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ABSTRACT

The effect of Cr and Mo on the corrosion behavior of high strength steel was investigated in CO ,/H,S
environments. Corrosion tests were conducted using three different types of steel; Base steel (including
no Cr and no Mo), 1% Cr steel and 1% Mo steel, in 1 wt.% NaCl solution (80°C) at initial pH 5.7 and
initial pH 4.2 under atmospheric pressure. The test solution was saturated with flowing CO2/10% H,S
mixture. Changes in corrosion rate with exposure time were monitored by linear polarization resistance
(LPR) measurements. The surface morphology and the composition of the corrosion product layers
were analyzed by various surface analysis techniques (SEM, EDS, EPMA, and XRD). The results
showed that the final corrosion rates for all three steels were low (less than 0.2 mm/y) due to the
formation of protective FeS layer. However, the initial corrosion behaviors were different among the
three steel types depending on the role of corrosion products including Cr and Mo.
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INTRODUCTION

The development of deep and high pressure high temperature (HPHT) oil and gas fields increase the
demand for high strength steels Oil Country Tubular Goods (OCTG). In the case that the environments
containing H,S, which could occur by reservoir souring, sufficient resistance to sulfide stress cracking
(SSC) is required for the high strength steel. To correspond to the trend, the high strength steels with
specifield9 minimum yield strength above 95 ksi for sour service have been developed by significant
efforts.™

Numerous fundamental studies have been conducted on how to improve SSC resistance mainly from
the point of microstructural modification by improving the heat treatment process and chemical
compositions of steel.’®*® To date, it has been widely recognized that the highly homogeneous
tempered martensite microstructure with fine prior austenite grain produced by quenching and
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tempering heat treatment process is beneficial to prevent intergranular cracking. In terms of the
chemical composition of steel, it also has been generally known that the appropriate addition of Cr and
Mo into steel is effective to enhance its SSC resistance by the microstructural modification.

In addition to the viewpoints of the microstructural factor, it seems to be also important to comprehend
an effect of small amounts of Cr and Mo on corrosion behavior since the corrosion behavior, which
includes relationship between variations of corrosion rate and formation of corrosion products with time,
might affect the hydrogen behavior on steel surface and be related to the occurrence of SSC. Although
there are numerous studies about the effect of Cr on the corrosion behavior of low alloy steel in CO,
environments,'®?? there are not many studies about the effect of small amounts of Cr and Mo on the
corrosion behavior in CO,/H,S environments!”?32° and the effect of small amounts of Cr and Mo on the
corrosion behavior has not been cleared yet, especially for high strength steels.

Thus, this present study attempted to investigate the effect of small amounts of Cr and Mo on the
corrosion behavior of 125 ksi-grade high strength steel under CO,/10%H,S at 80°C and different initial
solution pH environments. The high strength steels applied in this study were Base steel (including no
Crand no Mo), 1 % Cr steel and 1 % Mo steel, which were fabricated by laboratory scale equipment.

EXPERIMENTAL PROCEDURE

Materials

Three high strength steels with a specified minimum yield strength of 862 MPa (125 ksi) were used in
the present study. The chemical compositions are shown in Table 1 as Base steel containing no Cr and
Mo, 1% Cr steel, and 1% Mo steel. 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. Subsequently, double quenching & tempering heat
treatment was conducted by using a laboratory furnace. The hardness of the plates after second
Quenched treatment was not less than the API5CT criterion for 90% of martensite. The quenched steel
plates were tempered at different temperatures and holding times to control the yield strength. (460°C
for Base steel, 525°C for 1% Cr steel, and 650°C for 1% Mo steel). The microstructure of the three
steels showed tempered martensite as shown in Figure 1.

The specimens for the corrosion test were machined with two different geometries. The specimen for
electrochemical measurements had a cylindrical geometry with 1.2 cm in outer diameter and 1.4 cm in
height and would have its outer surface exposed to the solution. Specimens for surface analyses were
machined with rectangular shape (1.27 cm x 1.27 cm x 0.254 cm). Both types of 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.

Table 1
Chemical compositions of materials used in the present study (wt.% balance Fe)
Steel type C Si Mn P S Cr Mo
Base 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 | 0.03 0.99
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Figure 1: Opticalimages of the microstructure of different high strength steels (Etched by 3%
nital): (a) Base steel, (b) 1%Cr steel, (¢) 1% Mo steel.

