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 Abstract
Galvanic corrosion of carbon steel (CS) coupled to four different alloys, namely, 316 SS, 321 SS, Incoloy 825 and 2205 SS was studied 
through electrochemical techniques in flowing (3 and 5 m/s) deaerated 3.5% ammonium bisulfide solution (ABS) at 60oC collected from 
petroleum refinery. The electrochemical work included the Evans (polarization) diagrams of coupled alloys and the measurements of the 
potential of separate alloys as well as the measurements of galvanic potential and galvanic current as a function of time. The impact of 
galvanic coupling on the anodic and cathodic reaction rates was determined. 

It was found that the corrosion of CS was enhanced as the result of increasing the solution flow velocity while it was coupled to the different 
alloys. It showed that the best couple to be used at 5 m/s is CS/SS321 since it had the lowest corrosion current and less negative corrosion 
potential. The severity of galvanic corrosion increased with the increase of the solution speed (3, and 5 m/s) for all the couples. It was 
concluded that for all the couples, the anodic control is higher than the cathodic control, indicating that the corrosion of CS is the dominant 
factor in the reaction of the metallic couples in the 3.5% ABS at different speeds and at 60oC. Results indicated that the CS suffered galvanic 
corrosion when it was coupled to all of the selected alloys but at different rates; so, it is recommended to avoid the galvanic coupling of CS 
with any of the noble alloys in deaerated 3.5% ABS at 60oC and at different speeds ( 3, and 5 m/s).

Introduction 
Galvanic corrosion is an electrochemical process in which one 
metal corrodes preferentially when it is in electrical contact 
with another, in the presence of an electrolyte. One metal 
acts as anode and the other as cathode. The electro potential 
difference between the reactions at the two electrodes is the 
driving force for an accelerated attack on the anode metal, 
which dissolves into the electrolyte [1]. This leads to the metal 
at the anode corroding more quickly than it otherwise would 
and corrosion at the cathode being inhibited. The difference 
of potential between dissimilar metals alone cannot be used 
to predict the severity of galvanic corrosion. It is the surface 
kinetics that determines the severity of galvanic corrosion 
[2,3].

Typically in industrial process systems, different metals 
of construction will be used, and more often they are not 
dielectrically insulated from each other, but are connected via 
a flange, valve, union, or brazed joint [4]. Thus, when the two 
or more different types of metal come into contact with one 
another, a galvanic couple is set up, as the different metals 
have different electrode potentials. The electrode potential 
is the tendency of a metal to give up electrons and go into 
solution [5].

The rate of galvanic corrosion is strongly influenced by the 
electrode potential difference between the dissimilar metals. 
The galvanic series is a list of metals in order of their activity, 
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the most active being at the top of the list and the least active 
at the bottom. The further apart two metals are on this list, the 
greater will be the reactivity between them and, therefore, the 
faster the anodic end will corrode [6].

Ammonium bisulfide (NH4HS) is a clear, yellowish liquid 
that contains a high concentration of H2S and is well-known 
to cause corrosion problem in associated piping and stripper 
overheads of hydrotreater and hydrocracker reactor effluent air 
coolers (REAC) [7]. In hydrotreater reactors, organic sulfur 
and nitrogen compounds are converted to hydrogen sulfide 
and ammonia [8]. When the effluent is cooled, gases combine 
to form ammonium bisulfide (ABS) salt. Water is injected to 
prevent accumulation of the salt, which results in a corrosive 
ABS solution that causes different kinds of corrosion. This 
corrosion has been the cause of several major fires, explosions, 
and costly unscheduled shutdowns [7, 8]. 

The CS mostly suffers from general corrosion and erosion-
corrosion in stagnant and flowing ammonium bisulfide (ABS) 
solution, respectively. The extent of this corrosion is increased 
when the CS is coupled to a more noble metal. The leaking CS 
tubes are sometimes replaced by other alloys such as 430 (SS), 
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321 SS, and alloy 800 [9-11]. This replacement might lead to 
galvanic corrosion in the ABS solution.

