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ABSTRACT

The objective of the present studywas to evaluate the effect of
alloying elements (Cr, Mo, and Cu) on the corrosion behavior of
low carbon steel in CO2 environments. Six samples were
prepared with varying Cr content from 0 wt% to 2 wt% and with
added 0.5 wt% of Mo and Cu; the specimens had ferritic/
pearlitic microstructures. Steel samples were exposed to a CO2-
saturated 1 wt% NaCl solution with different combinations of
pH and temperature (pH 4.0 at 25°C, pH 6.6 at 80°C, and pH
5.9 at 70°C). Changes in corrosion rate with time were de-
termined by linear polarization resistance measurements. The
surface morphology and the composition of the corrosion
product layers were analyzed by surface analysis techniques
(scanning electron microscopy and energy dispersive x-ray
spectroscopy). Results showed that the presence of Cr and Cu
showed a slight positive effect on the corrosion resistance at
pH 4.0 and 25°C. At pH 6.6 and 80°C, regardless of the alloying
elements, the trend of corrosion rate with time was similar,
i.e., the corrosion rate of all specimens decreased with time
resulting from the formation of protective FeCO3. A beneficial
effect of Cr presence was clearly seen at “gray zone” conditions:
pH 5.9 and 70°C, where steel sample without Cr showed no
decrease in corrosion rate with time. The presence of Cr in the
steel promoted the formation of protective FeCO3 with Cr
enrichment and it decreased the corrosion rate.

KEY WORDS: alloying element, CO2 corrosion, FeCO3, low Cr
steel

INTRODUCTION

Internal environment encountered in the oil and gas
transportation pipelines can cause severe corrosion of
mild steel mainly resulting from the presence of CO2,
H2S, organic acids, and water. In CO2 environments,
low carbon steel has often been used in combination
with corrosion inhibitor because it is considered the
most cost effective option, compared with utilizing
expensive corrosion resistant alloys.1 The corrosion
protection of low carbon steel depends on either
the spontaneous formation of protective corrosion
product layers which is influenced by environmental
parameters (CO2 content, solution chemistry, pH,
temperature, fluid velocity, etc.) and material para-
meters (microstructure and chemical composition)2 or
the addition of corrosion inhibitors. To date, many
studies3-8 have been conducted to understand the effect
of both the environmental and metallurgical condi-
tions on corrosion behavior of steels in CO2

environments.
In recent years, there has been an attempt to use

low-Cr alloy steel (0.5% ∼ 3% Cr) in CO2 environments
without inhibitor injection because adding Cr to low
alloy steel could enhance corrosion resistance at high
temperatures and high pressures.9-10 It has been
reported that the addition of Cr contributes to the
enrichment of Cr in the corrosion products, which
causes the corrosion product layers to be more pro-
tective. In addition, an increase in Cr content could
lower both the uniform corrosion rate and susceptibility
to localized corrosion in CO2 environments.11-16

Although it is evident that small contents of Cr in
low alloy steel decrease the corrosion attack, most of the
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research studies have focused on the corrosion be-
havior in very specific ranges of environmental para-
meters, such as pH, temperature, CO2 content, etc.

17

Thus, it is necessary to evaluate the effect of Cr presence
on the corrosion behavior of low alloy steel under
various scenarios encountered in the internal environ-
ments for the oil and gas transport pipelines. The
objective of the present study was to evaluate the effect
of Cr on the corrosion behavior of low alloy steel under
different combinations of pH and temperature. Those
combinations result in widely differing conditions
with respect to whether protective corrosion product
layers would form. The effect of minor additions of Mo
and Cu on the corrosion behavior was also investigated.

EXPERIMENTAL PROCEDURES

The test specimens with different alloying ele-
ments were prepared using the vacuum arc melting
furnace and a pilot plant rolling machine. To rule out
microstructural effects, the rolling and cooling process
were restricted by high-temperature rolling (>850°C)
and air-cooling. Total reduction of finish rolling was
75%. All materials were analyzed for chemical com-
position using atomic emission spectroscopy. Table 1
shows chemical compositions of the six steels used in
the present study.

