried using cold air. Weight data were
recorded for each CS sample at each point (3, 6, 9, and 12 months). The corrosion rate was determined by measuring the mass loss, as
shown in Equation (1), following the procedure outlined in Section 8.1 of ASTM G1.

Kx W
Feorr = m
Axtxp
Where.
K =(8.76 x 104) is a constant
W = mass loss (g)
Table 1
Chemical composition of carbon steel (CS).
Chemical composition (%)
Fe C Si Mn P S Cr Mo Al
99.55 0.054 0.0034 0.256 0.0083 0.0051 0.023 0.0032 0.051
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A = area (cmz)
T = time of exposure (hours)

P =density (g / cm3)
2.5. Identification of corrosion products

Corrosion products were characterized at the end of the test. A JEOL JSM-7100 scanning electron microscope coupled with an
Oxford X-Max EDS AZtec 51-XMX1178 energy dispersive system was used to analyze their morphology and composition both on the
surface and in cross sections.

The characterization of the corrosion products’ composition was complemented using a HORIBA Jobin Yvon LabRAM HR high-
resolution confocal Raman spectrometer and a Malvern Panalytical Empyrean 2012 X-ray diffractometer equipped with a Pixel 3D
detector and a Cu source (o = 1.541 }o\) at 45 kV and 40 mA, with a step size of 0.02° and a dwell time of 46 s.

3. Results and discussion
3.1. Environmental characteristics of exposure sites

TOW was consistently high across all sites, as shown in Fig. 3. At exposure sites S1, S2, S3, and S4, the TOW fell into category !4,
while exposure site S5 was classified in category !5, according to ISO 9223 [15]. Both TOW categories are high, favoring the formation
of a sufficiently thick moisture layer on the steel substrate that allows the electrochemical corrosion reactions in anodic and cathodic
zones most of the time [9]. Conversely, the rate of chloride deposition is negligible and has little impact on the process. However, at
certain sites, sulfate deposition significantly contributes to the corrosion process alongside other variables.

In a study conducted between 2017 and 2018 in urban environments, Vidal et al. [4] reported high relative humidity values, where
the TOW category for three corrosion stations was 4. However, the corrosion rate for grey cast iron was found to be between 13 and 17
pm/year, which is lower than that obtained in this study for CS, except for S2. This difference could be attributed to the higher amount
of sulfates observed in the present study, as shown in Table 3. Moreover, Vidal and colleagues reported a decrease in acid contami-
nation compared to previous studies conducted in the same location.

Table 2 indicates that the TOW was greater than 4500 h/year for all test sites. Fig. 3 depicts a TOW behavior typical of tropical
regions [7]. Particularly, Valle de Aburra is classified as a humid tropical zone and has been experiencing unexpected increases in
rainfall in recent years. As observed in Fig. 3. December, January, and February experienced the lowest TOW, corresponding to months
8 through 10. This is consistent with findings from various studies [16-18], which indicate a period of low rainfall during these months
followed by a second dry season from July to August (months 2 through 4).

The areas located in the southern part of Valle de Aburra exhibited the highest TOW, although this variable also remains notably
high in the other areas.

Monthly chloride and sulfate deposition are illustrated in Fig. 4a and b respectively. S3 and S4 exhibited the highest rates of
chloride deposition; however, they were minimal across all sites. Similarly, sulfate deposition remained below 70 mg/m?.day in most
measured periods and at all stations, except for an increase in January 2023 (month 9), which was noticeable for S4, significant for S5,
and moderate for S3.

Table 3 presents the environmental pollution variables measured at the five test stations, as well as an atmospheric categorization
based on ISO 9223.

The SO, deposition rates measured at S1, S2, S3, and S5 fall within the PO ISO 9223 category, while S4 is classified under the P1
category. Considering this, it can be determined that S4 exhibits the highest SO, deposition rate, followed by S5, and the three sites
located in industrial areas. Accordingly, this atmosphere has low chloride and moderate sulfate contents. Sulfate deposition rates lower
than 10 mg/m? d correspond to rural atmospheres, between 10 and 100 mg/m?2.d correspond to urban atmospheres, and higher than
100 mg/m?.d correspond to industrial atmospheres [19,20].