Kuwait National Petroleum Company (KNPC) were interested 
in a study of the galvanic corrosion of the CS, coupled with five 
different alloys (316 SS, 321 SS, alloy 2205 and Incoloy 825) 
in their real solution, that is 3.5% ABS with its contaminants, 
and at 60oC. Galvanic corrosion is expected when the CS 
tubes in the heat exchangers are upgraded in metallurgy while 
the header box and the tube sheet are still CS, and when SS 
ferrules are fitted into CS tubes at inlets and outlets.

An increase in the fluid flow may increase corrosion rates 
(CRs) by removing protective films or by increasing the 
diffusion or migration of deleterious species. Conversely, 
increased flow may decrease the CR by eliminating aggressive 
ion concentration, or enhancing passivation and inhibition by 
transporting the protective species to the fluid and/or metal 
interface [10, 11]. Therefore, a flow in combination with other 
factors may strongly influence the galvanic corrosion [11, 
12]. These factors are environment chemistry, pH, component 
geometry, surface roughness, entrained abrasives, flow 
disruptions, environment contamination, alloy composition 
and surface films, velocity and degree of turbulence, oxygen 
content, heat transfer rate, and. Standard test methods for 
galvanic corrosion are provided in ASTM G 71-81[13] and G 
82-98 [14]. The main aim of the current study is to study the 
galvanic corrosion of CS coupled with different alloys (namely 
SS 316, SS 321, Incoloy 825 and SS 2205) in flowing 3.5% 
ABS solution collected from the petroleum refining company.

Experimental Work
The specimens for galvanic corrosion testing in flowing 
conditions were cylindrical with a surface area of 6 cm2. The 
chemical compositions of the tested alloys are shown in (Table 
1). The solution used in all of the experimental works was 
3.5% ABS, which was received from KNPC refinery. (Table 
2) shows the chemical analysis of the ABS solution.

Rotating cylinder electrodes (RCE) were used in the experiments 
under flow conditions. In the uncoupled experiments for CS, 
SS321, SS316, 825, and SS2205, the specimens were inserted 
in the RCE specimen holder (Figure1a), only one metal 
specimen at a time. Saturated calomel electrode (SCE) was 
used as a reference electrode and was placed in a Lugin tube 
filled with saturated KCl solution. Platinum electrode was 

used as a counter electrode (CE). The specimen, the Lugin 
tube containing the SCE, and the CE were immersed in 3.5% 
ABS solution in the corrosion cell (Figure 1b). The entire cell 
was then placed in a 60oC water bath (Figure 2). The corrosion 
cell was deaerated by N2 gas for 10 min. Two rotating speeds 
were selected for this test: 3 m/s (= 1000 RPM [rotations per 
minute]) and 5 m/s (= 1670 RPM). The selection of the speeds 
was based on discussion with the client’s (KNPC) corrosion 
engineers. The corrosion potential of each metal versus 
external SCE was then measured, using the Bio-multistate 
equipment (Figure 2), under the open circuit condition as a 
function of time until the steady state was reached. The LPR 

Elements Carbon Steel SS 316 SS 321 Incoloy 825 SS 2205
Fe 99.4 68.91 70.13 27.72 66.0
Cr - 16.43 18.94 20.09 22.1
Ni - 10.27 9.08 46.09 5.6
Mo - 2.04 0.20 2.60 3.1
Mn 0.46 1.87 1.34 - 2.0
Ti - - 0.31 1.06 -
Cu - 0.48 - 2.19 -
Nb - - - 0.25 -
Si 1.0
N 0.2

Table 1: Chemical Compositions of the Tested Alloys (in Wt %).