Experimental Setup

Figure 2 shows the schematic of the experimental setup. Corrosion tests were carried out in a 2-L glass
cell under atmospheric pressure. An aqueous electrolyte was prepared from deionized water with 1
wt.% NaCl. The setup consists of a three-electrode corrosion cell (CE: a platinum-coated titanium mesh,
RE: a silver/silver chloride [Ag/AgCI] electrode), a hot plate equipped with a temperature controller, pH
electrode, rotameter to adjust CO, and H,S gas concentration, sparge tube as CO,/ H,S gas inlet, and
condenser.

Condenser

Reference Electrode

Thermocouple

pH Electrode

Counter Electrode

Specimen for surface analysis Sparge Tube (Gas Inlet)

(To carbon scrubber)
Rotameter
(adjusting gas balance)

Specimen for electrochemical measurement

Heater

Figure 2: Schematic of the glass cell setup.
Methodology

Details of experimental conditions for the present study are shown in Table 2. At first, the solution was
purged by bubbling CO, gas for at least 3 hours to remove oxygen. After the solution was
deoxygenated, CO,/ 10% H,S mixed gas adjusted by the rotameter was introduced to the solution in
the test cell by purging for at least 2 hours to saturate the electrolyte prior to insertion of the specimens.
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The initial pH of the solution was adjusted by adding NaHCO; in sufficient quantity to reach the desired
pH. During the corrosion experiments, the test solution was saturated with a continuous sparging of the
CO,/ 10% H,S mixed gas.

Table 2
Detailed parameters on test conditions for corrosion testing
Parameter Description
Material Base steel, 1% Cr steel, 1% Mo steel
Partial pressure of CO, CO,/ 10% H,S
(pCO, = 0.48 bar, pH,S = 0.053 bar)
Temperature 80°C
Test solution 1 wt.% NaCl
Initial solution pH 5.7 (adjusted by NaHCO3) | 4.2 (Natural pH)
Solution volume 2L
Stirring solution Magnet stirrer 100rpm
(equivalent to 0.17 m/s in a 0.1 m ID pipe)?®
Control of Fe** Not controlled
Control of solution pH Not controlled
Specimen: Electrochemical 1 cylindrical sample (0.47” dia x 0.57”length)
Specimen: Surface analysis 4 small plates (0.5” x 0.5” x0.1”)

The corrosion properties of high strength steels were periodically monitored by electrochemical
techniques (open-circuit potential [OCP], linear polarization resistance [LPR] measurements). LPR
measurements were performed within £10 mV with respect to the corrosion potential with a scan rate of
0.166 mV/s and B value was 23 mV.?*® Using the polarization resistance (R,) obtained from LPR
measurement, the corrosion current density (i.o) was calculated by using Eq. (1):*'

. B
lcorr = R_p (1)

Then, the i.or Was converted into the corrosion rate using Eq. (2):%

0.00327 X, (LAICTE ) XEW
density(g/cm?)

Corrosion rate(mm/ye ar) = (2)

where EW is the equivalent weight in grams and 0.00327 is a constant factor used for dimension and
time conversion.

After the corrosion experiments, ex-situ analyses for the morphology and compositions of corrosion
product layers were conducted by using scanning electron microscopy (SEM), energy dispersive x-ray
spectroscopy (EDS), field emission-electron prove micro analyzer (FE-EPMA), and x-ray diffraction
(XRD). The surface and cross-sectional morphologies of corrosion products were analyzed by SEM.
The specimen mounted in an epoxy was used for cross-sectional analyses. The chemical analysis for
the corrosion product layers was performed by using EDS, XRD, and FE-EPMA. The FE-EPMA
analyses were applied for the cross-sectional specimen mounted in an epoxy.

RESULTS
Experiments at pH 5.7 and 80°C

The variations in corrosion rate and corrosion potential with time monitored by LPR me asurement for
the different steel types in CO,/10% H,S-saturated 1 wt.% NaCl at pH 5.7 and 80°C are shown in
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Figure 3. Although all steels showed similar corrosion behavior with decreasing corrosion rate with time,
there was a difference at the initial stage of exposure. 1% Cr steel showed an immediate decrease in
the corrosion rate while 1% Mo steel took longer to reduce the corrosion rate and Base steel exhibited
intermediate behavior. At the later stage of exposure, the corrosion rates of all steels eventually
reached to low values (< 0.2 mm/y). In addition, the corrosion potential of all steels increased when the
corrosion rate started to decrease.
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Figure 3: Variation of (a) corrosion rate and (b) corrosion potential with time obtained by LPR
measurements in CO,/10%H,S at pH 5.7 and 80°C.

