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Microorganisms are notoriously known to cause local corrosion and stress corrosion cracking (SCC),
which seriously endangers the materials service safety. Cu can enhance antibacterial function of the
material and reduce the vulnerability to hydrogen embrittiement (HE). However, the dilemma of how
much Cu content generates the best resistance to microbiological corrosion and SCC arises. Here, we
modified the Cu content in pipeline steel to obtain the best antibacterial effect to nitrate reducing
bacteria Bacillus cereus and HE resistance. The findings offer a fresh perspective on how to design and
prepare a steel that are both resistant to microbiological corrosion and SCC.

Research on microbiologically influenced corrosion (MIC) is becoming an
important cross-discipline in the field of corrosion, and the MIC
mechanism has been gradually uncovered"’. This includes not only the
influence of extracellular electron transfer, but also the mechanisms that
directly or indirectly affect corrosion, such as cathode depolarization,
secretion of organic acids and biological cathode catalysis*. MIC occurs
commonly in oil well casing, long-distance pipeline and underwater
pipeline, and is one of the most challenging problems to handle in
industrial corrosion”. MIC can generate local corrosion or pitting on the
metal surface, which will lead to the occurrence of stress corrosion
cracking (SCC) under the impact of external pressures”"’. It is thought that
sulfate reducing bacteria (SRB) activity will speed crack initiation and
growth, create secondary corrosion at the pit bottom, and cause ductile
fractures to become brittle fractures'"'>. SRB encourages hydrogen
penetration and pitting development, particularly at cathode potential,
which enhances the sensitivity to SCC'™'*. Recently, numerous research
on the MIC of nitrate-reducing bacteria (NRB) have been conducted.
Anaerobic respiration allows NRB to get electrons from the steel matrix,
which is thermodynamically more advantageous than SRB*', and the
nitrite, the reduction product of NRB, can also accelerate corrosion'’"".
Further, NRB can accelerate the cathode hydrogen evolution reaction
through hydrogen depolarization, which can also promote the SCC sen-
sitivity of steel”’. It is clear that these microbes can promote SCC, which is
what many researchers are currently focusing on*"*.

How to alleviate and control the influence of microorganisms on SCC
is one of the main goals of investigating MIC. Therefore, it is best to prevent
microbes from adhering to and reproducing on material surfaces”**. From
the standpoint of the material itself, the direct antibacterial characteristic of
metal materials is a crucial way to prevent or lessen SCC™*°. The addition of
Cu to metal alloys has been established, particularly in Ti alloy, and has a
wide range of uses because Cu and Ag are naturally occurring antibacterial
components”. Cu helps prevent MIC, however maintaining Cu ion release
over an extended period of time is a major difficulty that restricts the
mechanical capabilities and corrosion resistance of material. Good bacter-
iostatic effects were observed when 1-3 wt.% Cu was added to 2205 and
304 stainless steel, however the impact toughness dropped as the Cu con-
centration increased” . It has been established in recent years that adding
Cu element to gram-negative P. aeruginosa and gram-positive B. vietha-
mensis has a greater than 99% antibacterial rate’>”. Gram-positive Bacillus
cereus (B. cereus) has been shown to have a high resistance to Cu, however,
the antibacterial impact becomes considerable at concentrations higher than
4 mmol™. Similarly, the inhibition rate of gram-positive bacteria for some
Cu-doped nanoparticles exceeds 99%”. Cu has been frequently utilized to
limit microbial corrosion and reproduction because it can impact the roles
of bacteria in metal formation, membrane remodeling, and antioxidant
activity.

Interestingly, Cu has good antimicrobial qualities as well as a favorable
impact on resistance to hydrogen embrittlement (HE)**””. The structure of
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the Cu-rich precipitated in tempered martensitic steel can significantly
reduce the HE sensitivity of the steel by up to 55.3%, while keeping the steel
the same resistance to limit tensile strength, of which 9R-Cu is the strongest
combination with hydrogen and the highest capability”. Similarly, the
synergistic effect of Cu and austenite on HE in low carbon and low alloy
steels shows that the addition of Cu promotes the formation of Cu-rich
precipitates, in which the BCC rich Cu-phase with the substrate’s conjugate/
semi-conjugate phase is the strong capture concentration point of hydrogen,
and the weak capture point of FCC rich Cu-phase is the hydrogen dispersed
phase”. When hydrogen is tightly mixed with these Cu-rich materials, it
reduces the amount of diffusible hydrogen, homogenizes the diffused
hydrogen, lowers the local hydrogen concentration at the interface, and
lessens the material sensitivity to hydrogen embrittlement'**". It is a valuable
idea to add Cu to pipeline steel to increase the resistance of MIC and SCC,
but the Cu content must also be taken into account to balance the link
between its mechanical qualities and HE resistance.

