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1. Introduction

  Fossil-fired power plants combust coal, oil, and gas, 
generate electricity using thermal energy from the 
combustion. When the coal, oil, and gas combust, the pro-
duced flue gas contains SOx and NOx, which induce acid 
rain of pH < 4.5. This acid rain may induce general corro-
sion or localized corrosion of the construction or steel 
structure. Therefore, to minimize the harmful exhaust gas, 
flue gas desulfurization (FGD) facility shall be installed 
and operated in every fossil-fired power plant. 
  The FGD facility is a system to eliminate sulfur dioxide 
from the flue gas formed when the fossil fuels are 
combusted. The exhaust acceptance criteria of dioxin, 
which is hazardous to human, are strictly limited, and thus 
the operating temperature of the FGD facility decreased, 
the sulfuric acid is then concentrated on the inside metal 
surface of FGD facility, and finally, dew point corrosion 
occurs. Therefore, corrosion resistant materials should be 
used for FGD facility [1-4].
  Low alloy steel, one of the alloys used in the FGD 

facility, has been developed to enhance the corrosion 
resistance. The recent report of Park et al. showed the 
beneficial effects of Cu, Mo and W additions in 10% 
H2SO4 solution [5], and others have reported the improve-
ment of corrosion resistance to the sulfuric acid by Cu 
addition [6-15]. The solubility of 0.35% Cu at room tem-
perature in ferrite phase was reported [16-17]. If Cu addi-
tion exceeds the solubility limit, fine precipitates can be 
formed and affect the corrosion properties; and when its 
content exceeds 0.5%, copper may be segregated on the 
surface of the steel at high temperature, because of the 
lower oxidation rate of copper than iron; and thus during 
hot working, the segregated copper penetrates into the in-
side of the steel and then red shortness may be induced 
[5]. Therefore, the content of copper should be controlled 
in an appropriate range. 
  The mechanism of improving the corrosion resistance 
of low alloy steel in sulfuric and acid-chloride media is 
based on suppressing anodic dissolution by re-depositing 
copper compounds on the steel surface immersed in corro-
sive condition [10]. Iron in the steel in acidic media se-
lectively dissolves and copper in the matrix is also 
detached. The detached copper is dissolved into the sol-
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ution by dissolved oxygen and then presents as Cu2+ ion. 
According to the E-pH diagram, since the reduction poten-
tial of copper is more noble than the reduction potential 
of hydrogen, the enriched layer of copper formed on the 
surface, in order to use the electron evolved during the 
dissolution of iron and then the corrosion resistance of 
the copper containing low alloy steel in sulfuric acid sol-
utions can be enhanced [5,10].
  Besides Cu addition, several researchers have reported 
the effects of Mn, Co, W, Mo, Ti, and Nb [18-22]; but 
among these elements, copper is one of the essential alloy-
ing elements, because of its powerful effect in sulfuric 
acid solutions. 
  In the case of Sb addition, Sb oxide is formed on the 
metallic surface in sulfuric acid solutions, and to protect 
the matrix; Sb2O3 forms mainly to protect the inside, and 
some parts of Sb2O3 oxidize to Sb2O5 at the outer surface 
to protect the matrix [23,24]. When Sb and Cu are co-add-
ed, the formation and stabilization of a copper-enriched 
layer is facilitated by the formation of copper ion complex, 
but also its corrosion resistance can be improved by the 
formation of the protective Sb oxide on the surface [5]. 
However, Sb compounds are classified as grade 2B of 
carcinogenicity by the International Agency for Research 
on Cancer (IARC) and therefore Sb addition should be 
substituted by the others [25,26]. Thus, in this work, the 
literature for the chemical composition of commercial 
products, E-pH diagram, Cu binary phase diagram, ex-
change current density of H+/H2 reaction, equilibrium po-
tential, etc. were surveyed [27-33], and we chose 3 ele-
ments of Ru, Zn, and Ta. When Ru is added to stainless 
steels, it increases the corrosion potential and passivates 
the surface. When Ru is added to high chromium super 
alloys, the corrosion resistance can be enhanced by the 
formation of an oxide layer [30,31].  Zn decreases the 
equilibrium potential and exchange current density of the 
H+/H2 reaction, and when Zn is added to low alloy steel, 
corrosion resistance is improved by the formation of a 
barrier layer [32,33]. Tantalum forms the oxide [29]. 
This work focused on the effect of Ru, Zn, and Ta addition 

on the corrosion resistance of low alloy steels in sulfuric 
acid solution. In addition, we controlled the concentration 
of sulfuric acid, and through chemical and electrochemical 
experiments, elucidated the effect of the concentration of 
sulfuric acid on the corrosion behavior of Cu-bearing low 
alloy steels. 

