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The effect of a small amount (1 wt%) of Cr or Mo on aqueous CO2 corrosion of low-alloyed steel and the formation of protective FeCO3

corrosion product layers was investigated under controlled water chemistry conditions, where the bulk saturation value of FeCO3 was
maintained at near-saturated condition. Changes in CO2 corrosion rate with exposure time were monitored by linear polarization resisitance
measurements. The surface morphology and the composition of the corrosion product layers were analyzed by scanning electron microscopy,
energy dispersive x-ray spectroscopy, x-ray diffraction, and transmission electron microscopy. Results showed that the emergence of a
continuous Fe3C layer created favorable conditions at the surface of nonalloyed steel (containing no Cr and Mo) for semiprotective FeCO3 to
form even though the bulk saturation value of FeCO3 was maintained at near-saturated condition. However, semiprotective FeCO3 was not
observed on the surface of 1% Cr steel and 1%Mo steel, but rather discontinuous and porous corrosion product layer was formed. Due to the
hydrolysis reactions of Cr3+ and Mo3+, and the discontinuous structure of the corrosion product layers, the surface conditions for 1% Cr
steel and 1% Mo steel were not favorable for the formation of FeCO3 under the experimental conditions of this study.
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INTRODUCTION

One area of critical importance in CO2 corrosion of mild and
low alloy steels is the precipitation of protective iron car-

bonate (FeCO3) corrosion product layers on the steel surface.
The layer forms on the corroding surface blocking the underlying
steel from further dissolution and acting as a diffusion barrier,
thereby reducing the corrosion rate. Solid FeCO3 forms when the
concentrations of Fe2+ and CO2−

3 exceed the solubility limit
according to the following reaction:1-2

Fe2þðaqÞ þ CO2−
3 ðaqÞ⇄FeCO3ðsÞ (1)

The precipitation rate of FeCO3 depends on its saturation
level, which is defined by:

SFeCO3
=
cFe2þ · cCO2−

3

Ksp
(2)

where cFe2þ is the ferrous ion concentration in mol/L, cCO2−
3

is

the carbonate ion concentration in mol/L, and the solubility
product of FeCO3 (Ksp) is calculated using an equation pro-
posed by Sun, et al.:3

log Ksp = − 59.3498 − 0.041377TK −
2.1963

TK
þ 24.5724 log TK

þ 2.518 I0.5 − 0.657 I (3)

where TK is the temperature in Kelvin, and I is the ionic
strength. FeCO3 will not form, and any existing FeCO3 will
dissolve if the local saturation level is less than 1. The prop-
erties of FeCO3 are affected by numerous parameters such as
water chemistry, temperature, fluid flow, steel composition,
and microstructure.

According to previous studies, adding small amounts of
Cr (0.5% to 3%) could enhance the corrosion resistance of low
alloy steels in aqueous CO2 environments.4-12 More specifi-
cally, it was suggested that the addition of Cr contributes to the
formation of Cr(OH)3 within FeCO3, which causes the corrosion
product layers to be more protective. Furthermore, it has been
claimed that the presence of Cr3+ in the solution has a ben-
eficial effect on the precipitation and growth rate of FeCO3. This
suggests that the effect of adding a small amount of Cr to the
steel can be beneficial when the conditions are favorable for the
formation of FeCO3 corrosion product layers. In addition, there
has been an attempt to add small amounts of Mo in combination
with Cr in order to improve the corrosion resistance of low
alloy steels.13 It reportedly contributes to the formation of a more
dense and adherent corrosion product layer, when compared
to the nonalloyed steel. However, the individual effect of Mo on
the formation of protective FeCO3 is not clear and has not
been well addressed in the literature.

Although there are numerous studies about the effect of
small amounts of Cr and Mo on the corrosion behavior of low
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alloy steel in CO2 environments, not many studies have
properly accounted for the effect of water chemistry. As
described above, the addition of Cr or Mo could affect the
surface conditions of the steel, especially for the formation of
protective FeCO3. Uncontrolled water chemistry can cause
variations in Fe2+ concentration, pH drift, and changes in CO2

speciation during the experiment. This could compromise the
investigation of the effect of those alloying elements on the
formation of protective corrosion product layers on the steel
surface.14 Thus, in the present study, the individual effects of Cr
and Mo on the formation of FeCO3 were evaluated in CO2

environments where the water chemistry of the system was
tightly controlled over the course of the experiments.