Figure 4 shows the surface and cross-sectional SEM images of the corroded samples after exposure of
20 hours. Corrosion products as small particles were observed on the top of the surface of all samples.
The cross-sectional analyses revealed that the morphology of corrosion product layer was obviously
different among the different type of steels. A continuous corrosion product layer was formed
underneath the small particles on the surface of the Base steel and the 1% Cr steel. On the other hand,
for 1% Mo steel, it is difficult to observe a continuous corrosion product layer. Compositions of the layer
formed on the steel surface were analyzed by EDS as shown in Table 3. The layer formed on the
surface of the Base steel includes Fe+S compound. The thin layer formed on the corroded surface of
1% Cr steel includes mainly Fe+S and small amount of Cr+O compounds. The corrosion product
formed on the surface of the 1% Mo steel includes mainly Fe+S compound and likely small amount of
Mo+S compound.
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Figure 4: SEM surface and cross-section images of the corroded samples after 20 hours of

exposure at pH5.7 and 80°C.

Results of EDS analysis for the corrosion products formed on the sample surfaces after 20

Table 3

hours of exposure

Arrow in Figure 4 | C* (at.%) O (at.%) | S (at.%) | Fe (at.%) | Cr (at.%) | Mo (at.%)
Base steel 36.8 1.6 27.5 34.2 - -

1% Cr steel 32.0 4.9 26.5 35.3 1.4 -

1% Mo steel 64.3 3.2 12.7 19.2 <0.1 0.6

*C could come from epoxy

Figure 5 shows the surface and cross-sectional SEM images of the corroded samples at the end of
exposure (72 hours). The surface morphology is not significantly different from the result after 20 hours.
However, the cross-sectional observations show that all samples were covered by a continuous

corrosion product layer with a porous outer layer.

Figure 6 shows the XRD patterns of the corroded steels after 72 hours of exposure. For all samples,
FeS (mackinawite) and Fe peaks were detected by XRD. The Cr+O and Mo+S compounds were not

detected by XRD because it might be an amorphous phase or too thin to be detected by XRD.
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Figure 5: SEM surface and cross-section images of the corroded samples after 72 hours of
exposure at pH5.7 and 80°C.
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Figure 6: Results of XRD analysis forthe corroded samples after 72 hours of exposure.
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Experiments at pH 4.2 and 80°C

In this condition, the initial solution pH was lowered compared to the above condition. The variations in
corrosion rate and corrosion potential with time monitored by LPR measurement for the different steel
types in CO,/10% H,S-saturated 1 wt.% NaCl at pH 4.2 and 80°C are shown in Figure 7. The corrosion
rate of all steels decreased with time and reached a low value (less than 0.2 mm/y). The corrosion
potential of all steels increased when the corrosion rate started to decrease. When focusing on the
difference of corrosion behavior at initial stage (up to around 20 hours) of exposure among different
steel types, although the trend to decrease corrosion rate is similar to the corrosion behavior at initial
pH 5.7 as shown in Figure 3, the difference became small.
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Figure 7: Variation of (a) corrosion rate and (b) corrosion potential with time obtained by LPR
measurements in CO,/10%H,S at pH 4.2 and 80°C.

Figure 8 shows the surface and cross-sectional SEM images of the corroded samples after 20 hours of
exposure. Corrosion products were observed on the top of the surface of all samples. In contrast to
those in the condition at pH 5.7, the cross-sectional analyses revealed that all corroded samples
showed that a continuous layer formed on the steel surface undemneath a thin outer layer.
Compositions of the layer formed on the corroded surface of each steel were analyzed by EDS as
shown in Table 4. The layer on the Base steel could include Fe+S compound. The layer formed on the
1% Cr steel could include mainly Fe+S and small amount of Cr+O compounds. The layer formed on the
1% Mo steel could include mainly Fe+S compound and small amount of Mo+S compound.
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Figure 8: SEM surface and cross-section images of the corroded samples after 20 hours of
exposure at pH 4.2 and 80°C.

