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This research aims to investigate the effects of seawater parameters like salinity, pH, and temperature
on the external corrosion behaviour and microhardness of offshore oil and gas carbon steel pipes. The
immersion tests were performed for 28 days following ASTM G-1 standards, simulating controlled
artificial marine environments with varying pH levels, salinities, and temperatures. Besides, Field
emission scanning electron microscopy (FESEM) analysis is performed to study the corrosion
morphology. Additionally, a Vickers microhardness tester was used for microhardness analysis. The
results revealed that an increase in salinity from 33.18 to 61.10 ppt can reduce the corrosion rate

by 28%. In contrast, variations in seawater pH have a significant effect on corrosion rate, with a pH
decrease from 8.50 to 7 causing a 42.54% increase in corrosion rate. However, the temperature of
seawater was found to be the most prominent parameter, resulting in a 76.13% increase in corrosion
rate and a 10.99% reduction in the microhardness of offshore pipelines. Moreover, the response
surface methodology (RSM) modelling is used to determine the optimal seawater parameters for
carbon steel pipes. Furthermore, the desirability factor for these parameters was 0.999, and the
experimental validation displays a good agreement with predicted model values, with around 4.65%
error for corrosion rate and 1.36% error for microhardness.
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Global oil and gas sectors depend on a vast network of carbon steel pipelines for producing and transporting
hydrocarbons due to their distinctive properties like high strength, good ductility (yielding behaviour), low
weight, cost effectiveness, weldability, and wear resistance!. The estimated length of those networks in 2017 was
approximately 3.5 million kilometres, which is greater than nine times the distance between the Earth and the
moon?, making them the world’s prime logistics infrastructure. Meanwhile, these megaprojects could not avoid
failure problems, which were outnumbered by a variety of factors and causes. Among these, corrosion ranks
as the second most common cause of metallic pipe failure®. Corrosion is the primary cause of metallic pipeline
deterioration, damage, and failure, and it may also contribute to economic issues and negatively impact both
humans and the environment*. Corrosion weakens the mechanical properties of pipes (hardness, toughness,
ductility, and so on), increasing the probability of failure due to mechanical breakdowns>®. Corrosion is also
considered a crucial factor that influences the maintenance costs and lifespan of pipeline’.
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Corrosion comes in a variety of forms®’ and it is an electrochemical reaction between carbon steel and its
internal and external environment'’. Corrosion can cause internal and external metal loss in pipelines due to a
variety of factors, including the properties of pipeline materials, environmental conditions, and the characteristics
of the medium that flows inside the pipeline!!. The characteristics of the medium, such as velocity, temperature,
and pressure, commonly cause internal corrosion in pipelines'?. On the other hand, the environment to which
the pipeline is exposed influences external corrosion!>!*,

Offshore marine pipelines that transport hydrocarbons in harsh sea environments are more prone to external
corrosion due to the harsh conditions of seawater. Furthermore, there are many factors that contribute to the
external corrosion of offshore pipelines, such as seawater microbiological influence, water alkalinity, seawater
salinity, and seawater temperature'>'®. The fluctuation in these sea parameters can substantially reduce the cor-
rosion rate and enhance the pipeline’s performance. Therefore, numerous scholarly studies have previously exam-
ined the impact of these seawater parameters on corrosion behaviour and pipeline material performance!’~°. For
instance, Wang Xinhua®” studied the corrosion behaviour of 2Cr13 stainless steel in different artificial seawater
environments in 2020, considering pH, temperature, and dissolved oxygen contents. His study revealed that
the temperature of seawater had a major impact on the corrosion rate, and a small 10 °C decrease in seawater
temperature had an exponential impact on the corrosion rate. Furthermore, in 2020, Smith et al.?! conducted
an immersion test to explore the impact of seawater salinity on mild steel with various chemical compositions.
Their study demonstrated that increasing sodium chloride (NaCl) concentrations from 0.05 to 3.5% leads to an
increase in corrosion rate, while increasing sodium chloride concentrations to 10% leads to a decrease in cor-
rosion rate. Likewise, in 2019, Darmawan et al.? investigated the influence of salinity on aluminium alloys in
artificial seawater and reported a similar correlation. The reason for these finding could be a reduction in oxygen
solubility accompanying increased water salinity, subsequently lowering water conductivity and, consequently,
diminishing the corrosion rate*?*. Moreover, Chen et al.* examined the corrosion behaviour and mechani-
cal properties of low-alloy steel under different environmental conditions. Their study revealed a substantial
decline in the mechanical properties (Ultimate tensile strength (UTS), Yield strength (YS), and elongation to
failure (EFL)) of low-alloy steel due to corrosion in varying environments. Gao et al.® investigated how saline
water cathodic protection potentials altered the microhardness of Q235 steel using electrochemical impedance
spectroscopy on steel samples. Their observations also indicated a decrease in microhardness over time. Despite
the number of scholarly works presented in the literature about the effect of seawater parameters on corrosion
inhibition of offshore pipelines, the combined impact of these parameters has not been well defined so far.
Therefore, this research aims to fill that gap by studying the combined effect of these seawater parameters (salin-
ity, pH, and temperature) on the corrosion behaviour and microhardness of oil and gas pipelines. Additionally,
RSM modelling is applied to find out the optimal values of these parameters at which the oil and gas pipeline
material has optimal performance.

Materials and methods

The methodological framework used to investigate the effects of seawater parameters such as salinity, pH, and
temperature on corrosion behaviour and microhardness can be seen in the Fig. 1. However, about materials and
the concise techniques are provided in subparts of this section.

Materials
ASTM 106 grade B carbon steel pipe having an inside diameter of 76.2 mm and an outside diameter of 88.9 mm is
used in this study. The chemical composition and mechanical properties of pipeline are shown in Tables 1 and 2.

Sample preparations

In this research, a pipe made of carbon steel with a wall thickness of 12.7 mm and a diameter of 3 inches is
utilized. Using an abrasive wet-cutting machine, 1-foot-long samples of identical length were cut from each
specimen. The external coating was then removed, capped with plastic caps, and sealed on both sides with a
chemically resistant material to prevent leakage to the inner layer of the pipes and to guarantee that only the
external surface area of the specimen is exposed to the artificial marine environment (see Fig. 2). Moreover,
smaller coupon samples, measuring approximately 10 mm in length and 7.5 mm in width, were made for further
analysis via FESEM characterization and microhardness evaluation. To prepare these coupons, a series of sand-
papers ranging from 120 to 2400 grits were systematically employed using grinding and polishing machinery,
ensuring a smooth surface.

Immersion test

In this study, a series of artificial seawater solutions with varying pH, salinity, and temperature were developed.
Table 3 provides the ranges of the above-mentioned parameters and experimental conditions. These artificial
environments replicate the conditions of the Malaka Strait and the South China Sea?”?8. Furthermore these
samples were immersed for 28 days following ASTM G-1 standards®. The temperature was controlled by elec-
tric temperature controller (see Fig. 3) and ranges were also selected for distinct seasons under identical marine
conditions. In accordance with ASTM TM0169/G31 standards®, each test involved the exposure of two identi-
cal test samples along with coupons for FESEM and microhardness study. The immersion box was left open.
Whereas by frequently adding the proper solution, the evaporation losses were maintained between + 1% and
— 1% of the initial volume.
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Figure 1. Methodological frame work.