The specimens for the corrosion test were ma-
chined with two different geometries: cylindrical type
with 5 cm2 exposed area for electrochemical mea-
surements, and rectangular type with a size of
1.27 cm × 1.27 cm × 0.254 cm for surface analysis.
The specimens were sequentially ground with 250, 400,
and then 600 grit silicon carbide (SiC) paper, cleaned
with isopropyl alcohol in an ultrasonic bath, and dried.

An aqueous electrolyte was prepared from deio-
nized water with 1 wt% NaCl. The solution was initially
deoxygenated by bubbling CO2. This procedure as-
sured that the dissolved oxygen levels were kept below
20 ppb. The pH of the solution was adjusted by adding
either deoxygenated acid (HCl) or base (NaHCO3) in
sufficient quantity to reach the desired pH. Corrosion
tests were performed in a 2 L glass cell under atmo-
spheric pressure. The setup consisted of a: (1) three-
electrode corrosion cell (counter electrode: platinum
wire, reference electrode: Ag/AgCl electrode); (2) hot
plate equipped with temperature controller; (3) CO2 gas

supply set; (4) condenser; (5) potentiostat; and
(6) pH meter.

The corrosion properties of carbon steels were
evaluated by electrochemical techniques (open-circuit
potential [OCP], linear polarization resistance [LPR],
and potentiodynamic polarization measurements), and
surface analytical techniques (scanning electron
microscopy [SEM] and energy dispersive x-ray spec-
troscopy [EDS]). LPR measurements were performed
within ±10 mV with respect to the corrosion potential
with a scan rate of 0.166 mV/s. The potentiodynamic
polarization tests were performed after conducting
LPR measurements. The specimen was scanned
potentiodynamically at a rate of 0.166 mV/s from the
OCP to −1.0 V vs. saturated Ag/AgCl. Then the scan
was performed in the anodic direction from OCP to
−0.45 V vs. saturated Ag/AgCl, with a scan rate of
0.166 mV/s. After the experiment, the specimen was
used for additional ex situ analyses. The morphology
and compositions of corrosion products were analyzed
by using SEM and EDS.

Table 2 lists the key test conditions for the
present study. The test conditions were set in order to
investigate the effect of alloying elements for different
scenarios common in CO2 corrosion of mild steel, some
of which would include formation of protective FeCO3

corrosion product layers (at high temperature, 80°C)
and others would not (at room temperature, 25°C),
with conditions at 70°C being in between.

RESULTS AND DISCUSSION

Figure 1 shows the microstructure of low carbon
steels with different alloying elements. It was taken at
quarter position through thickness in transverse di-
rection. The basic microstructure of all samples was
ferrite and pearlite mixture. Although the manufac-
turing process parameters were all the same, the

TABLE 1
Chemical Compositions of Materials Used in the Present Study (wt%, balance Fe)

No. C Mn Si P S Al Cr Ni Mo Cu

1 0.041 1.39 0.278 0.008 <0.003 0.028 – 0.287 – –

2 0.038 1.43 0.266 0.009 <0.003 0.019 0.519 0.307 – –

3 0.043 1.45 0.248 0.009 <0.003 0.023 1.000 0.292 – –

4 0.042 1.40 0.254 0.008 <0.003 0.022 1.890 0.308 – –

5 0.040 1.41 0.248 0.008 <0.003 0.024 0.520 0.309 0.53 –

6 0.040 1.38 0.248 0.008 <0.003 0.024 0.497 0.307 – 0.50

TABLE 2
Test Conditions for Corrosion Testing

Condition
pCO2

(bar)
Temperature

(°C) pH Solution

FeCO3-free 0.97 25 4 1 wt% NaCl (stagnant)
FeCO3-forming 0.52 80 6.6 1 wt% NaCl (stagnant)
In between 0.68 70 5.9 1 wt% NaCl (stagnant)
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microstructures such as grain size, band structure,
and pearlite portion are slightly different because of the
alloying elements. The pearlite portion was increased
from 7% to 15% with increasing Cr content. Further-
more, the additions of Cr and Mo increased the grain
size of ferrite.