EXPERIMENTAL PROCEDURES

2.1 | Materials
Three low alloy steels with different chemical composi-

tions were prepared as “nonalloyed steel” containing no Cr and
Mo, “1% Cr steel,” and “1% Mo steel.” Chemical compositions
of the three low alloy steels were shown in Table 1. The steels
were fabricated using a vacuum arc-melting furnace and cast
into 180 kg ingots. The ingots were hot rolled into plates with
15 mm thickness, and the plates were then cooled in the air at
room temperature. The plates were reheated to conduct double
quenched & tempered (Q&T) heat treatment by a laboratory
furnace. The quenched steel plates were tempered at several
temperatures to control the yield strength. Holding time was
approximately 60 min at each tempering temperature (460°C for
nonalloyed steel, 525°C for 1% Cr steel, and 650°C for 1% Mo
steel). Figure 1 showed the microstructure of steels with
different alloying elements. The basic microstructure of all
steel specimens was tempered martensite. It was confirmed
by TEM observation that carbides are dispersed in the matrix
of each steel as particles with various sizes of around
approximately 100 nm.

Specimens were machined into a rectangular shape
(1.27 cm × 1.27 cm × 0.254 cm) for both electrochemical tests
and surface analysis. The specimens were sequentially ground
with 180, 400, and then 600 grit silicon carbide (SiC) paper,
cleaned with isopropyl alcohol in an ultrasonic bath, and dried.
To expose only one side of the specimen, the other side was
coated either with xylan (specimen used for surface analysis)
or mounted in epoxy (specimen used for electrochemical
measurements).

2.2 | Glass Cell Setup with Controlled Water Chemistry
Figure 2 showed the schematic of the experimental setup.

Corrosion tests were performed in a 3.8-L glass cell. The elec-
trochemical setup consists of a three-electrode corrosion cell
(working electrode [WE]: rectangular steel specimen, counter
electrode [CE]: a platinum-coated titanium mesh, reference
electrode [RE]: a saturated silver/silver chloride [Ag/AgCl] elec-
trode). The system included a hot plate equipped with a
temperature controller, pH electrode, sparge tube connected to
the CO2 gas inlet, and a water condenser at the gas outlet. The
stationary specimen holders with seals made it easier to retrieve
specimens from the test solution without oxygen contami-
nation during the experiment used for surface analysis
(Figure 2[b]). Seven specimens (one specimen for electro-
chemical measurement and six specimens for surface analysis),
identical in size, were placed in specimen holders at the same
radial distance (7 cm) from the center of the glass cell. A flow was
created by a Rushton-type impeller with 20 rpm, which is
equivalent to 0.3 m/s in a 0.1 m inner diameter (ID) pipe.15 The
solution volume to specimen area ratio was 3.36 mL/mm2. All
corrosion specimens (those for electrochemical measurements
and surface analysis) experienced identical flow characteris-
tics—mass transfer rate and wall shear stress. In order to keep
the amount of Fe2+, which directly affects the saturation level
of FeCO3, at a desired concentration during the testing period,

Table 1. Chemical Compositions of High Strength Steels Used in the Present Study (wt%, balance Fe)

Steel Type C Si Mn P S Cr Mo

Nonalloyed steel 0.24 0.34 0.98 0.011 0.0008 – –

1% Cr steel 0.24 0.35 0.98 0.011 0.0008 1.01 –

1% Mo steel 0.22 0.34 1.00 0.011 0.0007 – 0.99

(a) (b) (c)

50 �m 50 �m 50 �m

FIGURE 1. Optical image of the microstructure for different high-strength Q&T steels used in the present study (etched by 3% Nital):
(a) nonalloyed steel, (b) 1% Cr steel, and (c) 1% Mo steel.
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the glass cell was equipped with a pump and a flow-through
column containing sodium (Na)-form ion-exchange resin. The ion-
exchange resin interchange ions by accepting Fe2+ from the
solution and releasing Na+ to the solution to maintain a charge
balance (more details about this experimental setup are pro-
vided elsewhere14-15).

2.3 | Methodology
Table 2 showed details of experimental conditions in the

present study. The pH and temperature were selected to maintain
near-saturated conditions with respect to FeCO3, where the
formation of FeCO3 is possible but protection is not certain.

