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This research is aimed at studying the corrosion rates of carbon and weathering steels due to exposure at three urban exposure
sites and the characteristics of corrosion products of carbon steel in Yangon, Myanmar. The ISO 9223 standard was used to
classify the corrosion aggressiveness of the atmosphere. There is a high level of time of wetness (TOW) class which is 7, in the
south and 75 in the central part of Myanmar. At the recent exposure sites in Myanmar, the atmospheric impurities are low, so
the corrosion rates of carbon and weathering steels are mainly governed by TOW. The corrosion rates of test sites fall into the
ISO C2 category. It appears that corrosion kinetics fit the power model well, since the correlation coefficient is high. Various
morphologies of corrosion products including globular, flowery, and sandy lepidocrocite emerged in the early stage of
exposure. The longer TOW conditions resulted in the formation of lepidocrocite and goethite. The growth of goethite products

on carbon steel was discovered after nine months of exposure.

1. Introduction

Myanmar is situated in a tropical zone; thus, the atmo-
spheric conditions are high in temperature and humidity
through a year which causes a long time of wetness
(TOW). Moreover, a heavy rainfall over 200 inches
(5080 mm) is measured during the monsoon season, espe-
cially in the coastal area. In addition, the country possesses
a long coastal line which is about 2,300 km, and high chlo-
ride concentration in coastal areas is discovered due to the
air with high airborne salinity coming in from the Bay of
Bengal. Moreover, Myanmar is a developing country which
means air pollution is growing up with the development of
industrial activities nowadays. These facts affect in signifi-
cant degradation of materials by atmospheric corrosion.

The study of atmospheric corrosion in Myanmar was
initiated in 2014 and Thandar et al. investigated the link
between outdoor and accelerated corrosion of weathering
steel [1]. However, the implementation of atmosphere
aggressiveness and characterization of rust layer by exposure
in different urban atmospheres in Myanmar have not been
performed yet. The aggressiveness of the atmospheric con-
stituents can be assessed by measuring climatic and pollu-
tion factors or by determining the corrosion rates of
exposed metals. Corvo et al. detected a significant difference
in aggresivity among climatic seasons at the place with a
high salinity in tropical climates [2]. Atmospheric corrosion
processes have been reviewed and analyzed in detail, and
also, several mathematical models have been developed for
prediction the corrosion damage of metals in the


https://orcid.org/0000-0002-5143-7718
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/4301767

atmosphere [3]. However, these developed mathematical
models are proposed to explain atmospheric corrosion at a
particular region, and these cannot be extrapolated to the
other places because the number of variables that is consid-
ered by the models is much reduced in comparison with the
great number of variables that really influence on atmo-
spheric corrosion process [4].

The formation of corrosion products on metal surfaces
depends on the presence of surface contamination and mois-
ture, either in the form of rain, dew, condensation, or high
humidity. Different types of corrosive environments are clas-
sified by the content of atmospheric aggressive agents
(named sulfur dioxide SO, and chloride CL") [5]. Moreover,
the types of atmosphere (rural vs. coastal) drives the kinetics
of corrosion and consequently the corrosion products. The
kinetics of atmospheric corrosion sometimes does not corre-
spond to one parameter, despite the fact that it is affected by
a combination of influenced parameters. A higher amount of
wet deposition brings more sea salt near the shore causing
higher chloride deposition rate. The significance of higher
wet deposition amount’s effect on CL™ deposition in Thai-
land is reported by Wanida et al. [6]. The authors discovered
that higher chloride deposition occurred at the test site with
more rainfall than at the test site with low rainfall. Also,
taking into consideration salt dissolving in the rainfall, it is
calculated that CL™ deposition is higher at higher TOW site.
In the study of corrosion of carbon steel in Vietnam during
the period of 1995-2005, the corrosion of carbon steel is
mostly affected by TOW [7]. The major construction mate-
rial in Myanmar recently is carbon steel due to its relatively
low cost and excellent mechanical properties. Due to wide-
spread use of carbon steel in the country, it is desirable to
study the atmospheric corrosion behaviors of this steel.