Analytical Item Unit Result
Sodium (as Na) mg/l 705.19
Calcium (as Ca) mg/l 339.69

Magnesium (as Mg) mg/l 63.56
Potassium (as K) mg/l 148.85
Strontium (as Sr) mg/l 0.0005 - 0.01
Barium (as Ba) mg/l 0.001 - 0.01

Iron ( as Fe) mg/l 0.001 - 0.07
Boron (as B) mg/l 2.33
Litium (as Li) mg/l 0.001 - 0.04
Silicon (as Si) mg/l 49.96

Chloride (as Cl-) 49
Hydrogen Sulfide ( H2S) ppm 23928.78

Ammonia (NH3) ppm 17786.33
NH4HS ppm 35858.17

Total dissolved solids (TDS) 
(calculated) mg/l 44443.02

Cyanide ppm 2.68
Oil & Grease ppm 82

Carbonate (as CO2- ) alkalinity mg/l 13968.14
Bicarbonate (HCO- ) alkalinity mg/l 6690.48

OH-alkalinity mg/l 4533.79
Total Alkalinity mg/l 17555.29

pH at 250C mg/l 9.26
Hardness ppm 1051.91

Density at 250C g/cm3 1.00

Table 2: Chemical Composition of ABS solution analysis.
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measurements were taken after reaching the steady state in 
order to determine the Rp and the CR of each metal. Each run 
took five days and was repeated twice for accuracy. After the 
experiment, the metal specimen was examined using the SEM 
and the EDS.

For conducting coupled experiments (CS/SS321, CS/SS316, 
CS/825, and CS/SS2205), the specimens were inserted in the 
RCE sample holder (Figure 1a). SCE was placed in a Lugin 
tube filled with saturated KCl solution. The CS specimen was 
used as the WE and the other metal specimen was used as a CE. 
The specimens and the Lugin tube containing the reference 
electrode were then immersed in 3.5% ABS solution, in the 
corrosion cell (Figure 1b). The entire cell was then placed in 
a water bath heated to 60oC (Figure 2). The corrosion test cell 
was then deaerated by N2 gas for 10 min. The experiments 
were again conducted at the rotational speeds of 1000 RPM 
(3 m/s) and 1670 RPM (5 m/s). 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. Also, the galvanic current (I) versus time was 
measured using the ZRA. Each test run took five days. After 
the steady-state values of current and potential were attained, 
the polarization measurements were taken using the ZRA, and 
as a result, an Evans diagram (potential versus log of current) 
was plotted for each galvanic couple at 3 m/s and 5 m/s. After 
the experiments, the specimens’ surfaces were examined using 
the SEM and the EDS.

Results and Discussions
The electrochemical behaviors of CS and four different alloys 
were investigated in the deaerated 3.5% ABS solution at 60oC 
under flowing (3 and 5m/s) conditions. The investigation 
was made on the individual metals as well as on the galvanic 

couples, which consisted of CS against the four alloys. The 
data used to support the findings of this study are available 
from the corresponding author upon request.

Uncoupled alloys results

When corrosion testing was conducted on the uncoupled 
alloys under the flow conditions, two speeds were applied for 
each metal to check how the potential and CR would change 
with the change of the speed of the flowing solution. A rotating 
electrode from Pine was used in these tests. The variation of 
the corrosion potential of each metal in flowing, deaerated 
3.5% ABS solution at 60oC was measured versus external 
SCE under open-circuit conditions as a function of time till the 
steady-state values were reached. All the tests were conducted 
in triplets, and the average was taken and plotted versus time 
as shown in Figures 3 and 4. From these figures, it can be 
seen that the values of potential for alloy 825, SS2205, and 
CS alloys at 1000 RPM are more negative (more active) than 
their values at 1670 RPM, while the values of potential for 
SS316 and SS321 alloys at 1670 RPM are more negative than 
their values at 1000 RPM. Furthermore, by comparing these 
two graphs (Figures 3 and 4), it was noticed that the potential 
values of SS316 and SS321 became more negative (more 
active) with the increase in the solution speed from 1000 and 
1670 RPM. While the potential values for 825, SS2205, and 
CS at 1000 RPM were more negative than those at 1670 RPM. 
These results are possibly due to the changing effect of the 
solution on the different alloys and the role of the alloying 
elements and microstructure.

The Rp was measured using the LPR technique for one day 
after reaching the steady-state potential value. All the tests 
were conducted in duplicate and the averages of Rp values 
for all of the alloys were calculated. The CR values attained 

Figure 1:  a) RCE specimen holder and specimens used b) Corrosion cell.