2. Material and methods 

2.1 Alloy design and manufacturing
  The low alloy steels evaluated in this study were pre-
pared from high purity grade of Fe, C, Mn, Cu, and Ni. 
After melting and stabilization at 1,700 oC in a high me-
dium frequency vacuum induction furnace, Ru, Zn, or Ta 
was added and finally melted for each specimen. Only 
solid sections of the cast ingots (150 mm × 150 mm × 
300T mm) were taken to prepare the specimens. The sec-
tions were first soaked for 120 min., and hot-rolled to 
3 mm at 1,200 oC. The hot-rolled specimens were an-
nealed at 820 oC for 30 min. and, air-cooled.  A small 
section was cut from each procedure and was used for 
chemical analysis. Table 1 presents the chemical composi-
tion of the experimental alloys. 

2.2 Microstructure analysis
  The specimen was cut to a size of 20 mm × 20 mm 
× 3 mm, and then ground with #2000 SiC paper, and 
polished with 3 µm diamond paste. Finally, the specimen 
was cleaned with ethyl alcohol, using an ultrasonic 
cleaner. The microstructure was observed by optical mi-
croscopy (AXIOTECH 100HD, ZEISS) and SEM-EDS 
(VEGA II LMU, Tescan), after etching by 3 % Nital 
solution. Also, an Electron Probe Micro Analyzer 
(EPMA-1600 15 KV) was used to identify the elemental 
distribution of the surface and the cross-section.

2.3 Sulfuric acid corrosion test
  A corrosion cell of 1 L capacity of glass in which a 
water condenser was installed was used. The alloys were 
cut into 1.5 cm x 2 cm blocks, and ground to #120 grit 

Table 1 Chemical composition of the experimental alloys (wt%) 

Alloys C Mn P S Si Al Cu Ni Ru Zn Ta Fe

AH-1 0.03 0.95 0.023 0.004 0.3 0.049 0.31 0.36 - - - Bal.

AH-2 0.01 0.97 0.025 0.004 0.3 0.055 0.32 0.16 0.11 - - Bal.

AH-3 0.03 1.0 0.025 0.004 0.3 0.097 0.31 0.15 - 0.006 - Bal.

AH-4 0.01 1.0 0.026 0.004 0.3 0.057 0.31 0.15 - - 0.12 Bal.
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of SiC paper. Test solutions were (1, 10, 30, 50, and 70) 
vol% H2SO4 and the immersion time was 3h. After the 
test and cleaning, the corrosion rate was calculated as the 
unit of mg/cm2/h. 

2.4 Anodic polarization test
  Specimens were cut to a size of 1.5 mm × 1.5 mm, 
and after electrical connection, they were epoxy-mounted, 
and the surface was ground using #600 SiC paper and 
coated with epoxy resin, except for an area of 1 cm2. The 
anodic polarization test was performed in sulfuric acid 
solutions (1, 10, 30, 50, and 70) vol% using a potentiostat 
(Gamry DC 105). The reference electrode was a saturated 
calomel electrode (SCE), and the counter electrode was 
high-density graphite rods. The test solution was de-aer-
ated using nitrogen gas at the rate of 100 mL/min for 
30 min and the scanning rate was 0.33 mV/s. The pitting 
potential, which is the least positive potential at which 
pits can form was determined from the anodic polarization 
curve. 

2.5 Corrosion product analysis
  In order to investigate the corrosion products on the 
surface after the immersion test in (30 and 70) % H2SO4 
at 40 oC, the specimens were cut. The surface and 
cross-section were observed by SEM (VEGA II LMU, 
TESCAN) and EPMA (EPMA-1600, Shimadzu). The 
composition of the corrosion products were observed by 
Glow Discharge Spectrometry (GDS), (GDS850, LECO).