3.2. Sample mass loss and corrosion rate

Fig. 5 displays the variation in mass loss of CS at the five exposure sites until the end of the test. The order of mass loss was S4 > S3
> S1 > S5 > S2. Presumably, S4 (north) exhibited the highest mass loss due to high SO, content and TOW levels. Furthermore, this

Table 2
Time of wetness per year for the five test sites. Category assigned according to ISO
9223.
Site TOW (hours/year) Category
S1 4499.23 14
S2 4743.13 14
S3 5032.28 14
S4 4588.35 14
S5 5595.54 15
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Fig. 4. Deposition rates at the five test sites for various exposure periods. a) Cl~ deposition; b) SO, deposition.

Table 3
Environmental pollution variables, climatic features, and pollution data obtained by ion chromatography.
Site Deposition rate SO, (mg/mz.d) P Deposition rate C1~ (mg/mz.d) S TOW (hours/year) § CA
s1 2.3954 PO 0.2968 SO 4499.23 14 3
S2 2.4399 PO 0.1928 SO 4743.13 14 3
S3 3.7265 PO 0.4999 SO 5032.28 14 3
S4 16.7838 P1 0.3843 SO 4588.35 14 3
S5 5.9865 PO 0.1898 SO 5595.54 15 3or4

P, S, &: Categories for SO,, C1-, and TOW, respectively. CA: Corrosivity category. (Environmental parameters according to ISO 9223).

5
s+ Sijte 1
W Site 2 B
e Sijte 3 . i
@ | = Site4 !
o 3- ;
» s>  Site 5
8 o
= ! 1 } ;
1 % f
0 T T T T

0 3 6 9 12
Exposure time (months)

Fig. 5. Mass loss of carbon steel over one year of exposure in Valle de Aburra.

Table 4
Categorization of atmospheric aggressiveness.
Site Vcorr (pm/y) CA
AC AC
Site 1 21.88 Cc2
Site 2 13.73 Cc2
Site 3 31.98 C3
Site 4 34.65 C3
Site 5 18.06 Cc2
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station is located near a highway with heavy traffic. This figure also shows a cumulative mass loss trend for all sites, highlighting a
stabilization at S3 and S4. This phenomenon demonstrates the protective capacity of the corrosion products that form on the metal.
Moreover, S3 and S4 experienced a higher mass loss, explained by their location in industrial areas with high pollution levels and
presence of particles from metal cutting and organic paints, as well as longer TOW.

TOW and sulfate deposition rate have an impact on mass loss at sites with both industrial atmosphere and tropical humidity
characteristics. A study conducted in tropical areas [21] reported high TOW and !4 categories at three sites. The sulfate concentrations
at one of the study sites (St John’s Island, 16.9 mg/m?.d) are consistent with those observed in this study. At the same station, the mass
loss was 237 g/m? and the corrosivity category was C3, which is consistent with the mass losses found at sites S3 (314 g/m?) and S4
(340 g/mz) in this study (see Fig. 5).

Table 4 shows the corrosion rate of CS at each of the study stations. S4 exhibited the highest corrosion rate, followed by S3. Ac-
cording to ISO 9223, the corrosivity categories of the sites evaluated in this study were C2 and C3. Similar findings have been identified
in studies in urban and industrial exposure sites. For example, Zafar et al. [22] reported C3 corrosivity categories for corrosion stations
in urban and industrial areas with chloride and sulfate contents higher than those found in the present study. The sulfate contents had
minimum values of 88 mg/m?2.d, and maximum values of 190 mg/m?2.d. However, the average TOW was 2000 h/year, which is lower
than that found in this research. Similarly, Correa et al. [6] conducted a study on Colombian atmospheres in 2007 and found that the
values for mass loss and sulfate contents in urban stations were comparable to those in this study.

In the course of one year, S3 and S4 displayed a corrosion rate of approximately 35 pm/year, whereas S1, S2, and S5 achieved
values ranging from 22 to 14 pm/year. Another study conducted in 2010 on atmospheric corrosion at six sites in Colombia, including
Medellin (which is part of Valle de Aburrd), the corrosion rate was 25.93 pm/year. This rate is higher than that of S1, S2, and S5, but
lower than that of S3 and S4 [6]. However, in both cases, the aggressiveness category of the Medellin environment for CS is still C2 and
C3 (moderate) according to ISO 9223.