An aqueous electrolyte was prepared from deionized
water with 1 wt% NaCl. The solution was initially deoxygenated by
bubbling CO2 for at least 2 h prior to insertion of the speci-
mens. This assured that the dissolved oxygen levels were kept
below 20 ppb, which was measured by an Orbisphere oxygen

analyzer. The initial pH of the solution was adjusted by adding
deoxygenated NaHCO3. The solution pH was controlled during
the experiment by manually injecting deaerated HCl or NaHCO3

to maintain the solution pH within pH 5.7±0.15. The solution
temperature was maintained at 80±1°C. After starting the ex-
periment, Fe2+ concentration in the solution was measured
periodically (once or twice a day) by ultraviolet/visible spectro-
photometry. When the measured Fe2+ concentration reached
or exceeded the target value (∼15 ppm in this study), the solution
was passed through the Na-form ion exchange resin column
for 10 min to 20 min with a flow rate of 200 mL/min to 250 mL/min
to maintain the target concentration of Fe2+ and a stable bulk
saturation level (SFeCO3

) of around 1.
The corrosion properties of steels were evaluated by

electrochemical techniques (open-circuit potential [OCP] and
linear polarization resistance [LPR] measurements). LPR
measurements were performed by sweeping the potential from
−10 mV to +10 mV with respect to the OCP with a scan rate of
0.166 mV/s. The polarization resistance (Rp,Ω) obtained from LPR
measurement was used to calculate the corrosion current
density (icorr, A/m

2) by using Equation (4):16

icorr¼
B

SRp
(4)

where S is the specimen surface area (m2). An empirical B value
of 26 mV was used in the present study which is a commonly
accepted value in typical CO2 aqueous environments.14 Then,
the icorr was converted into corrosion rate (CR) using Equa-
tion (5):17

CR=
3.27 × 10−11 · icorr · EW

ρ
(5)

where EW is the equivalent weight (kg), ρ is density of iron (kg/m3),
and 3.27 × 10−11 is a constant factor for unit conversion to
mm/y.

Heater 0.5 in × 0.5 in × 0.08 in

(sample size)

Sparge tube (gas inlet)

pH electrode

pH meter

Pump

Ion exchange resin

Counter electrode

Reference electrode
Thermocouple

Condenser
Electrical

connection

Electro-

chemical

sample

Removable

sample

Impeller

Sample holder

(a) (b)

FIGURE 2. Schematic of experimental setup: (a) glass cell equipped with water chemistry control system and (b) removable specimen holders.

Table 2. Detailed Parameters on Test Conditions for
Corrosion Testing

Parameter Description

Materials Nonalloyed steel, 1% Cr steel,
and 1% Mo steel

Partial pressure of CO2 0.53 bar

Temperature 80°C

Test solution 1 wt% NaCl

Initial solution pH 5.7 (adjusted by NaHCO3)

Solution volume 3.8 L

Stirring solution Impeller 20 rpm (equivalent to 0.3 m/s
in a 0.1 m ID pipe)

Control of Fe2+ Maintain 15 ppm with Na+ ion
exchange resin

Control of solution pH Manual injection of deaerated HCl or
NaHCO3
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After the corrosion experiments, ex situ analyses of the
morphology and compositions of corrosion product layers were
conducted by using scanning electron microscopy (SEM),
energy dispersive x-ray spectroscopy (EDS), x-ray diffraction
(XRD), and transmission electron microscopy (TEM) combined
with focused ion beam (FIB) milling. Specimen mounted in the
epoxy was used for cross-sectional analysis.

RESULTS

3.1 | Corrosion Behavior of Nonalloyed Steel
Figure 3 shows the variations in CR and corrosion po-

tential with time monitored by LPR measurement for nonalloyed
steel in 1 wt% NaCl at pH 5.7 and 80°C. The reproducibility of
results was shown by the error bars, representing the maximum
and minimum values from two different experiments. The CR
was about 6 mm/y at the beginning of the experiment and during
the first day of exposure, it increased to approximately 10 mm/
y accompanied by increasing corrosion potential from −0.7 V to
−0.66 V. This is related to the preferential dissolution of ferrite
caused by a galvanic coupling with iron carbide (Fe3C).

18-19 After
that, the CR remained relatively stable (10 mm/y to 11 mm/y)
for 3 d, as the corrosion potential continued to slowly increase.
After 4 d, the CR began to decrease dramatically as the
corrosion potential increased further due to the precipitation of
FeCO3 layer. At the end of exposure (approximately one week),
the final CR of the nonalloyed steel was around 1 mm/y with a
trend of very slow further decrease.

