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Abstract
The coastal atmosphere of Walvis Bay, Namibia, is among the most corrosive in southern Africa due to
persistent marine aerosols, high humidity, and temperature fluctuations. This study investigates the
corrosion behaviour of reinforcement mild steel bars (rebars) under simulated marine conditions, using
natural seawater and corrosion parameters derived from environmental data of the study area. Unlike
conventional studies, this work integrates region-specific exposure data to realistically reproduce the
aggressive marine conditions typical of splash and tidal zones. After 60 days of immersion, smaller
diameter bars exhibited approximately 64.8% higher mass loss (0.095 ± 0.026 g) than larger bars (0.037 ±
0.001 g), corresponding to corrosion rates of 0.153 ± 0.021 mm/y and 0.076 ± 0.033 mm/y, respectively.
SEM and XRD analyses revealed ferrite-pearlite microstructures and corrosion products such as Fe₂O₃,

Fe₃O₄, γ-FeOOH, and α-FeOOH, confirming both uniform and localised corrosion. The results are the first

publicly disseminated quantitative corrosion dataset for steel rebars in the Walvis Bay marine
environment. The use of protective coatings, optimised concrete cover thickness, and periodic
maintenance to mitigate steel degradation are highly recommended for reinforced structures in that area.
These findings are useful for designing durable coastal infrastructure in Namibia and comparable marine
environments. However, there is need for further detailed monitoring of environmental conditions to
better understand their influence on the corrosion of exposed steel infrastructures at the coast of Walvis
Bay.

Categories: Materials Engineering, Structural Engineering, Environmental and Sustainable Engineering
Keywords: corrosion, reinforcement steel, seawater, coastal environmental conditions, chlorine-induced corrosion,
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Introduction
Corrosion poses a major challenge to steel infrastructures along the coast of Walvis Bay, Namibia. Key
components such as steel rebars, vessel chains, wheel rim lock rings, railway track components, and buoys
are highly susceptible to degradation, which weakens their mechanical properties and may lead to
structural failure [1]. Corrosion of reinforcing mild steel is an electrochemical process that produces a
complex mixture of oxides and oxyhydroxides such as Fe₂O₃, Fe₃O₄, α-FeOOH, γ-FeOOH, and FeCl ₂,

among others [2-8]. These corrosion products are generally porous and poorly adherent, allowing
continued exposure of the metal surface to aggressive agents.

Mild steel is widely used in marine environments for its mechanical strength and cost-effectiveness [9-11].
However, it becomes highly prone to corrosion during long-term seawater exposure [12]. Researchers
conducted in various coastal regions including Durban, Cape Town, Port Elizabeth, and Walvis Bay have
shown that it exhibits some of the highest corrosion rates globally, ranging between 0.10 and 0.80
mm/year. These extreme rates are caused by the warm Benguela Current, frequent mist banks, reduced
rainfall, and high onshore humidity [13,14]. The combined effects of oxygen, moisture, chloride, and
sulphate ions further accelerate corrosion in intertidal and splash zones [15-19].

Temperature and relative humidity also play critical roles, as they promote electrochemical activity, fog
formation, and deposition of marine aerosols [1,11,16,18,20-23]. Fog is particularly common along the
Walvis Bay coast, where warm, moist air from the landmass condenses over cold coastal waters, creating
highly corrosive atmospheric conditions [16,23].

Numerous studies have examined reinforcement steel corrosion in marine environments using
electrochemical and immersion techniques [12,15,22-28]. Thus, immersion testing remains a reliable
method for quantifying long-term corrosion performance by measuring mass loss and analysing the
corrosion products through techniques such as scanning electron microscope (SEM) and X-ray diffraction
(XRD).
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This study evaluated the corrosion behaviour of mild steel rebars of different diameters in simulated
Walvis Bay marine conditions, using immersion testing supported by SEM, XRD, and mass loss
measurements. The novelty of this research lies in its focus on the unique marine microclimate of Walvis
Bay, characterised by persistent fog, chloride-rich aerosols, and fluctuating humidity-factors rarely
studied in combination. By integrating environmental data with laboratory immersion testing, the work
provides site-specific insights into steel degradation and supports the development of corrosion
protection strategies for coastal infrastructure in Namibia and similar environments.

