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Microbiologically influenced corrosion (MIC) caused by sulfate-reducing bacteria (SRB) is a critical threat to the
integrity and service life of oil and gas pipelines. This study developed a Cr—Cu-modified X70 pipeline steel by
microalloying and evaluated its resistance to SRB-induced MIC. The MIC behavior of the modified steel and

conventional X70 steel was examined in Desulfovibrio vulgaris cultures by biofilm quantification, weight-loss

measurements, surface characterization, and electrochemical tests. Scanning electron microscopy (SEM),
confocal laser scanning microscopy (CLSM), and electrochemical impedance spectroscopy (EIS) were used
to assess biofilm formation, corrosion-product morphology, and interfacial electrochemical behavior. Biofilm

quantification and cell counting showed

reduced SRB attachment on Cr-Cu steel. Weight-loss

measurements gave a corrosion rate of 0.186 mm per year, corresponding to an 8.8% decrease relative to

X70 steel. SEM and CLSM revealed that Cr—Cu steel formed a denser corrosion-product layer. Cr
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enrichment promoted a compact Cr,Osz-containing passive film, which limited extracellular electron transfer

and suppressed localized corrosion. EIS further confirmed higher charge-transfer resistance and improved
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1. Introduction

Microbiologically influenced corrosion (MIC) is a major corro-
sion issue involving the accelerated degradation of metals and
alloys by microbial metabolism and associated by-products.’ In
the oil and gas industry, MIC represents a major threat to the
structural integrity of long-distance pipeline networks, resulting
in massive economic losses and environmental hazards glob-
ally.** Among the diverse microbial communities found in these
environments, sulfate-reducing bacteria (SRB) are widely recog-
nized as the most prevalent and destructive anaerobic microor-
ganisms responsible for MIC.*® The core mechanisms of MIC
involve electrochemical interactions among microbial metabo-
lites, corrosion products, and the biofilm-substrate interface.
To mitigate MIC in engineering applications, conventional
environmental control strategies primarily rely on organic surface
coatings, cathodic protection (CP), and the routine injection of

“Key Laboratory for Corrosion and Protection (MOE), National Materials Corrosion
and Protection Data Center, Institute for Advanced Materials and Technology,
University of Science and Technology Beijing, Beijing 100083, China. E-mail:
zhongli@usth.edu.cn

*IDQ Science and Technology Development (Henggin, Guangdong) Co. Ltd.,
Guangdong, China

‘Defense Engineering Institute, AMS, PLA, Luoyang, 471000, China

School of Materials and Engineering, University of Science and Technology Beijing,
Beijing 100083, China

29218 | RSC Adv, 2026, 16, 29218-29230

film stability during immersion. The enhanced MIC resistance is attributed to the combined effects of Cr-
induced passivation and weakened sulfide-assisted corrosion due to the reduced Cu content.

chemical biocides. However, these external interventions exhibit
significant limitations in complex service environments. For
instance, SRB can colonize and accumulate within the crevices of
disbonded coatings, where the geometric shielding effect prevents
CP currents from effectively reaching the metal substrate, thereby
intensifying localized pitting.>*> Moreover, the continuous and
long-term application of biocides inevitably induces antimicrobial
resistance within the biofilms and raises severe ecological toxicity
concerns. Compared with these environmental and chemical
control strategies, intrinsic material design has received consid-
erably less attention, yet it provides a more durable, reliable, and
“built-in” defense against microbial attacks."**

API 5L X70 pipeline steel is extensively utilized in modern
long-distance, high-pressure transportation systems owing to its
excellent combination of high strength, good weldability, and
cost-effectiveness.”® Nevertheless, under moist and anaerobic
conditions—such as buried soils, subsea environments, or oil-
field produced water—conventional X70 steel is highly prone to
SRB-MIC."* Although previous studies have investigated the
environmental factors, CP interference, and general electro-
chemical behaviors of pipeline steels under SRB environments,
research dedicated to mitigating MIC through intrinsic material
design and metallurgical tailoring remains largely insufficient."”