It is noteworthy that the corrosion rates of the nonalloyed
steel were higher than those from other work conducted at
similar conditions. This could be related to the bulk water
chemistry, which was controlled to maintain near-saturated
conditions with respect to FeCO3 in the present study.14

Figure 4 shows the measured bulk solution pH and Fe2+ con-
centration over the entire testing time. The arrow indicates the
time when the solution pH or Fe2+ concentration was adjusted,
and both values before and after the adjustment are also
shown in Figure 4. As shown in Figure 4, the pH of the bulk
solution was maintained around the target pH value of 5.7,
within 0.1 pH unit. After the first day of experimentation, the
concentration of Fe2+ was controlled at an average of 15 ppm

over the entire length of the experiment, with a slightly increasing
trend. If the bulk water chemistry is not controlled, the solution
pH and Fe2+ concentration would increase with time which could
result in lower corrosion rates and faster FeCO3 formation on
the steel surface.

Figure 3 also shows that the CR changed with time
although the bulk water chemistry was controlled. To find the
reasons for the change in the CR and the surface condition, the
specimen was taken out of the solution on days three, five, and
seven during the experiment and analyzed for surface mor-
phology and chemical composition. Figure 5 represents the
surface and cross-sectional SEM images of the corroded
nonalloyed steel after 3 d, 5 d, and 7 d of exposure. After 3 d
(72 h), there was a thin and continuous corrosion product layer
on the steel surface. TEM analyses shown in Figure 6, reveal that
the layer is composed of needle-shaped Fe3C which is a few
hundred nm long. The layer is formed by the emergence of
Fe3C remaining on the metal surface due to the preferential
dissolution of ferrite in the early stage of corrosion.19 The
measured corrosion rate after 3 d was approximately 10 mm/y,
indicating that the Fe3C layer is not protective. The surface of the
specimens exposed for 5 d (120 h) and 7 d (168 h, end of the
test) is very similar to that of the specimen exposed for 3 d,
except for the presence of cracks. However, significant dif-
ferences were found in the cross-sectional observation. It can be
seen that a second phase precipitated evenly along the entire
steel surface close to the steel surface, and it became denser
and grew with time. According to EDS analysis (Figure 7), this
inner layer mainly consists of Fe, C, and O, which could be
identified as FeCO3, whereas the outer layer consists of Fe
and C, indicating Fe3C. The Au seen in the EDS spectra is from
the sputter-coated gold used to avoid charging during SEM
imaging. A similar “duplex” corrosion product layer structure
(Fe3C as the outer layer and FeCO3 as the inner layer) has been
observed under different experimental conditions in CO2

environments.12,15,20

Although the Fe3C layer formed on the nonalloyed steel at
the initial stage of exposure was not protective, it restricted
the diffusion of corrosion reactants and products through the
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FIGURE 3. Variations of CR and corrosion potential for the nonalloyed
steel with time in CO2-saturated 1 wt% NaCl solution (pH 5.7 and
80°C).
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FIGURE 4. Controlled solution pH and Fe2+ concentration during the
test with nonalloyed steel in CO2-saturated 1 wt% NaCl solution at pH
5.7 and 80°C. (The arrows indicate the time when the solution pH or
Fe2+ concentration was adjusted, and both values before and after the
adjustment are shown.)
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layer and resulted in an accumulation of Fe2+ and a higher
pH at the steel surface despite the bulk water chemistry was
controlled. Consequently, SFeCO3

near the steel surface within
the Fe3C layer became significantly higher than that of the bulk
solution. Such local conditions promoted the precipitation
of a FeCO3 layer at the steel surface, resulting in a decrease in
the CR. However, the level of protectiveness by a FeCO3

layer was relatively low in this case as the final CR was
1 mm/y. Furthermore, the undermining effect at the interface
between FeCO3 and steel is observed (Figure 5). This indicates
that only partially protective FeCO3 layers formed on the
surface of nonalloyed steel when the bulk water chemistry
was maintained near-saturated condition with respect
to FeCO3.

3.2 | Corrosion Behavior of 1% Cr Steel
The variations in CR and corrosion potential with time for

1%Cr steel are shown in Figure 8. Unlike the nonalloyed steel, the

CR and corrosion potential did not change as much with time
for 1% Cr steel. The CR increased only slightly from 4.5 mm/y to
5.5 mm/y during the first 24 h and then somewhat decreased
over the course of the next few days, and then remained stable
value in the range of 3 mm/y to 4 mm/y, indicating no formation
of FeCO3. As shown in Figure 9, the bulk solution pH was
maintained at 5.7 and the concentration of Fe2+ was controlled
at an average of 15 ppm during the experiment.