Element C Mn |P S Si Cu | Ni Cr Mo |Fe
Quantity (%) 0.30 | 1.06 |0.035 |0.035 |0.10 |0.40 |0.40 |0.40 |0.15 |97.12

Table 1. The composition of carbon steel grade B pipe.

Tensile strength (MPa) Microhardness (HV) Elongation (%) Yield strength (MPa)
455 148 21 240

Table 2. Mechanical properties of ASTM 106 grade B carbon steel pipe.

Weight loss measurement and corrosion rate

After 28 days, the samples were taken out from the solutions and the rust was removed in accordance with ASTM
G-31 standards®, so that only the corroded portion of the samples could be removed without affecting the pipe
surface. The weight loss study of corrosion rate was conducted by comparing the pre- and post-exposure sample
weights. Following the below equation, the rate of corrosion can be determined?*'.

) (K'x W)
Corrosion rate = ————— (1)
AxTxD
where A = pipe exposure area, T =immersion duration in hours, K is constant=87,600, D = density of sample
that is 7.85 g/cm® and W =weight loss in grams.

Microhardness measurement

After a 28-day exposure to various artificial marine environments, the microhardness of all samples was assessed
following the standardized test method (ASTM E92-82) using a Vickers hardness tester®%. This assessment uti-
lized a 300-gf load with a 25-s dwell time. Throughout the hardness test conducted at room temperature (25 °C),
measurements were taken four times at different locations on each test sample, and the mean values derived
from these measurements were used to determine the microhardness. Notably, the experimental error during
the hardness assessment remained below 5%.
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Figure 2. Pipe samples.

Par t Rang

Temperature 25-35°C

PH 7-8.5

Salinity 33.18-61.0 ppt
Exposure time | 7, 14, 21 and 28 days

Table 3. Experimental parameter and ranges.

Figure 3. Experimental setup for immersion test.

Design of experiments developed by RSM modelling

The research employed the central composite design (CCD) approach within the Response Surface Methodology
(RSM) to explore the impact of various factors and their interactions—sea water pH, salinity, and temperature—
on both the corrosion rate and the microhardness of carbon steel pipes. This method allowed for the efficient
development of a second-order model, crucial for understanding the variables’ effects comprehensively. The
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CCD design is better for estimating control parameters in a second-order model because it includes more center
and axial points, which make it more stable. The study utilized seawater salinity, pH, and temperature as input
parameters, with Table 3 outlining their levels across the experimental process. The output parameters, corro-
sion rate, and microhardness, detailed in Table 4, were the focal response variables analyzed. The design matrix,
which shows the factors in the surface response system in specific units, was carefully recorded in each testing
run (R1-R17) and shown in Table 4. It also includes observations on the rate of corrosion and the microhard-
ness responses.

Results and discussions

Effect of marine water salinity on oil and gas carbon steel ASTM 106 grade B pipe

As previously indicated, the assessment of pipe sample corrosion when exposed to distinct salinity ranges within
marine water solutions was conducted employing the weight loss method. The corrosion rate findings concerning
offshore oil and gas marine pipelines subjected to varying timeframes of exposure and salinity are presented in
Fig. 4. The corrosion behavior analysis for these pipelines took place at intervals of 7, 14, 21, and 28 days. Figure 4
provides a visualization of the external corrosion rate of a pipe exposed to seawater with a salinity concentration

Input parameters Output responses
Response 2
Factor 1 | Factor 2 Factor 3 Response 1 Microhardness

Testing runs PH Temperature (°C) | Salinity (PPT) | Corrosion rate (mm/year) | (HV)
R1 7.75 30 61 0.292 140

R2 8.5 25 33.18 0.185 143.7
R3 7 35 61 0.516 134.9
R4 7.75 30 33.18 0.390 138.5
R5 7 30 47.09 0.419 137.9
R6 7.75 35 47.09 0.487 135.6
R7 8.5 30 47.09 0.282 140.5
R8 7.75 30 47.09 0.341 139.3
R9 7.75 25 47.09 0.195 143.3
R10 7.75 30 47.09 0.341 139.3
RI11 8.5 35 33.18 0.477 136

R12 7 25 33.18 0.321 141.1
R13 8.5 25 61 0.0877 145.2
R14 7 25 61 0.224 142.6
R15 8.5 35 61 0.380 137.5
R16 7.75 30 47.09 0.341 139.3
R17 7 35 33.18 0.614 133.4

Table 4. Design matrix (CCD).
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Figure 4. Effect of marine water salinity on CS pipe corrosion rate.
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of 33.18 ppt. The external corrosion rates measured on the seventh, fourteenth, twenty-first, and twenty-eighth
days were approximately 0.327685 mm/year, 0.312081 mm/year, 0.319883 mm/year, and 0.321833 mm/year,
respectively. Notably, there is a decrease in corrosion rate from the 7th to the 21st day, followed by a subsequent
increase on the 28th day. This trend was consistent across experiments conducted with different salinity con-
centrations, such as 47.09 ppt and 61.0 ppt, as illustrated in Fig. 4. The oxide layer which grows spontaneously
on metal surfaces is mostly responsible for this phenomenon. This coating protects the metal from atmospheric
corrosion by acting as a powerful barrier. However, over time, this oxide layer gradually decreases, and the
corrosion rate begins to rise*. This observation parallels the findings of Royani et al., who observed a similar
pattern in their investigation of the internal corrosion behavior of CS pipes within a freshwater environment™.

Furthermore, the impact of marine water salinity on the rate of external corrosion is pronounced. Figure 4
shows the external corrosion rates of CS pipes over 28 days for salinities of 33.18 ppt, 47.09 ppt, and 61.0 ppt,
which are about 0.321833 mm/year, 0.273071 mm/year, and 0.224308 mm/year, respectively. The experimental
results suggest that reduced water salinity enhances the external corrosion behavior of CS pipes. When the salin-
ity goes from 33.18 to 47.09 ppt, the rate of external corrosion goes down by about 14.66%. When using CS pipes
in marine environments with a salinity of 61.0 ppt, the rate of corrosion goes down by about 28%. These findings
align with previous literature. For instance, in 2020, Smith et al.! conducted an immersion test to explore the
impact of seawater salinity on mild steel with various chemical compositions. Their study demonstrated that
escalating NaCl concentrations from 3.5 to 10% led to a decrease in corrosion rate. Likewise, in 2019, Darmawan,
Agung Setyo, et al.?? investigated the influence of salinity on aluminum alloy in artificial seawater and reported a
similar correlation. This behavior can be attributed to the reduction in oxygen solubility accompanying increased
water salinity, subsequently lowering water conductivity and, consequently, diminishing the corrosion rate**.