3. Results 

  Fig. 1 shows the effect of the concentration of sulfuric 
acid solution on the corrosion rate of the experimental 
alloys obtained from the immersion test at 40 oC for 3 
h. In the case of Ru-bearing alloy AH-2, the corrosion 

rates were very high at low concentration solutions of (1, 
10, and 30) % H2SO4. Zn-bearing alloy AH-3 and Ta-bear-
ing alloy AH-4 present a relatively lower corrosion rate 
than that of the reference alloy AH-1. However, in high 

Fig. 1 Effect of sulfuric acid concentration on the corrosion 
rate of the experimental alloys (40 oC, 3 h immersion test).

(a) (a’)

(b) (b’)

(c) (c’)

(d) (d’)
Fig. 2 SEM-images of the cross-section of the experimental alloys 
after sulfuric acid corrosion test: (a) and (a’) AH-1, (b) and (b’) 
AH-2, (c) and (c’) AH-3, and (d) and (d’) AH-4. (a)-(d): 40 oC, 
30 % H2SO4, 3 h immersion test; (a’)-(d’): 40 oC , 70 % H2SO4, 
3 h immersion test).
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concentration solutions of 50% and over H2SO4, every 
alloy revealed very low corrosion rates. 
  In order to find the relation between the corrosion be-
havior and the concentrations of sulfuric acid, we observed 
the cross-section of the specimens after the immersion 
tests. Fig. 2 shows SEM-images of the cross-section of 
the experimental alloys after the immersion test in (a)-(d) 
30% H2SO4, and (a’)-(d’) 70 % H2SO4, at 40 oC for 3 
h. No protective film formed on the surface of the 4 kinds 
of specimens tested in 30 % H2SO4 solution, and prefer-

ential attacks along the grain boundaries were observed. 
When the attack was severe, some grains were detached 
from the matrix. However, increasing the concentration 
over 50 % H2SO4 revealed more different morphologies 
than those of low concentration under 50 % H2SO4. Fig. 
2a’-d’ show SEM-images of the cross-section of the ex-
perimental alloys after sulfuric acid corrosion test in 70 
% H2SO4 at 40 oC for 3 h. The figures show that the 
alloys reveal a relatively uniform surface, and a thin layer 
was observed on the surface. In other words, the alloys 
in a low concentration of sulfuric acid corroded locally, 
but the alloys in a high concentration of sulfuric acid 
formed a thin layer and corroded through this layer.
  Fig. 3 represents the effect of alloying elements on the 
corrosion rate of the experimental alloys; Fig. 3a shows 
the effect of Ru addition on the corrosion rate in low con-
centrations (○, □, △) and high concentrations (●, ■) of 
sulfuric acid solution. Ru addition greatly increased the 
corrosion rate of low alloy steel, regardless of their con-
centrations under 30 %. However, in high concentration 
over 50%, Ru addition only slightly affected the corrosion 
rate. Fig. 3b shows the effect of Zn addition on the corro-
sion rate in low concentrations (○, □, △) and high concen-
trations (●, ■) of sulfuric acid solutions. Zn addition de-
creased the corrosion rate of low alloy steel except 10 
% H2SO4 solution in low concentration, but affected the 
corrosion rate slightly in high concentration over 50 %. 
Fig. 3c shows the effect of Ta addition on the corrosion 
rate of low alloy steel in low concentration (○, □, △) 
and high concentration (●, ■) of sulfuric acid solutions. 
Ta reduced the corrosion rate of low alloy steel in low 
concentration of sulfuric acid solutions, but slightly in-
creased the corrosion rate in high concentration over 50 
%. That is, in low concentration of sulfuric acid solutions 
under 30 % H2SO4, Zn and Ta additions increased the 
corrosion resistance of low alloy steel, except for Ru 
addition. However, Fig. 1 and 3, show that in high concen-
tration solution of sulfuric acid solutions over 50 % 
H2SO4, Ru, Zn, and Ta additions slightly increased the 
corrosion rate, for both (50 and 70) % H2SO4, but their 
rates were very low. 
  In order to determine the electrochemical behavior in 
low and high concentration of sulfuric acid solutions, we 
performed the anodic polarization tests at 40 oC. The scan-
ning rate was 0.33 mV/sec, and the solutions were dea-
erated for 30 min. using nitrogen gas at the rate of 200 
mL/min. Fig. 4 shows the effect of sulfuric acid concen-
tration on the anodic polarization behavior of the ex-
perimental alloys. Regardless of the alloys, anodic current 
increased by anodic polarization in low concentration of 
sulfuric acid solution, and passivation didn’t occur. 