Materials And Methods
Coastal marine conditions of Walvis Bay
The laboratory immersion tests were designed to reflect the corrosive marine environment of Walvis Bay
using pre-collected environmental data. Ambient temperature and relative humidity data were sourced
from the Namibia Meteorological Services, while seawater composition was analysed in the laboratory.

Temperature was set within the local range (25-45°C) due to its direct influence on corrosion kinetics.
Natural seawater was used to maintain authentic chloride content, a key factor in steel degradation. While
relative humidity does not affect submerged steel directly, the consistently high humidity in Walvis Bay
supports the use of continuous immersion, simulating the always-wet conditions found in splash and tidal
zones. This alignment of test conditions with local coastal parameters ensured the relevance and accuracy
of the immersion corrosion simulations. The dataset spans four consecutive years and systematically
analysed to identify temporal patterns and spatial variations that may affect marine corrosion
mechanisms.

Characterisation of natural seawater
The seawater samples used for immersion testing were collected from Berth #3 at Walvis Bay, Namibia.
The physicochemical parameters of the seawater were determined prior to the corrosion experiments in
order to characterise the exposure medium. Measurements of pH, electrical conductivity (EC), redox
potential (ORP), turbidity, and total dissolved solids (TDS) were performed using a calibrated multi-
parameter probe (Hanna Instruments HI9829). Total hardness, Ca-hardness, and Mg-hardness were
determined by complexometric titration with EDTA in accordance with APHA Standard Method 2340C
[29].

Major anions such as chloride (Cl⁻), fluoride (F⁻), sulphate (SO ₄²⁻), nitrate (NO₃⁻), and nitrite (NO₂⁻) were

quantified using ion chromatography (Metrohm 883 Basic IC Plus), while major cations such as sodium
(Na), potassium (K), magnesium (Mg), and calcium (Ca) were analysed by inductively coupled plasma-
optical emission spectroscopy (Agilent 5110). Trace and heavy metals, including manganese (Mn), iron
(Fe), chromium (Cr), cadmium (Cd), lead (Pb), arsenic (As), and selenium (Se), were determined using
inductively coupled plasma-mass spectrometry (Agilent 7900) for high sensitivity and precision.

The Langelier and Ryznar stability indices were calculated based on the measured pH, alkalinity, hardness,
TDS, and temperature to assess the scaling or corrosive tendency of the seawater [16].

Characterisation of the rebars
The microstructural features of the reinforcement steel bars were examined using a Zeiss Gemini SEM 300
SEM to assess surface morphology and microstructural integrity. Phase analysis was conducted using

XRD on a BRUKER® D8 ADVANCE diffractometer equipped with a Cu Kα radiation source (λ = 1.5406 Å).
XRD scans were performed over a 2θ range of 10° to 90° to identify the crystalline phases present in the
steel bars.

Corrosion measurements
Immersion tests were conducted on reinforcement steel coupons of two diameters (ø = 10 mm and ø = 20
mm, each with 10 mm thickness), each prepared with a centrally drilled 0.05 mm hole for ease of attaching
to suspension strings. The chemical composition of the steel is provided in Table 1. Prior to testing, the
specimens were ground to 800 grit, ultrasonically cleaned in acetone, and rinsed with deionised water.

Filtered natural seawater, collected from Berth #3 in Walvis Bay, was used as the corrosive medium, with
suspended particles and biological matter removed while retaining the chemical composition
representative of local seawater. Full immersion testing was employed as a controlled approximation of
the humid marine atmosphere, providing exposure representative of the coastal environment. Samples
were immersed in individual open beakers (1 L each) under laboratory ambient temperature (24.3 ± 1.2 °C)
and humidity (51.2 ± 1.4 %), allowing natural aeration throughout the exposure period. No renewal of the
seawater was performed during the 60-day immersion.
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For each condition, tests were performed in duplicate (n = 2 independent specimens per diameter), and
the average value was recorded. Mass loss measurements were conducted at 5-day intervals. After each
interval, the samples were removed, and corrosion products were carefully removed using a surgical blade
and soft brush. The cleaned specimens were rinsed with deionised water, then dried with forced air
followed by oven drying, and finally weighed to quantify the mass loss.

Corrosion rate was determined using equation 1. This procedure enabled the assessment of corrosion
kinetics over time under the simulated marine exposure conditions.

  (2)

where, K = constant (8.74 × 104, to convert units to mm/y), Δm = mass loss (g) due to corrosion, ρ = density

of metal (g/cm3), t = exposure time (h), and A = exposed surface area of the sample (cm 2).