Cr additions generally promote the formation of compact and
stable Cr-enriched passive films, which improve surface barrier
properties and reduce interfacial reactivity. Furthermore, Cu

© 2026 The Author(s). Published by the Royal Society of Chemistry
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readily reacts with hydrogen sulfide (H,S) produced by SRB,
potentially accelerating localized SRB-MIC attack, including
pitting."® Therefore, coordinated adjustment of Cr and Cu
contents may provide a pathway toward improved SRB-MIC
resistance, a topic that has received limited attention to date.
Despite these complexities, previous studies on Cu- and Cr-
containing steels have mainly focused on utilizing their indi-
vidual antibacterial or corrosion-resistant effects. However, less
attention has been paid to low-alloy compositional regulation
within the conventional X70 pipeline steel framework." In partic-
ular, the combined effect of moderate Cr enrichment and reduced
Cu level on SRB-MIC behavior remains insufficiently understood.
The mechanistic significance of such coordinated compositional
tuning, especially in relation to passivation stability, sulfide-related
interfacial reactions, and localized corrosion development under
SRB exposure, therefore remains an important knowledge gap.
To address this gap, a Cr-Cu modified X70 pipeline steel,
hereafter referred to as Cr-Cu steel, was designed in this work
through targeted microalloying based on conventional X70 steel.
Within this low-alloy design, the Cr level was moderately increased
to improve initial passivation, whereas the Cu level was main-
tained at a lower level to reduce Cu-sulfide-related interfacial
reactivity under SRB exposure. This compositional strategy differs
from conventional high-Cr alloyed steels, as it employs moderate
Cr microalloying within the standard X70 pipeline steel matrix,
thereby offering improved cost-effectiveness and industrial appli-
cability in MIC-prone environments. More importantly, this study
integrates elevated Cr content with reduced Cu level to specifically
combat SRB-induced MIC, representing a synergistic composi-
tional strategy that has rarely been explored in traditional Cr-
bearing steel designs. Unlike most existing Cr-alloyed steels that
mainly focus on general corrosion resistance, the present work
addresses MIC by simultaneously suppressing EET-MIC and M-
MIC mechanisms under SRB exposure. Using commercial X70
steel as a reference, the effects of this compositional modification
on SRB colonization, corrosion-product evolution, and localized
MIC behavior were systematically investigated. The significance of
this work lies not merely in improving MIC resistance, but in
demonstrating that coordinated Cr enrichment and lower Cu level
can jointly influence passive-film stability, SRB attachment, and
localized corrosion evolution, thereby providing a mechanism-
guided alloy design concept for MIC-resistant pipeline steels.

2. Materials and methods

2.1. Culture media and materials

Cr—Cu steel and X70 steel were machined into square (10 mm x 10
mm) specimens. The chemical compositions (wt%) of the two types
of materials are listed in Table 1. All specimens were ground
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The SRB strain used in this study was D. vulgaris, which was
incubated in ATCC 1249 medium (pH 7.0 £+ 0.2) at 37 °C. The
composition of ATCC 1249 is listed in Table 2. To remove di-
ssolved oxygen, the medium was purged with high-purity nitrogen
gas for 1 h after preparation. The dissolved oxygen concentration,
measured using a dissolved oxygen meter, was 0 mg L™ before
inoculation. All anaerobic procedures were carried out in an
anaerobic chamber under a nitrogen atmosphere. Within the
chamber, each anaerobic bottle was filled with 200 mL of ATCC
1249 medium and inoculated with 2 mL of D. vuigaris seed.
Fe(NH,),(SO,), was added to the medium to eliminate residual
oxygen prior to inoculation. For each material type, both a sterile
control and an SRB-MIC group were established.

2.2. Cell counts

After seven days of anaerobic incubation, three parallel speci-
mens were retrieved from each bottle, rinsed with phosphate-
buffered saline (PBS, pH 7.4), and gently swabbed to detach
the surface biofilm and adherent cells. The collected material
was suspended in PBS, transferred to a conical tube, and vor-
texed for 30 s to obtain a homogeneous suspension. In parallel,
1 mL of culture medium from each group was diluted with 9 mL
of PBS and vortexed for 30 s to prepare planktonic cell
suspensions. Both suspensions were enumerated using
a hemocytometer under 400x optical microscopy (OMAX 40X-
2000X, OMAX, USA). The pH of the culture media associated
with the two steel types was measured to assess microbial
activity and environmental changes relevant to SRB-MIC
behavior. For each condition, multiple parallel specimens
were used within the same anaerobic bottle to assess the
reproducibility of the measurements.

