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 Abstract
Galvanic corrosion of carbon steel (CS) coupled to three different alloys, SS316, SS321 and SS2205, was studied by 
electrochemical techniques in stagnant condition and 3.5% Sodium chloride solution at room temperature (25oC). 

The electrochemical work included the measurements of galvanic potential as a function of time and Evans (polarization) 
diagrams of coupled metals as well as weight loss technique. SEM images were taken to test the metal surface. 

Results indicated that CS suffered galvanic corrosion when coupled to all the selected alloys with different rates. Mainly it 
can be described as general corrosion but with SS321 it was clearly pitting corrosion. The best alloy to be used with the CS 
in stagnant 3.5% Sodium chloride solution at room temperature is SS2205 since the galvanic couple has the lowest corrosion 
rate(CR), indicating that CS corrodes at a lower rate when it is coupled to SS2205 then SS316 then SS321 in this environment.
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Introduction 
Galvanic corrosion is very common when two or more different 
metals are electrically connected, where the more active 
one acts as anode and corrodes, while the less active one is 
cathode [1]. The active metal is the metal with more negative 
potential in the electromotive force series of metals; while 
the noble metal is the metal with less negative potential [2]. 
The magnitude of the potential difference between dissimilar 
metals cannot be used to predict the severity of galvanic 
corrosion, because electrochemical potentials are a function of 
the thermodynamics and not of the reaction kinetics that may 
occur. It is the surface kinetics that determines the severity of 
galvanic corrosion [3]. 

Stainless steels are widely used for long service life or for 
operating in highly aggressive environments. Their use is 
limited mainly to those special cases due to the material 
cost. The use of stainless steels combined with carbon steel 
has increased in the last years as an alternative way of costs 
reduction. Some questions have been raised concerning the 
risk of galvanic corrosion between stainless steel and carbon 
steel. This work is conducted to study the galvanic effect of 
carbon steel coupled to some of the widely used stainless steel 
alloys in a moderately aggressive environment [4]. 

Experimental Work
Cylindrical specimens were used for galvanic corrosion 
coupling tests with a surface area of 6 cm2. 3.5% NaCl solution 
was prepared in the laboratory. All experiments were done at 
stagnant condition and at room temperature. The chemical 
compositions of the tested alloys are shown in Table 1. 
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Galvanic corrosion tests were conducted for each coupled 
alloys (CS versus SS321, CS versus SS316 and CS versus 
SS2205). The reference electrode (SCE) was placed in 
a Lugin tube filled with saturated KCl solution. The CS 
specimen was used as a working electrode (WE), while the 
other metal specimen was used as a counter electrode (CE). 
The specimens and the Lugin tube containing the reference 
electrode were then immersed in stagnant 3.5% NaCl solution, 
inside the corrosion cell at room temperature. The corrosion 
potential of the galvanic couple was then measured under the 
open circuit condition as a function of time until the steady 
state was attained. After the steady-state values of potential 

Elements Carbon Steel SS 316 SS 321 SS 2205
Fe 99.4 68.91 70.13 66.0
Cr - 16.43 18.94 22.1
Ni - 10.27 9.08 5.6
Mo - 2.04 0.20 3.1
Mn 0.46 1.87 1.34 2.0
Ti - - 0.31 -
Cu - 0.48 - -
Nb - - - -
Si 1.0
N 0.2

Table 1: Chemical Compositions of tested Alloys (in Wt %)
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were attained, the polarization measurements were taken using 
the ZRA. Evans diagram was plotted for each galvanic couple. 
Each experiment was repeated three times for accuracy and 
the average results were taken. Specimens’ surfaces were then 
examined using the SEM. [5]

Results and Discussions
The electrochemical behaviors of CS and three different 
alloys were investigated in the 3.5% NaCl solution at room 
temperature and stagnant conditions. Investigation was 
done on the galvanic couples. Weight loss technique was 
used to calculate the general corrosion rate and compare it 
to the corrosion rate calculated from the electrochemical 
measurements.