Sample
Element (wt.%)

Fe C Mn Si S P Cu Ni

Large rebar Bal. 0.18 ± 0.02 0.70 ± 0.10 0.20 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.24 ± 0.03 0.07 ± 0.01

Small rebar Bal. 0.16 ± 0.02 0.70 ± 0.20 0.14 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.10 ± 0.02 0.03 ± 0.00

TABLE 1: Optical emission spectrographic analysis (wt.%) of reinforcement steel bars

Corrosion product characterisation
For XRD analysis of the corrosion products, loose rust deposits were carefully scraped from the outer
surfaces of the corroded rebars and ground into a fine powder to ensure homogeneity. The XRD
measurement procedure followed the methodology described by Hango et al. [30]. To complement the
phase analysis, macrographs of the corroded steel surfaces were obtained using a Nikon COOLPIX L310
digital camera, providing visual documentation of the corrosion surface morphology and extent of
degradation.

Results And Discussion
Pre-collected environmental data at the coast of Walvis Bay
Temperature
Hourly, daily, and monthly temperature variations were recorded over four years (1 January 2020-31
December 2023) (Figure 1), to analyse their impact on the corrosion rates of mild steel rebars. The average
annual temperature ranged between 14.8 °C and 23.6 °C, with daily maximums reaching up to 43.2 °C
during summer and minimums dropping to around 10 °C in winter. The maximum temperature profiles
exhibited consistent diurnal trends across all four years, with stable temperatures from 01:00 to 08:00,
followed by a gradual rise between 09:00 and 15:00, peaking in the afternoon before declining between
16:00 and 20:00.

These daily maximum temperature cycles directly influence wet-dry alternations on exposed metallic
surfaces, which accelerate the initiation and propagation of corrosion. This cyclical pattern is influenced
by the strength of sea breezes in response to the land-sea temperature gradient, which promotes the
penetration of corrosive ions onto exposed structures during temperature decreases around sunrise and
sunset [22].

The diurnal temperature variability, with pronounced peaks during midday and lows in the early morning
(Figure 2), can be attributed to the inflow of fog and sea breezes, which is a common phenomenon at
Walvis Bay [22]. These thermal fluctuations govern the time-of-wetness on metallic surfaces, a key
parameter influencing corrosion rates [16,18,20]. The findings suggest that lower temperatures,
particularly in July, may reduce corrosion, whereas elevated temperatures during typically cooler months
could exacerbate material degradation in coastal environments [16,22]. This underscores the need for
detailed monitoring of environmental conditions to better understand their influence on the corrosion of
exposed steel infrastructures at the coast of Walvis Bay.
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FIGURE 1: Daily variation of minimum temperatures at the coast of
Walvis Bay, Namibia, in: (a) 2020, (b) 2021, (c) 2022, and (d) 2023

Humidity
The hourly, daily, and monthly humidity variations (Figure 3) from 2020 to 2023 show clear diurnal and
seasonal patterns that contribute significantly to the corrosion processes at the coast of Walvis Bay,
Namibia. Relative humidity (RH) ranged from 55% to 95%, with an annual mean of ~78 ± 4%. Early-
morning and night-time RH peaked at 85-95%, while daytime lows fell to 50-60% RH.

The high humidity during morning and night is primarily due to sea fog carrying marine aerosols such as
Cl⁻, Na⁺, Mg²⁺, SO₄²⁻, NO₃⁻, and SO₂ [31], which condense on steel surfaces, leading to the breakdown of
protective layers, localised pitting, and general corrosion.

Minimum RH trends (Figure 4) mirrored maximum values, with occasional drops below 45% RH between
April and July, and irregular variations in August, reflecting seasonal transitions.
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FIGURE 2: Daily variation of maximum humidity (%) at the coast of
Walvis Bay, Namibia, in: (a) 2020, (b) 2021, (c) 2022, and (d) 2023

FIGURE 3: Daily variation of minimum humidity (%) at the coast of
Walvis Bay, Namibia, in: (a) 2020, (b) 2021, (c) 2022, and (d) 2023

Analyses of natural seawater at Walvis Bay
The results of the seawater analysis are given in Table 2. The water samples exhibited consistent
physicochemical properties characteristic of open, non-restricted marine environments. These results
confirmed the inherently corrosive nature of the Walvis Bay marine environment and its significant
impact on steel infrastructure.
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Parameter
Berth
#3