Comparisons were made between the corrosion rates obtained in this study and those reported by other authors with similar
corrosion categories (see Fig. 6). It is noteworthy that all these sites fall within the classification of urban or industrial-urban atmo-
spheres [6,23-29].

Fig. 6 show the corrosion rate observed in this study aligns with findings from various authors documenting corrosion rates at other
sites. However, it is noteworthy that the sulfate deposition levels in our study are notably lower compared to those reported by
different authors for similar corrosion rates at their respective sites.

According to the data in Fig. 6, the increase in SO, content has a moderate influence on the corrosion rate. This may be due to the
formation of protective layer of corrosion products, as evidenced in other studies [6]. Without ignoring the effect of SO», other factors
such as TOW could have a prominent role in this type of atmospheres.

Observing atmospheric conditions categorized as industrial-urban and urban, it is evident that sites 3 and 4 in this investigation
exhibit corrosion rates similar to Zaragoza, Spain [23], Beijing, China [24] and Sendai, Japan [25]. These rates surpass those of other
reported sites. Conversely, site 1 in this study manifests a corrosion rate positioned at a midpoint, comparable with other sites as Hanoi
(Vietnam) [26]. Sites 2 and 5 exhibit corrosion rates at the lower end of the spectrum reported for such atmospheres; however, it is
worth noting that these values have also been reported by other authors [6,27-29].

The corrosivity categories determined by environmental parameters are somewhat different from those determined by corrosion
rates. Although no direct relationship is observed between chloride deposition, sulfate deposition, TOW, and mass loss, high relative
humidity percentages appear to have an impact on the corrosion process. Particularly, S4 experienced greater pollutant deposition,
resulting in higher mass losses and corrosion rates. The high mass losses at S4 and S3 are related to the industrial activity in these areas.
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Fig. 6. Corrosion rates vs sulfate deposition for the stations including in this study and those reported by other authors in urban and industrial-
urban atmospheres.
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3.3. Characterization of corrosion products

3.3.1. Raman spectra

Fig. 7 displays the Raman spectra for the CS samples tested during one year at each exposure site. These spectra exhibit bands that
resemble iron oxides often found in steel corrosion products. Peaks at 252, 1302, and 650 cm ™~ suggest the existence of lepidocrocite
(y-FeOOH). On the other hand, peaks at 300, 379, and 650 em ! are indicative of the existence of goethite (a-FeOOH) [30].

The Raman spectra of iron oxides and hydroxides demonstrate visible bending of the Fe-O-H group and stretching of the Fe-O
group within the 1200-600 cm ™! region. Overlapping bands and molecular frequencies are observed in the 600-200 cm ™! region, as
reported in previous research [31]. Table 5 shows the peaks corresponding to the oxyhydroxides found in different studies, where * is
the prominent band [31-33]. Table 6 shows the peaks found for each of the exposure sites, where * are the most prominent bands in the
corrosion products found in this study.

At all five exposure sites, lepidocrocite was observed to be the primary corrosion product based on the high peak intensity at 250
and 377 cm’l, which is consistent with previous studies [24,26-28]. Rust analysis also revealed a combination of lepidocrocite and
goethite, with the most representative bands at 245, 299, 385, 479, and 550 cm L. The spectral analysis provides a distinct differ-
entiation between goethite and lepidocrocite, despite significant overlapping of bands, particularly at the 245 cm ™! region.

3.3.2. X-ray diffraction

The corrosion products formed at the five exposure sites were analyzed using XRD (Fig. 8). The samples collected from all the sites
showed the presence of the same main components: lepidocrocite (y-FeOOH) and goethite (a-FeOOH), which is consistent with the
findings of previous studies [6,21,29-31].

The typical peaks for lepidocrocite were observed at 20 values of 14°, 37°, 53°, 60°, with 27° being the main peak. Several
consecutive peaks were observed at 34° and between 38° and 41° for goethite [27,28].

According to the XRD results, lepidocrocite was the main corrosion product. Additionally, a broad diffraction peak at 21.3°
indicated the presence of goethite, albeit in small amounts. At S3, goethite was also observed at 34.6°.