2.3. Weight loss

According to the ASTM G1-03 standard,* all specimens were
ground, cleaned, dried, and labeled before testing. The original
weight of each specimen was measured using an electronic
balance (Shimadzu AUW220D, Shimadzu, Japan). After a seven-
days immersion period, the specimens were cleaned by a rust
removal solution composed of 500 mL H,0, 500 mL HCl, and
3.5 g hexamethylenetetramine. The two specimen types were
sequentially rinsed with deionized water and absolute ethanol,
dried under ambient conditions, and then reweighed to deter-
mine mass loss. The SRB-MIC corrosion rate (CR, mm per year)
for each material type was determined from six parallel speci-
mens from the same anaerobic culture bottle. The corrosion
rate was calculated using eqn (1):

876 x 10% x Am

sequentially with SiC papers of 400, 800, and 1000 grits, then rinsed CR oAl 1)
with absolute ethanol, dried, and sterilized.
Table 1 Chemical compositions (wt%) of the X70 and Cr—Cu steels

C Mn Cr Mo Ni Nb \Y% Si Al Ti Cu S P Fe
Cr-Cu 0.049 1.077 0.231 0.129 0.193 0.050 0.036 0.280 0.023 0.016 0.008 0.005 <0.001 Bal.
X70 0.064 1.242 0.026 0.145 0.177 0.038 0.025 0.210 0.037 0.011 0.140 0.005 0.007 Bal.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Chemical composition of ATCC 1249 medium

Component Chemical Amount
Component I MgSO,-7H,0 41¢g
Sodium citrate 50¢g
CaS0,-2H,0 1.0g
NH,Cl 1.0g
Distilled water 400 mL
Component II K,HPO, 0.5¢g
Distilled water 200 mL
Component IIT Yeast extract 1.0g
Sodium lactate 4.5 mL
Distilled water 200 mL
Component IV Fe(NH,),(SO4), 1g
Distilled water 200 mL

where Am is the average weight loss (g), p is the density of the
steel (7.85 g cm > for X70 steel), 4 is the surface area (cm?), and ¢
is the immersion time (h).

2.4. Biofilm and rust layer analysis

The biofilm morphology was characterized by SEM (GeminiSEM
500, Carl Zeiss, Oberkochen, Germany). After a 7 days incuba-
tion period, all specimens were first gently rinsed with PBS to
remove loosely attached cells and SRB-MIC products. To char-
acterize the biofilms, the specimens were fixed with 2.5% (w/w)
glutaraldehyde at 10 °C for 8 h, followed by dehydration in
a graded ethanol series (50%, 70%, 80%, 90%, 95%, and
100% v/v). A gold coating was applied to facilitate electrical
conductivity.”*

The coupon cross-sections were sequentially ground with
400-, 800-, and 1000- grit sandpaper to characterize the
morphology of the SRB-MIC product layer. After cleaning and
drying, the morphology of the SRB-MIC product layer was
examined by SEM and EDS.

2.5. MIC pit morphology characterization

Following biofilm observations, the SRB-MIC corrosion product
layer was chemically removed to expose the underlying
substrate. The morphology of SRB-MIC pits was subsequently
characterized using SEM and CLSM (Zeiss LSM780, Carl Zeiss,
Oberkochen, Germany).

2.6. MIC product analysis

The composition of SRB-MIC corrosion products formed on the
specimen surfaces was analyzed by X-ray diffraction (XRD, D8
Advance, Bruker, Karlsruhe, Germany), which provided detailed
information on their phase composition and structural
characteristics.”

2.7. Electrochemical analysis

Electrochemical measurements were conducted using an
electrochemical workstation (Model VersaSTAT 4A, Princeton
Applied Research, Oak Ridge, TN, USA). Cr-Cu steel and X70
steel specimens served as the working electrodes, with a satu-
rated calomel electrode (SCE) as the reference electrode and
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a platinum sheet as the counter electrode (a three-electrode
system). All tests were performed under anaerobic condi-
tions.”® The electrochemical tests included open circuit poten-
tial (OCP), electrochemical impedance spectroscopy (EIS), and
linear polarization resistance (R,). On the 7th day, cathodic and
anodic potentiodynamic polarization curves were obtained at
a scan rate of 0.167 mV s~ ' over a potential range of —200 mV to
+200 mV versus OCP.