(a)

(b)

(c)
Fig. 3 Effect of alloying elements on the corrosion rate of the 
experimental alloys (40 oC, 3 h immersion test): (a) Ru addition, 
(b) Zn addition, and (c) Ta addition, for (1, 10, 30, 50, and 70) 
% concentration of H2SO4.
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However, they show excellent passivity by the anodic po-
larization in high concentration of sulfuric acid solutions.  
The electrochemical behavior of Fig. 4 is the same as 
the result of the chemical immersion tests shown in Fig. 
1. Therefore, it can be seen that if the concentration of 
sulfuric acid solution exceeds a critical value, the low al-
loy steel forms a passive film on the surface and its corro-
sion rate is abruptly reduced. 

4. Discussion 

  In order to understand whether the electrochemical fac-
tors may affect the corrosion rate in sulfuric acid solutions 
or not, we plotted the Relationship between corrosion rate 
in H2SO4 and electrochemical corrosion factors of the ex-
perimental alloys. Anodic current density(ia) and passive 
current density(ip) were determined through anodic polar-
ization curves, and exchange current density(i0) was de-
termined using a Tafel slope. Fig. 5a-c show the relation-
ship between each factor in the low concentration of 30 
% H2SO4, while Fig. 5a’-c’ show that the relationship be-
tween each factor in the high concentration of 70 % 
H2SO4. Fig. 5a and 5a’ show that the corrosion rate in 
low concentration of sulfuric acid was related to the corro-

sion potential, but the rate in the high concentration of 
sulfuric acid was little related to the corrosion potential. 
On the other hand, Fig. 5b and 5b’ show that the corrosion 
rate was closely related to the exchange current density 
(io) of H+/H2 reaction in the low concentration of sulfuric 
acid, but the rate in the high concentration of sulfuric acid 
was only slightly related to the exchange current density. 
Fig. 5c shows the relationship between the corrosion rate 
in the low concentration of sulfuric acid and the anodic 
current density (ia) at +200 mV(SCE) in Fig. 4. Because 
the corrosion rate is proportional to the anodic current, 
it is the natural outcome. Fig. 5c’ shows the relationship 
between the corrosion rate in the high concentration of 
sulfuric acid and the anodic current density at +200 
mV(SCE) in Fig. 4.  Fig. 4 shows that the passive films 
were formed in high concentration of sulfuric acid, regard-
less of the experimental alloys and the alloys revealed 
the low passive current density and thus the corrosion rate 
was abruptly reduced. Therefore, we can summarize that 
the corrosion rate in a low concentration of sulfuric acid 
depends upon the exchange current density, but the rate 
in a high concentration of sulfuric acid depends upon the 
passive current density.

(a) (b)

(c) (d)
Fig. 4 Effect of sulfuric acid concentration on the anode polarization behavior of the experimental alloys (40 oC, 0.33 mV/sec): (a) 
AH-1, (b) AH-2(Ru), (c) AH-3(Zn), and (d) AH-4(Ta), for (1, 10, 30, 50, and 70) % concentration of H2SO4.
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  Fig. 6 was drawn to determine the relationship between 
the corrosion rate(C-R) by the addition of 3 elements and 
the electrochemical factors. This figure shows the effect 
of alloying elements on the corrosion rate and electro-
chemical corrosion factors of the experimental alloys. In 
a low concentration of sulfuric acid, Ru addition increased 
the exchange current density(i0) of H+/H2 reaction and the 
anodic current density(ia) and thus increased the corrosion 
rate (Fig. 6a). However, in a high concentration of sulfuric 
acid, Ru addition decreased the exchange current density, 
but only slightly increased the passive current density(ip), 

and since the corrosion rate was increased by Ru addition, 
the rate was closely dependent upon the passive current 
density (Fig. 6a’). In a low concentration of sulfuric acid, 
Zn addition decreased the exchange current density of 
H+/H2 reaction and the anodic current density, and thus 
reduced the corrosion rate (Fig. 6b). However, in a high 
concentration of sulfuric acid, Zn addition decreased the 
exchange current density, but slightly increased the pas-
sive current density, and since the corrosion rate was in-
creased by Zn addition, the rate was closely dependent 
upon the passive current density (Fig. 6b’). In a low con-

(a) (a’)

(b) (b’)

(c) (c’) 
Fig. 5 Relationship between the corrosion rate in H2SO4 and the electrochemical corrosion factors of the experimental alloys: (a) and 
(a’) corrosion potential, (b) and (b’) exchange current density, and (c) and (c’) current density at +200mV(SCE). (a-c): 40 oC, 30 % 
H2SO4, (a’-c’): 40 oC, 70 % H2SO4).



