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ABSTRACT 
Aerated and CO2 saturated Lyman and Fleming solutions were used as electrolytes to investigate the 
corrosion susceptibility of three high strength low alloy steels (HSLA) designated as Steel A, Steel 
B and Steel C. API 5L X65 carbon steel was used as reference specimen. Electrochemical 
Polarization (LPR and Tafel Extrapolation) and surface analysis (SEM/EDAX and XRD) techniques 
were used for this investigation. The results of linear polarization resistance (LPR) and 
potentiodynamic polarization corroborated each other presenting the corrosion performance (CP) of 
the steels in a descending order of  CP Steel C> CP Steel B > CP X65> CP Steel A. The results also revealed 
a more severe corrosion attack averaging about 35% for all the steels in the aerated than in the CO2 
saturated Lyman/Fleming solutions. This was attributed to the absence of dissolve oxygen (DO) and 
the covering of the surface of the specimens by CO2 gas in CO2 saturated solution. On the other hand, 
the presence of DO which is a precursor for cathodic reduction and for the formation of calcareous 
deposits, initiated an early rapid corrosion attack culminating to higher corrosion rates within the 24 
hours of this work. The chemical composition and microstructures of the steels contributed 
significantly to the witnessed corrosion behaviour. The API XL X65 carbon steel showed almost a 
comparable corrosion resistance with Steel A but differ significantly with Steel B and Steel C in both 
aerated and CO2 saturated Lyman and Fleming solutions. 
 

 
1.0  INTRODUCTION: 

High strength-low alloy steel, because of its excellent combination of mechanical properties such as 
strength, toughness, formability and weldability [1], have found increasing applications as piping 
and process equipment for extraction, production and transportation in oil and gas industry [1-4]. 
However, literatures [5-12] have reported that oilfield environments consist of divers corrosion 
species such as carbon dioxide (CO2), hydrogen sulphide (H2S), elemental sulphur, water, organic 
acids, bacteria, inorganic chloride salts (sodium chloride, calcium chloride, magnesium chloride), 
dissolved oxygen, biological activity and pollutants. Thus these facilities are subjected to various 
type of corrosion attacks such as sweet (CO2) corrosion, sour (H2S) corrosion, seawater corrosion 
and/or atmospheric corrosion thereby challenging the integrity and reliability of the materials. These 
attacks if not mitigated may lead to equipment failure with its attendant consequences [11].  
 

Seawater is a complex chemical system which is very difficult to exactly duplicate and sustain in 
laboratories due to the variabilities of the dissolved substances and the activities of living organisms 
[5, 13, 14]. This has led to the development of different formulae and compositions for simulating 
seawater by many researchers [13]. Lyman and Fleming formula is one of the most widely used 
recipes for simulated seawater [13]. Also 3.5 wt% NaCl solution is frequently used to simulate 
seawater for laboratory purposes [5, 13-16]. However, many authors [5, 14, 17, 18] have reported 
that seawater has lower corrosion rate on carbon steel than 3.5 wt% NaCl solution which is ascribed 
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to the presence of certain cations such as Ca2+ and Mg2+. These cations form CaCO3 and Mg(OH)2 
precipitates which promote physical barrier against oxygen diffusion from the bulk solution to the 
surface of the steels thereby reducing corrosion rate [5, 14, 17, 18].  
 

In this work, four high strength-low alloyed steels, three of which are branded steels, were subjected 
to electrochemical corrosion tests in aerated and CO2 saturated Lyman and Fleming solution so as 
to investigate the corrosion performance of the steels and to validate the corrosivity of the two 
corrosion environments.  
 

2.0  Materials and Experiments 
Lyman and Fleming solutions were used to prepare simulated seawater. Two environmental 
conditions namely aerated and CO2 saturated solutions were deployed. The four high strength-low 
alloy steels were metallographically prepared and corroded using the conventional three electrode 
cell with platinum as counter electrode, Ag/AgCl (sat. KCl) electrode as reference electrode while 
the steel specimens were the working electrodes. Linear polarization resistance (LPR) was conducted 
after 13 minutes OCP at a scan rate 0.25 mV/cm2 and a scan range of േ15mV versus OCP and for 
24 hours. This was followed by Potentiodynamic polarization at a sweep range of േ250 mV versus 
OCP and a sweep rate of 0.5 mV/cm2.  
 