Typical
seawater

Eastern Mediterranean
seawater

Arabian Gulf at
Kuwait

Red Sea at
Jeddah

Typical ocean
water

Units

pH 7.3 - -  - - -

Conductivity 5620 - -  - - mS·m−1

Potential 194 - -  - - mV

Turbidity 1.3 - -  - - NTU

Hardness 6945 - -  - - mg·L−1

NO3
− 0.5 - -  - - mg·L−1

Langelier
Index

0.4 - -  - - -

Ryznar
Index

6.6       

Cl− 22830.0 18980.0 21200.0 23000.0 22219.0 19353.0 mg·L−1

F− 0.8 1.0 - -   mg·L−1

SO4
2− 3141.0 2649.0 2950.0 3200.0 3078.0 2712.0 mg·L−1

Na+ 12080.0 10556.0 11800.0 15850.0 14255 10781.0 mg·L−1

K+ 437.0 380.0 463.0 460.0 210.00 400.0 mg·L−1

Mg2+ 1410.0 1262.0 1403.0 1765.0 7420.0 1284.0 mg·L−1

Ca2+ 456.0 400.0 423.0 500.0 225.0 412.0 mg·L−1

Sr2+ N/M 13.0 - -  8.0 mg·L−1

HCO3
− N/M 140.0 - 142.0 146.0 126.0 mg·L−1

Br− N/M 65.0 155.0 80.0 72.0 844.0 mg·L−1

TDS 36963.0 - 34483.0 38600.0 45000.0 - mg·L−1

TABLE 2: Chemical analysis of Walvis Bay natural seawater (Berth #3) and its comparison with
other seawaters

pH
The pH of the seawater at Berth #3 was measured at 7.3 (Table 2), slightly below the typical marine range
of 7.5-8.2 [27]. Although still alkaline, this lower-than-expected value suggests increased CO ₂ absorption

and higher dissolved carbonate content, which may lower buffering capacity and destabilise passive oxide
films on steel surfaces [32]. Hence, the mildly aggressive pH, combined with other environmental factors,
likely contributes to the deterioration of steel infrastructure in the area.

Electrical conductivity and redox potential
The electrical conductivity of the seawater at Berth #3 was recorded at 5620 mS·m⁻¹, exceeding values
reported for regions like the Southern Baltic Sea and the South Pacific Ocean [26,27]. This elevated
conductivity reflects high concentrations of dissolved salts, particularly Cl⁻, SO₄²⁻, and CO₃²⁻, indicating

the ability of the seawater to transport corrosive species [28]. In such saline environments, these anions
can penetrate protective coatings or concrete pores, accelerating steel corrosion. Additionally, the redox
potential of 194 mV was notably lower than the typical seawater value of ~250 mV [33], indicating reduced
oxidising strength likely due to lower dissolved oxygen or localised stagnation [16]. Despite this, the
positive redox value still supports electrochemical corrosion by facilitating metal oxidation.

Total dissolved solids and hardness
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The TDS levels of 6945 mg·L⁻¹ confirm the classification of Walvis Bay seawater as highly saline [26],
promoting strong electrolytic behaviour and material degradation [27]. High salinity correlates with
greater ion mobility and aggressive corrosion mechanisms [16,26]. In contrast, hardness-measured as
5806 mg·L⁻¹ for Mg and 1139 mg·L⁻¹ for Ca (as CaCO₃)-was significantly higher than comparable marine

zones like Ujung Kulon Beach, Indonesia [34]. Although such hardness can foster scale formation that
inhibits corrosion, the overwhelming presence of aggressive anions (Cl⁻, SO₄²⁻) and high TDS likely

undermine this protective effect [16].

Ionic composition and stability indices
The seawater revealed exceptionally high levels of Cl⁻ (22830 mg·L⁻¹), SO ₄²⁻ (3141 mg·L⁻¹), and

alkali/alkaline earth metals such as Na⁺ (12080 mg·L⁻¹), K⁺ (4370 mg·L⁻¹), Mg²⁺ (1410 mg·L⁻¹), and Ca²⁺
(456 mg·L⁻¹) (Table 2). These ions disrupt protective oxide layers and enhance localised corrosion
processes, especially pitting [19]. Even trace levels of F⁻ and NO₃⁻ can act synergistically to increase

corrosion rates [35,36], particularly in reinforced concrete systems [37]. The Langelier Index (LI = 0.4)
indicates a tendency towards scale formation, while the Ryznar Index (RI = 6.6) suggests a marginally
stable system (6.5-7.5). However, the corrosive influence of Cl⁻ and SO₄²⁻ overrides the scale-forming

potential, creating a complex chemical environment where corrosion is more dominant than protection
[16].