Effect of marine water pH on oil and gas carbon steel ASTM 106 grade B pipe

The pH of Marin water has a major impact on the external corrosion behavior of CS pipe. According to Fig. 5,
the corrosion rate of carbon steel pipes after 28 days in marine environments with pH 7.0, 7.75, and 8.5 is
approximately 0.321833 mm/year, 0.243813 mm/year, and 0.185298 mm/year, respectively. The external cor-
rosion behavior of CS pipe is increased when used in marine environments with a decreasing pH from 8.5 to
7.0. According to the results of the experiment, reducing the pH of seawater from 8.50 to 7.75 may increase the
corrosion rate by 24.19%, and further lowering the pH to 7 may increase the corrosion rate by 42.54%. In 2015
similar results were observed by Pessu et al. where they performed the experimental study to find out the effect
of pH on corrosion behavior of X65 carbon steel in CO,-Saturated brines®. Consequently the same agreement
was noticed by Toloei et al.*® when they were conducting experimental work to study the effect of sea water pH
on corrosion behavior of AISI 1045 carbon steel in turbulent condition. It has been observed that as the pH of
the marine environment changes, the corrosion rates of carbon steel pipelines exhibit a discernible trend. As
pH increases from 7 to 8.5, the carbon steel pipe’s corrosion rate decreases steadily. This trend is consistent with
the fundamental principles of corrosion chemistry, according to which an increase in pH generally reduces the
corrosion rate of metals”. This is due to the formation of a passive film on the surface of the metal under higher
pH conditions®.

Effect of marine water temperature on Oil and gas carbon steel ASTM 106 grade B pipe
Based on the data provided in Table 3, the experiment involved maintaining a pH level of 7 and a salinity of
33.18 ppt while varying the temperature settings to 25 °C, 30 °C, and 35 °C. Throughout the immersion-based
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Figure 5. Effect of marine water pH on CS pipe corrosion rate.
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study, minimal fluctuations in the corrosion rate were observed, particularly on the 7th, 14th, 21st, and 28th
days. The investigation focused on the corrosion rate of carbon steel (CS) pipes exposed to the environment
over a 28-day period. The corrosion rates recorded were approximately 0.321833 mm/year, 0.468121 mm/year,
and 0.614409 mm/year for temperatures of 25 °C, 30 °C, and 35 °C, respectively, as illustrated in Fig. 6. The
results indicate a significant correlation between the temperature of the marine water and the rate of corrosion
in CS pipes. Specifically, elevating the temperature from 25 to 30 °C resulted in a substantial 68.81% increase in
the external corrosion rate. Furthermore, raising the temperature from 30 to 35 °C led to a remarkable 76.13%
rise in the corrosion rate. The results of this experiment are highly congruent with prior research. For instance,
in 2022, Mobin et al. conducted an experimental study on the impact of various additives, temperatures, and
immersion times on the corrosion behavior of mild steel. Their research demonstrated that a 10 degree centigrade
increase in temperature exponentially increases the corrosion rate of mild steel*. Furthermore, in 2020 Abdeen
et al.** researched the effect of temperature on corrosion behavior of 304 L stainless steel and found increasing
temperature has significant effect on corrosion behavior. They found 3 times an increase in corrosion rate by
increasing 20-degree centigrade temperatures. These findings underscore a direct relationship: higher seawater
temperatures correspond to accelerated corrosion rates. This connection aligns with the established under-
standing that elevated temperatures expedite corrosion processes. The heightened kinetic energy of molecules
in warmer water accelerates the underlying chemical reactions that contribute to corrosion'. As a result, the
surface of the carbon steel degrades more rapidly under these conditions*.

Corrosion morphology of ASTM 106 grade B carbon steel pipe

Since temperature is the most influential factor in the corrosion behavior of offshore oil and gas pipelines, there
was a 76.13% increase in corrosion rate when the temperature was increased from 25 to 35 °C. Consequently, a
FESEM examination was performed to examine the surface structure of samples to determine the type of cor-
rosion. The FESEM images of pipe surfaces at 2000 x magnification before and after the 28-day immersion test
in a controlled artificial marine environment with 25 °C, 30 °C, and 35 °C are shown in Fig. 7a—d, respectively.
Evidently, before the immersion test, the sample surface was clean and free of any corrosion products, as shown
in Fig. 7a. In Fig. 7b, the development of general corrosion was detected after 28 days of immersion testing in an
artificial marine environment kept at 25 °C. The reason for this is the chloride ions that are present in the harsh,
saline marine environment. The pipe’s surface may become infected with general corrosion due to the extreme
corrosiveness of these ions*’. Furthermore, the FESEM image clearly indicates that no pit formation occurred
in the sample within a 25-degree marine environment following a period of 28 days (see Fig. 7b). The formation
of pits on the surface of the sample after a period of 20 days exposed to a controlled marine environment at a
temperature of 30 °C is illustrated in Fig. 7c. A few little pits can be noticed, indicating a widespread occur-
rence of localized corrosion. The maximum width of the pit is approximately 7.5 um. Besides Several pits were
observed on the sample surface when it was exposed to the marine environment at 35 °C, as shown in Fig. 7d.
It was observed that samples subjected to a marine water environment with a temperature of 35 °C exhibited
larger pit sizes. The results presented in Fig. 7d indicate that the maximum pit size measured around 21.14 pm.
This value is roughly three times larger than the pit size observed in samples subjected to a temperature of 30 °C.
This observation highlights the substantial influence of marine water temperature on the development of pits
on carbon steel pipeline surface. Consistent with the experimental results, the surface examination of samples
subjected to different temperatures of marine water confirms the significant impact that temperature has on the
corrosion properties of carbon steel (CS) pipes. Likewise, relevant observations have been recorded in extant
scholarly works. In 2017, for instance, Okonkwo et al.** conducted research to determine how temperature
affected the corrosion behavior of API X120. A significant correlation was discovered during their investigation
between water temperature and pitting corrosion in API X120 pipelines. An increase in water temperature from

= Temperature 25°C
Effect of temperature ® Temperature 30°C
& Temperature 35°C

0.3 1

Corrosion rate (mm/year)

Day 7 Day 14 . Day 21 Day 28
Exposure time

Figure 6. Effect of marine water temperature on CS pipe corrosion rate.
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Figure 7. FESEM results of samples (a) before immersion test, (b) after 28 days immersion test with 25 °C
temperature, (b) after 28 days immersion test with 30 °C temperature, (c) after 28 days immersion test with
35 °C temperature.

20 to 40 °C was found to result in a noticeable widening of pitting corrosion on the pipe samples’ surfaces*. It is
worth mentioning that significantly increasing the temperature accelerates the rate of corrosion.