Based on the above understanding and discovery of anticorrosion
mechanism, a series of Cu alloying was designed and studied to investigate
1) the effects of pipeline steels with different Cu contents on antibacterial
efficacy of B. cereus, 2) the effects of different Cu contents on SCC of pipeline
steel, and 3) the effects of different Cu contents on antibacterial efficacy of B.
cereus and SCC. To answer these questions, we used slow strain rate tensile
test (SSRT), live/dead staining, and electrochemical techniques to confirm
that the findings not only expand the range of uses for Cu-bearing pipeline
steel that is resistant to MIC, but also design a steel that are both highly
strong and highly resistant to SCC.

Results and discussion

Material characteristics

Table 1 displays the mechanical characteristics of several Cu-bearing steels
after aging treatment. The yield strength and tensile strength both sig-
nificantly rise with an increase in Cu content, particularly when the Cu
content is 2.0 wt.% or above, which reaches X100 steel performance (yield
strength 690-840 MPa, tensile strength 760-990 MPa). However, the
impact toughness of 2.0Cu steel is only 22.2% of 0.0Cu steel, according to
additional examination, which means it is not an appropriate alternative
material for research.

Table 1 | Mechanical properties of Cu-bearing pipeline steel
(error bars stand for the standard deviations from three
independent samples)

Yield Tensile Elongation, % Impact tough-
strength, MPa  strength, MPa ness, J
0.0Cu 543+3.5 612+2.6 14.62+0.4 152.9+2.6
0.6Cu 609 +4.1 687 £1.9 12.76 +0.7 171.1+3.3
1.0Cu 629+2.8 751+3.4 12.45+0.8 135.7+1.8
2.0Cu 720+3.3 878+1.7 9.12+0.5 34.0+1.4

(a)

Figure 1 shows the microstructure morphologies of different Cu-
bearing steels. The three different types of steel have polygonal ferrite and
bainite microstructures, and the addition of Cu is conducive to the refine-
ment of grain. The microstructure of 0.6Cu steel and 1.0Cu steel was further
selected for TEM analysis, and the results are depicted in Fig. 2. The
microstructure of 0.6Cu steel is composed of crisscrossed non-parallel fer-
rite bars, and no fine nano-precipitates are found in further observation. The
composition identification of randomly chosen places reveals that Fe is the
predominant element component and that there is not a noticeable Cu peak,
indicating that despite the addition of 0.6 wt.% Cu to the steel, the trace
composition is insufficient for Cu to be visibly present in the material. For
1.0Cu steel, a significant number of granular precipitates are disseminated at
the grain boundary or subboundary, as depicted in Fig. 2d. The particle area
(approximately 20 nm in diameter) was selected for component identifi-
cation, and the result was shown as a noticeable Cu peak, indicating that
1.0Cu steel can be dispersed after 1 h aging treatment for a nanoscale Cu-
rich phase.

EIS
Figures 3 and 4 exhibit the Nyquist and Bode diagrams of the impedance
measurements for different Cu-bearing steels exposed to abiotic and biotic
medium. In abiotic medium, with the passage of immersing time, the three
Cu-bearing steels exhibits a relatively complete arc resistance, and its radius
slightly decreases with varying immersing times, as can also be determined
from the modulus value. These findings suggest that the rate of corrosion of
Cu- bearing steel in an oxygen-free environment is not significantly affected
over time. However, in biotic medium, the arc radius of the three Cu-bearing
steels increases with time, suggesting that their corrosion resistance does as
well. At the same time, it is evident that as the Cu content increases, the data
of the capacitive reactance arc at the low frequency stage drops, indicating a
decrease in the interface reaction and an increase in reaction resistance.
To further explore the evolution of the interfacial reaction, equivalent
circuit was employed to model the EIS data, as shown in Fig. 5a. In this
circuit, R represents the solution resistance, Qris the capacitance of the
mixed layer of corrosion product and biofilm, R, is the pore resistance in
biotic medium, and Q4 and R, represent the double layer capacitance and
charge transfer resistance, respectively. Figure 5b also displays the law of the
R, + R, value, which reflects the change of the corrosion rate. In the sterile
environment, the R, + R, value of 0.0Cu steel remained relatively constant
within 14 days, suggesting a consistent rate of corrosion. The R,+R; value of
0.6Cu steel increases gradually, indicating that the corrosion rate decreases
with the increase of immersing time. The R, +R value of 1.0Cu steel
decreased slightly after 7 days, suggesting that the rate of corrosion had
accelerated. In the biotic medium, the R, + R, values of the three Cu-
bearing steels all rose in the presence of B. cereus, suggesting a close rela-
tionship between the change in B. cereus and the rate of corrosion. The
values of 0.6Cu and 1.0Cu steel after three days are larger than those of 0.0Cu
steel, indicating that the corrosion rate is relatively small at this time, which
may be related to the growth of Cu ions on B. cereus and the formation of
biofilm.