Comparison of the Walvis Bay seawater with other seawaters
To contextualise the ionic profile of the Walvis Bay seawater, samples from Berth #3 were benchmarked
against two standard seawater compositions, and seawater analyses of three regional bodies with
prominence in the maritime industry and trade-the Eastern Mediterranean Sea, Arabian Gulf, and Red Sea
[38]. This comparative analysis serves both to validate the present findings and to support the future
seawater analogues for remote corrosion studies.

Despite geographical variability, the Walvis Bay seawater exhibited an ionic hierarchy typical of marine
systems: Cl⁻ > Na⁺ > SO₄²⁻ > Mg²⁺ > Ca²⁺ > K⁺ > HCO₃⁻ > Br⁻ > BO₃⁻ > Sr²⁺ > F⁻ > H⁺. This similarity

reinforces the reliability of the collected data and suggests that Walvis Bay shares the corrosive
characteristics observed in other high-salinity environments. The dominance of chloride and sulphate
ions, both of which aggressively compromise passive films on steel, highlights the significant threat of the
marine environment to structural integrity. These findings support the broader corrosion assessment that
the seawater at this coastal area is highly corrosive, and that the Walvis Bay marine environment is
chemically comparable to other well-documented corrosive seawater systems.

Microstructure and XRD measurements before immersion tests
The SEM analysis of both large and small rebars (Figure 5a and b) revealed a typical ferrite-pearlite
microstructure, characteristic of mild steels [39]. Ferrite (α-Fe), the soft and ductile phase with a body-
centered cubic structure, provides good toughness and formability but offers limited corrosion resistance
due to its high iron content and low alloying [40]. Pearlite, a lamellar mixture of ferrite and cementite
(Fe3C), contributes to strength and hardness, though its electrochemical heterogeneity promotes micro-

galvanic corrosion, with cementite acting as a cathode [41].

The XRD patterns of the samples (Figure 5c) are identical, and confirm the presence of α-Fe and Fe3C
phases in both bars. The relative intensity of pearlite features may suggest slight compositional or cooling
rate differences, but both rebar samples conform to typical reinforcement steel standards [39]. The
predominance of ferrite suggests good ductility, which is a trait of mild steels, while the cementite
improves strength and hardness but compromises uniform corrosion resistance [39,40,42], especially in
chloride-rich marine environments like Walvis Bay.
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FIGURE 4: SEM micrographs of: (a) large reinforcement steel bar, and
(b) small reinforcement steel bar, both revealing a typical ferrite–pearlite
microstructure. The corresponding XRD patterns (c) confirm the
presence of α-Fe and α-Fe + Fe₃C (cementite) phases
SEM,  scanning electron microscope; XRD, X-ray diffraction

Immersion measurements
Mass Loss Analysis

Figure 6a shows the progression of mass loss over a 60-day period for both bar sizes, which were immersed
separately in natural seawater samples from Walvis Bay. Mass loss increased almost linearly during the
first 40 days for both rebar samples. Thereafter, a slight plateauing was observed for the large bar after 60
days while the mass loss increased significantly for the small bar in the same time interval.

These results show a clear trend of progressive deterioration, with the small bar experiencing
approximately 64.82% higher cumulative average mass loss (0.095 ± 0.026 g) than the large bars (0.037 ±
0.001 g) by Day 60. This behaviour is attributed to the higher surface-area-to-volume ratio of the smaller
bars, which enhances exposure to chloride attack and oxygen diffusion [43]. Visual examination confirmed
more corrosion products on the surface of the smaller bars, indicating severe localised corrosion than on
larger bars [44]. The morphologies (Figure 7) provide intuitive insights into the formation of rust. It is
evident that the rust layers exhibit different colours, attributed to the accumulation of corrosion products
on the surface over prolonged exposure periods.
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FIGURE 5: Variation of: (a) mass loss, and (b) corrosion rate with
exposure time for the reinforcement steel bar samples immersed in the
Walvis Bay natural seawater for 60 days

FIGURE 6: Macrograph of corroded large (upper) and small (lower)
reinforcement steel bars from the coast of Walvis Bay after immersion
test in natural seawater for the 60 days

Apart from geometric considerations, the higher mass loss observed in the small steel bars may also be
microstructurally driven. The higher ferrite content in the smaller bars enhances their anodic behaviour in
seawater, leading to intensified electrochemical dissolution when coupled with the more cathodic pearlite
regions [43,44]. In contrast, the large bars, with greater pearlite content, show improved corrosion
resistance due to more balanced microstructure and reduced micro-galvanic activity [45].