As in the previous experiment, the specimen was taken
out of the solution after 3 d, 5 d, and 7 d to analyze surface
morphology and chemical composition. The surface and
cross-sectional SEM images of the 1% Cr steel after 3 d, 5 d, and
7 d are shown in Figure 10. The steel surface was covered by a
discontinuous “island-shaped” corrosion product layer starting
from the 3 d of exposure. Then, at 5 d and 7 d, another
somewhat different porous layer is seen underneath the initial
layer as shown in the cross-sectional images. According to the
EDS analysis shown in Table 3, both inner and outer layers
contain Cr, O, and Fe. It should be noted that the presence of C

Surface Cross section

3
 d

5
 d

7
 d

15 kV ×500 50 �m 14 60 SEI 15 kV ×500 50 �m 15 60 SEI

15 kV ×500 50 �m 15 60 SEI

15 kV ×500 50 �m 14 60 SEI15 kV ×500 50 �m 14 60 SEI

15 kV ×500 50 �m 15 60 SEI

FIGURE 5. SEM surface and cross-section images of the corroded nonalloyed steel exposed to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C.
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in the corrosion layer here and in every other cross-section EDS
analysis is usually not a reliable value, due to the high C content
in the epoxy resin used for mounting. The outer layer has
relatively higher Cr and O contents compared to the inner
layer. In order to identify the corrosion product layers formed on

1% Cr steel, XRD analysis was conducted for the specimen
taken after 7 d (Figure 11). Although the thickness of the cor-
rosion product layers observed in the cross-sectional SEM
image (Figure 10), was about 30 μm, only the Fe peak for the BCC
structure was detected in the XRD analysis. This indicates that

100 nm 5 1 nm
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FIGURE 6. Results of TEM analysis for the corrosion product layer on the surface of nonalloyed steel after 3 d of exposure: (a) high-magnification
TEM image, (b) electron diffraction pattern for [011] Fe3C, and (c) Miller indices of [001] Fe3C.
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FIGURE 7. EDS spectra of the corrosion product layers on nonalloyed steel after 7 d of exposure: (a) Outer layer and (b) inner layer.
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the corrosion product layers formed on 1% Cr steel could be
amorphous or nanocrystalline, and hence were undetectable
by XRD analysis.

Further analysis of the outer and inner corrosion product
layers was conducted by using TEM. Figure 12 shows the results
of TEM analysis for the outer layer formed on the specimen
taken after 7 d. It can be seen from the high-magnification image
(Figure 12[a]) that the layer is composed of black dots in a gray
matrix. The black dots are identified as Fe3C from the electron
diffraction pattern analysis, whereas the matrix (marked as “A”
in Figure 12[a]) shows a ring-like diffraction pattern, confirming
that it is an amorphous phase (Figure 12[b]). EDS spot analysis
from the area “A” indicated that the matrix is mainly composed of
Cr and O (Figure 12[c]). Figure 13 shows the results of TEM-
EDS mapping analysis for the outer layer. Cr and O are evenly
distributed in the layer and Fe is detected where Fe3C is

present. Figures 14 and 15 demonstrate the results of TEM
analysis for the inner layer formed on the specimen taken after
7 d. It shows a similar structure as the outer layer: Cr- and
O-containing amorphous matrix with Fe3C. However, it has
more Fe3C compared to the outer layer.

The results of surface and cross-sectional analysis of 1%
Cr steel show that the structure and the chemical composition of
the corrosion product layers are completely different from that
of nonalloyed steel. The FeCO3 formed on the nonalloyed steel
was not observed at all at the 1% Cr steel exposed at identical
conditions, but rather a discontinuous layer containing Cr and
O was formed. Although this layer did not offer any real
protection, the corrosion rates of 1% Cr steel (4.5 mm/y to
5.5 mm/y) were lower than those of nonalloyed steel (6 mm/y
to 11 mm/y) during the first 3 d of the exposure. As mentioned
earlier, the galvanic coupling between ferrite and Fe3C ac-
celerated the corrosion reaction, resulting in high corrosion rates
for nonalloyed steel. For the 1% Cr steel, however, it can be
speculated that the galvanic effect between ferrite and the
Cr-containing corrosion product layers is reduced as the
electrical conductivity of corrosion product layers decreases
as the content of less-conductive Cr-containing compound
increases in the corrosion product layers.21 Furthermore, due to
the structure of the discontinuous “island-shaped” corrosion
product layers, it is hard to create the conditions for Fe2+ to
accumulate on the steel surface, indicating that SFeCO3

near the
steel surface could be similar to that of bulk solution which
adversely affects the formation of FeCO3.

