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Abstract  The electrochemical behavior of 
spirally-welded API steel was investigated at ambient 
temperature in 3.5% NaCl and 1M H2SO4 solution using 
linear polarization and electrochemical impedance 
spectroscopy (EIS) techniques. In order to reveal the 
corrosion resistance of different regions within the welded 
joint some significant characterization parameters in linear 
polarization and EIS curves were analyzed and compared. 
The surface morphology of corrosion products was also 
analyzed by scanning electron microscopy (SEM) and 
energy-dispersive spectrometer (EDS). The results showed 
that the corrosion resistance of the steel in both solutions at 
ambient temperature follows the order Weld Metal - Base 
Metal and HAZ. The corrosion of welded steel in sulfuric 
acid solution is more than that in NaCl solution. 
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1. Introduction 
Carbon steels are the most important alloys used in 

petroleum and chemical industries since they account for 
over 98% of the construction materials. Of all the carbon 
steels, low carbon steels are widely used in oil / gas storage 
tanks and transportation pipelines because they display 
significant ductility, good weldability characteristics and 
possess reasonable strength and toughness [1-3]. However, 
these welded structures (pipe-lines, off-shore rigs, agitators, 
pumps, tanks etc.) are subjected to severe corrosion due to 
the aggressive chemical solutions [4-6] loaded with 
impurities (chlorides, sulphates etc.) [7-9].  

Generally, a welded joint is composed of three zones with 
different corrosion behaviors: base metal (BM), 
heat-affected zone (HAZ) and weld metal (WM). The HAZ 
can be severely affected due to the metallurgical changes 

caused by welding thermal cycles. The HAZ is the most 
sensitive region that is prone to corrosion due to the 
precipitation of chromium carbides [10, 11], which is of 
important concern in maintaining the integrity of pipelines, 
cylinders and tanks [12].  

The steel pipe used for oil and gas transport are 
manufactured by welding different segments of carbon steel 
which alters the microstructure of the materials by causing 
local variations in the composition and phases. The 
difference in chemical composition, metallurgical phases, 
microstructure and mechanical performance of these 
pipe-line steels may result in the varied corrosion behaviors.  
These changes increase the dissimilarity of the base/weld 
metal combination and can cause galvanic corrosion [13]. 
Therefore, weldment corrosion in various industrial media 
attributes much attention, and different results have been 
reported depending on the base metal, corrosive media and 
welding technology [14-17]. Earlier published work [18-22] 
suggests that corrosion is more severe in the contact region 
between the base and the welded zones. This is mainly due to 
the galvanic corrosion between the base and the weld metals. 
It should be noted that significant number of studies on the 
electrochemical corrosion of pipe-line steel is mainly 
focused on the stress cracking corrosion (SCC). Thus, it is 
imperative to understand the corrosion behavior of welded 
API pipe-line steel in view of the extensive and perdurable 
application. The aim of this work is to investigate the 
corrosion behavior of spirally welded API pipe-line steel in 
3.5% NaCl and 1M H2SO4 solutions using linear polarization 
and electrochemical impedance spectroscopy techniques. 
The surfaces of the samples were characterized using SEM 
analysis and EDX techniques. 

2. Experimental 

2.1. Materials Preparation 

The weld materials used in this study were produced by 
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sub-merged arc welding (SAW) process with 2.5 mm 
diameter-welding wire classified as high Mn welding 
electrodes according to the American Welding Society code 
(AWS A5.17) and also (ASTM A558). According to the 
same classification code the flux used was F71 type which is 
compatible to the welding wire composition. The material 
used in this investigation was as received spirally welded 
pipe. Three different zones i.e., BM, WM and HAZ were 
studied individually and compared. The specimen for 
electrochemical tests was cut in to 10 × 10 × 5 mm 
dimension from three different zones. The chemical 
composition of specimens from different zones is presented 
in Table 1. Specimens were degreased with acetone, air dried 
and embedded into two-component epoxy resin and mounted 
in a glass holder. The specimens were later embedded in two 
component epoxy resin in a glass holder, leaving a 
rectangular cross section area of 1 sq. cm acts as working 
electrode. The coupons were degreased with acetone, A 
copper wire was soldered to the rear side of the coupon 
which works as counter/ reference electrode. Prior to each 
experimental run, the exposed surface of the working 
electrode (of area 100 mm2) was wet polished with 1000 grit 
silicon carbide, rinsed with ethanol and air dried. 