Figure 2: Experimental setup for testing under flowing condition.
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under the flowing conditions were then calculated using the 
measured Stem Gery coefficient (B) values (Table 3). The 
average CR values were plotted (Figures 5 and 6) for 1000 and 
1670 RPM, respectively. From these figures, it can be seen that 
at 1000 RPM, the CR values for CS and SS316 are higher than 
their values at 1670 RPM, while the CR values for SS321 are 
almost identical at 1000 and 1670 RPM. For SS2205 and 825, 
the CR increased with the increase in the speed of the solution. 
Also, from Figure 5 it’s clear that at 1000 RPM, the CR of 825 
and SS2205 are almost zero. Figure 6 suggest that the CS alloy 
and SS321 corroded slightly in deaerated 3.5% ABS solution 
at 60oC and at 1670 RPM since their CRs were higher than the 
other alloys. However, it is worth noting that the CR values 
were very small.

From the visual observation, it was noticed that all of the 
tested alloys in 3.5% ABS in all flow conditions (1000, and 
1670 RPM) were shiny and not corroded, even SS321. On the 
other hand, the CS samples had a surface film that was orange 
in color, reflecting slight corrosion.

Coupled alloys results

The galvanic couples were also tested under flowing condition 
at two different speeds (1000 RPM and 1670 RPM) to 
simulate real-case flowing conditions of (3 and 5 m/s). Each 
experiment was repeated three times for accuracy. For each 
couple, potential (E) versus time was measured till steady-
state was reached, and current (I) versus time was measured 
using the ZRA. For each couple, the average of E versus time 
was measured and a comparative graph for all coupled alloys 
was plotted (Figure 7 and 8).

From the graphs, it can be seen that the potential for all the 
galvanic couples in deaerated 3.5% ABS at 60oC and different 
speeds (1000 and 1670 RPM) started from different values. It 
was also noticed that at 1000 RPM (Figure 7), the steady-state 
values for the coupled alloys were as follows: -0.56, -0.571, 
-0.575, and -0.582 V for CS/SS321, CS/SS2205, CS/825, and 
CS/SS316, respectively. These results indicate that the noblest 
potential was for the CS/SS321 couple and the most active 

Figure 3: Average potential versus time for all tested alloys in deaerated 3.5% ABS at 60oC and 1000 RPM.

Figure 4: Average potential versus time for all tested alloys in deaerated 3.5% ABS at 60oC and 1670 RPM.

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

SS316 1.17 25.50 6 7.99
825 1.13 25.52 6 8.14

SS321 4.83 25.26 6 8.00
SS2205 1.70 36.28 6 7.91

Table 3: Parameters Measured for the Alloys in the ABS at 60oC.
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Figure 5: Average corrosion rates versus time for all the tested alloys in flowing deaerated 3.5% ABS at 60oC and 1000 RPM.

Figure 6: Average corrosion rates versus time for all the tested alloys in flowing deaerated 3.5% ABS at 60oC and 1670 RPM.

Figure 7: Average potential versus time for all galvanic couples in deaerated 3.5% ABS at 60oC and 1000 RPM.

Figure 8: Average potential versus time for all galvanic couples in deaerated 3.5% ABS at 60oC and 1670 RPM.
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potential was for the CS/SS316 couple. Figure 8 shows that 
the steady-state values for the galvanic couples at 1670 RPM 
were as follows: -0.555, -0.568, -0.574, and -0.587 V for 
CS/825, CS/SS316, CS/SS321, and CS/SS2205, respectively. 
The noblest potential was for the CS/825 couple and the most 
active potential was for the CS/SS2205 couple.

Furthermore, by comparing figures 7 and 8, it can be seen that 
the steady-state values for couples CS/SS321 and CS/SS2205 
increased with the increase of the solution speed, while for the 
other two couples, their steady-state potential values at 1000 
RPM were higher than their values under stagnant condition 
and at 1670 RPM.