Atmospheric corrosion of steels is strongly dependent on
the nature of oxide or rust layer on the steel surfaces. Thus,
the characteristic of rust layer is expected to understand cer-
tain beneficial effects of corrosion process of steel in the cor-
responding environment [8]. Corrosion of carbon steel is
composed of various oxides such oxyhydroxides, hydrated
oxides, miscellaneous crystalline, and other elements result-
ing from the reaction of iron (Fe) with its surroundings such
as the atmosphere [9]. Many researchers studied the corro-
sion products of atmospheric corrosion by X-ray diffraction
(XRD) and Raman spectroscopy. According to their find-
ings, corrosion products formed on the early period of expo-
sure are usually lepidocrocite and later transformed into
goethite [10]. The environmental condition is a parameter
that affects the structure and size of the corrosion products.
It was found that the oxide layer at the chloride enrich envi-
ronment was irregular and cracked. The oxide layer is char-
acterized by akaganeite, which occurs at chloride-rich
environments [11]. The transformation of the oxide layer
from lepidocrocite into goethite through prolonged expo-
sure time was observed on the surface of carbon steel
exposed in Banda Aceh’s atmosphere in Indonesia [12].
The chemical composition of metal significantly affects the
rust layer [13]. Hence, the property corrosion products play
a role in determining the kinetics of the corrosion reaction
on specific material.
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In this article, the results of a recent study on atmo-
spheric corrosion over 3 years are discussed at three urban
exposure sites. The corrosion rate and characteristics of cor-
rosion products of steel produced in Myanmar have been
studied. Depending on how much weight is lost, corrosion
rate was calculated. Time of wetness and the level of pollut-
ants, namely, SO, and chlorides, were determined in order
to establish the aggressiveness of atmospheres. Morphologi-
cal features of the rust layer were identified with exposure
time for further examination of the interplay between corro-
sion products, environmental factors, and corrosion kinetics
in the local areas, in Myanmar.

2. Experimental Procedure

The experimental setup for the measurement of corrosion
rate and environmental parameters is similar for all test sta-
tions. Specimens were exposed outdoors on a metal rack
which was designed by ISO 8565 [14] to allow specimens
to be exposed at a 45° angle from horizontal. The climatic
parameters which influence atmospheric corrosion; temper-
ature, relative humidity, sulfur dioxide, and airborne salt
concentration were measured at the recent studied areas.
The location of exposure station at each location was chosen
according to local atmosphere and convenience for installa-
tions. Test period was three years, and intermittent measure-
ments were taken three to four times during proposed
exposure time.

2.1. Location of Corrosion Test Sites in Myanmar. Three
exposure test sites were planned, one located in the middle
of the country and the other two in the south. The location
of three exposure stations is shown in Figure 1. The expo-
sure stations are numbered as Site 1 (T1) in Mawlamyine
city, Site 2 (T2) in Yangon city, and Site 3 (T3) in Mandalay
city, and the corresponding numbers are used in subsequent
citations. Test station T1 is located in the north-south
Tenasserim (Tanintharyi) strip, test station T2 is located in
the southern Irrawaddy (Ayeyarwady) deltaic cost, and test
station T3 is located at the central part of the country. The
major type of atmosphere in recent exposure sites is urban
atmosphere. The sites are located away from the coastal line
at 21km for test station T1, 51 km for test station T2, and
342 km for test site T3, respectively. The exposure test racks
were constructed according to the ISO 8565 standard [14].
The exposure racks’ installations were finished on the roof
slab of the universities’ buildings at each site.

The climatic parameters including temperature (T) and
relative humidity (RH) were recorded on an hourly basis
by a meteorological observation system installed at the
nearby location of test specimens. Atmospheric impurities
such as airborne salt and sulfur dioxide were measured by
gauze and cylinder methods according to the JIS Z 2382
standard [15]. The dry gauge and PbO, cylinder were
installed under the instrument shelter with open airflow up
to the standard. The gauge and cylinder were replaced every
month, and the content of monthly atmospheric impurities
was determined from the discharged gauge and cylinder.
18 flat plate specimens with a size of 70 x 150 x 3 mm of
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F1GURE 1: Locations of test sites.

carbon (SM) and weathering (SMA) steels were prepared for
Sites T2 and T3, and 12 flat plate specimens were subjected
to exposure at Site T1. The chemical composition of steels
for this study is shown in Table 1.