Experiments at pH 4 and 25°C
For these conditions where the formation of

protective FeCO3 corrosion product layers was not
expected, the results of LPR corrosion rate mea-
surements for different carbon steels are described in

Figure 2. The polarization resistance values obtained
from LPR were converted to corrosion rates with B value
of 26mV. The alloyed steels exhibitedmore resistance
to corrosion than 0.3Ni steel. The results indicate that
the presence of Cr slightly decreases the corrosion
rate, while additional Cr content has minimal impact.
Furthermore, presence of Mo did not change the
corrosion rate, but the corrosion rate was slightly re-
duced by adding Cu.

Figure 3 illustrates the polarization curves for
different carbon steels at pH 4 and 25°C. As shown
in Figure 3(a), with increasing Cr content, both

0.3Ni 0.3Ni-0.5Cr

0.3Ni-1.0Cr 0.3Ni-2.0Cr

0.3Ni-0.5Cr-0.5Mo 0.3Ni-0.5Cr-0.5Cu

50 µm 50 µm

50 µm50 µm

50 µm 50 µm

FIGURE 1. Optical image of the microstructure for different carbon steels (×200, 2% Nital).
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FIGURE 2. Effect of alloying elements on the corrosion rate in 1 wt% NaCl solution at pH 4 and 25°C: (a) Cr effect and (b) Mo
and Cu effect.
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FIGURE 3. Polarization curves of different carbon steels at pH 4 and 25°C: (a) Cr effect and (b) Mo and Cu effect.

(a) (b)

0 20 40 60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
o

rr
o

si
o

n
 R

at
e 

(m
m

/y
)

Time (h)

 0.3Ni
 0.3Ni-2.0Cr
 0.3Ni-0.5Cr-0.5Cu

0 20 40 60 80 100 120 140 160
–0.71

–0.70

–0.69

–0.68

–0.67

–0.66

Time (h)

 0.3Ni
 0.3Ni-2.0Cr
 0.3Ni-0.5Cr-0.5Cu

P
o

te
n

ti
al

 (
V

 v
s.

 s
at

. A
g

/A
g

C
l)

FIGURE 4. Variations of (a) corrosion rate and (b) corrosion potential for carbon steels with different alloying elements at pH 4
and 25°C.
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Surface Cross Section
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FIGURE 5. SEM surface and cross-section images of the corroded samples exposed to 1 wt% NaCl at pH 4 and 25°C.
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FIGURE 6. Variations of (a) corrosion rate and (b) corrosion potential for carbon steels with different Cr contents at pH 6.6
and 80°C.
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FIGURE 7. Variations of (a) corrosion rate and (b) corrosion potential for carbon steels with different alloy elements (Mo and
Cu) at pH 6.6 and 80°C.
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FIGURE 8. SEM surface images of the corroded samples exposed to 1 wt% NaCl at pH 6.6 and 80°C.
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anodic and cathodic reaction rates were slightly re-
duced, supporting the decrease in the corrosion rate.
Furthermore, slight reduction in anodic and cathodic
current densities were also observed by adding Mo
and Cu.

Figure 4 shows the variations in corrosion rate
and corrosion potential with time for different carbon
steels in 1 wt% NaCl at pH 4 and 25°C. 0.3Ni-2.0Cr
and 0.3Ni-0.5Cr-0.5Cu steels were selected to conduct
long-term corrosion testing because those two steels
showed the lowest corrosion rate from the short-term
LPR measurement. The corrosion rate and the cor-
rosion potential of 0.3Ni steel increased with time,
whereas steels with Cr and Cu showed more or less
constant corrosion rate and corrosion potential with
time. The fluctuation of corrosion rate was caused by
the room temperature change (∼10°C) during a day. The
corrosion rates of steels with Cr and Cu were slightly
lower than that of unalloyed steel, and there is no
significant difference in the corrosion rate between
0.3Ni-2.0Cr steel and 0.3Ni-0.5Cr-0.5Cu steel at pH 4
and 25°C.

Figure 5 shows the surface and cross-sectional
SEM images of the corroded samples after 7 d in 1 wt%
NaCl at pH 4 and 25°C. For all three samples, no
corrosion products were observed on the surface

because of the test condition (low pH and tempera-
ture), and the figure showed mild preferential dissolu-
tion of ferrite which left iron carbide (Fe3C) from the
pearlite on the steel.