3. Results and discussion

3.1. Cell counts and weight loss

Fig. 1 shows the sessile and planktonic cell counts for Cr-Cu
steel and X70 steel after seven days of immersion in D. vulgaris
broth. The results indicate that the sessile cell count of Cr-Cu
steel was approximately 8.90 x 10° & 8.21 x 10° cells per cm?,
while the planktonic cell count reached 6.10 x 10° & 1.32 x 10°
cells per mL. In contrast, X70 steel exhibited a higher sessile cell
count of 1.07 x 10”7 & 4.54 x 10 cells per cm” and 7.10 x 10° +
4.02 x 10° cells per mL planktonic cells. The lower sessile cell
count in Cr-Cu steel suggests that although the reduced copper
content weakens its direct bactericidal effect against SRB, Cu-
Cr alloy modification can still suppress SRB growth and
proliferation.

Fig. 2 shows the weight loss and corrosion rates of Cr-Cu
steel and X70 pipeline steel in the SRB and sterile environ-
ments. The average SRB-MIC rate of X70 pipeline steel was 0.204
+ 1.68 x 10~> mm per year, whereas that of Cr-Cu steel was
0.186 + 3.02 x 10~ > mm per year, which was lower than that of
X70 steel. In sterile culture medium for seven days, the corro-
sion rates of Cr-Cu steel and X70 steel were 4.55 x 10> + 9.97
x 10~* mm per year and 4.54 x 10> + 8.35 x 10> mm per
year, which were significantly lower than in the SRB environ-
ment. A recent study reported corrosion rates of approximately
0.18 mm per year for Cr-Cu steel and 0.39 mm per year for X70
steel under similar SRB-exposure conditions, further confirm-
ing the observed trend.*

In SRB environments, Cu-related SRB-MIC proceeds
primarily via a metabolite-induced mechanism (M-MIC). This
process is dominated by the spontaneous chemical reaction
between biogenic sulfide species (mainly HS™) and metallic Cu,
as described by the following thermodynamically favorable
reaction:*

2Cu + HS™ + H" — Cu,S + Hx(g) (2)
Cu+ HS™ + H" — CuS + Hx(g) (3)
The negative Gibbs free energy change (AG =

—58.3 k] mol™" for Cu,S) indicates a strong thermodynamic
driving force for copper sulfide formation. Alloys with higher Cu
content provide more active Cu sites, facilitating sulfide
adsorption and promoting the formation of copper sulfide MIC
products, thereby accelerating MIC.*

Reducing the Cu content effectively limits the availability of
reactive Cu sites and weakens the interaction between Cu and
sulfide metabolites produced by SRB. This suppresses

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Weight loss and MIC rates of Cr—Cu steel and X70 steel in the SRB (A) and sterile (B) environments. (Each scatter band represents the
standard deviation of 6 independent samples, with the highest and lowest values excluded).

nucleation and growth of Cu,S and reduces interfacial reactions
between the metal surface and bacterial metabolites, thereby
markedly decreasing the overall corrosion rate.

Furthermore, the SRB-MIC rate results are consistent with
the cell counts, indicating that EET-related processes contrib-
uted to MIC. EET-MIC primarily involves the direct reduction of
Fe by SRB, which can be inferred from localized iron dissolu-
tion, Fe>* accumulation, and the associated MIC morphology
observed in this study. The increased Cr content in Cr-Cu steel
contributed to the formation of a thin Cr,0s-containing native
passive film on the steel surface prior to immersion, as Cr
reacted with oxygen in air during specimen preparation and
exposure before the experiment:*

© 2026 The Author(s). Published by the Royal Society of Chemistry

3
2Cr + 502 - CI'203 [4)

Dissolved oxygen measurements showed that the test solu-
tion was oxygen-free during immersion. Therefore, the Cr,0;
detected in this work is considered to originated mainly from
the native oxide and passive film formed on the steel surface
upon exposure to air before immersion. This pre-existing Cr-
containing passive film acts as a physical and electrochemical
barrier, reducing interfacial reactivity and thereby mitigating
microbiologically influenced corrosion.*

RSC Adv, 2026, 16, 29218-29230 | 29221
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3.2. Surface, biofilm, and MIC product analyses

Fig. 3 shows the surface morphologies of Cr-Cu steel and X70
steel after seven days of immersion in sterile and SRB envi-
ronments. In the sterile environment, both Cr-Cu steel
(Fig. 3A) and X70 steel (Fig. 3B) exhibited smooth surfaces,
showing only minor surface irregularities and slight corrosion
features. In contrast, pronounced differences were observed
after exposure to the D. vulgaris broth. As shown in Fig. 3C, the
Cr-Cu steel exhibited relatively limited SRB-MIC, with fewer
MIC pits. In contrast, heavily localized SRB-MIC pits were
observed on the surface of X70 steel (Fig. 3D). This difference
in pit morphology and severity is consistent with the SRB-MIC
rate results, indicating that the Cr-Cu steel shows better
resistance to SRB-MIC. As indicated by eqn (2)-(4), Cr-Cu
modification not only reduces the copper content, thereby
mitigating M-MIC, but also mitigates the EET-MIC pathway
through the formation of a Cr,O; passive film. These two
effects act synergistically, resulting in a comparatively
smoother surface morphology.”®