The specimens were cleaned prior to the exposure at the
site according to ASTM G1-03 [16]. At each exposure site,
three out of the total number of specimens were dismounted
at the desired sampling period. The samples were exposed at
Site T1 from September 2014 to December 2014, September
2014 to April 2015, September 2014 to August 2015, and
September 2014 to December 2015. At site T2, six sets of
specimens were exposed from September 2014 to December
2014, September 2014 to April 2015, September 2014 to
August 2015, September 2014 to December 2015, March
2014 to March 2016, and March 2014 to March 2017. Three
sets of samples were taken and exposed at the test Site T3
from March 2014 to March 2015, from March 2014 to
March 2016, and from March 2014 to March 2017. At the
end of each sampling period, samples were collected and
corrosion was investigated.

2.2. Corrosion Rate Calculation and Kinetic Studies. The
amount of metallic corrosion is determined by the weight
loss method in which the material’s weight loss is calculated
by differencing the weight of original specimens and the
weight of specimens after cleaning. In this study, the speci-
men cleaning process is followed to the ISO 8407 standard
[17]. The cleaning procedure and content of chemical solu-
tion according to the standard are shown in Table 2.

The corrosion rate calculation is carried out according to

CR(mm/yr) = oW, , (1)
pPA

where W, is weight loss per year (g/y), p is density of steel
(g/cm®), and A is exposed area (cm?).

To predict the mathematical model, corrosion data
from 3-year exposure were used. The variation of weight
loss (C) due to corrosion expressed as micrometers (ym)
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TaBLE 1: Composition of carbon steel (SM) and weathering steel (SMA).

Chemical composition (% by weight)

Material C si Mn P s Cu Cr Ni Nb
SM 0.17 0.32 1.39 0.016 0.012 — — — —
SMA 0.12 0.39 0.9 0.008 0.006 0.36 0.61 0.22 0.014
TaBLE 2: Chemical cleaning procedure and solution for removal of corrosion products.
Material Chemical Time  Temperature Remarks
(i) 500 ml hydrochloric acid
Iron and steel (i) 3.5 g hexamethylenetetramine 10min  20°Cto 25°C  Longer time may be required in certain circumstances

(iii) distilled water to make 1000 ml

with time (¢) can be described by the empirical equation
in the form

C=kt". (2)

Townsend and Zoccola [18] used linear regression
analysis to fit a straight line to a log-log plot of corrosion
loss (C) vs. time () in logarithmic form:

log,,C =log,,k + n log,,t, (3)

where k is the intercept (equal to the corrosion loss in first
year) and n is the slope of the log-log plot. The first year
corrosion rate is important for not only the classification
of atmosphere corrosivity but also for the forecasting of
long-term corrosion. The value of k and »n depends on
type of parameter and climatic parameters. A higher n
value which is greater than 0.5 suggests that the rust layer
is loosely adherent and tends to result an increment in the
corrosion reaction. An A value of n lower than 0.5 results
from a decrease in the diffusion coefficient with time
trough recrystallization, compaction of rust layer, etc.
The aggressiveness of atmosphere is classified according
to the ISO 9223 standard [19]. The standard’s criteria define
the environmental classification in terms of SO, (class P)
and CL" (class S), whereas P, and P, correspond to SO,
deposition rates of <10 and 10-35 mgm'2 d-4 respectively,
and S, S;, S,, and S; correspond to chloride deposition rate
of <3, 3-60, 60-300, and 300-1500 mgm™>d", respectively.

2.3. Morphology of Corrosion Products. The morphology of
corrosion products was analyzed using scanning electron
microscopy (SEM). SEM analyses were completed using
the JEOL JXA 480A Electron Probe Microanalyzer, and
the samples were analyzed in the as-received condition.
A SEM test was performed in the same spots on the
specimen’s surface.