After the steady-state values of current and potential were 
attained, the polarization measurements were measured using 
the ZRA for each couple, and as a result, an Evans diagram 
(Potential versus log of current) was plotted. For each 

couple, the averages polarization results were measured and a 
comparative graph for all coupled alloys was plotted in Figure 
9 (1000 RPM) and in Figure 10 (1670 RPM). Then, from these 
figures, the different polarization parameters were calculated 
according to Tomashov [15], namely, percentage of anodic and 
cathodic control, Ecorr, and Icorr, and the results are given in 
(Tables 4 and 5).

The results in (Table 4 and Figure 9) show that the couple CS/
SS321 had the highest Icorr and CR and the most negative 
Ecorr, which means that in deaerated 3.5% ABS solution at 
60oC and 1000 RPM, the CS sample corroded at a higher 
rate when it was coupled to SS321. On the other hand, the 
lowest Icorr and CR were found for CS/825 couple. Also, it 
was noticed that for all of the couples, the anodic control was 
higher than the cathodic control, indicating that the corrosion 
of CS was the dominant factor in the galvanic couples in the 
3.5% ABS solution at 1000 RPM and 60oC.

Figure 9: Average Evans diagram for all galvanic couples in deaerated 3.5% ABS at 60oC and at 1000 RPM.

Figure10: Average Evans diagram for all galvanic couples in deaerated 3.5% ABS at 60oC and at 1670 RPM.

Table 4: Percentages of Anodic and Cathodic Control for the Flowing Solution (1000 RPM).

Couples
Ea 

(Anodic) 
CS (V)

Ec Cathodic 
(Other alloys)

Em = Ecorr 
(V)

Icorr 
(μA)

CR 
(mpy)

∆EC = 
Ec-Em 

(V)

Degree of 
Cathodic 

Control (%)

∆EA= 
Em-Ea 

(V)

Degree of 
Anodic 

Control (%)
CS / SS2205 -0.53957 -0.58 -0.56083 8.267 0.64 0.0192 47.42 0.0213 52.58
CS / SS316 -0.5432 -0.583 -0.5637 7.785 0.60 0.0193 48.49 0.0205 51.51
CS / SS321 -0.5585 -0.598 -0.5787 9.136 0.70 0.0193 48.86 0.0202 51.14

CS / 825 -0.5472 -0.5875 -0.5690 6.568 0.51 0.0185 45.92 0.0218 54.08
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Table 5 and Figure 10 show that the couple CS/SS2205 had 
the highest Icorr and CR and the most negative Ecorr, which 
means that in deaerated 3.5% ABS solution at 60oC and at 
1670 RPM, the CS specimen corroded at a higher rate when it 
was coupled with SS2205, while the lowest Icorr and CR was 
found for CS/SS321 couple. Also, it was noticed that for all of 
the couples, the anodic control was higher than the cathodic 
control, indicating that the corrosion of CS was dominant 
factor in the galvanic couples in the deareated 3.5%ABS 
solutiom at 1670RPM and 60oC.

From the visual observation, it was noticed that all of the 
tested alloys in 3.5% ABS solution at both speed conditions 
(1000, and 1670 RPM) were shiny and did not suffer 

Couples Ea (Anodic) 
CS (V)

Ec Cathodic 
(Other 
alloys)

Em = Ecorr 
(V)

Icorr (μA) CR 
(mpy)

∆EC = Ec-
Em (V)

Degree of 
Cathodic 

Control (%)

∆EA= Em-
Ea (V)

Degree of 
Anodic 

Control (%)
CS / 

SS2205 -0.5647 -0.6046 -0.5852 10.938 0.84 0.0195 48.69 0.0205 51.31

CS / SS316 -0.5469 -0.5872 -0.5672 8.267 0.64 0.0200 49.70 0.0203 50.30
CS / SS321 -0.5541 -0.5943 -0.5750 8.103 0.62 0.0193 48.00 0.0209 52.00

CS / 825 -0.5314 -0.5710 -0.5519 8.866 0.68 0.0190 48.12 0.0205 51.88

Table 5: Percentages of Anodic and Cathodic Control for the Flowing Solution (1670 RPM).

corrosion, except the CS specimens, which were severely 
corroded (Figures 11 and 12). This observation was identical 
with the SEM results that showed clean un-corroded specimen 
surfaces for all of the tested alloys, except for the CS alloy, 
which was severely corroded (Figure 13 and 14). 