Fig. 4 shows the biofilm morphologies formed on Cr-Cu
steel and X70 steel after seven days of immersion in the SRB
environment. As illustrated in Fig. 4A, the biofilm formed on
Cr-Cu steel exhibits a relatively uniform, network-like archi-
tecture with small and homogeneously distributed pores. Such
morphology indicates that the diffusion and aggregation of SRB
microcolonies during the adhesion stage can be mitigated. The
ordered, porous structure facilitates balanced transport of
nutrients and metabolites, thereby reducing local electro-
chemical heterogeneities and the tendency toward SRB-MIC

View Article Online

Paper

pitting corrosion. This observation is consistent with the
lower sessile cell counts observed for Cr-Cu steel.

In contrast, the biofilm on X70 steel (Fig. 4B) appears irreg-
ular, with SRB colonies randomly aggregated and forming
locally thick extracellular polymeric substance (EPS) layers.>
The heterogeneity of SRB-MIC pits distribution and uneven
spatial agreement creates localized microenvironments with
fluctuating pH and sulfide concentrations, which could
enhance localized electrochemical activity and accelerate SRB-
MIC.*

Fig. 5 presents the cross-sectional SEM images and corre-
sponding elemental maps of the corrosion products, together
with the residual biofilm, formed on Cr-Cu steel and X70
pipeline steel after 7 days of immersion in the SRB-containing
medium. A clear difference in rust-layer morphology can be
observed between the two steels. For Cr-Cu steel, the corrosion
product layer is comparatively thin, compact, and laterally
uniform, with a relatively smooth steel/rust interface and only
limited evidence of severe local penetration. The associated
elemental distributions are also more confined to a narrow
interfacial region, indicating the development of a more
compact corrosion-product/biofilm assemblage. By contrast,
X70 steel exhibits a markedly thicker and more heterogeneous
surface layer, characterized by a rougher outer morphology and
a highly undulated steel/rust interface, implying enhanced
localized attack beneath the deposits. The broader distribution
of corrosion products and sulfur-containing species further
suggests a less protective and less stable interfacial layer under
SRB exposure. In addition, the residual biofilm on Cr-Cu steel

Fig. 3 Surface morphologies of Cr—Cu steel immersed in sterile (A), X70 steel immersed in sterile (B), Cr—Cu steel immersed in D. vulgaris (C),

and X70 steel immersed in D. vulgaris (D).
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Fig. 5 SEM images of rust layers on Cr—Cu steel (A) and X70 pipeline steel (B) after seven days of immersion in the SRB environment.

appears less abundant than that on X70 steel, supporting the favors the formation of a denser and more protective interfacial
view that Cr—Cu alloying suppresses biofilm accumulation and layer, whereas X70 steel is more susceptible to uneven rust
thereby mitigates microbially influenced localized corrosion. growth and localized deterioration in the SRB environment.
Overall, the cross-sectional evidence indicates that Cr-Cu steel