Microhardness of carbon steel pipes

The surface analysis identified two types of corrosion, general and pitting, on carbon steel samples. To delve
deeper, we utilized the Vickers tester to evaluate the microhardness of these samples under various environ-
mental conditions over a 28-day period. Each sample underwent four microhardness measurements, and the
average values are depicted in Fig. 8. The microhardness of carbon steel samples that were put in artificial
marine environments at 25 °C, 30 °C, and 35 °C was 141.1 HV, 137.1 HV, and 133.4 HV, as shown in Fig. 8a.
Figure 8b also shows that specimens that were put in controlled environments with pH levels of 7, 7.75, and 8.5
had microhardness values of 141.1 HV, 142.5 HV, and 143.7 HV, respectively. These samples were also put in
seawater with salinities of 33.18 PPT, 47.09 PPT, and 61.0 PPT. After 28 days, they had microhardness values of
141.1 HV, 141.9 HV, and 142.6 HV (Fig. 8c). The experimental results highlight that seawater temperature has a
considerably more pronounced impact—about 3 to 4 times greater—on the microhardness of carbon steel pipes
compared to seawater salinity and pH. Notably, a mere 10 °C increase in marine temperature from 25 to 35 °C
leads to a significant 10.99% decrease in the microhardness of carbon steel pipes. This reduction is attributed to
prolonged exposure to seawater at specific temperatures, inducing material degradation that affects the surface
microhardness of the samples**. Moreover, the pits that formed on the sample surfaces after 28 days of seawater
exposure primarily contributed to the decrease in microhardness (refer to Fig. 9). Previous literature supports
findings that are similar. For instance, Chen et al.>® examined the corrosion behavior and mechanical properties
of low-alloy steel under different environmental conditions. Their study revealed a substantial decline in the
mechanical properties (UTS, YS, and EFL) of low-alloy steel due to corrosion in varying environments. Gao
et al.*® used electrochemical impedance spectroscopy on Q235 steel samples to find out how saline water cathodic
protection potentials changed the microhardness of Q235 steel. Their observations also indicated a decrease in
microhardness over time.
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28 days.

Figure 9. Image for microhardness indentation (a) fresh, (b) 30 °C, and (c) 35 °C after 28 days.
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RSM modelling

Using Design Expert software version 12.0, experimental data was incorporated into the development of the cor-
rosion rate model, which is a comprehensive quadratic model with interaction, squared, and linear terms. Mean-
while, the microhardness model was constructed using a linear equation. The subsequent equations, which are
presented below, enable a comparison of the corrosion rate and microhardness responses with respect to the input
variables A =salinity (PPT), B=pH, and C=temperature (Celsius) in the Design Expert software (see Table 5).

Corrosion rate = +0.34 — 0.049A — 0.068B + 0.15C + 0.000AB + 0.000AC — 2.500E — 007BC
+ 3.953E — 007A% + 9.752E — 003B> — 9.459E — 008C?>

Microhardness = +139.30 + 0.74A + 1.30B — 3.85C (3)

Table 6 showcases the ANOVA analysis for the corrosion rate utilized in deriving Eq. (2). The model’s F-value
of 1109.64 indicates its significant relevance. This value suggests less than 0.01% likelihood of such a large F-value
arising from random variations. The lack of fit F-value of 8.260E—010 indicates insignificance concerning the
model’s lack of fit relative to pure error, showing a 100% chance of occurrence due to noise. This non-significant
lack of fit aligns with our goal of achieving a well-fitted model. Moreover, Table 7 presents the ANOVA results
for microhardness, contributing to Eq. (3). Here, the model’s F-value of 822.12 signifies its significant nature,
with a mere 0.01% probability of arising from random fluctuations. Similar to the corrosion rate model, the
lack of fit F-value of 0.026 indicates insignificance, with a 100% chance of occurrence due to noise. This lack of

Parameters | Description | Type Units Minimum | Maximum
A Salinity Numeric | PPT 33.18 61.0

B pH Numeric | - 7 8.5

C Temperature | Numeric | Celsius | 25°C 35°C

Table 5. Input variables and DOE limits.

Source Sum of squares | df | Mean square | F-Value p-value

Model 0.29 9 0.032 1109.64 <0.0001 | Significant
A-Salinity 0.020 1 0.020 693.91 <0.0001

B-pH 0.047 1 0.047 1631.17 <0.0001
C-Temperature | 0.21 1 0.210 7490.04 <0.0001

AB 0.000 1 0.000 0.000 1.000

AC 0.000 1 0.000 0.000 1.000

BC 5.000E-013 1 5.000E-013 1.750E-008 | 0.999

A? 3.745E-013 1 3.745E-013 1.311E-008 | 0.999

B? 2.427E-004 1 2.427E-004 8.49 0.022

c? 2.287E-014 1 2.287E-014 8.005E-010| 1.000

Residual 2.000E-004 7 2.857E-005

Lack of Fit 2.203E-013 4 5.507E-014 8.260E-010| 1.000 Not significant
Pure Error 2.000E-004 3 6.667E-005

Cor Total 0.29 16

Table 6. ANOVA for corrosion rate.

Source Sum of squares | df | Meansquare | F-Value | p-Value

Model 170.49 3 56.83 822.12 | <0.0001 | Significant
A-Salinity 5.36 1 5.36 77.56 | <0.0001

B-pH 16.90 1 16.90 244.49 | <0.0001

C-Temperature 148.22 1 148.22 2144.33 | <0.0001

Residual 0.90 13 0.069

Lack of Fit 0.072 10 7.195E-003 0.026 | 1.000 Not significant
Pure Error 0.83 3 0.28

Cor Total 171.38 16

Table 7. ANOVA for Microhardness.
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significance in the lack of fit aligns with our objective of creating a well-fitting model. These outcomes closely
resemble findings from previous studies.

Response Methodology (RSM) was used to analyze and make sense of the data from the central composites
design. The results are shown in Table 8 for corrosion rate and Table 9 for microhardness. The analysis was carried
out utilizing Design Expert software (Version 12) as a key component of this study. The summary of the response
model for both corrosion rate and microhardness are detailed in Tables 8 and 9, respectively. In assessing ade-
quacy, the indicators—R?, adjusted R?, and predicted R*—present a cohesive picture for both responses. Regard-
ing corrosion rate, these indicators collectively suggest a substantial relationship, with an observed predicted R?
0f 0.9989 reasonably aligning with the adjusted R? of 0.9984. The minor difference of 0.0005 between these values
underscores the reliability of the relationship. Similarly, the indicators assessing microhardness reveal a strong
correlation, where the predicted R? of 0.9939 corresponds well with the adjusted R? of 0.9935, demonstrating a
robust relationship. The analysis of the variance outcome for both models indicates that significant model terms
are the main effect of the three process parameters (salinity, pH, and temperature of sea water) along with the
interaction effect of the three parameters®.