Fig. 1 | Microstructure of steel with different Cu content. a 0.0Cu, b 0.6Cu, ¢ 1.0Cu.
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Fig. 2 | TEM results of steels with different Cu content. a, b 0.6Cu, ¢, d 1.0Cu (The arrow marks are the EDS identification points).
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Fig. 3 | EIS results of steel with different Cu content in abiotic medium for different days. a, d 0.0Cu, b, e 0.6Cu, ¢, f 1.0Cu.

Surface morphology and composition analysis

According to EIS data, Cu-bearing steel corrodes more quickly in biotic
medium than it does in sterile medium. As a result, we solely take into
account variations in the various Cu concentrations in the bacterial envir-
onment when observing morphology. Figure 6 shows the surface mor-
phology and composition analysis of different Cu-bearing steels after being
immersed for 7 days in biotic medium. As can be observed from the surface
morphology, biofilm clusters were formed on the surface of the sample, and
there was no variation in the morphology of B. cereus on the surface of
different Cu-bearing steels. The lateral morphology shows the local corro-
sion of the 0.0Cu steel surface is more pronounced, and the pit depth is about
10 pm. From the distribution of the elements, it is indicated that a large

number of P elements are distributed in the product, mainly the compo-
nents of B. cereus and biofilms. The most obvious is that the distribution of
Cu content increases with the increase of the design content, indicating that
the change in Cu content in steel is the only factor affecting the differences in
MIC. Analyzing the composition of the Cu element on the surface of the
sample, there is no effective peak found on the 0.0Cu steel surface, and the
strength of the peak becomes increasingly apparent with the increase in the
Cu content. 0.6Cu steel is composed of CuO (933.4eV) and Cu,O
(932.8 €V), and 1.0Cu steel is composed of Cu, O (932.6 V). CuO and Cu,O
are generated on the steel surface in an oxygen-free environment,
primarily as a result of the sample coming into contact with air during
dehydration.
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Fig. 4 | EIS results of steel with different Cu content in biotic medium for different days. a, d 0.0Cu, b, e 0.6Cu, ¢, f 1.0Cu.

Fig. 5 | Electrical equivalent circuit used for fitting
the EIS spectra. a Equivalent circuit, b R.+R,, value
(mean + standard deviation).
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Antibacterial efficacy

The above studies show that the contents of Cu in steel have a clear effect on
MIC, and in order to further investigate the effects of Cu content on B.
cereus, triplicate coupons of each metal were immersed in media containing
B. cereus. Figures 7 and 8 shows the colony numbers after 1, 3,7, and 14 days
of incubation and the representative samples, respectively. With the passage
of immersion time, the number of B. cereus increased first and then
decreased, which was consistent with its growth cycle. Compared with
0.0Cus steel, 0.6Cu steel and 1.0Cu steel decreased slightly on the 3rd day, and
the decrease was more obvious on the 7th day, indicating that the increase of
Cu content has a significant effect on the number of live bacteria on the
surface of the sample, which means that the Cu-bearing steel has certain
antibacterial property.

The viability of B. cereus cultured on steel surface for 7 days was
evaluated by live/dead staining techniques. Figure 9 shows both green and
red bacteria on the surface of 0.0Cu and 0.6Cu, indicating that there are both
live bacteria and dead bacteria. Careful observation shows that the number
of dead bacteria on 0.6Cu steel is more than that on 0.0Cu steel. There are
only a small amount of green bacteria on the surface of 1.0Cu steel, and most
of them are red bacteria, indicating that there are a large number of dead
bacteria. The above difference fully demonstrates that in the same envir-
onment, different Cu content has a certain effect on the number of live/dead
bacteria on the surface of steel, and with the increase of Cu content, the
ability to poison B. cereus becomes stronger.