Table 4
Results of EDS analysis for the corrosion products formed on the sample surfaces after 20
hours of exposure

Arrow in Figure 8 | C* (at.%) | O (at.%) | S (at.%) | Fe (at.%) | Cr (at.%) | Mo (at.%)
Base steel 39.1 1.0 27.3 32.7 - -
1% Cr steel 31.1 2.2 28.7 37.0 1.1 -
1% Mo steel 23.3 1.6 37.8 37.0 <0.1 0.3

*C could come from epoxy

Figure 9 shows the surface and cross-sectional SEM images of the corroded samples at the end of the
exposure. Corrosion products were observed on the top of surface for all samples. The cross-sectional
observations showthat all samples were covered by the continuous corrosion product layer.

Figure 10 shows the XRD patterns of the corroded different steel types at the end of the exposure. For
all samples, FeS (mackinawite) and Fe peaks were detected by XRD. The other corrosion products
such as Cr+O compound in the 1% Cr steel and the Mo+S compound in the 1 % Mo steel could not be
detected likely due to the same reason as mentioned above.
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Figure 9: SEM surface and cross-section images of the corroded samples at the end of the
exposure at pH 4.2 and 80°C.
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Figure 10: Results of XRD analysis forthe corroded samples at the end ofthe exposure.

©2020 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

10



DISCUSSION

In the present study (CO,/ 10% H,S environments), the presence of 1 wt. % Mo showed no beneficial
effect on the corrosion resistance. On the other hand, the presence of 1 wt.% Cr showed a beneficial
effect for decreasing the corrosion rate during initial stages of exposure, especially at pH 5.7 condition.
In addition, it is likely that the above effects of Mo and Cr on corrosion rate showed the dependency on
the testing conditions such as solution pH since the variations of corrosion rates at initial stage of
exposure were varied between the results from initial pH 5.7 and initial pH 4.2 in this study. Thus, the
probable causes behind the effect of the small amount of Cr and Mo in the CO,/ 10% H,S conditions
are discussed focusing on the formation mechanism of the corrosion product layers.

Formation me chanism of the corrosion product layers in the CO,/H,S environment

The layer of FeS, also known as mackinawite, forms on the steel surface in H,S environments and
confers some protection by slowing down the corrosion process as a result of mass transfer resistance

set by the layer, blocking the steel surface and making it unavailable for corrosion. The overall
precipitation/dissolution reaction for FeS can be represented by:

Fe¥ g+ S 2 FesS (3)

(a

And the main driving force for precipitation of FeS is its saturation level defined as follows:

Cp.2+ " C
Fe 2-
S

4)

SFeS(mackinawite) = Kspis2:

where, cpe2+ is the ferrous ion concentration, cg2- is the bisulfide ion concentration, and Kgpmack iS the
solubility limit of FeS (mackinawite). FeS will not form if the saturation level is less than 1.

Figure 11 shows the calculation results of the dependency of the Sges and Srecoz On solution pH and
Fe?" concentration at 80°C with 0.48 bar of CO, partial pressure and 0.053 bar of H,S partial pressure.
The water chemistry and equilibrium constants that were used for constructing this chart are derived
from open literature.?®3! The Sges = 1 line represents saturation with respect to FeS while the two
dashed lines representing the saturation range between 0.5 and 2 are plotted adjacent to the saturation
line. Compared to FeCO3, FeS (macknawite) would form at lower Fe?* concentration and lower pH.

30

25

Concentration of Fe?** (ppm)
n

5.5 6.0 6.5 7.0
pH

Figure 11: Effect of solution pH and Fe?" concentration on the saturation degree of FeS (Sges)
and FeCO3(Srecos) in 1wt.%NaCl at 80°C with pCO, of 0.48 bar and pH,S of 0.053 bar.

The measured Fe®" concentrations in the bulk solution with time were shown in Figure 12 for pH 5.7
and pH 4.2 conditions. For both conditions, as corrosion proceeded, the Fe?" was released into the bulk
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solution. In the pH 5.7 condition, the concentration of Fe?* in the bulk solution was lower than that in the
pH 4.2 condition. However, as shown in Figure 11, the water chemistry in bulk solution could make it
easier to reach higher Sges (>>1) in the condition at pH 5.7 than that in the condition at pH 4.2.
Although the corrosion behavior at the initial stage of exposure (up to around 20 hours) was different
among the three steels, Sges close to steel surface could reach to high (>>1) at a later stage of
exposure. Then, eventually the protective FeS layer could form and the corrosion rates of the three
steels could reach to low values (Figure 3). In the case of the condition at pH 4.2, based on the
comparison of Figure 4 and Figure 8, the concentration of Fe?* close to steel surface could reach high
enough (>>1) to form FeS layer for the three steels at around 20 hours of exposure. This might lead to
a smaller difference at initial stage of exposure.
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Figure 12: Variations of bulk Fe?* concentrations with time: (a) pH 5.7, 80°C, (b) pH 4.2, 80°C.