Effect analysis of seawater parameters on both responses (corrosion rate and microhardness)
To enhance comprehension, it was decided to shed light on the effect of seawater environmental conditions
(salinity, temperature, and pH) on both responses. Figure 10 illustrates the correlation between corrosion rate
and environmental factors, while Fig. 11 depicts the relationship between microhardness and these parameters.
In the experimental scope, each plot showcases how two factors influence one another, while the remaining
parameter remains at its central value. The response surfaces in these figures offer a clearer insight into how
each factor influences corrosion rate and microhardness. It is observed from Fig. 10a (3D and 2D response
surfaces) that pH of seawater has more influence on corrosion rate than salinity. where, as shown in Fig. 10b,c,
temperature is found to be the most prominent environmental factor that affects the corrosion rate. These find-
ings are consistent with previous literature?**®, Furthermore, Fig. 11a depicts the pH of seawater contributes
more than the salinity of seawater to the microhardness response of carbon steel pipe. Subsequently, Fig. 11b,c
show that temperature is the most prominent parameter that contributes to the microhardness of carbon steel
pipe after 28 days of exposure duration in an artificial marine environment. Figures 12a and 13a show graphs
comparing experimental results to expected outputs for both responses. These pictures show a significant con-
nection between real and predicted values, showing a good degree of alignment. Notably, both models exhibit
smooth continuity in their variance with no unexpected deviations*’. The fact that actual data points are close
to projected ones demonstrates a great agreement, demonstrating that the quadratic model for corrosion rate
response and the linear model for microhardness response are effective in predicting results based on distinct
variables*. Perturbation graphs serve as crucial diagrams to visualize the impact of all factors within a specific
point in the design space. Figures 12b and 13b present plots demonstrating the perturbation of the three factors
on corrosion rate and microhardness, respectively. All factors are systematically varied across their respective
ranges to depict these responses. Factors A (salinity), B (pH), and C (temperature) were observed within ranges
of 33.18 to 61.0 PPT, 7 to 8.5, and 25-35 °C, respectively, allowing us to understand their individual influences on
the outcomes. It can be observed from Fig. 12b that the corrosion rate increases from initial range of temperature
to final range of temperature whereas slight decrease in corrosion rate was observed with increase in pH and
salinity. From Fig. 12b and 13b it is observed that the parameter C(temperature) has greatest influence on both
responses (corrosion rate and microhardness) than other A(salinity) and B(pH).

Source Std Dev R? Adjusted R> | Predicted R? | Press

Linear 6.669E-003 | 0.998 | 0.997 0.997 8.549E-004

2FI 7.604E-003 | 0.998 |0.996 0.991 2.303E-003

Quadratic 5.345E-003 | 0.999 | 0.998 0.998 3.042E-004 | Suggested
Cubic 8.165E-003 | 0.999 |0.996 + Aliased

Table 8. Model summary for corrosion rate. The Quadratic model recommended as the most viable option by
the RSM tool (denoted by bold values among the four models listed in Table 8). Significant values are in bold.

Source Std Dev R? Adjusted R* Predicted R? Press

Linear 0.26 0.994 0.993 0.993 1.04 Suggested
2FI 0.30 0.994 0.991 0.993 1.05

Quadratic 0.34 0.995 0.989 0.992 1.26

Cubic 0.52 0.995 0.974 + Aliased

Table 9. Model summary for microhardness. The linear model recommended as the most viable option by the
RSM tool (denoted by bold values among the four models listed in Table 9). Significant values are in bold.
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Figure 10. 3D and 2D plots of (a) pH and salinity, (b) temperature and salinity, (c) temperature and pH for
corrosion rate.

Finding optimal values of environment parameters (salinity, pH, and temperature) for both
responses (corrosion rate and microhardness)

The numerical optimization component of the design expert software predicts the ideal conditions for the envi-
ronment parameter. The various input constraints and goals of environment parameters are chosen to optimize
the response, as presented in Table 10. Solving the prediction equations of the quadratic model and the linear
model using experimental results and a surface plot analysis of the responses yielded the best conditions for the
input variables. The set of input parameters and the response with the achieved optimum values are also presented
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Figure 11. 3D and 2D plots of (a) pH and salinity, (b) temperature and salinity, (c) temperature and pH for

microhardness.

in Table 10, where the respective desirability was 0.999. The desirability ranges from 0 to 1¥-°%, depending on
the proximity of the response to the target>>*. Figures 14 and 15 illustrate the ramps of the optimum model
parameters and the 3D desirability (D) generated from multi-objective optimization. The best solution is found
in the ramps that show up at 61.0 ppt of salinity, 8.5 of pH, and 25 °C of temperature. The expected results are
a corrosion rate of 0.087773 mm/year and a microhardness of 145.186 HV, with a rate of 0.999 for desirability.
The multivariate outcome optimization method can be used to find the best seawater environment for CS pipe
with the set of parameters and outputs needed to reach the goals. The above-mentioned seawater environmental
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Figure 13. Actual vs predicted (a) and perturbation (b) plots for microhardness.

Input factors Responses (output factors)
Factors Salinity (PPT) ‘ pH ‘ Temperature (Celsius) | Corrosions rate (mm/y) | Microhardness (HV)
Value
Minimum 33.18 7 25 0.087 133.4
Maximum 61 8.50 35 0.614 145.2
Goal Range Range | Range Minimize Maximize
Optimization Results 61 8.50 25 0.087 145.186
Desirability 0.999 (99.90%)

Table 10. Constraints and goals for optimal response.
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Figure 15. Desirability plots of optimal values related to parameters.

parameters may be realized with the best corrosion rate and microhardness values at the defined parameters of
the multivariate outcome optimization.

Experimental validation of predicted models

Four additional experiments were conducted under identical conditions to those of solutions 1 and 2, aimed at
validating the recommendations proposed by the response surface methodology for optimal seawater parameters.
Table 11 presents the mean approach employed to study each test factor along with its corresponding absolute
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Response Experimental results | Predicted results | Percentage error (%)
Corrosion rate mm/year 0.08376 0.0877 4.65
Microhardness 143.2 145.186 1.36

Table 11. Experimental validation.

relative deviation (ARD) from the anticipated results. The observed ARD was calculated using Eq. (4), allowing
for an evaluation of the precision of the predicted model for each parameter®>*°. The results outlined in Table 11
demonstrate a high level of conformity between the experimental and predicted outcomes, affirming the reli-
ability and predictability of the model, largely owing to minimal variance.

Experimental results — predicted results
ARD =

100
Experimental results @

Conclusion

This study investigated the critical seawater parameters that influence the external corrosion and microhard-
ness of offshore oil and gas ASTM106 grade B carbon steel pipes in various artificial solutions. The immersion
test was conducted for 28 days. The FESEM test was used to study the corrosion morphology, and a Vickers
microhardness tester was used for microhardness analysis. Furthermore, RSM modelling was employed to find
out optimal ranges of seawater parameters like salinity, pH, and temperature. The following conclusion may be
drawn from this research work:

® An increase in seawater salinity from 33.18 to 61.10 ppt can reduce offshore pipelines’ external corrosion
rate by 28%.

® A reduction in seawater pH from 8.50 to 7 results in a 42.54% increase in offshore pipelines’ external corro-
sion rate.

® Seawater temperature is the most prominent parameter, with a mere 10 °C increase in temperature resulting
in a 76.13% increase in the external corrosion rate of offshore pipelines and around a 10.99% reduction in
the microhardness of offshore pipelines. That is three to four times greater than pH and salinity.

e The FESEM study revealed that large pits formed on the surface of the samples immersed in solution at 35 °C.