Experiments at pH 6.6 and 80°C
For these conditions where the formation of

protective FeCO3 corrosion product layers was
expected, the variations in corrosion rate and corro-
sion potential with time for different carbon steels in
1 wt%NaCl at pH 6.6 and 80°C are shown in Figures 6
and 7. In contrast to the corrosion behavior at
ambient temperature, the corrosion rate of all steel
samples decreased with time and reached a low value
(<0.1 mm/y) at the end of the experiment. In addition,
the corrosion potential of all samples increased when
the corrosion rate started to decrease. This indicates
that protective FeCO3 layers formed on the steel surface
regardless of the alloying elements. The alloying ele-
ment seemed to affect only the time that it took the
corrosion rate to reach the low value.

Figure 8 shows the surface SEM images of the
corroded samples at pH 6.6 and 80°C after 3 d. A typical
shape of FeCO3 crystals is observed for all samples.
There is no correlation between the size of the corrosion
product grains and the alloying elements. It is

SEM EDS

0.
3N

i
0.

3N
i-2

.0
C

r

1.00
0

168 Fe

Fe

Fe

O

C

C

O

S

Fe

Fe

Fe
Ni

Ni

Cr

Cr

336

505

673

841

0.0

0.6

1.1

1.7

2.3

2.8

2.00 3.00 4.00 5.00 6.00
Energy (keV)

K
C

n
t

K
C

n
t

7.00 8.00 9.00 10.00

1.00 2.00 3.00 4.00 5.00 6.00
Energy (keV)

7.00 8.00 9.00 10.00

11.0015 kV ×2,000 10 µm 11 55 SEI

15 kV ×2,000 10 µm 10 60 SEI
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6.6 and 80°C.
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interesting to note that for all steel samples, the surface
does not appear to be fully covered by corrosion
products, even though low and uniform corrosion rates
weremeasured as shown in Figures 6(a) and 7(a). This
is because of a much thinner firmly adherent layer
underneath that is not readily seen in these images.

Figure 9 represents the cross-sectional
morphologies of the samples at pH 6.6 and 80°C after
3 d. It can be seen from all samples that it has a
“duplex” layer structure; an outer grainy layer and a
continuous adherent inner layer, which seems to be
the key to corrosion protection. Similar corrosion
product morphologies have been observed recently
under different experimental conditions in CO2 envir-
onments.18 According to EDS results, the outer and
inner layers are found to be consistent with FeCO3. The
Cr-containing samples showed an enrichment of Cr

at the inner layer, while no Cr was detected at the outer
crystals. From the cross-sectional observations, it is
clear that the corrosion protection is provided by the
inner well-attached and dense FeCO3 layer, and not
by the outer FeCO3 crystals. Moreover, the alloying
elements (Cr, Mo, and Cu) did not contribute to the
formation of a more protective FeCO3 layer at pH 6.6
and 80°C.

Experiments at pH 5.9 and 70°C
According to the results shown above, the effect

of alloying elements on corrosion behavior was rather
small in both the FeCO3-free condition (pH 4, 25°C)
and protective FeCO3-forming condition (pH 6.6, 80°C).
In other words, the alloying elements do not play a
truly significant role either in the undersaturated or
supersaturated conditions with respect to FeCO3.
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FIGURE 11. Variations of (a) corrosion rate and (b) corrosion potential for carbon steels with different alloy elements (Mo and
Cu) at pH 5.9 and 70°C.
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FIGURE 10. Variations of (a) corrosion rate and (b) corrosion potential for carbon steels with different Cr contents at pH 5.9
and 70°C.
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Surface Cross Section
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FIGURE 12. SEM surface and cross-section images of the corroded samples exposed to 1 wt% NaCl at pH 5.9 and 70°C.
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Thus, to further investigate the effect of alloying ele-
ments, long-term corrosion tests were conducted in
the near-saturated conditions (at pH 5.9, 70°C), where
formation of protective FeCO3 is possible but not
certain. This intermediate condition is often referred to
as the “gray zone.”