Influence of reaction to form the Cr+O compound

During the dissolution of steel substrate, Cr can also dissolve into cationic species such as Cr*
according to Eg. (5). Hydrolysis reactions of cationic species of Cr such could be occurring by Eq. (6)
and make it difficult to increase the pH in between the corrosion product layer and the steel surface.

According to previous research,?#323 3 small amount of Cr alloying could cause the hydrolysis
reaction.
Cr— Cr¥* + 3e’ (5)
Cr¥* + 3H,0 — Cr(OH)3+ 3_H+ (6)

The suppression of increasing surface pH by the hydrolysis reaction could lead to generate a higher
concentration of Fe?* at the steel surface by promoting corrosion. By this effect, Sees at the steel
surface of the 1% Cr steel could be higher than that of the Base steel in a short time, which could not
be detected by the LPR measurement in this study. According to the previous literature,? the condition
with a higher saturation value of corrosion product could lead to high nucleation rates. Then, the higher
saturation value could lead to the formation of dense layer of corrosion product.® In the condition at pH
5.7, the higher Sges at the steel surface by the effect of hydrolysis of Cr could contribute to the formation
of protective thin dense layer of FeS at the earlier stage of exposure.

In the case of the condition at pH 4.2, in terms of the variation of corrosion rate with time, the above
effect of the formation of hydrolysis of Cr could still remain. However, by reducing the pH from 5.7 to
4.2, as mentioned above, the concentration of Fe?* at the steel surface could increase for all steels.
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Then Sges could reach much higher than 1 and overwhelms the effect of Cr. In addition, according to
the Pourbaix diagram of Cr-H,O system,® it is likely that the stability of Cr(OH); could be decreased
toward the low pH. Thus, the influence of the hydrolysis could be reduced in the condition at pH 4.2
compared to thatat pH 5.7.

Influence of reactionto form the Mo+S compound

To discuss the effect of Mo on the formation of FeS layer, the corrosion product formed on the 1% Mo
steel after 20 hours of exposure at pH 5.7 and 80°C was further analyzed using FE-EPMA as shown in
Figure 13. It shows that a thin layer including Mo and S was observed at the steel surface. According to
the previous literature,*® since the solubility of MoS, could be much smaller than that of iron sulfide
(FeS), MoS, could form much faster than FeS. The Mo+S compound observed in Figure 13 might be
MoS,. In this condition, by forming MoS,, S* could be consumed rather than by forming FeS. This
consumption of S? by forming MoS, could lead to relatively low Sg.s at the steel surface compared to
that of the Base steel. Therefore, the formation of FeS layer on the steel surface at the initial stage of
exposure could be delayed, where the layer was already formed on the surface of the Base steel and
the 1% Cr steel. However, 1 wt. % of Mo content in steel was not sufficient to form a protective and
continuous layer of MoS,.

In the case of the condition at pH 4.2 and 80°C, according to the variation of corrosion rate with time,
the above effect of Mo on consuming S* by the formation of MoS, may still remain. However, by
reducing the pH from 5.7 to 4.2, as mentioned above, the concentration of Fe?* at close to steel surface
could increase. Then Sges could reach to much higherthan 1 and overwhelms the effect of Mo.

1pm (Substrate)

Weak

(a)

Figure 13: Results of FE-EPMA analysis for corrosion product on the corroded 1%Mo steel after
20 hours of exposure: (a) Backscattered image, (b) Distribution of Mo, (c) Distribution of S.

CONCLUSIONS

The effects of small amounts of Cr and Mo on the corrosion properties of high strength steel in CO,/H,S
environments were investigated by conducting electrochemical measurement and using surface
analytical techniques. The following conclusions are drawn:
e The initial corrosion behavior was different among the Base steel, the 1 wt.% Cr steel and the
1wt.% Mo steel depending on the role of Cr and Mo for the formation of corrosion products.
e The presence of a small amount of Mo delayed the formation of a protective FeS layer due to
the formation of MoS..
o The presence of a small amount of Cr showed a beneficial effect on the corrosion resistance.
e However, those effects could be varied depending on the pH of testing conditions.
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