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 29218-29230 | 29223
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Fig. 6 presents the CLSM images and statistical distributions
of SRB-MIC pitting depth for Cr-Cu steel and X70 steel after
seven days of immersion in sterile and SRB environments. The
average represents the average pit depth, and ¢ denotes the
standard deviation of pit depth.** A larger ¢ indicates a more
non-uniform distribution of pit sizes. Under sterile conditions,
both steels that exhibited relatively smooth surfaces with
shallow and uniformly distributed pits, reflected by lower
average pitting depths (7.26 um for Cr—-Cu steel and 7.60 um for
X70 steel) and smaller standard deviations (¢ = 1.10 pm),
indicating minimal and uniform corrosion. In contrast,
immersion in the SRB environment resulted in significantly
deeper and more heterogeneous SRB-MIC pitting corrosion.
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Specifically, Cr-Cu steel (Fig. 6C) showed a moderate increase in
average pitting depth to 11.32 pm with a standard deviation of
2.35 um, while X70 steel (Fig. 6D) exhibited the most severe
localized SRB-MIC attack, with the highest average pitting
depth to 16.07 um and a standard deviation of 3.20 um. The
increased ¢ values reflect greater dispersion in pitting depth,
indicating more aggressive, localized corrosion behavior in the
presence of SRB. Furthermore, the Cr-Cu steel exhibited
a smoother corrosion morphology with fewer, shallower SRB-
MIC pits, indicating superior SRB-MIC resistance. Biofilm
formation is inversely correlated with increasing Cr content and
decreasing Cu, and corresponds with SRB-MIC pits, which is
consistent with the EET-MIC mechanism.***
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Fig. 6 CLSM images of corrosion pits (green) and statistical analysis of pitting depth (column) after immersion in sterile, Cr—Cu steel (A) and X70
steel (B); immersed in SRB, Cr—Cu steel (C) and X70 steel (D) after seven days.
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These morphological observations are consistent with the
surface analysis and SRB-MIC rate, indicating that a greater
number of SRB-MIC pits corresponds to higher SRB sessile cell
count and a faster SRB-MIC rate. The pitting characteristics
further agree well with the biofilm morphology, weight-loss
results, and sessile cell counts. This relationship suggests that
EET-MIC is positively correlated with pit formation. Under
sterile conditions, only a few shallow pits are observed. Taken
together, the SEM and CLSM results indicate that corrosion
under SRB exposure was dominated by localized attack rather
than uniform dissolution. The Cr,O; passive film effectively
suppresses EET-MIC, while the reduced Cu content further
inhibits M-MIC. The synergistic effects of these two factors
decrease both the number and depth of SRB-MIC pits on Cr-Cu
steel.

Fig. 7 presents the pH evolution of the culture media for Cr-
Cu steel and X70 steel after seven days of immersion. The
optimal growth pH for D. vulgaris is approximately 7.50,** while
the initial pH of the medium was 7.00 £ 0.1. After seven days of
incubation, the pH increased to 7.38 £ 0.04 for X70 steel and
7.14 + 0.08 for Cr-Cu steel. In both cases, the broth became
slightly alkaline (>7.0), indicating that hydrogen-ion corrosion
played a negligible role in the overall SRB-MIC process. The
gradual increase in pH can be attributed to the metabolic
activity of SRB, during which sulfate is reduced to sulfide, as
described by the following reactions.*

SO~ + 4H, + H" — HS™ + 4H,0 (5)
Fe’* + HS™ — FeS + H' (6)
H" + HS™ — HS(g) 7)

7.8
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The generated HS™ is converted to H,S, which escapes from
the solution into the anaerobic bottle headspace, losing H in the
broth and increasing the broth pH.™* A similar alkalinization
effect has been reported when SRB are used to neutralize acidic
mine drainage.**

Fig. 8 presents the XRD patterns of the corrosion products
formed on Cr-Cu steel and X70 steel after 7 days of exposure to
the SRB-containing environment. For both steels, FeS is iden-
tified as the dominant crystalline phase, indicating that sulfide
precipitation governs corrosion-product formation under the
present SRB-MIC conditions. This observation is consistent
with eqn (5)—(7), which describe the reaction between dissolved
Fe®" and biogenic sulfide species. In addition to the FeS peaks,
several weak reflections can be tentatively assigned to Cr,O; and
Cu,O, suggesting the presence of minor alloy-related oxide
phases in the surface layers. However, their markedly lower
intensities compared with those of FeS indicate that these
oxides are secondary constituents rather than the primary
corrosion products. Overall, the corrosion products formed on
both steels are dominated by FeS, suggesting that the two steels
follow a similar sulfide-controlled corrosion-product evolution
pathway, while the main difference lies in the contribution of
minor alloy-related oxides.

3.3. Electrochemical tests

3.3.1 OCP and R;, analysis. Fig. 9 illustrates the evolution of
OCP and R, for Cr-Cu steel and X70 steel during seven days of
immersion in the SRB-MIC environment. The OCP of Cr-Cu
steel remained consistently more positive than that of X70 steel,
indicating a lower thermodynamic tendency toward SRB-MIC.

- [ ] Initial Broth

7.4 b [ Final Broth
73 F

%_7.2 !

71F

7.0 |

6.9
Cr-Cu

X70

Fig. 7 Broth pH of Cr—Cu steel and X70 steel after seven days of immersion. (Each scatter band is the standard deviation of 3 independent

samples).
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Fig. 8 XRD patterns of corrosion products on Cr—Cu steel and X70
steel after seven days of immersion.