3.0  Results and Discussion 
3.1  Linear Polarization Resistance (LPR) 

Figure 1 shows the LPR corrosion rate of the steels corroded in unbuffered aerated and CO2 saturated 
simulated seawater at 250C and for 24 hours. 

 
Figure 1: LPR Corrosion Rate of the Steels in (A) CO2 Saturated and (B) Aerated Sea Water at 25C 
and for 24  
It can be deduced from Figure 1A that all the steel specimens on immersion in the CO2 saturated 
Lyman and Fleming solution began to corrode at a relatively high corrosion rate but decreased rapidly 
to a seemingly steady rate within the first 3 to 4 hours depending on the specimen. This rapid decrease 
in corrosion rate according to Davis [16] and Tait [19] can be ascribed to the dissolution of the air-
formed oxide film on the surface of the specimens which hinders metal dissolution. Figure 1B on the 
other hand shows the LPR corrosion rate of the steels immersed in aerated Lyman and Fleming 
solutions. A closer look at Figure 1B revealed that there was an initial increase in corrosion rate 
which formed a threshold within the period of 0.5 to 2.5 hours of immersion depending on the 
specimen. This initial increase in corrosion rate signified that the air-formed oxide film on the surface 
of the specimens were porous and so could not protect the steels from further corrosion [16, 19]. This 
was followed by a rapid decrease in corrosion rate and then relatively and almost appearing stable 
throughout the remaining duration for the test. All the specimens displayed the same corrosion trend 
with Steel A appearing stable at 0.3 mm/y, Steel B at 0.5 mm/y, Steel C at 0.64 mm/y and X65 at 
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0.48 mm/y. In general, Figure 1 vividly showed that the corrosion rate for all the specimens in both 
aerated and CO2 saturated Lyman and Fleming solutions can be ranked in ascending order as CRSteel 

A < CRX65 < CRSteel B < CRSteel C.  
 

 
Figure 2: Comparison of LPR Plots of the Samples in Aerated and CO2 Saturated Seawater  
 

Figure 2 compares the LPR corrosion rate of individual specimen in aerated and CO2 saturated 
Lyman and Fleming solutions. This figure revealed that the corrosion rate for all the specimens is 
higher in aerated Lyman and Fleming solution than in CO2 saturated Lyman and Fleming solution. 
This difference in corrosion rate ranged from about 50% for Steel A to about 70% for Steel B. This 
high corrosion rate in aerated solutions can be ascribed to the presence of dissolved oxygen (DO) 
which is a precursor for cathodic reduction and the formation of calcareous deposits. The dissolved 
oxygen (DO) initiated an early rapid corrosion attack culminating to higher corrosion rate prior to 
the development of corrosion products [17, 18]which according to Elbeik, et al [17] can completely 
cover the surface of the metal with corrosion products (CaCO3) within 66 days of immersion. 
 

3.1.2  Potentiodynamic Polarization (Tafel Plots) 
 

 
Figure 3: Tafel Plots of Specimens in (A) Aerated and (B) CO2 Saturated Simulated Seawater  
 
Figure 3 shows Tafel plots for all the specimens in both aerated and CO2 saturated Lyman and 
Fleming solutions.  From this figure, it can be observed that all the specimens exhibited the same 
corrosion behaviour of a continuous increase in anodic current with increase in corrosion potentials 
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thus displaying a well-defined Tafel region in both solutions. This suggests that passive film was not 
formed [20-22]. On the other hand, the cathodic polarization curves for all the steels showed a mixed 
activation- and diffusion- controlled characteristics for all the steels. However this is more 
pronounced in the aerated environment wherein limiting diffusion current density was observed. 
Henriquez, et al [23] ascribed this behaviour to the mass-transport limitation (seemingly current 
plateau) of the reduction reaction. The variations in corrosion behaviour in the two media are made 
more vivid in Figure 4 which compared the Tafel plots and in Table 1 which shows the values of 
Tafel extrapolation parameters in unbuffered aerated seawater solutions at 250C. 
 