Stress-strain curves and SCC susceptibility

Figure 10 shows the stress-strain curves and corresponding SCC suscept-
ibility of different Cu-bearing steels at open circuit potential (OCP) and
—0.9 V in air, abiotic and biotic media. With the increase of Cu content, the
yield strength gradually increases from 543 MPa to 629 MPa, while the
elongation decreases from 14.62% to 12.45%, indicating that the increase of
Cu content can increase the strength of the material, but also slightly reduce
the elongation. The effects of different Cu contents on B. cereus and potential
were further analyzed by SCC sensitivity indexes. As shown in Fig. 10d, the
SCC sensitivity of different Cu-bearing steel in abiotic medium under OCP
was 7.54%, 6.89% and 10.66%, while it was 16.15%, 10.78%, 16.38% in biotic
medium. The results showed that the SCC susceptibility was the lowest
when Cu content was 0.6 wt.%, and increased when Cu content was not
added or 1.0 wt.%. Therefore, the SCC sensitivity of B. cereus to 0.0Cu, 0.6Cu
and 1.0Cu steels at OCP was increased by 8.61%, 3.89% and 5.72%,
respectively, indicating that Cu addition can reduce the effect of B. cereus on
SCC. The sensitivity of SCC is low at Cu contents of 0.6 wt.%, which may be
because Cu affects the microstructure and oxide layer. Micro-galvanic
corrosion in the microstructure will happen when the Cu content is high,
speeding up the corrosion process***.

At —0.9V, the SCC sensitivity rates of 0.0Cu, 0.6Cu and 1.0Cu steel in
the abiotic medium were 33.77%, 28.97% and 26.27%, while those in the
biotic medium were 41.17%, 35.76% and 32.34%, respectively. The results
show that the susceptibility of SCC decreases with the increase of Cu content
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Fig. 6 | Surface, lateral morphology and composition analysis of different Cu-bearing steels after 7 days immersion in biotic medium. a, b, g 0.0Cu, ¢, d, h 0.6Cu,

e f,i1.0Cu.

under cathodic polarization. Further analysis showed that the SCC sensi-
tivity of B. cereus to different Cu-bearing steel was increased by 7.40%, 6.79%
and 6.07%, which means that increasing Cu content can reduce the effect of
B. cereus sensitivity to SCC. At the same time, it was found that, at —0.9 'V,
the decrease in SCC sensitivity after Cu addition was greater than that at the
OCP, indicating that the negative shift of the cathode potential had a more
obvious effect on SCC sensitivity. The optimal Cu content was 0.6 wt.% at
OCP and 1.0 wt.% at cathode potential. The increase of Cu content can
reduce the corrosion effect of B. cereus on steel and also effectively reduce the
probability of SCC at cathodic potential. The SCC sensitivity is correlated

with the effective hydrogen trap created by the Cu-rich phase because the
cathode potential causes the galvanic corrosion in the microstructure to
vanish.

Fracture analysis

Figure 11 shows the fracture morphologies of different Cu-bearing steel at
OCP and —0.9V in abiotic and biotic media. At the OCP, all fractures
showed a certain degree of neck shrinkage. In the abiotic medium, dimpling
existed at the initiation site of fracture (Fig. 11a, e, i), indicating that ductile
fracture was the main feature, while in the biotic medium (Fig. 11b, f, j),
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dimpling disappeared and the fracture mode was mainly quasi-cleavage,
presenting a brittle fracture feature. The findings suggested that a B. cereus
environment might cause a shift in fracture type from ductile to brittle.
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Fig. 7 | The variation of colony number. 0.0Cu, 0.6Cu and 1.0Cu steel surface after
inoculation with initial planktonic cell concentration of 10° cellss-mL > (mean +
standard deviation).

At—0.9 V (Fig. 11 ¢, g, k, d, h,1), all the fractures showed a low degree of
neck shrinkage, no obvious dimples at the initial location of fracture, and the
fracture morphology was fluvial pattern with the presence of tearing edges,
showing brittle fracture characteristics. There was little difference in fracture
morphology between abiotic and biotic media, demonstrating that under
the influence of cathode potential, the effect of potential on material fracture
is more noticeable than that of B. cereus.

Figure 12 shows the fracture profile morphologies of different Cu-
containing steels at OCP and —0.9 V in abiotic and biotic media. All samples
showed different degrees of uniform corrosion at the OCP. Further analysis
of the crack morphology showed that the secondary crack width of 0.6Cu
steel was smaller than that of the other two steels, showing a small degree of
cracking characteristics, which was consistent with the results of SCC sen-
sitivity. At the same time, the secondary crack morphology in abiotic and
biotic media was compared respectively. The width and number of cracks in
the biotic medium (Fig. 12b, f, j) were larger and more than those in the
abiotic medium (Fig. 124, e, i), indicating that B. cereus could promote the
initiation and propagation of cracks. At —0.9 V, the corrosion morphology
of the sample surface disappeared, indicating that the surface corrosion can
be inhibited. With the increase of Cu content, the size of secondary cracks
decreases, suggesting that the increase of Cu content can effectively reduce
the initiation and propagation of cracks caused by cathode potential (trace
hydrogen). Meanwhile, comparing the crack morphology in abiotic and
biotic media, it was obviously found that the crack size in biotic medium was
larger. Although Cu could effectively inhibit crack initiation and propaga-
tion, the role of B. cereus in promoting hydrogen penetration could not be
ignored, which was consistent with the results of previous study™.