KI TAE KIM AND YOUNG SIK KIM

160 CORROSION SCIENCE AND TECHNOLOGY Vol.17, No.4, 2018

centration of sulfuric acid, Ta addition reduced the ex-
change current density of H+/H2 reaction and the anodic 
current density and thus decreased the corrosion rate (Fig. 
6c). However, in a high concentration of sulfuric acid, 
Ta addition decreased the exchange current density, but 
slightly increased the passive current density, and since 
the corrosion rate was increased by Ta addition, the rate 
was closely depended upon the passive current density. 
In summary, the alloying element reducing the exchange 
current density in low concentration of sulfuric acid and 
the alloying element increasing the passive current density 

in high concentration of sulfuric acid, together play an 
important role in determining the corrosion rate of 
Cu-bearing low alloy steels. 
  Fig. 7 reveals the corroded morphologies and elemental 
distribution by EPMA on the surface of the experimental 
alloys after the immersion test for 3 h in 30 % H2SO4 

at 40 oC. Corroded surfaces were rough and irregular, and 
these mean the formation of corrosion products on the 
surface (see Fig. 2). Oxygen was depleted at the Fe-en-
riched areas and this implies that during the corrosion test, 
corrosion products may be detached. Cu was enriched at 

(a) (a’)

(b) (b’)

(c) (c’)
Fig. 6 Effect of alloying elements on corrosion rate and electrochemical corrosion factors of the experimental alloys: (a) and (a’) Ru 
effect, (b) and (b’) Zn effect, (c) and (c’) Ta effect. (a-c): 40 oC, 30 % H2SO4: (a’-c’): 40 oC, 70 % H2SO4).
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SEM Image Fe Cu O S

AH-1

AH-2
(Ru)

AH-3
(Zn)

AH-4
(Ta)

Fig. 7 SEM images and elemental distribution by EPMA on the surface of alloys AH-(1-4) after the corrosion test (40 oC, 30 % H2SO4, 
3 h immersion test). 

SEM Image Fe Cu O S

AH-1

AH-2
(Ru)

AH-3
(Zn)

AH-4
(Ta)

Fig. 8 SEM images and elemental distribution by EPMA on the surface of alloys AH-(1-4) after the corrosion test (40 oC, 70 % H2SO4, 
3 h immersion test).
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the oxygen-enriched areas, but the sulfur wasn’t detected 
at the whole surface. That is, Cu-O enriched areas were 
partly formed, but some of these products may have de-
tached during the corrosion test. On the other hand, Fig. 
8 shows that in high concentration of sulfuric acid, the 
elements were differently distributed on the surface tested. 
This figure shows the corroded surface morphologies and 

elemental distribution by EPMA on the surface of the ex-
perimental alloys after the immersion test for 3 h in 70 
% H2SO4 at 40 oC. The corroded surface revealed a rela-
tive smoothness, and Fe was uniformly distributed, com-
pared with those of the low concentration cases. Oxygen 
was also relatively uniformly distributed, and Cu and sul-
fur were locally enriched. That is, it seems that iron oxide 

(a) Fe (a’) Fe

(b) O (b’) O

(c) Cu (c’) Cu

(d) S (d’) S
Fig. 9 Depth profile by GDS on the surface after the immersion corrosion test for 3 h; (a) and (a’) Fe, (b) and (b’) O, (c) and (c’) 
Cu, and (d) and (d’) S. (a)-(d): 40 oC, 30 % H2SO4, (a’)-(d’): 40 oC, 70 % H2SO4).
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layer was formed relatively uniformly and Cu-O-S com-
pounds were locally formed on the surface. Generally, it 
is well known that Cu could form a protective enriched 
layer on the surface in acidic solution and increase the 
corrosion resistance of low alloy steels [6]. However, it 
is judged that in low concentration of sulfuric acid, Cu-en-
riched layer can be formed in high concentration of sulfu-
ric acid, but not in low concentration of sulfuric acid.