3.3 | Corrosion Behavior of 1% Mo Steel
Figure 16 shows the variations in CR and corrosion

potential with time monitored by LPR measurement for 1% Mo
steel. The CR gradually increased from 4.5 mm/y to 8 mm/y
during the first few days of exposure and then it decreased and
reached around 5.4 mm/y at the end of the exposure. The
corrosion potential showed a similar trend with the CR. As this
was similar to what was seen on 1% Cr steel, the formation of
FeCO3 was not expected for 1%Mo steel either. Figure 17 shows
the measured solution pH and Fe2+ concentration over the
entire testing time. The pH of
the bulk solution was maintained close to 5.7 and the con-
centration of Fe2+ was controlled at an average of 15 ppm over
the entire experiment length, just as it was done before.

Figure 18 shows the surface and cross-sectional SEM
images of the corroded 1% Mo steel after 3 d, 5 d, and 7 d.
The steel surface was covered by a corrosion product layer
with cracks that became larger with exposure time. As shown in
the cross-sectional SEM images, a porous and nonuniform
layer formed on the steel surface after 3 d of exposure. From 3 d
to 7 d, the thickness of the layer had not changed but it
became denser with time. Furthermore, it showed a rough steel
surface underneath the layer due to the corrosion, indicating
that this porous layer is not protective. EDS analysis from the
specimen taken after 7 d reveals that the layer is mainly
composed of Fe, C, O, and Mo (Table 4), and XRD analysis
detected Fe3C and Mo2C in the corrosion product layer
(Figure 19).

Further analysis of the corrosion product layer was
conducted by using TEM. Figure 20 shows the results of TEM
analysis for the layer formed on the specimen taken after 7 d.
The high-magnification image (Figure 20[a]) shows that the layer
is composed of black plates and spheroids in a bright gray
matrix. The black plates and spheroids are identified as Fe3C and
Mo2C, respectively from the electron diffraction pattern
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FIGURE 8. Variations of CR and corrosion potential for the 1%Cr steel
with time in CO2-saturated 1 wt% NaCl solution (pH 5.7 and 80°C).
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analysis, whereas thematrix (marked as “C” in Figure 20[a]) shows
a ring-like diffraction pattern, indicating that it is an amorphous
phase (Figure 20[b]). EDS spot analysis from the area “C” indi-
cated that the matrix is mainly composed of Mo and O (Fig-
ure 20[c]). The results of TEM-EDS mapping analysis (Figure 21)
show that Mo and O are distributed in the same places, and
they exist in different locations from Fe where Fe3C presents. The
results of TEM analysis suggest that the layer is composed of
an amorphous compound containing Mo and O in addition to
Fe3C and Mo2C.

The starting CR of 1% Mo steel was similar to that
of 1% Cr steel (∼4.5 mm/y), but it increased with time to
approximately 8 mm/y, which is a value between 1% Cr steel
(∼5.5 mm/y) and nonalloyed steel (∼11 mm/y). This indicates that
the galvanic effect between ferrite and the corrosion product
layers was accelerated for the case of 1% Mo steel due to the
different chemical composition of the corrosion product layers
compared to the 1% Cr steel. Although it is expected the surface
supersaturation to be higher than 1% Cr steel with a higher
CR, the formation of FeCO3 was not observed on the surface
of 1% Mo steel. This implies that the discontinuous structure
of the corrosion product layers did not act as a diffusion
barrier, the same as was observed on the surface of the 1%
Cr steel.

DISCUSSION

Figure 22 shows the comparison of the CR with exposure
time for the three different steels exposed to the same condi-
tions. All three steels showed a similar trend in the CR with time
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FIGURE 10. SEM surface and cross-section images of the corroded 1% Cr steel exposed to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C.

Table 3. EDS Analysis of 1% Cr Steel Exposed to CO2-
Saturated 1 wt% NaCl at pH 5.7 and 80°C for 7 d

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

Outer layer 4.2 58.4 20.8 16.6

Inner layer 15.2 64.8 15.9 4.1
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(an increase followed by a decrease). However, nonalloyed
steel showed the largest initial increase followed by the largest
reduction in the CR after 100 h, while the other two steels
maintained a high CR to the end of the experiments. Figure 23

shows the changes in bulk saturation value with respect
to FeCO3 for the tests conducted with nonalloyed steel, 1% Cr
steel and 1% Mo steel, calculated by Equations (2) and (3).
For each measured concentration of Fe2+, the temperature
and pH were used to calculate the concentration of CO2−

3
from a water chemistry model for CO2 speciation in aqueous
environments.22-23 As shown in Figure 23, the controlled
water chemistry system ensured that the bulk SFeCO3

was slightly above one in all tests independent of steel
type.