Galvanic corrosion can be prevented generally by employing 
different methods such inhibitors, coatings or coupling to 
a third metal that acts as an anode to both original alloys. 
Galvanic corrosion can be minimized by selecting a 
combination of metals close to each other in the galvanic 
series, avoiding the use of a small anode area and a large 
cathode area, changing the environment, and breaking the 
conductive path between the coupled alloys [6].

a. CS and 825 specimens (CS/825).                                   b. CS and SS316 specimens (CS/SS316). 

 

c. CS and SS321 specimens (CS-SS321).                              d. CS and SS2205 specimens (CS/SS2205).

Figure 11: Cleaned tested coupled alloys after testing in 3.5% ABS at 1000 RPM and 60oC.

a. CS and 825 specimens (CS/825).                                          b. CS and SS316 specimens CS/SS316). 

c. CS and SS321 specimens (CS-SS321).                         d. CS and SS2205 specimens (CS/SS2205). 

Figure 12: Cleaned, tested, and coupled alloys after testing in deaerated 3.5% ABS solution at 1670 RPM and 60oC.



Al-Mazeedi HA (2018) A Study of Galvanic Corrosion In Flowing Ammonium Bisulfide Solution

J Geol Geosci Volume 3(1): 20188

Conclusions
The couple CS/SS321 had the highest Icorr and CR and the 
most negative Ecorr, which means that in deaerated 3.5% ABS 
solution at 60oC and 1000 RPM, the CS specimen corrodes at 
a higher rate when coupled to SS321. While the lowest Icorr 
and CR was found for CS/A825 couple, which means that this 
is the best couple to be used in deaerated 3.5% ABS solution 
at 60oC and 1000 RPM.

The couple CS/SS2205 had the highest Icorr and CR and the 
most negative Ecorr, which means that in deaerated 3.5% ABS 

  
 

                                 a. CS-825, CS specimen.                 b. CS-SS316, CS specimen. 
 

c. CS-SS321, CS specimen. d. CS-SS2205, CS specimen 
 

Figure 13: SEM results for coupled alloys (at X250) in deaerated 3.5% ABS solution at 60oC and 3 m/s (1000 RPM).

                                  a. CS-825, CS specimen.                b. CS-SS316, CS specimen 

                                   c. CS-SS321, CS specimen.            d. CS-SS2205, CS specimen 

Figure 14: SEM results for coupled alloys (at X250) in deaerated 3.5% ABS solution at 60oC and 5 m/s (1670 RPM).

solution at 60oC and 1670 RPM, the CS specimen corrodes at 
a higher rate when it is coupled to SS2205. While the lowest 
Icorr and CR were found for CS/SS321 couple, indicating that 
the best couple to be used in deaerated 3.5% ABS solution at 
60oC and 1670 RPM is CS/SS321.

The severity of galvanic corrosion increased with the increasing 
of the solution speed (3 to 5 m/s) for all the couples. Also, it was 
concluded that for all the couples, the anodic control is higher 
than the cathodic control, indicating that the corrosion of CS is 
the dominant factor in the reaction of the metallic couples in the 
deaerated 3.5% ABS solution at different speeds and 60oC.
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A study on galvanic corrosion was conducted for all of the 
couples (CS/SS321, CS/SS316, CS/SS2205, and CS/825) in 
flowing (3 and 5 m/s) deaerated 3.5% ABS solution at 60oC. It 
was found that the CS suffered galvanic corrosion when it was 
coupled to all of the selected alloys but at different rates; so, it 
is recommended to avoid the galvanic coupling of CS with any 
of the noble alloys in deaerated 3.5% ABS solution at 60oC 
and at different speeds ( 3, and 5 m/s).
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