3. Results

3.1. Time of Wetness. Myanmar is located in the tropical
monsoon climate zone and has long costal line which is
about 2,300 km alongside the Bay of Bangel and the Anda-

man Sea. Thus, the climate is strongly influenced by the
monsoon and it is different from the country’s South to
North. According to the meteorological agency, the areas
of the country are classified according to their climate char-
acters as the coastal area, deltaic area, central dry area, and
northern highland area. The country climate is classified as
three seasons; the winter or northeast monsoon season
(from November to February) with low temperature prevails
over the whole country; the summer season (from March to
the mid of May) with high temperature prevails in the cen-
tral and lower parts of the country; and the rainy or south-
west monsoon season (from the mid of May to October)
with constantly heavy rainfall is observed in the coastal
region. Monthly average climate data (temperature, T} rela-
tive humidity, RH; and rainfall) was measured by meteoro-
logical observation system installed at the exposure site.

According to measured climate data, the average tem-
perature at all exposure sites is almost constantly high dur-
ing a year, regardless of small fluctuation with less than
10°C. The maximum temperature range is within 30-35°C
during the summer time (within March and May). Manda-
lay site (T3); located in the central dry area under temperate
climate has the highest temperature among three exposure
sites. As shown in Figure 2, Site T1 and Site T2 have almost
the same temperature and both experience low-temperature
variation during a year. Meanwhile, Mawlamyine site (T1),
located in the southern region of the country, has the aver-
age temperature range of 18-29°C with a constantly high rel-
ative humidity range within 65-98% within a year. RH
in Site 2 is also high, and the monthly average RH is about
58-85%. However, RH in Site 3 is obviously lower than
others with a range of about 40-77%.

The total rainfall is high due to the monsoon in rainy
season as can be seen in Figure 3(a). The distribution of rain-
fall is complicated and depends on topography. In general,
the highest rainfall amount was measured in Site 1 in
August, which is about 826 mm (33 inches). Meanwhile,
in Site 2 (T2), the highest rainfall is about 510 mm (20
inches). The rainfall in Site 3 is very low, which is about
250 mm (10 inches) in May.

The above factors provide a calculation of the time of
wetness (TOW). In this study, TOW is assumed as the time
during which T is higher than 0°C and RH is greater than or
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FiGure 3: Total of rainfall (a) and TOW (b).

equal to 80 (%) [19]. Figure 3(b) and Table 3 give the
monthly average TOW and the category of TOW of the
sites. The highest monthly TOW was recorded between June
and September during the rainy season. Similar to RH,
TOW is high in the south; annual TOW is longest in Site 1
(T1) and is about 5532 h/year, and annual TOW in Site 2
(T2) is about 4002h/year. In the central part, it is only a
few hours which is about 1172 h/year.

According to the ISO definition of TOW, the time of
wetness of the corroding surface is directly determining the
duration of the electrochemical corrosion processes. How-
ever, this calculation does not cover all the aspects of climate
because TOW is “estimated” based on the characteristics of
the atmosphere humidity complex, independently of the
pollutant level and the nature of the metallic material [20].
From this point on, it is necessary to clarify the relationship

TaABLE 3: Data of time of wetness.

Site no. TOW (hours/year)
1 5532 7,
2 4002 7,

3 1172 75

Category

between TOW and pollution levels in the atmosphere that
has combined effects on corrosion rates.

3.2. Levels of Pollutants in the Atmosphere. The monthly
average deposition rates of SO, and chloride and category
of atmospheric pollutants by the ISO standard are given in
Figure 4 and Table 4, respectively. It was observed that chlo-
ride deposition (about 0.06 mdd) was observed during May
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FIGURE 4: Atmospheric impurities at test sites.

TaBLE 4: Average deposition rate and classification of atmospheric pollutants.

Site no. SO, (mgm™day™) Deposition rate category (P) CL (mgm? day™) Deposition rate category (S)
1 — - 1.89 S,
2 241 P, 37 S,
3 2.40 P, 1.2 S,

TaBLE 5: Corrosion rate values and atmosphere aggressiveness.