However, the difference in CR behavior between the
nonalloyed steel, 1% Cr steel and 1% Mo steel, is clearly related
to the different appearance of the three surfaces. In the case
of nonalloyed steel, Fe3C layer formed early in the experiment,
which served as a diffusion barrier (Figures 5 and 6) and
became a good matrix for precipitating a semiprotective FeCO3

layer at the steel surface (Figures 5 and 7). Conversely, a
continuous Fe3C layer did not form in the case of 1% Cr steel and
1% Mo steel. Discontinuous and porous layers with a some-
what different appearance and quite a different composition
formed (Figure 10 for 1% Cr steel and Figure 18 for 1% Mo
steel), however, this was not followed by the formation of FeCO3.
This seems odd, as the layers formed on 1% Cr and 1% Mo
steels could have also acted as a goodmatrix for the formation of
FeCO3, yet this did not happen.

In the case of 1% Cr steel, both the outer and inner
corrosion product layers were composed of an amorphous
matrix containing Cr and O with Fe3C dispersed within
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FIGURE 11. XRD patterns of the surface layers formed on 1% Cr steel
exposed to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C for 7 d.
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FIGURE 12. Results of TEM analysis for the outer layer on 1% Cr steel surface after 7 d of exposure: (a) high-magnification TEM image,
(b) electron diffraction pattern of area “A”, and (c) TEM-EDS spectra of area “A”.
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FIGURE 13. Results of TEM-EDS mapping analysis for the outer layer on 1% Cr steel surface after 7 d of exposure: (a) high-magnification TEM
image, (b) mapping image for Cr, (c) mapping image for Fe, and (d) mapping image for O.
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(Figures 11 through 15). Although it is difficult to identify the exact
compound with the analysis methods performed in this study
(EDS, XRD, and TEM), based on the surface analysis results and
open literature sources, the Cr- and O-containing amorphous
material is likely to be chromium(III) hydroxide (Cr(OH)3).

7-9,21,24

It has been reported that Cr(OH)3 formed on a Cr-containing

steel surface can act as a diffusion barrier, similar to Fe3C, when
Cr content is 3% or higher and that it can block corrosive
species from reaching the metal surface.11,21 However, in the
present study, the role of Cr(OH)3 as a diffusion barrier was not
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FIGURE 14. Results of TEM analysis for the inner layer on 1% Cr steel surface after 7 d of exposure: (a) high-magnification TEM image,
(b) electron diffraction pattern of area “B”, and (c) TEM-EDS spectra of area “B”.
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FIGURE 15. Results of TEM-EDS mapping analysis for the inner layer on 1% Cr steel surface after 7 d of exposure: (a) high-magnification TEM
image, (b) mapping image for Cr, (c) mapping image for Fe, and (d) mapping image for O.
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FIGURE 16. Variations of CR and corrosion potential for the 1% Mo
steel with time in CO2-saturated 1 wt% NaCl solution (pH 5.7 and
80°C).
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observed for 1% Cr steel, but rather, it somehow made it difficult
to form a FeCO3, probably by affecting the water chemistry at
the steel surface. During corrosion of the 1% Cr steel, Cr can
dissolve to give Cr3+ and deposit as Cr(OH)3 which is quite
insoluble, via:25

CrðsÞ → Cr3þðaqÞ þ 3e− (6)

Cr3þðaqÞ þ 3H2OðlÞ → CrðOHÞ3ðsÞ þ 3HþðaqÞ (7)

It is important to note that the hydrolysis reaction
(Equation [7]) produces H+, which can create local acidification at

the steel surface. According to the equilibrium pH expression
for the hydrolysis reaction of Cr3+,26 the equilibrium pH (pH 1.53)
is much lower than the bulk solution pH used in the present
work (pH 5.7), therefore it is likely that Cr(OH)3 formed and led to
acidification at the surface of 1% Cr steel.

In the case of 1% Mo steel, corrosion behavior similar to
that of 1% Cr steel was observed, and the discontinuous
corrosion product layers were composed of Mo- and O-
containing amorphous matrix with Fe3C and Mo2C (Figures 19
through 21). Thus, it is expected that the dissolution of Mo,
followed by the hydrolysis reactions of Mo3+ happened at the
steel surface according to:

MoðsÞ → Mo3þðaqÞ þ 3e− (8)

Mo3þðaqÞ þ 3H2OðlÞ → MoðOHÞ3ðsÞ þ 3HþðaqÞ (9)

Mo3þðaqÞ þ 2H2OðlÞ → MoO2ðsÞ þ 4HþðaqÞ þ e− (10)
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FIGURE 18. SEM surface and cross-section images of the corroded 1% Mo steel exposed to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C.