  In order to investigate the composition of the cross-sec-
tion of the alloys, GDS and EPMA analyses were 
performed. Fig. 9 shows the depth profile by GDS meas-
urement on the surface after the immersion corrosion test 
for 3 h in Fig. 9a-d 30 % H2SO4 and Fig. 9a’-d’ 70 % 
H2SO4. In a low concentration of sulfuric acid, Fe and 
oxygen contents vary greatly with the depth, and it seems 
that the corrosion product would be thick. As with the 

(a) Fe (a’) Fe

(b) O (b’) O

(c) Cu (c’) Cu

(d) S (d’) S
Fig. 10 Elemental distribution by EPMA on the cross-section of alloy AH-1 after the immersion corrosion test for 3 h; (a) and (a’) 
Fe, (b) and (b’) O, (c) and (c’) Cu, and (d) and (d’) S. (a)-(d): 40 oC, 30 % H2SO4, (a’)-(d’): 40 oC, 70 % H2SO4).
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EPMA results in Fig. 7, high levels of Cu contents were 
detected in depth, but the S contents show very low value. 
However, in a high concentration of sulfuric acid, a thin 
layer composed of Fe and oxygen was detected. In the 
outermost part of the layer, sulfur was enriched with 
copper. Fig. 10 reveals the elemental distribution by 
EPMA on the cross-section of alloy AH-1 after the im-
mersion corrosion test for 3 h in Fig. 10a-d 30 % H2SO4 

and Fig. 10a’-d’ 70 % H2SO4. In a low concentration of 
sulfuric acid, it can be seen in Fig. 10a that some grains 
were detached from the matrix. Fig. 10b shows that thick 
oxygen layer, and Fig. 10c shows that Cu-enriched areas 
were detected locally, and it is considered that the detach-
ment of grain from the matrix would be related to the 
enriched copper area. On the other hand, in a high concen-
tration of sulfuric acid, thin oxide layer was detected, as 
were Cu-enriched areas, but detachment of grain was not 
observed. 
  As described above, it was evaluated that the corrosion 
rate of Cu-bearing low alloy steel in sulfuric acid de-
pended upon the concentration of sulfuric acid. In low 
concentration solutions, the corrosion rate was high. 
Therefore, we proposed the corrosion model with H2SO4 
concentration as shown in Fig. 11 on the base of the results 
of the anodic polarization behavior and composition of 
the surface film; but in high concentration solutions, the 
rate was very low. For low concentration, this behavior 
was closely related to the exchange current density and 
the acceleration of corrosion by the enriched copper areas; 
and for high concentration, was related to the passive cur-
rent density and Fe-oxide/Cu-S-O layers, which shown in 
Fig. 11. 

5. Conclusions

  In order to elucidate the effects of sulfuric acid concen-
tration and alloying elements on the corrosion properties 
of Cu-bearing low alloy steel, we performed the chemical 
and electrochemical tests, and concluded the following: 

1) In low concentration of sulfuric acid under 30 % H2SO4, 
the experimental alloys revealed a preferential attack 
and high corrosion rate, with thick but less dense Cu-O 
enriched layer formed on the surface, which was con-
firmed on the cross-section. However, in high concen-
tration of sulfuric acid over 50 %, the alloys showed 
uniform corrosion and very low corrosion rate, with 
thin and dense Fe-oxide and Cu-S-O layers formed on 
the surface, which was confirmed on the cross-section

2) The major factor affecting the corrosion rate of low 
alloy steels in a low concentration of sulfuric acid sol-
ution was the exchange current density for H+/H2 re-
action, but the major factors in a high concentration 
of sulfuric acid solution were with thin and dense pas-
sive film, and thereby passivation behavior.  

3) The alloying elements reducing the exchange current 
density in low concentration of sulfuric acid, and the 
alloying elements decreasing the passive current den-
sity in high concentration of sulfuric acid, together play 
an important role in determining the corrosion rate of 
Cu-bearing low alloy steels in a wide range of sulfuric 
acid solution.

(a) (b)

Fig. 11 Effect of the concentration of sulfuric acid on the corrosion mechanism of low alloy steel: (a) low concentration under 30% 
H2SO4, and (b) high concentration over 50% H2SO4.
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