Corrosion Rate Analysis

Corrosion rates are presented in Figure 6b. Both bar types showed a sharp decrease in corrosion rate
between Day 10 and Day 40, indicative of aggressive electrochemical activity during the early immersion
period. The peak corrosion rate for small bars reached 0.153 ± 0.021 mm/year at Day 30, while large bars
exhibited a lower peak of 0.076 ± 0.033 mm/year over the same interval.

A subsequent decline in corrosion rates was observed between Day 40 and Day 60, possibly due to the
formation of corrosion product layers acting as partial barriers to oxygen diffusion [40]. However, the rate
reduction was more pronounced in the large bars, which retained comparatively intact oxide layers,
suggesting enhanced passivity.

The high corrosion rate of the small rebars in seawater reflects the combined influence of their
microstructural features, phase composition, and elemental makeup. A higher proportion of ferrite (α-Fe)
in the small bars, compared to the larger ones, made them more susceptible to uniform corrosion, as
ferrite acts as the anodic phase. In contrast, cementite (Fe₃C) within the pearlite regions behaves

cathodically, promoting localised attack through micro-galvanic coupling [39,42]. This microstructural
heterogeneity contributes significantly to the observed mass loss and surface degradation in the smaller
bars.

XRD analysis confirmed the dominance of α-Fe and Fe3C phases, typical of mild steel. The absence or

minimal presence of corrosion-resistant alloying elements (e.g., Cr, Ni, or Cu) limits the ability of material
to form a stable passive film in chloride-rich environments. Elemental analysis further revealed a high

Cureus Journal of Engineering

2025 Hango et al. Cureus J Eng 2 : es44388-025-07926-y. DOI https://doi.org/10.7759/s44388-025-07926-y 9 of 14

https://assets.cureusjournals.com/artifacts/upload/figure/file/25205/lightbox_bc74ec40a62711f09e2bb558d54c1174-Fig-6.png
https://assets.cureusjournals.com/artifacts/upload/figure/file/25206/lightbox_dce7cec0a62711f08fd25798787244b1-Fig-7.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


iron content and low alloying additions, reinforcing the vulnerability of steel to chloride-induced
corrosion in the aggressive marine atmosphere of Walvis Bay.

Corrosion Product Analysis

Phase evolution of corrosion products: The XRD patterns (Figure 7) revealed the presence of iron (Fe),
hematite (Fe2O3), magnetite (Fe3O4), lepidocrocite (γ-FeOOH), and goethite (α-FeOOH) as dominant

crystalline corrosion products, with varying intensities depending on the exposure duration and local
surface morphology. The initial stages of immersion (10-40 days) favoured the formation of γ-FeOOH as
the predominant phase [44,46]. This is consistent with prior reports which show that γ-FeOOH forms
rapidly in oxygenated neutral to mildly alkaline chloride-containing environments, such as natural
seawater, due to its metastable nature [45]. With continued immersion (40-60 days), α-FeOOH and Fe 3O4

became increasingly dominant. Goethite is thermodynamically more stable than lepidocrocite and forms
through a dehydration pathway, indicating progression towards a more mature corrosion product layer
[42,44,46].

FIGURE 7: XRD pattern of the corrosion product layer formed on
reinforcement steel bar samples after 60 days of immersion in natural
seawater at Walvis Bay. The identified phases include iron (Fe), hematite
(Fe2O3), magnetite (Fe3O4), lepidocrocite (γ-FeOOH), and goethite (α-
FeOOH). The marked lines indicate the corresponding diffraction peaks
for each phase
XRD, X-ray diffraction

Fe3O4, observed in both short-term and long-term exposure samples, likely formed under localised

oxygen-depleted zones beneath loose rust layers. The occurrence of Fe₂O₃ (hematite), particularly in

longer exposure samples (40-60 days), can be attributed to the oxidative transformation of magnetite in
oxygen-rich zones [47].