® According to RSM modelling, offshore pipelines perform best at salinity, pH, and temperature levels of 61.0
ppt, 8.5, and 25 °C, respectively, with a 0.99 desirability factor.

e The experimental validation for predicted values showed best agreement with 4.65% error for corrosion rate
and 1.36 error for microhardness.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 1 May 2024; Accepted: 11 July 2024
Published online: 17 July 2024

References
1. Olorundaisi, E., Jamiru, T. & Adegbola, A. T. Mitigating the effect of corrosion and wear in the application of high strength low
alloy steels (HSLA) in the petrochemical transportation industry—A review. Mater. Res. Express. https://doi.org/10.1088/2053-
1591/ab65e7 (2019).
2. Szeman, I. Introduction: Pipeline politics. South Atl. Q. 116, 402-407. https://doi.org/10.1215/00382876-3829478 (2017).
3. Zakikhani, K., Zayed, T., Abdrabou, B. & Senouci, A. Modeling failure of oil pipelines. J. Perform. Constr. Facil. https://doi.org/10.
1061/ (asce)cf.1943-5509.0001368 (2020).
4. Chohan, I. M. et al. A review on life cycle assessment of different pipeline materials. Results Eng. https://doi.org/10.1016/j.rineng.
2023.101325 (2023).
5. Wasim, M., Shoaib, S., Mubarak, N. M. & Inamuddin, A. M. A. Factors influencing corrosion of metal pipes in soils. Environ.
Chem. Lett. 16, 861-879. https://doi.org/10.1007/s10311-018-0731-x (2018).
6. Prasad, A. R., Kunyankandy, A. & Joseph, A. Corrosion inhibition in oil and gas industry: Economic considerations. Corros. Inhib.
Oil Gas Ind. https://doi.org/10.1002/9783527822140.ch5 (2020).
7. Tanhatan Naseri, S. G., Gucunski, N. Comparative numerical simulation of damage propagation caused by chloride and oxygen
diffusion in reinforced concrete slabs. 438-448 (2023). https://doi.org/10.1061/9780784484883.039.
8. Askari, M., Aliofkhazraei, M. & Afroukhteh, S. A comprehensive review on internal corrosion and cracking of oil and gas pipelines.
J. Nat. Gas Sci. Eng. https://doi.org/10.1016/j.jngse.2019.102971 (2019).
9. Olani, M., Kumar, D. & Asrat, G. Mechanical and corrosion properties of Fe-SiC-ZrO2 hybrid composite fabricated through
powder metallurgy process. Results Eng. https://doi.org/10.1016/j.rineng.2022.100866 (2023).
10. Manuel, Q. A. L. et al. Analysis of the physicochemical, mechanical, and electrochemical parameters and their impact on the
internal and external scc of carbon steel pipelines. Materials (Basel). 13, 1-35. https://doi.org/10.3390/mal3245771 (2020).
11. Abdel-Karim, R., Nabil, M., Reda, Y. & El-Raghy, S. Corrosion characteristics of ASTM A106 grade B carbon steel pipelines exposed
to sodium sulfate solutions. Mater. Perform. Charact. 7, 480-494. https://doi.org/10.1520/MPC20180026 (2018).
12. Zhang, N., Zeng, D., Zhang, Z., Zhao, W. & Yao, G. Effect of flow velocity on pipeline steel corrosion behaviour in H2S/CO, envi-
ronment with sulphur deposition. Corros. Eng. Sci. Technol. 53, 370-377. https://doi.org/10.1080/1478422X.2018.1476818 (2018).

Scientific Reports |

(2024) 14:16543 | https://doi.org/10.1038/s41598-024-67463-2 nature portfolio


https://doi.org/10.1088/2053-1591/ab65e7
https://doi.org/10.1088/2053-1591/ab65e7
https://doi.org/10.1215/00382876-3829478
https://doi.org/10.1061/(asce)cf.1943-5509.0001368
https://doi.org/10.1061/(asce)cf.1943-5509.0001368
https://doi.org/10.1016/j.rineng.2023.101325
https://doi.org/10.1016/j.rineng.2023.101325
https://doi.org/10.1007/s10311-018-0731-x
https://doi.org/10.1002/9783527822140.ch5
https://doi.org/10.1061/9780784484883.039
https://doi.org/10.1016/j.jngse.2019.102971
https://doi.org/10.1016/j.rineng.2022.100866
https://doi.org/10.3390/ma13245771
https://doi.org/10.1520/MPC20180026
https://doi.org/10.1080/1478422X.2018.1476818

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Njoku, C. N. et al. Review on anti-corrosion properties of expired antihypertensive drugs as benign corrosion inhibitors for metallic
materials in various environments. Results Eng. https://doi.org/10.1016/j.rineng.2023.101183 (2023).

Alabtah, F. G., Mahdi, E. & Khraisheh, M. External corrosion behavior of steel/gfrp composite pipes in harsh conditions. Materials
(Basel). https://doi.org/10.3390/mal14216501 (2021).

Abbas, M. & Shafiee, M. An overview of maintenance management strategies for corroded steel structures in extreme marine
environments. Mar. Struct. https://doi.org/10.1016/j.marstruc.2020.102718 (2020).

Tansel, B. & Zhang, K. Effects of saltwater intrusion and sea level rise on aging and corrosion rates of iron pipes in water distribu-
tion and wastewater collection systems in coastal areas. J. Environ. Manag. https://doi.org/10.1016/j.jenvman.2022.115153 (2022).
Hussein Farh, H. M., Ben Seghier, M. E. A., Taiwo, R. & Zayed, T. Analysis and ranking of corrosion causes for water pipelines: A
critical review. NPJ Clean Water https://doi.org/10.1038/s41545-023-00275-5 (2023).

Xia, R., Jia, C. & Garbatov, Y. Deterioration of marine offshore structures and subsea installations subjected to severely corrosive
environment: A review. Mater. Corros. https://doi.org/10.1002/maco.202314050 (2024).

Udonsek, D. E., Tamonodukobipi, D. & Odokwo, V. E. Corrosion-based integrity analysis of offshore pipeline for hydrocarbon
transportation. . Power Energy Eng. 11, 24-41 (2023).

Wang, X. et al. Pitting corrosion of 2Cr13 stainless steel in deep-sea environment. J. Mater. Sci. Technol. 64, 187-194. https://doi.
0rg/10.1016/j.jmst.2020.04.036 (2021).

Smith, E. et al. Effect of salinity on the corrosive wear behaviour of engineering steels in aqueous solutions. Wear. https://doi.org/
10.1016/j.wear.2020.203515 (2020).

Darmawan, A. S., Siswanto, W. A., Purboputro, P. I, Anggono, A. D. & Hamid, M. A. Effect of increasing salinity to corrosion
resistance of 5052 aluminum alloy in artificial seawater. Mater. Sci. Forum. 961, 107-111. https://doi.org/10.4028/www.scientific.
net/MSE.961.107 (2019).

Bai, X. et al. Corrosion behavior and mechanism of X80 steel in silty soil under the combined effect of salt and temperature. RSC
Adv. 12, 129-147. https://doi.org/10.1039/d1ra08249c¢ (2021).

Ascencio, M., Pekguleryuz, M. & Omanovic, S. Corrosion behaviour of polypyrrole-coated WE43 Mg alloy in a modified simulated
body fluid solution. Corros. Sci. 133, 261-275. https://doi.org/10.1016/j.corsci.2018.01.044 (2018).