The variations in corrosion rate and corrosion
potential with time for different carbon steels in 1 wt%
NaCl at pH 5.9 and 70°C are shown in Figures 10 and
11. It is interesting to observe that the corrosion rate of
0.3Ni-1.0Cr and 0.3Ni-2.0Cr steels decreased with
time, whereas other steels showed constant high cor-
rosion rate with time. Only 0.3Ni-2.0Cr steel dem-
onstrated a significant decrease in the corrosion rate
with time to truly low values, indicating the formation
of fully protective corrosion product layer. It can be
clearly seen that with increasing Cr content, the final
corrosion rate was decreased, whereas no beneficial
effect was observed by adding Mo and Cu under this
condition. This suggests that the protectiveness of
corrosion product strongly depends on the Cr content
of the steel when exposed to solutions in the “gray zone”
condition.

Figure 12 shows the surface and cross-sectional
SEM images of the corroded samples after 7 d in 1 wt%
NaCl at pH 5.9 and 70°C. Although the surface of
0.3Ni steel was fully covered by grainy FeCO3, the
corrosion rate was high as shown in Figure 10(a). This
can be explained by observing the cross-sectional

image, which shows no dense inner layer. The steels
containing Cr showed different morphology compared
with 0.3Ni steel, i.e., no FeCO3 crystals were ob-
served, but a dense and adherent layer was formed on
the steel surface. The layer became denser and more
continuous with increasing Cr content, which provided
better corrosion protection. It should be mentioned
that the presence of Cu showed no beneficial effect on
the formation of a protective layer in this condition.

Details of corrosion scale morphology and com-
position for 0.3Ni-2.0Cr steel were further examined by
cross-sectional SEM and EDS, as shown in Figure 13.
The layer consists of two distinct areas with respect to
Cr content. It is comprised of Cr-rich area with dark
contrast and the other area with relatively light contrast,
mainly consisting of Fe, C, and O (Table 3). The Pd
seen in the EDS spectra is from the sputter coated
palladium to avoid any charging during SEM analy-
sis. It has been reported that the presence of Cr results
in formation of Cr(OH)3-enriched layer within FeCO3.

13

Furthermore, the presence of Cr3+ in the solution has a
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FIGURE 13. SEM cross-section image and EDS spectra of the corroded sample (0.3Ni-2.0Cr steel) exposed to 1 wt% NaCl
at pH 5.9 and 70°C.

TABLE 3
EDS Analysis of 0.3Ni-2.0Cr Steel Exposed to 1 wt% NaCl at

pH 5.9 and 70°C

C (at%) O (at%) Cr (at%) Fe (at%)

1 68.03 13.72 9.66 5.24
2 29.43 26.19 1.88 37.94

CORROSION—Vol. 74, No. 5 575

CORROSION SCIENCE SECTION



significant effect on the precipitation and growth rate
of FeCO3.

19-20 Thus, as shown in Figure 13, the bene-
ficial effect of Cr presence in this condition is con-
firmed by both forming Cr(OH)3 and promoting the
formation of thin but adherent and protective FeCO3

layers.

CONCLUSIONS

The effect of alloying elements (Cr, Mo, and Cu)
on the corrosion behavior of low carbon steel was in-
vestigated in different CO2 environments. The fol-
lowing conclusions are drawn:
v The presence of Cr and Cu showed a slight positive
effect on the corrosion resistance at pH 4.0 and 25°C—
conditions where protective FeCO3 corrosion product
layers do not form.
v At pH 6.6 and 80°C, regardless of the alloying
elements, the trend of corrosion rate with time was
similar, i.e., the corrosion rate of all specimens de-
creased with time as a result of the formation of pro-
tective FeCO3 corrosion product layer.
v A beneficial effect of Cr presence was clearly seen
at pH 5.9 and 70°C, conditions where protective FeCO3

corrosion product layers could form, but their pro-
tectiveness is not certain—in the so-called “gray zone.”
The steel sample without Cr showed high corrosion
rate with time. The presence of Cr promoted the for-
mation of protective FeCO3 layers with Cr enrichment
decreasing the corrosion rate significantly.
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