Site no. ~ Specimen type  Corr. Rate (um/year)  Category
SM 13.96 C2
! SMA 13.26 C2
3 SM 17.32 C2
SMA 16.57 C2
SM 8.92 C2
> SMA 6.76 C2

to August (high TOW period during rainy seasons). Mon-
soon wind usually sweeps through the country during these
times [21] causing more airborne salt particles to be carried
inland by the wind. Maximum sulfur dioxide deposition
measured at Site T2 was 0.05 mdd, while the rate measured
at Site 3 is 0.036 mdd. The annual average values of chloride
are a little higher at Site T2, the value is 3.7 mgm™ day’’,
while at Site 1, the value is 1.89 mgm™ day . Site T3 has
lesser chloride deposition rate than others which is
12mgm™ day”'. The annual average deposition of SO,
recorded at the sites is almost identical, 2.41 mgm™ day™’
and 2.4mgm™ day ', at Site T2 and Site T3, respectively.
The chloride deposition in Site T1 is lower than that
in Site T2 although Site T1 is closer to the coast. This is
because Site T1 has higher rainfall, and it could be due to
washing effect of heavy rain and carrying effect of wind on

deposited atmosphere pollutants, respectively [20]. It is
noted that the chloride deposition is higher during the peak
TOW season, and vice versa. Here, it can be said that these
two parameters have a relationship to each other. To con-
firm the relationship between TOW and CL™ deposition,
more information is needed.

3.3. Corrosion Rates and Classification of Atmospheres
Aggressiveness. The corrosivity categories of atmosphere
were evaluated as defined by ISO 9223 [19]. This standard
determines the corrosion rate depending on the corrosion
rate of set of metals after 1-year exposure. The corrosivity
category of different environments is classified under class
C, wherein C1, C2, C3, C4, and C5 correspond to the
corrosion rates of very low, low, medium, high, and very
high, respectively. Table 5 shows the corrosion rates and cor-
rosivity categories of the sites.

In general, both SM and SMA steels show decreased
corrosion rates as the exposure time increases. All sites are
classified as having low aggressive atmospheres, ISO C2
(low corrosivity).

3.4. Kinetic Studies. For the mathematical modelling relative
to the corrosion rate versus time, Equation (1) is used for the
atmospheric behavior of a certain material at the recent sites.
Two parameters “n” and “K” define the function of
corrosion of proposed materials. The initial corrosion rate

(corrosion rate during the first year of exposure) is described
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FIGURE 5: Logarithmic plots of corrosion loss (#m) as a function of time exposed at the sites T1 (a), T2 (b), and T3 (c).

TaBLE 6: Corrosion kinetic parameters K, n, and coefficient of 2.

Test station SM SMA
No. Location K (ym) n r2 K (um) n r2
T1 Mawlarnyine 15.09 0.65 0.92 14.63 0.94 091
T2 Yangon 17.32 0.52 0.86 16.57 0.60 0.74
T3 Mandalay 8.92 0.42 0.91 6.76 0.54 0.97

by “k,” while “n” is a measure of long-term decrease in cor-
rosion rate. When n=0.5, the corrosion penetration
increases in parabolic, with diffusion through the corrosion
product layers as the rate controlling step. At n<0.5, the
corrosion products show protective, passivating characteris-
tics. A higher “n” value which is >0.5 indicates nonprotective
corrosion products. As shown in Figure 5, the corrosion data
versus time can be mapped to log-log coordinates to obtain
an approximate point on a straight line, whose slope is taken
as the “n” value.

From the figures, it can be seen that the points lie close to
a straight line on the log-log coordinate. This is saying that
the power function is verified to estimate corrosion behavior
of steel at these three sites. The values for “n,” “k,” and cor-
relation coefficient “r*” for each site are shown in Table 6.

Nonprotective layers of rust were found in both SM and
SMA due to the fact that the n values were higher than 0.5.
However, the corrosion rates of SMA steels at all exposure
sites are lower than those of SM steels. As a result of the alloy-
ing elements in SMA steels, corrosion rates are retarded more
than conventional SM steels at all test sites where corrosion
rate reduces by 2% for T1, 11% for T2, and 24% for T3.