 
Figure 4: Comparison of Tafel Plots of the Steels in Aerated and CO2 Saturated Seawater  
 

A closer look at Figure 4 revealed that the corrosion potentials shifted towards the negative direction 
in CO2 saturated solutions (ie has more negative potential) than the aerated solution. The cathodic 
polarization curves of the steel in aerated solutions also displayed more limiting diffusion current 
density which can be attributed to the presence of dissolved oxygen (DO) than in the CO2 saturated 
solutions. These must have facilitated the higher corrosion rate witnessed in aerated solutions than 
in the CO2 saturated solutions. The values of cathodic Tafel constants (ߚ௖) as shown in Table 1 for 
all the specimens are more than the corresponding anodic constants. This behaviour according to 
Yin, et al [24] is an indication that the overall corrosion processes were controlled by cathodic 
reactions. This is elucidated by higher cathodic current curves in the aerated solutions than in CO2 
saturated solutions as depicted in Figure 4. 

Table 1: Tafel Extrapolation Parameters of Steels in Aerated  Simulated Sea Water 

Samples Ecorr 
(mV) 

Icorr 
(µAmp/cm2) 

ȕa 
(mV/decade) 

ȕc 
(mV/decade) Rp (ȍ) CR 

(mm/Y) 
Steel A -668 9.5 57 165 1936.37 0.110 
Steel B -676 10.4 48 102 1362.77 0.121 
Steel C -639 15.5 72 181 1443.00 0.180 

X65 -661 9.7 45 100 1389.25 0.113 
 

The SEM micrographs of the specimens corroded in CO2 saturated Lyman Fleming solution showed 
corrosion product free surface. This was supported by the XRD analysis which displayed only Fe 
peak. On the other hand, the SEM micrographs of the specimens corroded in aerated Lyman and 
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Fleming solutions revealed surfaces with non-uniform deposition of corrosion products which are 
believed to be CaCO3  [17, 18]. Many authors [5, 14, 17, 18] have reported that this CaCO3 (part of 
calcareous deposit) forms physical barrier to the diffusion of dissolved oxygen from the bulk solution 
to the steel surface thus preventing and/or reducing corrosion rate. This behaviour occurs at about 66 
days of immersion during which CaCO3 deposit is uniform, dense and cover the surface of the steels. 
 
CONCLUSION 
 
Lyman and Fleming solution which is a widely accepted recipe for simulated seawater solution was 
used to investigate the corrosion susceptibility of three micro-alloyed steels and the fourth one as 
reference electrode. The tests were conducted in aerated and CO2 saturated Lyman and Fleming 
solutions using linear polarization resistance, potentiodynamic polarization, and weight loss 
techniques. From the results of these tests, the following conclusions can be drawn. 
 

 The corrosion attack for all the steels in the aerated solution was about 35% more than that 
in the CO2 saturated solutions. This was attributed to the presence of dissolve oxygen (DO) 
which is a precursor for cathodic reduction and which enhances metal dissolution due to the 
corresponding anodic reactions. In the CO2 environments, the surface of the steels were 
covered by adsorbed CO2 gas thus reducing the surface area in contact with corrosion species 
and so decreases corrosion attack. 

 Although DO also enhances the formation of calcareous deposits, these deposits were porous, 
non-adhesive and therefore could not form adequate physical barrier against corrosion attack. 

 The results of all the corrosion techniques used corroborated each other presenting the 
corrosion rate (CR) of the steels in a descending order of  CRSteel C> CRSteel B > CRX65> CRSteel 

A. This variation in corrosion rate can be attributed to the chemical composition and 
microstructures of the steels. 

 The API XL X65 carbon steel showed almost a comparable corrosion rate with Steel A but 
about 7% and 60% better than Steel B and Steel C in aerated and CO2 saturated Lyman and 
Fleming solutions respectively. 
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