Influence of Microstructure and Chemical Composition

The SEM revealed a ferrite-pearlite microstructure with localised banding. The corrosion preferentially
initiated along the pearlitic regions due to galvanic coupling between ferrite (anodic) and cementite
(cathodic) phases [48,49].
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The steel bars, as per spectrometric analysis (Table 1), contained 0.24 ± 0.03 wt.% Cu, 0.70 ± 0.20 wt.% Mn,
0.18 ± 0.02 wt.% C, 0.20 ± 0.00 wt.% Si, and trace amounts of S and P, which were relatively low, suggesting
minimal intrinsic resistance to chloride-induced corrosion [50,51]. However, the presence of Mn and Si
promotes initial passivation, but does not significantly inhibit long-term corrosion in chloride
environments.

Correlation Between the Coastal Marine Conditions and Mass Loss of the Samples

The mass loss of the rebars correlated strongly with the aggressive marine environment of Walvis Bay.
High seawater chloride levels (22830 ppm), elevated humidity (>80%), and temperatures of 25-45 °C
promoted rapid electrochemical reactions, breaking down passive films and sustaining corrosion during
immersion and wet-dry cycles influenced by tidal fluctuations. Maximum mass loss and corrosion rates
occurred after prolonged exposure, reflecting cumulative chloride ingress and oxygen availability.

Corrosion rates (0.076-0.153 mm/y) were slightly lower than those reported for the Arabian Gulf (up to
0.25 mm/y) [52], and comparable to South African marine sites (0.10-0.18 mm/y) [16], indicating that
while chloride-driven mechanisms are universal, local climate and aerosol composition strongly modulate
corrosion kinetics in Walvis Bay.

Salt aerosols and dissolved oxygen induced localised, non-uniform corrosion, forming porous products
such as γ-FeOOH and Fe₃O₄ (identified by XRD), particularly in regions exposed to fluctuating wet-dry

conditions. These findings underscore the importance of site-specific environmental and microstructural
factors in evaluating the durability of coastal steel infrastructure.

Conclusions
This study assessed the corrosion behaviour of reinforcement steel under simulated coastal marine
conditions representative of Walvis Bay, Namibia, using immersion testing, SEM, and XRD analysis. The
following conclusions were drawn:

1. Site-specific environmental data, including four years of temperature, relative humidity, and seawater
composition, guided the laboratory setup, ensuring realistic simulation of local conditions. These factors
collectively accelerated electrochemical reactions on the steel surface, resulting in significant material
degradation.

2. SEM micrographs revealed ferrite-pearlite microstructures, confirmed by XRD analysis, which
influenced the progression of corrosion.

3. XRD confirmed that the corrosion products formed on both rebars consisted predominantly of Fe2O3,
Fe3O4, γ-FeOOH, and α-FeOOH, indicating both uniform and localised corrosion mechanisms under
marine exposure.

4. Corrosion rate analysis showed that smaller rebars exhibited higher corrosion rates (0.153 ± 0.021
mm/y) than larger rebars (0.076 ± 0.033 mm/y), highlighting the impact of diameter and surface area on
degradation.

By combining a four-year environmental dataset for Walvis Bay with a comparative analysis of small and
large rebars, this work provides unique, site-specific insights into coastal corrosion. The findings
underscore the importance of tailored corrosion management strategies for infrastructure in highly
aggressive marine environments.

Despite the global availability of corrosion prevention methods, there is limited application of such
strategies tailored to the specific conditions of the Walvis Bay coastline. To mitigate the risk of premature
degradation of steel structures in this aggressive marine environment, the following recommendations are
proposed:

1. Use galvanised and epoxy-coated reinforcement bars to provide dual-layer protection against chloride
ingress and marine aerosol deposition.

2. Apply cathodic protection systems, either sacrificial or impressed current, particularly for large or
critical infrastructure exposed to constant marine influence.

3. Use low-permeability, marine-grade concrete to reduce ionic transport and moisture ingress into the
reinforcement zone.
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4. Incorporate corrosion inhibitors, either as admixtures in concrete or applied externally near rebar
zones, to delay initiation and propagation of corrosion.

5. Incorporate cyclic wet-dry or salt fog exposure tests to more accurately simulate the real humidity
conditions of the coastal atmosphere.
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