2.2. Optical Microscopy 

One of the surfaces of the each metallographic specimens 
BM, WM and HAZ were mechanically ground on the silicon 
carbide abrasive papers sequentially on 60, 120, 240, 320, 
400, 600 grit silicon carbide papers and polished on a Sylvet 
cloth using coarse and fine Geosyn- Grade I slurry of Al2O3. 
Specimens were cleaned in water, alcohol and then dried in 
air. All the polished specimens were etched using 2% Nital 
solution (2% HNO3 in Ethanol). The etched specimens were 
observed by XJL-03 model metallographic microscope.  

2.3. Solution Preparation 

Experiments were done in stagnant 3.5% NaCl and 1M 
H2SO4 solution. All solutions were prepared from analytical 
grade reagents and distilled water. While the electrolyte 
solutions were in equilibrium with the atmosphere, all 
experiments were carried out under thermostatic conditions 
25oC (±0.1oC). 

2.4. Experimental Procedure (Linear Polarization and 
the EIS) 

Electrochemical experiments were performed in a 
conventional three-electrode cell in which Ag/AgCl was the 
reference electrode, platinum foil was the counter electrode 
whereas the API steel was the working electrode (WE). All 
potentials quoted in this paper were referred to the Ag/AgCl. 
The area of the WE exposed to the solution was 1 cm2. The 
electrochemical experiments were performed by Autolab 
Potentiostat (PGSTAT20 computer controlled) operated by 
the general purpose electrochemical software (GPES) 
version 4.9. The free corrosion potential (versus Ag/AgCl) 
was followed after immersing the working electrode in the 
test solution until the potential stabilized within ±1mV. This 
was followed by electrochemical impedance spectroscopy 
test. EIS data were recorded for the weld specimens at 
corrosion potentials (Ecorr) immersed in the test solution. The 
frequency was scanned from 100 KHz to 100 MHz, with an 
ac wave of ± 5 mV peak-to-peak overlaid on a dc bias 
potential to get Nyquist and bode plots. The best equivalent 
circuit of Nyquist plots was calculated by fit and simulation 
method. The linear potentiodynamic polarization curves 
were obtained by scanning the potential in the forward 
direction from −0.25 to 0.25V against Ag/AgCl at a scan 
rate of 1 mV/s. 

All the electrochemical experiments were recorded after 
immersion of the electrode in the test solution at a 
temperature of (25±1)0C. Fresh solution and fresh specimens 
were used after each weep. For each experimental condition, 
two to three measurements were performed to ensure the 
reliability and reproducibility of the data. 

2.5. Characterization of Surface Films 

The morphology of the corroded surface of each specimen 
were analyzed using a FE SEM [JEOL model JSM-6610LV 
– Japan] with an energy dispersive X-ray analyzer attached 
for acquiring the EDX analysis. The specimens were washed 
and dried after being withdrawn from the test cell to enable 
the characterization of adherent corrosion products with no 
residues. 

Table 1.  Chemical composition of spiral welded steel. 

 C Si Mn P S Cu Ni Ti V Nb 

WM 0.109 0.229 1.67 <0.0005 <0.0005 0.0434 0.017 0.102 0.0297 0.0269 

HAZ 0.114 0.235 1.52 <0.0005 <0.0005 0.0267 0.0147 0.0167 0.0463 0.0500 

BM 0.11 0.226 1.48 <0.0005 0.0008 0.0264 0.0145 0.0156 0.045 0.0471 
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3. Results 

3.1. Metallography of the Welded Joint 

In general, the weldment shown is composed of WM, also 
known as fusion zone, the (HAZ), and the unaffected base 
metal (BM). The BM microstructure is shown in Fig. 1 
which is composed of a ferritic matrix with pearlite in which 
the ferrite is the dominant phase leading to enhanced 
weldability and satisfactory strength. Although the WM and 
base metals have almost the same composition based on 
carbon equivalent calculations, the WM microstructure 
however is noticeably different from the HAZ as well as the 
unaffected base metal. This difference is noted while 
comparing the microstructures of the WM in its as-deposited 
condition (as-cast structure) and the BM. The WM 
experiences melting and solidification, and its 
microstructural characteristics can be described as columnar 
structure of mainly acicular ferrite and proeutectoid ferrite at 
grain boundary as shown in Fig. 2. The HAZ exhibited 
coarsened grains of ferrite. The coarse-grained 
microstructure is within the HAZ and is adjacent to the 
fusion line (boundary) of WM which has been subjected to 
peak temperatures leading to grain coarsening as shown at 
higher magnification in Fig. 3.  