Weight loss 

Carbon Steel samples (CS) were coupled to each of the other 
stainless steel samples separately (SS321, ss2205 and SS316). 
Each couple was repeated three times for accuracy and the 
average result has been used to calculate the corrosion rate 
(Table 2). There was no pre-treatment of the metal samples 
before exposure to the solution. The initial sample weight 
(W1) was taken using the laboratory balance (Precisa balance 
XB220A). 3.5% NaCl solution was prepared in the laboratory. 
Each 1 Liter of 3.5% NaCl was prepared by dissolving 35grams 
of NaCl salt into 1 liter of distilled water. [6]

A separate corrosion cell was prepared for each couple. All the 
cells were kept at room temperature for 140hours. Corrosion 
rate was calculated assuming uniform corrosion over the entire 
surface of the metal samples. The corrosion rate in mils per 
year (mpy) was calculated from the weight loss using the 
following formula:

Where; CR is the corrosion rate in mpy, W is the average 
weight loss in grams, D is the specimen density in g/cm3 and T 
is the exposure time in hours A is the metal sample surface area 
in cm2. And a k factor value of 3.45*106 was used.

It was noticed that brown corrosion product formed on the 
carbon steel, The SS321 sample had some corrosion product 
on it. Solution turned into yellow color due to the corrosion 
product formed. The stainless steel samples SS2205 and 
SS316 were not affected. At the end of experiment, the samples 
were taken out, cleaned with Clarck’s solution to remove the 

corrosion product of its surface according to ASTM G1 (7). 
It was then rinsed under flowing water, dried with the air 
dryer and left for few minutes to cool down. After that, the 
final weights of the samples (W2) were taken to measure the 
corrosion rate as shown in Table 2.

From the obtained results it can be seen that the corrosion 
rate of carbon steel is highest when coupled to SS321alloy 
(362.580mpy), while it had a much lower corrosion rate when 
it was coupled to SS316 alloy (8.894mpy) and CS had the 
lowest corrosion rate when it was coupled to SS2205 alloy 
(6.802mpy). So it can be concluded that the most corrosion 
resistance couple id the CS/SS2205. Comparing the three 
stainless steel sample it can be seen that SS321 had the highest 
corrosion rate (62.121mpy) then SS316 (4.626mpy) then 
SS2205 (0 mpy). The most corrosion resistance metal for this 
experiment is SS2205. Probably its corrosion rate will stay 
low even at a longer time experiment. SS2205 is the most 
resistance alloy to corrosion according to this weight loss 
study then SS316 then SS321. Carbon steel is most resistance 
to corrosion when it is coupled to ss2205than when coupled to 
ss316. Worst couple is CS to SS321. [7]

Electrochemical potential 

Corrosion test was conducted on the uncoupled alloys initially 
using the Bio-multistat equipment. Variation of the corrosion 
potential of each metal was measured versus external saturated 
calomel electrode (SCE) in a Lugin tube filled with saturated 
KCl solution. The tested alloy, the SCE, and a counter electrode 
(CE) were immersed in the 3.5% NaCl solution inside the 
corrosion cell at room temperature. The corrosion potential 
was measured under open circuit conditions as a function of 
time until the steady state was reached. [8]

Galvanic corrosion tests for coupled alloys were then applied 
(CS versus SS321, CS versus SS316, and CS versus SS2205), 
the specimens were cylindrical with a surface area of 6 cm2. 
The reference electrode (SCE) was placed in a Lugin tube 
filled with saturated KCl solution. 3.5% NaCl solution was 
used for these experiments at room temperature and stagnant 
conditions. The CS specimen was used as a working electrode 
(WE), while the other metal specimen was used as a counter 
electrode (CE). The specimens and the Lugin tube containing 
the reference electrode were then immersed in the NaCl 
solution, inside the corrosion cell. The corrosion potential 
(E) of the galvanic couple was then measured under the open 

Metal 
sample

Initial 
weight(W1) 

Average(gm.)

Final 
weight 
(W2)

Weight 
Difference(W) 

loss(gm.)