Table 4. EDS Analysis of 1% Mo Steel Exposed to CO2-
Saturated 1 wt% NaCl at pH 5.7 and 80°C for 7 d

Fe (at%) C (at%) O (at%) Mo (at%)

41.0 42.4 5.9 9.9
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It has been reported that both Mo(OH)3 and MoO2 are
stable when pH is higher than pH 5.27-28 The Mo- and
O-containing compounds detected by TEM analysis
(Figures 20 and 21) can be one of these. According to
Reactions (9) and (10), the formation of any of them will

decrease the pH and reduce the SFeCO3
at the surface

of 1% Mo steel.
Although the bulk pH was controlled to maintain near

saturation conditions for FeCO3, the surface pH could be
different from the bulk pH, which directly affects the formation
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FIGURE 20. Results of TEM analysis for the corrosion product layer on 1% Mo steel surface after 7 d of exposure: (a) high-magnification TEM
image, (b) electron diffraction pattern of area “C”, and (c) TEM-EDS spectra of area “C”.
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FIGURE 21. Results of TEM-EDS mapping analysis for the corrosion product layer on 1% Mo steel surface after 7 d of exposure: (a) high-
magnification TEM image, (b) mapping image for Mo, (c) mapping image for Fe, and (d) mapping image for O.
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FIGURE 19. XRD patterns of the surface layers formed on 1%Mo steel
exposed to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C for 7 d.
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FIGURE 22.Comparison of corrosion rates of different steels exposed
to CO2-saturated 1 wt% NaCl at pH 5.7 and 80°C.
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of FeCO3. Experimental evidence has shown that the pH
measured near the surface of corroding steel is 0.5 to 1 pH
unit higher than the bulk solution pH of 6.29-30 The SFeCO3

was
calculated at different pH values assuming that the increase
in pH at the surface is similar to that of bulk pH 6 reported in
the literature, and the results are plotted in Figure 24 as a
function of Fe2+ concentration. This indicates that FeCO3 can
form even a small amount of Fe2+ is present on the surface
in the expected surface pH range of 6.2 to 6.7. This could be
the case for the nonalloyed steel. For the cases of 1% Cr
and 1% Mo steels, however, the surface pH should be lower
than the expected surface pH as FeCO3 was not observed
on the surface of those steels. This proves that the hydrolysis
reactions described above (Equations [7], [9], and [10])
prevented the surface pH from increasing when the bulk
chemistry is controlled. And it did not allow the surface
SFeCO3

to become high enough to form FeCO3 for 1% Cr and
1% Mo steels.

CONCLUSIONS

The individual effect of a small amount (1 wt%) of Cr and
Mo on the formation of FeCO3 was investigated under controlled
water chemistry conditions where the bulk SFeCO3

was main-
tained at near-saturated conditions. The following conclusions
are drawn:
➣ The formation of the Fe3C layer at the surface of nonalloyed
steel created favorable conditions for semiprotective FeCO3 to
form, which was otherwise not favored based on the controlled
bulk water chemistry.
➣ FeCO3 was not observed on the surface of 1% Cr steel and
1% Mo steel, but rather discontinuous and porous corrosion
product layers were formed, and the CR remained approxi-
mately 4 mm/y for 1% Cr steel and approximately 5 mm/y for 1%
Mo steel under the experimental conditions of this study.
➣ The corrosion product layer formed on 1% Cr steel was
composed of amorphous Cr(OH)3 with dispersed particles of
Fe3C. A similar structure was observed for 1% Mo steel, which
was composed of amorphous Mo(OH)3 and/or MoO2 with Fe3C
and Mo2C.
➣ Due to the hydrolysis reactions of dissolved Cr3+ and Mo3+,
and the discontinuous structure of the corrosion product layers,
the surface conditions for 1% Cr steel and 1% Mo steel were
not favorable for the formation of FeCO3 under the experimental
conditions of this study.
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158, 9 (2019): p. 108078.

16. M. Stern, A.L. Geary, J. Electrochem. Soc. 104 (1957): p. 56-63.
17. S.W. Dean, Handbook on Corrosion Testing and Evaluation (New

York, NY: John Wiley, 1971), p. 171.
18. N. Staicopolus, J. Electrochem. Soc. 110, 11 (1963): p. 1121.
19. J. Crolet, N. Thevenot, S. Nešić, Corrosion 54, 3 (1998): p. 194-
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