In general, a more noble mixed potential, consistent with
a more stable surface/interface. Therefore, the elevated OCP
values of Cr-Cu steel suggest that Cr-Cu modification enhances
surface stability and mitigates SRB-MIC susceptibility under
SRB conditions.

As shown in Fig. 9B, the R, values decreased with increasing
immersion time. During the first 3 days, Cr-Cu steel exhibited
markedly higher R, values than X70 steel, indicating superior
resistance to SRB-MIC at the early stage of exposure. This
electrochemical behavior is consistent with the weight-loss
measurements, sessile cell counts, SEM observations, and pit
statistical analysis, all of which demonstrate the enhanced
corrosion resistance of Cr-Cu steel compared with X70 steel.
However, after 3 days, the R, values of both steels stabilized and
exhibited no significant difference. This apparent convergence
does not necessarily indicate identical corrosion behavior;
rather, it is attributed to the progressive formation of biofilm/
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corrosion-product layers on both steel surfaces, which caused
the corrosion process to evolve from an early charge-transfer-
dominated stage to a film/diffusion-influenced stage. Under
such conditions, R;, as an overall polarization-resistance
parameter, became less sensitive to the intrinsic interfacial
differences between the two steels, leading to similar R, values.
To gain deeper insight into the evolution of the SRB-MIC
processes and to clarify the underlying electrochemical mech-
anisms responsible for this behavior, EIS measurements were
further conducted.*

3.3.2 EIS tests. EIS measurements for Cr-Cu steel and X70
steel in the SRB-containing medium are shown in Fig. 10, and
the fitted parameters are listed in Table 3. The Nyquist plots
show that Cr-Cu steel consistently exhibits a larger capacitive
arc than X70 steel, while the Bode plots reveal a higher low-
frequency impedance modulus throughout immersion, indi-
cating a higher interfacial impedance and better resistance to
SRB-induced corrosion. These results suggest that Cr-Cu
modification suppresses interfacial electrochemical activity and
improves the stability of the surface film/corrosion-product
layer.

At day 1, the spectra of both steels are well fitted by the
R(QR)(QR) circuit (Fig. 11), indicating contributions from both
the surface film and charge-transfer process. In this stage, Cr-
Cu steel shows higher R and R, values than X70 steel, sug-
gesting the formation of a more protective initial surface film
and lower early-stage SRB-MIC susceptibility. On days 3 and 7,
the spectra are better described by the R(Q(RW)) circuit, indi-
cating a transition to a film/diffusion-controlled process. The
appearance of the Warburg element reflects increasing mass-
transport limitation through the biofilm/corrosion-product
layer.” Meanwhile, Q; decreased from the 10> to 10~ * order
of magnitude and n, increases from 0.52 to 0.71, indicating
thickening and progressive homogenization of the surface
layer.

Although both steels exhibit diffusion-influenced behavior
at longer immersion times, Cr-Cu steel retains a slightly
higher R¢ at day 7, whereas X70 steel shows larger Warburg-

——Cr-Cu
1200 | x70
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N’-‘ _ 80
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Fig.9 Variation of OCP (A) and R,, (B) for Cr—Cu steel and X70 steel during seven days of immersion. (Each scatter band is the standard deviation

of 5 independent samples).
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Fig. 10 Nyquist plots and Bode plots of Cr—Cu steel and X70 steel during 7 days of immersion.

Table 3 Equivalent circuit fitting parameters corresponding to Fig. 10

Day R, (Qem®) Re(Qem®) Q¢ (Q 's™™em™®) ny Ry (Qem®) Qq (@ 's"em ™) n,  Wy-R(Qem’) Wy-T(s) Wy-P x2 x107°
Cr-Cu 1 26.84 31.12 4.02 x 1072 0.52 1094 3.52 x 1073 097 — — — 0.24

3 10.91 0.38 4.80 x 107* 0.72 — — — 1.63 0.41 0.39 0.53

7 15.58 0.44 2.61 x 10°* 0.76 — — — 1.50 0.52 0.42 0.83
X70 1 24.71 19.64 2.21 x 1072 0.52 614.2 3.03 x 1073 095 — — — 1.32

3 20.49 0.60 4.91 x 107* 0.71 — — — 1.57 0.58 0.42 0.22

7 20.66 0.34 2.57 x 107* 0.77 — — — 3.26 1.24 0.40 0.58

related parameters, indicating a stronger diffusion-controlled
contribution associated with a thicker and less protective
surface layer.*® In addition, the W-P value of Cr-Cu steel is
closer to 0.5, suggesting more homogeneous diffusion
behavior.*® Overall, Cr-Cu steel exhibits higher initial charge-
transfer resistance and a more stable surface layer during
prolonged SRB exposure, resulting in better resistance to SRB-
MIC than X70 steel.