Density (D)
(g/cm3)

Metal samples 
area (A)(cm2)

Time (T) 
(hrs.) k factor CR(mpy)

CS 10.512 9.819 0.693 7.85 6 140 3.45*106 362.58
SS321 10.43 10.309 0.121 8 6 140 3.45*106 62.121

CS 10.473 10.46 0.013 7.85 6 140 3.45*106 6.802
SS2205 10.43 10.43 0 7.91 6 140 3.45*106 0

CS 10.446 10.429 0.017 7.85 6 140 3.45*106 8.894
SS316 10.639 10.63 0.009 7.99 6 140 3.45*106 4.626

Table 2: Weight loss experiment results.



Al Farhan A (2019) A Study of Galvanic Corrosion in Sodium Chloride Solution

J Geol Geosci Volume 2(1): 20183

circuit condition as a function of time until the steady state was 
attained (Figure 1).

From figure 1, it can be seen that the potential for all the 
galvanic couples in 3.5% NaCl solution at room temperature 
started from different values. It was also noticed that at the 
steady-state values for the coupled alloys were as follows: 
-0.69, -0.70 and -0.72 for CS/SS316, CS/SS321 and CS/
SS2205 respectively. These results indicate that the noblest 
potential was for the CS/SS316 couple and the most active 
potential was for the CS/SS2205 couple. 

The Rp was then measured using the LPR technique for 
one day after reaching the steady-state potential values. 
Tests were conducted in triplets and the averages of Rp 
values for all of the alloys were used to calculate the Icorr 
value from which the corrosion rate (CR) values were then 
calculated using the measured Stem Geary coefficient (B) 
values (Table 3). 

ba: slope of the anodic Tafel reaction, 

bc: slope of the cathodic Tafel reaction, 

B: Stern-Geary constant.

Stern-Geary constant was calculated from known Tafel slopes 
where both cathodic and anodic reactions are activation 
controlled. Tafel plot was established by applying the 
programmed polarization method from the Bio-multistat 
system using 0.166 mV/s scan rate. 

 B= (ba*bc) / (2.303*(ba+bc))

icor = Icor/A (µA/cm2)

Where icor = corrosion current density 

Icor = total anodic current (µA) 

A = exposed specimen area (cm2)

The corrosion current density may then be calculated from 
the polarization resistance and the Stern-Geary constant as 
follows:

icor= B/ Rp.

Finally, the corrosion rate can be calculated from the corrosion 
current,

Corrosion rate: Cr = (0.13*Icor*equivalent weight)/ 
(area*density) (mpy).

Final corrosion rate results of tested stainless steel alloys are 
illustrated in the following graph (Figure 2). 

Corrosion rates comparison of each stainless steel alloy 
coupled to carbon steel are illustrated in the following graph 
(Figure 3).

According to figure 2, it can be seen that SS316 had the lowest 
corrosion rate then S2205 then SS321. Figure 3 shows that 
the carbon steel would have the lowest corrosion rate when 
coupled to SS2205. These results agree with the weight 
loss experiment results. Therefore, it can be concluded that 
carbon steel is most resistance to corrosion when it is coupled 
to SS2205 than when coupled toSS316 and it will have the 
highest corrosion rate coupled to SS321.

Evan Diagram

The galvanic current (I) versus time was then measured using 

Alloy Type ba(mV) bc (mV) B (mV) Equivalent Weight Area (cm2 ) Density  (g/cm3 )
CS 18.13 23.31 4.43 27.92 6 7.85

SS316 5.05 5.75 1.16 25.50 6 7.99
SS321 17.21 31.38 4.82 25.26 6 8.00

SS2205 6.63 9.53 1.69 36.28 6 7.91

Table 3: Parameters Measured for the Alloys in 3.5%NaCl @room temperature.

Figure 1: Average potential versus time for all galvanic couples in 3.5% NaCl at room temperature.
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a zero resistance ammeter (ZRA). Each test run took 140hrs. 
After the steady-state values of current and potential were 
attained, the polarization measurements were taken using the 
ZRA, an Evans diagram was plotted for each galvanic couple 
(Figure 4).