 
Figure 1.  Unaffected base metal at x100 magnifications 

 
Figure 2.  The fusion line (FL) separating the weld metal 

 

Figure 3.  Coarse-grained supercritical HAZ at higher magnification 

3.2. Potentiodynamic Polarization Curves 

 
(a) 

 

(b) 

Figure 4.  Potentiodynamic polarization curves for welded steel samples in 
1M H2SO4 (a) and 3.5% NaCl (b) solutions at room temperature [Blue-WM, 
Red-HAZ & Green BM]  
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Table 2.  Potentiodynamic polarization parameters of Spiral welded specimens in 1M H2SO4 and 3.5% NaCl at room temperature.  
Tafel Data LPP Data 

 Solution Material ba (mV/decade) bc (mV/decade) Ecorr  (mV) Icorr ( µA) Rp Ω 

 
1M H2SO4 

WM 40.45 26.65 -444 129.82 53.74 

HAZ 40.86 33.03 -418 297.45 26.62 

BM 31.46 24.40 -438 141.82 42.08 

3.5% NaCl 

WM 60.11 37.57 -576 2.451 4098.7 

HAZ 34.25 22.71 -526 3.332 1949.3 

BM 46.43 36.57 -539 2.638 2172.8 

 
The polarization curves for welded steel specimens (WM, 

HAZ and BM) in 1M H2SO4 and 3.5% NaCl solution at room 
temperature are shown in Figs. 4a and 4b for base metal 
sample. Polarization parameters obtained from the curves are 
presented in Table 2. These parameters include the values of 
corrosion current densities (Icorr), corrosion potential (Ecorr), 
cathodic Tafel slope (bc), anodic Tafel slope (ba) and 
polarization resistance (Rp). The corrosion current density, 
icorr, was determined graphically for all by extrapolating the 
cathodic and anodic Tafel slopes to the Ecorr (versus 
Ag/AgCl). From the slope analysis of the linear polarization 
curves in the vicinity of corrosion potential, the values of 
polarization resistance (Rp) in acid and NaCl solution were 
obtained. 

3.3. Electrochemical Impedance Spectroscopy (EIS) 
Study 

The corrosion response of welded specimens in 1M H2SO4 
and 3.5% NaCl solution was investigated using 
Electrochemical Impedance Spectroscopy at room 
temperature and Nyquist plots represented in the Figs. 5a and 
5b and corresponding Bode plots are shown in Figs.6a and 
6b for base metal sample. The EIS parameters such as Rct, Rs 
and CPEdl for both the solutions are listed in Table 3. 

 

(a) 

 
(b) 

Figure 5.  Electrochemical Impedance curves (Nyquist plot] of welded 
samples immersed in 1M H2SO4 (a) and 3.5% NaCl (b)solutions at room 
temperature [Blue-WM, Red-HAZ & Green BM]. 

Table 3.  Electrochemical Impedance parameters of Spiral welded 
specimens in 1M H2SO4 and 3.5% NaCl  at room temperature.  

 Rs (Ω) CPE (µMho) n Rct (Ω) 

1M 
H2SO4 

WM 1.2 202 0.862 42.0 

HAZ 1.5 255 0.845 23.8 

BM 1 120 0.933 27.8 

3.5% 
NaCl 

WM 8 1.91 0.703 990 

HAZ 8 0.597 0.827 340 

BM 10 1.08 0.863 775 

 
(a) 
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(b) 

Figure 6.  Bode plot for welded steel samples immersed in 1M H2SO4 (a) 
and 3.5% NaCl (b) solutions at room temperature [Blue-WM, Red-HAZ & 
Green BM]. 