Chen, Y. Y. et al. Corrosion resistance and mechanical properties of low-alloy steels under atmospheric conditions. Corros. Sci.
47,1001-1021. https://doi.org/10.1016/j.corsci.2004.04.009 (2005).

Gao, Z. M., Liu, Y. Y,, Lin, F, Dang, L. H. & Wen, L. J. EIS characteristic under cathodic protection and effect of applied cathodic
potential on surface microhardness of Q235 steel. Int. J. Electrochem. Sci. 8, 10446-10453. https://doi.org/10.1016/s1452-3981(23)
13120-8 (2013).

Azam, M. A, Sukarti, S. & Zaimi, M. Corrosion behavior of API-5L-X42 petroleum/natural gas pipeline steel in South China Sea
and Strait of Melaka seawaters. Eng. Fail. Anal. https://doi.org/10.1016/j.engfailanal.2020.104654 (2020).

Roseli, N. H. & Akhir, M. F. M. Variations of southern South China Sea characteristics near Pahang. Sains Malaysiana. 43,
1389-1396 (2014).

. Anon, Standard Practice for Laboratory Immersion Corrosion Testing of Metals (1985).
. Libman, R. B., Sacco, R. L., Shi, T., Correll, J. W. & Mohr, J. P. Outcome after carotid endarterectomy for asymptomatic carotid

stenosis. Surg. Neurol. 41, 443-449. https://doi.org/10.1016/0090-3019(94)90005-1 (1994).

. ASTM, G31: Standard Practice for Laboratory Immersion Corrosion Testing of Metals, Annual Book of ASTM Standards, An Am.

Natl. Stand. 03.02 10 (2021).

Alam, M. A. et al. Modelling and optimisation of hardness behaviour of sintered Al/SiC composites using RSM and ANN: A
comparative study. . Mater. Res. Technol. 9, 14036-14050. https://doi.org/10.1016/j.jmrt.2020.09.087 (2020).

Kim, J. H. et al. Imbibition-induced selective wetting of liquid metal. Nat. Commun. https://doi.org/10.1038/s41467-022-32259-3
(2022).

Royani, A., Prifitharni, S., Priyotomo, G. & Triwardono, J. Sundjono, Corrosion of carbon steel in synthetic freshwater for water
distribution systems. IOP Conf. Ser. Earth Environ. Sci. https://doi.org/10.1088/1755-1315/399/1/012089 (2019).

Pessu, E, Barker, R. & Neville, A. The influence of pH on localized corrosion behavior of X65 carbon steel in CO,-saturated brines.
Corrosion. 71, 1452-1466. https://doi.org/10.5006/1770 (2015).

Toloei, A., Atashin, S. & Pakshir, M. Corrosion rate of carbon steel under synergistic effect of seawater parameters including pH,
temperature, and salinity in turbulent condition. Corros. Rev. 31, 135-144. https://doi.org/10.1515/corrrev-2013-0032 (2013).
Chaudhari, A. K. & Singh, V. B. A review of fundamental aspects, characterization and applications of electrodeposited nanocrystal-
line iron group metals, Ni-Fe alloy and oxide ceramics reinforced nanocomposite coatings. J. Alloys Compd. 751, 194-214. https://
doi.org/10.1016/j.jallcom.2018.04.090 (2018).

Wang, Z., Zhang, L., Zhang, Z. & Lu, M. Combined effect of pH and H 2 S on the structure of passive film formed on type 316L
stainless steel. Appl. Surf. Sci. 458, 686-699. https://doi.org/10.1016/j.apsusc.2018.07.122 (2018).

Mobin, M., Parveen, M. & Aslam, H. R. Effect of different additives, temperature, and immersion time on the inhibition behavior
of L-valine for mild steel corrosion in 5% HClI solution. J. Phys. Chem. Solids. https://doi.org/10.1016/j.jpcs.2021.110422 (2022).
Abdeen, D. H., Atieh, M. A. & Merzougui, B. Corrosion behaviour of 316L stainless steel in CNTs-water nanofluid: Effect of
temperature. Materials (Basel). 14, 1-19. https://doi.org/10.3390/ma14010119 (2021).

Irshad, H. M., Toor, I. U,, Badr, H. M. & Samad, M. A. Evaluating the flow accelerated corrosion and erosion-corrosion behavior
of a pipeline grade carbon steel (AISI 1030) for sustainable operations. Sustain. https://doi.org/10.3390/su14084819 (2022).

De Motte, R. et al. A study by electrochemical impedance spectroscopy and surface analysis of corrosion product layers formed
during CO, corrosion of low alloy steel. Corros. Sci. https://doi.org/10.1016/j.corsci.2020.108666 (2020).

Xu, X., Liu, S., Smith, K., Cui, Y. & Wang, Z. An overview on corrosion of iron and steel components in reclaimed water supply
systems and the mechanisms involved. J. Clean. Prod. https://doi.org/10.1016/j.jclepro.2020.124079 (2020).

Okonkwo, P. C., Sliem, M. H., Shakoor, R. A., Mohamed, A. M. A. & Abdullah, A. M. Effect of temperature on the corrosion
behavior of API X120 pipeline steel in H2S environment. J. Mater. Eng. Perform. 26, 3775-3783. https://doi.org/10.1007/s11665-
017-2834-0 (2017).

Priyadarshi, A. et al. Effect of water temperature and induced acoustic pressure on cavitation erosion behaviour of aluminium
alloys. Tribol. Int. https://doi.org/10.1016/j.triboint.2023.108994 (2023).

Prabhuraj, P. et al. Effect of pH value, chloride ion concentration and salt spraying time on salt fog corrosion resistance of friction
stir welded AA7075-T651 alloy joints. Int. J. Interact. Des. Manuf. https://doi.org/10.1007/s12008-023-01415-4 (2023).
Abdullah, G. M. S. et al. Effect of titanium dioxide as nanomaterials on mechanical and durability properties of rubberised concrete
by applying RSM modelling and optimizations. Front. Mater. https://doi.org/10.3389/fmats.2024.1357094 (2024).

Bheel, N., Chohan, I. M., Alwetaishi, M., Waheeb, S. A. & Alkhattabi, L. Sustainability assessment and mechanical characteristics
of high strength concrete blended with marble dust powder and wheat straw ash as cementitious materials by using RSM model-
ling. Sustain. Chem. Pharm. https://doi.org/10.1016/j.scp.2024.101606 (2024).

Bheel, N., Mohammed, B. S., Mohamad, H., Sutanto, M. H. & Tafsirojjaman, T. Synergetic effect of multiwalled carbon nanotubes
on mechanical and deformation properties of engineered cementitious composites: RSM modelling and optimization. Diam. Relat.
Mater. https://doi.org/10.1016/j.diamond.2024.111299 (2024).

Bheel, N. et al. A comprehensive study on the impact of human hair fiber and millet husk ash on concrete properties: Response
surface modeling and optimization. Sci. Rep. https://doi.org/10.1038/s41598-024-63050-7 (2024).