3.3.3. Scanning electron microscopy and energy-dispersive X-ray spectroscopy

Figs. 9-13 display SEM images of the morphology of the corrosion products after one-year exposure. Fig. 9a shows the presence of
lepidocrocite on steel at S1. Specific morphological characteristics of lepidocrocite, and in some instances goethite, were observed at
all sites. Floral and plate crystals typical of lepidocrocite and cotton ball structures common to semi-crystalline goethite samples [6,22]
were easily identified in all samples. None of the analyzed samples exhibited the magnetite pattern, which consists of flat, dark patches
with round disks [34].

Fig. 9a and b shows lepidocrocite in the form of plates. According to Seechurn et al. [35], these plates of lepidocrocite emulate the
form of tree roots and tentacles. Similarly, lepidocrocite plates are observed in Fig. 10a and c, however, according to Fig. 10b, goethite
cotton balls can be observed at low magnifications.

Fig. 11(a-c), the characteristic structure of lepidocrocite is evident, albeit at a magnification of 10.000x, where its appearance is
notably finer. The finely structured lepidocrocite is also discernible in Fig. 12a and b, alongside globular formations of the same
observed in Fig. 12c. The “strings” observed at S5 in Figs. 13a and b represent structures made of lepidocrocite crystals, resembling
strings, which had been previously detected in Colombian atmospheres [6]. Fig. 13c show lepidocrocite in the form of plates.

The predominance of goethite and lepidocrocite with the observed morphologies corresponds to initial states of atmospheric
corrosion.

4. Conclusions

S4 (in the northern part of Valle de Aburra) and S3 (in the southern area) exhibited the highest levels of aggressiveness, most likely
due to their intense industrial activity. In contrast, the aggressiveness of remaining sites was associated with urban activity. The
highest level of corrosivity at S4 can also be related to high industrial activity and the influence of a nearby highway. Similarly, the
corrosivity at S3 is linked to its intensive industrial activity.

In all cases, the assessed sites displayed a corrosivity level ranging from slightly high (C3) to moderate (C2). Compared to previous
studies conducted in Valle de Aburrd more than 15 years ago, the SO deposition rate is slightly low at S4, where the highest level of
aggressiveness is recorded. However, the corrosivity level has not changed significantly.

The findings derived from studies carried out in atmospheres with analogous conditions have demonstrated the importance of
sulfate content and TOW to the corrosion process. These findings bear substantial implications for the design and selection of materials
for applications involving exposure to corrosive atmospheres. It is imperative to carefully consider the concentration of sulfate present
in the environment, as well as the duration of exposure to moisture when selecting materials and establishing appropriate maintenance
protocols.

Aggressivity categories revealed discrepancies between environmental parameters and corrosion rates. Following the classification
based on corrosion rate, CS exhibited a lower category if compared to classification based on environmental factors. However, it is
important to assess both environmental parameters and corrosion rates for a better assessment of materials’ susceptibility.

The presence of only oxyhydroxides (lepidocrocite and goethite) in CS suggests initial stages of the corrosion process in all sites.
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Fig. 7. Raman spectra of carbon steel after one year of exposure, showing lepidocrocite and goethite in the corrosion products at all exposure sites.

a) S1, b) S2, ¢) S3, d) S4, e) S5.

Table 5
Raman spectra of the carbon steel corrosion products.

Corrosion product

Characteristic band (cm ™)

Goethite 250 308 376* 525 644
Lepidocrocite 250% 376 524 644
Table 6
Raman spectra of the carbon steel corrosion products at each site.
Site Characteristic band (cm ™)
Site 1 142 218 252* 306 348 377* 528 649 1303
Site 2 218 249* 298 376* 528 657 1002 1293
Site 3 141 219 252* 306 380* 529 651 1003 1302
Site 4 142 219 252* 306 379* 530 647 1302
Site 5 143 221 253* 311 352 382* 530 650 1295
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Fig. 8. XRD spectra of carbon steel after one year of exposure, showing lepidocrocite and a minor proportion of goethite in the corrosion products at
all exposure sites. a) S1, b) S2, ¢) S3, d) S4, e) S5. L: lepidocrocite, G: goethite.
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at S1.

SEM micrographs of the carbon steel rust surface layers at S4.
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Fig. 13. SEM micrographs of the carbon steel rust surface layers at S5.
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