4. Discussion 

4.1. Effect of Microstructure/grain Size on Corrosion of 
Welded Steel 

From polarization curves (Fig.4) and data from Table 2, it 
was found that, Ecorr (versus Ag/AgCl) values of HAZ shifted 
towards more anodic (positive) region and Icorr values of 
HAZ increases compared to BM and WM. The same 
corrosion resistance trend was discovered with both the acid 
corrosion and NaCl corrosion in the following order: WM - 
BM - HAZ. The coarse grains, residual stresses due to 
shrinkage, their corresponding lattice strains and the 
disordered crystals in HAZ all of which favor the formation 
of microcell corrosion, hence, the corrosion rate of the HAZ 
is maximum in each corrosive media. Obviously, the 
corrosion sensitivity is related to the microstructure. The 
corrosion rate values were lower for the WM and BM which 
presented an acicular ferrite and ferritic-pearlitic 
microstructure respectively, whereas, the microstructural 
analysis showed that the supercritical coarse-grained HAZ 
and also the supercritical fine-grained HAZ were composed 
primarily of bainitic- ferrite matrix and suffered a severe 
localized attack. This is in agreement with the fact that the 
highest calculated corrosion rate values were obtained for the 
HAZ. Similar results were obtained by the work of Garcia et 
al [23], who studied the H2S corrosion resistance of 
microalloyed steel with three different heat treatments and 
microstructures. They observed lower corrosion rate values 
with acicular ferrite microstructure compared to the values 
obtained for the ferritic-bainitic and martensitic 
microstructures [23]. 

It is seen from these figure that the shapes of Nyquist plot 
of the WM, HAZ as well as BM specimens are similar at 
each concentration, with one depressed semicircle indicating 
that the corrosion mechanism is similar for all regions. As 
can be seen from these figures, the Nyquist plots don’t yield 
perfect semicircles as expected from the theory of EIS. The 

deviation from ideal semicircle is generally attributed to the 
frequency dispersion [24] as well as to the inhomogenities 
of the surface and mass transport resistant [25]. It is evident 
from the plots that the impedance response of HAZ 
specimens showed a noticeable difference compared to BM 
and WM samples. The capacitance loop intersects the real 
axis at higher and lower frequencies. At high frequency end, 
the intercept corresponds to the solution resistance (Rs) and 
at lower frequency end corresponds to the sum of Rs and 
charge transfer resistance (Rct). The difference between the 
two values gives Rct [(Rs + Rct) –Rs]. The value of Rct is a 
measure of electron transfer across the exposed area of the 
metal surface and it is inversely proportional to rate of 
corrosion [26].  The smallest capacitive loop in high 
frequency range is noticed in HAZ than BM and WM for 
both solutions, which reveals the highest corrosion rate for 
HAZ steel. 

Impedance behavior can be well explained by pure electric 
models that could verify and enable to calculate numerical 
values corresponding to the physical and chemical properties 
of electrochemical system under examination [27]. The 
simple equivalent circuit that fit to many electrochemical 
systems consisting of a parallel combination of a double 
layer capacitance (Cdl) and the charge transfer resistance (Rct) 
corresponding to the corrosion reaction at metal/electrolyte 
interface and the solution resistance (Rs) between the 
working and reference electrode [28, 29]. To reduce the 
effects due to surface irregularities of metal, constant phase 
element (CPE) is introduced into the circuit instead of a pure 
double layer capacitance which gives more accurate fit [30] 
as shown in the Fig. 7.  

 

Figure 7.  Equivalent circuit fitting for EIS. 

The impedance of CPE can be expressed as 𝑍𝑍𝐶𝐶𝑃𝑃𝐸𝐸=1/ 𝑌𝑌0 
(𝑗𝑗𝜔𝜔), where Y0 is the magnitude of CPE, n is the exponent 
(phase shift), ω is the angular frequency and j is the 
imaginary unit. CPE may be resistance, capacitance and 
inductance depending upon the values of n [28]. In all 
experiments the observed value of n ranges between 0.8 and 
1.0, suggesting the capacitive response of CPE.  

From Table 3, the EIS parameters indicate that the values 
of Rct are less for HAZ than that of BM and WM for both 
solutions.  Bode plots shown in Fig.6 indicates the presence 
of one time constant, corresponding to one depressed 
semicircle that obtained in case of Nyquist plots. The total 
impedance value of HAZ seen in Bode profile is the lowest 



 Manufacturing Science and Technology 3(5): 286-293, 2015 291 
 

one for both solutions. 
The corrosion resistance calculated from EIS results 

shows the same trend as those obtained from polarization 
measurements. The difference in corrosion resistance of the 
two methods may be due to the different surface status of the 
electrode in two measurements [31]. 

4.2. Corrosion Mechanism (SEM Micrographs and EDX 
Analysis) 

The SEM images of the polished carbon steel surface and 
those of the corroded surfaces in 1 M H2SO4 and 3.5% NaCl 
are shown in Fig.8a, Fig. 8b and Fig. 8c, respectively. 