Scientific Reports |

(2024) 14:16543 | https://doi.org/10.1038/s41598-024-67463-2 nature portfolio


https://doi.org/10.1016/j.rineng.2023.101183
https://doi.org/10.3390/ma14216501
https://doi.org/10.1016/j.marstruc.2020.102718
https://doi.org/10.1016/j.jenvman.2022.115153
https://doi.org/10.1038/s41545-023-00275-5
https://doi.org/10.1002/maco.202314050
https://doi.org/10.1016/j.jmst.2020.04.036
https://doi.org/10.1016/j.jmst.2020.04.036
https://doi.org/10.1016/j.wear.2020.203515
https://doi.org/10.1016/j.wear.2020.203515
https://doi.org/10.4028/www.scientific.net/MSF.961.107
https://doi.org/10.4028/www.scientific.net/MSF.961.107
https://doi.org/10.1039/d1ra08249c
https://doi.org/10.1016/j.corsci.2018.01.044
https://doi.org/10.1016/j.corsci.2004.04.009
https://doi.org/10.1016/s1452-3981(23)13120-8
https://doi.org/10.1016/s1452-3981(23)13120-8
https://doi.org/10.1016/j.engfailanal.2020.104654
https://doi.org/10.1016/0090-3019(94)90005-1
https://doi.org/10.1016/j.jmrt.2020.09.087
https://doi.org/10.1038/s41467-022-32259-3
https://doi.org/10.1088/1755-1315/399/1/012089
https://doi.org/10.5006/1770
https://doi.org/10.1515/corrrev-2013-0032
https://doi.org/10.1016/j.jallcom.2018.04.090
https://doi.org/10.1016/j.jallcom.2018.04.090
https://doi.org/10.1016/j.apsusc.2018.07.122
https://doi.org/10.1016/j.jpcs.2021.110422
https://doi.org/10.3390/ma14010119
https://doi.org/10.3390/su14084819
https://doi.org/10.1016/j.corsci.2020.108666
https://doi.org/10.1016/j.jclepro.2020.124079
https://doi.org/10.1007/s11665-017-2834-0
https://doi.org/10.1007/s11665-017-2834-0
https://doi.org/10.1016/j.triboint.2023.108994
https://doi.org/10.1007/s12008-023-01415-4
https://doi.org/10.3389/fmats.2024.1357094
https://doi.org/10.1016/j.scp.2024.101606
https://doi.org/10.1016/j.diamond.2024.111299
https://doi.org/10.1038/s41598-024-63050-7

www.nature.com/scientificreports/

51. Bheel, N. & Mohammed, B. S. Modelling and optimization of long-term modulus of elasticity and Poisson’s ratio of graphene oxide
based engineered cementitious composites by using response surface methodology. Diam. Relat. Mater. https://doi.org/10.1016/j.
diamond.2024.110949 (2024).

52. Bheel, N., Mohammed, B. S., Ali, M. O. A., Shafiq, N. & Radu, D. Effect of graphene oxide as a nanomaterial on the bond behaviour
of engineered cementitious composites by applying RSM modelling and optimization. J. Mater. Res. Technol. 26, 1484-1507. https://
doi.org/10.1016/j.,jmrt.2023.07.278 (2023).

53. Arif, S., Alam, M. T, Ansari, A. H., Shaikh, M. B. N. & Siddiqui, M. A. Analysis of tribological behaviour of zirconia reinforced
Al-SiC hybrid composites using statistical and artificial neural network technique. Mater. Res. Express. https://doi.org/10.1088/
2053-1591/aabec8 (2018).

54. Mir, I, Samo, S., Hussain, T., Ali, I. & Durani, H. A. K. Influence of convergent section length and angle on performance of super-
sonic nozzle. Sindh. Univ. Res. ]. Sci. Ser. 49, 727-732. https://doi.org/10.26692/surj/2017.12.48 (2017).

55. Bheel, N., Mohammed, B. S., Liew, M. S. & Zawawi, N. A. W. A. Effect of graphene oxide as a nanomaterial on the durability
behaviors of engineered cementitious composites by applying RSM modelling and optimization. Buildings. https://doi.org/10.
3390/buildings13082026 (2023).

56. Bheel, N., Mohammed, B. S., Abdulkadir, I., Liew, M. S. & Zawawi, N. A. W. A. Effects of graphene oxide on the properties of
engineered cementitious composites: Multi-objective optimization technique using RSM. Buildings. https://doi.org/10.3390/build
ings13082018 (2023).

Acknowledgements
The authors would like to extend their sincere appreciation to Universiti Teknologi PETRONAS for their sub-
stantial financial assistance provided for this project via YUTP Cost Centre 015LC0-388 (ABMMG-IHA).

Author contributions

L.M.C.: Conceptualization; investigation; methodology; data analysis; writing—original draft; writing—review
and editing. A.A.: Supervising; conceptualization; formal analysis; methodology; and writing—review and edit-
ing. N.S.: Methodology; formal analysis; visualization; writing—review and editing. N.B.: Formal analysis; data
analysis; visualization; writing—original draft; writing—review and editing. W.M.S.: Formal analysis; visualiza-
tion; data curing; writing—review and editing. A.H.A.: Conceptualization; formal analysis; writing—review
and editing.

Funding
This research was funded by Universiti Teknologi PETRONAS for their substantial financial assistance provided
for this project via YUTP Cost Centre 015LC0-388 (ABMMG-IHA).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to .M.C. or W.M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:16543 | https://doi.org/10.1038/s41598-024-67463-2 nature portfolio


https://doi.org/10.1016/j.diamond.2024.110949
https://doi.org/10.1016/j.diamond.2024.110949
https://doi.org/10.1016/j.jmrt.2023.07.278
https://doi.org/10.1016/j.jmrt.2023.07.278
https://doi.org/10.1088/2053-1591/aabec8
https://doi.org/10.1088/2053-1591/aabec8
https://doi.org/10.26692/surj/2017.12.48
https://doi.org/10.3390/buildings13082026
https://doi.org/10.3390/buildings13082026
https://doi.org/10.3390/buildings13082018
https://doi.org/10.3390/buildings13082018
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of seawater salinity, pH, and temperature on external corrosion behavior and microhardness of offshore oil and gas pipeline: RSM modelling and optimization
	Materials and methods
	Materials
	Sample preparations
	Immersion test
	Weight loss measurement and corrosion rate
	Microhardness measurement
	Design of experiments developed by RSM modelling

	Results and discussions
	Effect of marine water salinity on oil and gas carbon steel ASTM 106 grade B pipe
	Effect of marine water pH on oil and gas carbon steel ASTM 106 grade B pipe
	Effect of marine water temperature on Oil and gas carbon steel ASTM 106 grade B pipe
	Corrosion morphology of ASTM 106 grade B carbon steel pipe
	Microhardness of carbon steel pipes
	RSM modelling
	Effect analysis of seawater parameters on both responses (corrosion rate and microhardness)
	Finding optimal values of environment parameters (salinity, pH, and temperature) for both responses (corrosion rate and microhardness)
	Experimental validation of predicted models

	Conclusion
	References
	Acknowledgements