The results show that the best alloy to be coupled to CS is 

SS2205 since it provides the lowest Icorr, while the other galvanic 
couples (CS with SS316 and CS with SS321) provided higher 
Icorr values with more negative Ecorr values indicating that CS 
corrodes at a higher rate when it is coupled to them. These 
finding agrees with the previous finding from the weight loss 
and electrochemical potential results.

Figure 2: Corrosion rate comparison of the three tested stainless steel alloys.

Figure 3: Corrosion rate comparison of the three tested stainless steel alloys separately coupled to carbon steel.

Figure 4: Average Evans diagram for all galvanic couples in 3.5% NaCl solution at room temperature.
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SEM

Visual examination of samples indicated that all carbon steel 
specimens were severely corroded and covered with corrosion 
product film when it was coupled to all the stainless alloys. 
However, sample surfaces of the tested alloys SS316 and 
SS2205 found shiny at the end of the tests while SS321 had 
pits on its surface (Figure 5).

The Samples surfaces were then examined by scanning electron 
microscope (SEM). The CS/SS321 couple was studied (Figure 
6 and figure 7). CS alloy was severely corroded with the image 
showing a rough surface while SS321 surface had deep pits on 
it SEM examination of CS/SS316 coupled showed that CS was 
also had a rough corroded surface (Figure 8) while the SS316 
alloy had smooth unaffected surface (Figure 9).

A) CS/SS321                                       B) CS/SS316                                        C) CS/SS2205 

Figure 5: Tested specimens after experiment: A) CS/SS321, B) CS/SS316 and C) CS/SS2205.

 
  A) X100                                                B) X500                                               C) X1000 

Figure 6: SEM images of Carbon steel specimen that was coupled to SS321 at A) 100X, B) 500X and C) 1000X magnification.

 
  A) X100                                               B) X500                                                 C) X1000 

Figure 7: SEM images of SS321 specimen that was coupled to carbon steel at A) 100X, B) 500X and C) 1000X magnification.

 
  A) X100                                               B) X500                                                C) X1000 

Figure 8: SEM images of Carbon steel specimen that was coupled to SS316 at A) 100X, B) 500X and C) 1000X magnification.
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A) X100                                                 B) X500                                                 C) X1000 

Figure 9: SEM images of SS316 specimen that was coupled to carbon steel at A) 100X, B) 500X and C) 1000X magnification.

   
A) X100                                                B) X500                                                C) X1000 

Figure 10: SEM images of Carbon steel specimen that was coupled to SS2205 at A) 100X, B) 500X and C) 1000X magnification.

 
A) X100                                                B) X500                                                 C) X1000 

Figure 11: SEM images of SS2205 specimen that was coupled to carbon steel at A) 100X, B) 500X and C) 1000X magnification.

Finally the CS/SS2205 couple was examined by SEM. CS alloy 
showed a rough corroded surface while the SS2205 alloy images 
showed smooth unaffected surface ( Figures 10 and 11). From 
all the above results, it is recommended to avoid the galvanic 
coupling of CS with any of the stainless steel alloys in 3.5% NaCl 
solution at room temperature. If it must be done then alloy SS2205 
will show the least corrosion rate followed by SS316 and finally 
SS321, which showed severe pitting corrosion on its surface 
when coupled to carbon steel. In general, galvanic corrosion can 
be prevented using inhibitors or preventive coatings.

Conclusions
A study on galvanic corrosion was conducted for all of the 
couples (CS/SS321, CS/SS316, CS /SS2205) in 3.5% NaCl 
solution at room temperature. It was found that the CS suffered 
galvanic corrosion when it was coupled to all of the selected 
alloys. Alloy SS2205 has the lowest CR when coupled to CS 
in 3.5% NaCl solution at room temperature then SS316 then 

SS321. It is recommended to avoid the galvanic coupling of 
CS with any of these alloys at this environment.
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