3.5. The Observation of Corrosion Products. A composition
of corrosion product depends on the material and the envi-
ronment, to which it is exposed, as well as the intensity of
changes in meteorological factors, such as wind, tempera-
ture, and rainfall. The scanning electron microscope (SEM)
shows the morphological and topographical characteristics
of the oxide layer. Throughout the period of one year of
exposure, traces of oxide were found on each periodical sam-
ple. The SEM morphology of rust on carbon steel which was
exposed for 12 months is illustrated in Figure 6.

The observation of corrosion product after one month of
exposure (August-September) was dominantly lepidocrocite
with different shapes. After two months of exposure, the
corrosion products comprised of globular lepidocrocite. It
was found that the corrosion products after four months
(August-December) and five months (August-January) of
exposure were akaganeite and magnetite. Some features, such
as globular lepidocrocite, were not found on the surface of the
specimens during that time. This is because of the heavy rain
during the last months of rainy season (May-October) as seen
in Figure 3(a) that might have cleaned the corrosion products
and might be responsible for the loss of these features.
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FiGUure 6: Continued.
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F1Gure 6: The morphology of corrosion products: (a) after one month: plate (A) and globular (B) lepidocrocite; (b) after two months: bar
type lepidocrocite; (c) after four months: akaganeite; (d) after five months: magnetite. The morphology of corrosion products: (e) after six
months: sandy crystals (C) and bar-shaped (D) lepidocrocite; (f) after seven months: sandy crystals lepidocrocite; (g) after eight months:
sandy crystals (E) and flowery (F) lepidocrocite; (h) after nine months: globular (G) and needle-shaped goethite on the surface of
globular (H) lepidocrocite; (i) after twelve months: worm net lepidocrocite (I) and cotton ball goethite ().

During December to February, the amount of sulfur
dioxide deposition was measured within a range of 3-
5mmd. The formation of lepidocrocite was found again in
February (6 months of exposure). Lepidocrocite with differ-
ent shapes such as sandy crystals and bar-shaped and flow-
ery structures was found again after six, seven, and eight
months of exposure. When the exposure time was passing,
goethite emerged partly on the specimen surface. The glob-
ular and needle-shaped goethite on the globular lepidocro-
cite can be observed after nine-month period. The features
of worm net lepidocrocite with cotton ball goethite were
observed after twelve months. The early stage of weathering
of carbon steel under the longer period of TOW is com-
monly associated with lepidocrocite. The initiation of
goethite formation was started at the nine months of expo-
sure. These features indicate the growing of goethite with
the longer period of exposure.

4. Conclusions

TOW in the south part of Myanmar is high, according to
ISO classification which is equivalent to class 7, in Site T1
and Site T2. Temperature in the central part of the country
is consistently high, and TOW in Site T3 is low with an
ISO class of 7;. In Myanmar, due to the relatively low level
of atmospheric impurities (such as SO, class, P, and CL
class, Sy-S;) and high rainfall, the corrosion rates of both
SM and SMA steels highly depend on the time of wetness
(TOW). The corrosion rates in both SM and SMA steels
decrease with increasing exposure term. Low to medium
aggressiveness of atmosphere was determined at Mawlamyine,
Yangon, and Mandalay in Myanmar.

Although corrosion rates decrease with exposure time,
formation of protective rust layers has not been confirmed
yet on both SM and SMA steels during these 3 years of expo-

sure. The corrosion losses of both SM and SMA steels well
fitted with power model with high correlation coefficient.

In general, the corrosion products formed on carbon steel
were still dominantly lepidocrocite with different shapes, and
starting of goethite was growing with longer exposure term.
The major morphological structures found for the corrosion
products of carbon steel in Site T2 have been globular, flowery
structure, sandy crystals, and worm net structures of lepido-
crocite and cotton ball and needle-shaped structures of goe-
thite. It was found that different structures of lepidocrocite
formed in the early period of exposure and later, it is trans-
forming into goethite. The transformation of lepidocrocite to
goethite primarily takes place in longer TOW. The future
study will be confirmed transformation of corrosion products
against exposure period.
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