The corrosion products formed on steel surface was 
analyzed using energy dispersive X-ray analyzer (EDX) as 
shown in Fig. 9. 

The SEM image of polished BM sample in Fig. 8(a) shows 
a good surface property, while the image in case of corroded 
welded sample immersed in 1M H2SO4 solution was failed 
because it is severely weakened by external corrosion as 
shown in Fig. 8(b). The surface shows a homogeneous 
corroded area with a pile-up of regular crystals, but the 

surface film is very loose. The corresponding energy 
dispersive X-ray analyzer (EDX) profiles that were taken for 
both the images are respectively shown in Fig. 9a and 9b. 
The atomic percentages of the elements found in polished 
steel surface indicated that this area were 8.56% C, 89.35 % 
Fe, 1.04% Mn, 0.60% Si, 0.13% Cr, 0.22% Al, 0.09 % Nb, 
and 0.15% Mo (Fig. 9a). The atomic percentages of the 
elements found in corroded surface indicated that this area 
were 28.82% C, 69.46 % Fe, 1.08% Mn, 0.11% Ti, 0.1% Cr, 
0.19 % Nb, and 0.15% Mo (Fig. 9b). The spectra show that 
Fe peaks are considerably suppressed in the acid solution 
which is due to dissolution of Fe in acid solution. It has been 
reported [32] that the cathodic reaction for metals and alloys 
in sulfuric acid solutions is the hydrogen evolution according 
to the following equation: 

2H+ + 2e−= H2    (Eq.1) 

The electrons consumed at the cathode due to the 
hydrogen ion reduction are produced during the dissolution 
of iron of the alloy in the corrosive acid medium through the 
anodic reaction as follows: 

Fe = Fe2+ + 2e−     (Eq.2) 

      

(a)                                               (b)                                               (c) 

Figure 8.  SEM images of welded (BM) steel (a) before corrosion (b) after corrosion in 1 M H2SO4 (c) after corrosion in 3.5% NaCl. 

 
(a)                                               (b)                                               (c) 

Figure 9.  EDX spectra of welded (BM) steel (a) before corrosion (b) after corrosion in 1 M H2SO4 (c) after corrosion in 3.5% NaCl. 
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The image of corroded steel surface in NaCl solution 
shows a corrosion product developed on the steel surface as 
shown in Fig. 8c. The atomic percentages of the elements 
presented on the surface product by salt solution (Fig. 9c) 
were 18.70% O, 77.50 % Fe, 2.69% Na, and 1.12% Cl. The 
EDX results from the present study suggest that the better 
corrosion resistance of alloys in salt solution than acidic 
might be due to the formation the corrosion product, Fe 
(OH)2 on metal surface. The spectra show also that Fe peaks 
are considerably suppressed in the salt solution which is due 
to the overlying corrosion product. This has been explained 
on the basis of formation of a protective hydroxide film as 
represented by the following electrochemical reactions [33]: 

Under deaerated condition, the anodic reaction is 
represented as follows: 

Fe → Fe 2+ + 2e-   (Eq.3) 

The cathodic reaction at neutral pH is 

2H2O + 2e- → H2 + 2OH−   (Eq.4) 

Fe 2+ hydrolysis to form Fe(OH)2 

Fe2+ + 2H2O → Fe(OH)2 + 2H+  (Eq.5) 

Under deaerated condition, the corrosion product, 
Fe(OH)2 formed on metal surface.  

SEM/EDX investigations thus confirm the polarization 
data of the welded steel in salt and acidic solution.  

4. Conclusions 
The paper aims to understand the corrosion behavior of 

the weld metal, heat affected zone (HAZ) and base metal of 
spiral welded pipeline steel at ambient temperature in 3.5% 
NaCl and 1M H2SO4 solution. The grain size is coarse and 
the assignment is disordered in HAZ by comparing the 
metallurgical structures of WM and BM. The corrosion rate 
order of the three regions in the weldment follows the rule as: 
HAZ > MW > BM. The corrosion resistance, calculated from 
EIS results, shows the same trend as those obtained from 
polarization measurements. The corrosion of welded steel in 
sulfuric acid solution is more due to the dissolution of 
welded steel under the aggressiveness action of the sulfuric 
acid solution whereas in NaCl solution, the results have 
confirmed that the corrosion rates of welded steel is less due 
to develop a layer of corrosion products and/or oxides that 
protect its surface. 
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