The fitting quality was evaluated by x>, and the low x> values
(0.22 x 1072 to 1.32 x 107?) indicate satisfactory agreement
between the experimental spectra and the fitted equivalent
circuit models.

Although no direct mathematical correlation was estab-
lished between pit depth and electrochemical parameters, the

observed trends were consistent: more severe localized corro-
sion corresponded to less favorable electrochemical behavior.

3.3.3 Tafel curves analysis. Fig. 12 presents the potentiody-
namic polarization curves of Cr-Cu steel and X70 steel after seven
days of immersion in the D. vulgaris broth, with the corre-
sponding data summarized in Table 4. The corrosion potential
(Ecorr) values of both steels suggest that thermodynamic tenden-
cies toward SRB-MIC were similar. The SRB-MIC current density
(fcors) Of Cr—Cu steel (100.9 nA cm™?) was significantly lower than
that of X70 steel (115.5 pA cm™?), indicating a reduced SRB-MIC
rate. This Tafel result is consistent with the weight-loss
measurements, sessile cell counts, SEM observations, pit statis-
tical analysis, R, evolution, and EIS parameters. These results
demonstrate that the Cr-Cu modification enhances SRB-MIC
resistance of X70 steel.

(A)

(B)
R

e —

O
R, —
{— H =&
S —

Fig. 11 Equivalent circuit models corresponding to Fig. 10: (A) two-time-constant model without diffusion elements used for both steels on day
1; (B) two-time-constant model with diffusion elements used for both steels on days 3 and 7.
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Fig. 12 Potentiodynamic polarization curves of Cr—Cu steel and X70 steel after seven days of immersion.

Table 4 Fitting parameters of the potentiodynamic polarization
curves shown in Fig. 12

icorr ECO!’I’ (V) ba bC

(A ecm™?) vs. SCE (mVdec?)  (mVdec)
Cr-Cu steel  1.01 x 10> —0.72 3.27 x 10% —3.60 x 10>
X70 steel 1.16 x 10* —0.73 3.80 x 10% —5.14 x 10*

4. Conclusion

The effect of coordinated Cr-Cu modification on the SRB-MIC
behavior of X70 pipeline steel was systematically evaluated in
D. vulgaris medium. During the 7 days anaerobic exposure, the
modified steel exhibited improved resistance to MIC compared
with conventional X70 steel, as evidenced by an 8.8% reduction
in corrosion rate, reduced sessile-cell attachment, less severe
localized attack, and shallower average pits.

Cross-sectional and surface characterizations further
showed that Cr-Cu steel developed a thinner, denser and more
uniform corrosion-product/biofilm layer, whereas X70 steel was
associated with a thicker and more heterogeneous interfacial
layer and more pronounced localized deterioration. Electro-
chemical measurements were consistent with these observa-
tions, with Cr-Cu steel showing a more noble OCP, a lower
corrosion current density, and a higher initial interfacial resis-
tance, indicating improved film stability and suppressed inter-
facial electrochemical activity under SRB exposure.

29228 | RSC Adv, 2026, 16, 29218-29230

The improved MIC resistance is attributed to the synergistic
effect of moderate Cr enrichment and reduced Cu content. Cr
enrichment favors the formation of a compact Cr-containing
passive film that limits interfacial electron transfer and miti-
gates localized dissolution, whereas lowering the Cu level
decreases sulfide-assisted interfacial reactivity and thereby
weakens metabolite-related corrosion. These results demon-
strate that modest compositional regulation within the
conventional X70 alloy framework can effectively improve
resistance to SRB-induced MIC, and provide a mechanistically
guided alloy-design strategy for pipeline steels operating in
anaerobic microbial environments.

Future work should evaluate the Cr-Cu modified steel under
longer exposure durations, in mixed microbial communities
representative of real industrial environments, and under more
field-relevant service conditions. Further studies will also aim to
deepen the mechanistic understanding of the coordinated roles
of Cr and Cu in MIC resistance and to assess the engineering
applicability of this low-alloy compositional strategy.
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