Fig. 8| The colonies of B. cereus cultured from the biofilm samples collected from different Cu-bearing steels. a-d 0.0Cu, e-h 0.6Cu, i-11.0Cu, (a, e, i), (b, £, j), (¢, g, k) and

(d, h, 1) are cultured 1, 3, 7 and 14 days respectively (10° cfu-cm™2).
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Fig. 9 | Live/dead staining of different Cu-bearing steel surfaces after 7 days of bacterial culture. a 0.0Cu, b 0.6Cu, ¢ 1.0Cu.
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Fig. 10 | Stress-strain curves of different Cu-bearing steel in air, abiotic and biotic media. a 0.0Cu, b 0.6Cu, ¢ 1.0Cu, d SCC susceptibility (Mean + standard deviation).

To further observe the effect of B. cereus on crack propagation with
different Cu contents at —0.9 V, the crack propagation morphology was
observed, and the results are shown in Fig. 13. Different Cu contents
have different crack propagation patterns. The crack width and depth of
0.0Cu, 0.6Cu and 1.0Cu steels decreased gradually, and the depths were
48.75 pm, 26.02 pum and 16.25 pm, respectively. There are some small
crack branches in the main crack, indicating that the crack is mainly
intergranular cracking, but at the same time, we can also see from the
side that some cracks are transgranular cracking trend, so it indicates
that this potential belongs to the transition stage from intergranular
cracking to transgranular cracking. When the Cu content increased to

1.0 wt%, the crack depth decreased to 16.25 um. No small crack branches
were observed in the main crack, and the tip of the crack was sharp,
indicating that the main crack was transgranular propagation. The
change of fracture mode is mainly due to the difference of dislocation
emission and interaction between dislocation and other defects in the
steel, which changes the local atomic configuration near the crack path*.
At —0.9V, Cu can not only effectively reduce the crack propagation
depth, but also change the fracture mode. This is because the pre-
cipitation of nano-sized Cu-rich phase in the Cu-bearing steel obtains a
favorable trap for hydrogen capture, which makes the hydrogen entering
the steel evenly distributed, and thus produces excellent hydrogen
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Fig. 11 | Fracture morphologies of different Cu-containing steels in different environments. a-d 0.0Cu, e-h 0.6Cu, i-11.0Cu, (a, e, i), (b, f, j), (¢, g, k) and (d, h, 1) are

abiotic, biotic, abiotic @ —0.9 V, biotic @ —0.9 V, respectively.

cracking resistance to the Cu-bearing steel. Moreover, the addition of Cu
in the process of SCC inhibits the dislocation movement, lowering the
degree of local strain®.

Resistance of Cu-bearing steel to B. cereus corrosion

It is commonly recognized that some metal elements, such as Cu, Zn, Co,
and Mn, are needed for microorganisms. However, because there is little
demand for these elements within cells, excess metals will bind to these
substances instead of their typical sites, which can have hazardous effects***".
Cu s the perfect element for creating antibacterial metal products because it
is a cheap substance. In this study, the electrochemical tests revealed that the
corrosion rate of the 1.0Cu steel is lower than that of the other two steels,
suggesting that higher Cu content may have harmful effects on B. cereus and

lessen their contribution to corrosion. The corrosion morphology also
demonstrates that as the Cu concentration increases, the depth of the local
corrosion reduces, suggesting that an increase in Cu content can to
some extent prevent the corrosive action of B. cereus. Furthermore, the live/
dead biofilm staining directly demonstrated that addition of Cu in the
pipeline steel inhibited the bacteria growth and suppressed the formation of
biofilm.

However, the antibacterial effect of Cu is a very complicated and
multifactorial process. On the one hand, Cu exhibits its antibacterial
property in several different forms. Ren et al. ** analyzed Cu-bearing aus-
tenitic stainless steel of type 304, and they hypothesized that the antibacterial
properties of the steel were caused by the precipitation of the e-Cu phase.
Akhavan® believed that CuO nanoparticles fixed by heat treatment of silica
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Fig. 12 | Lateral morphologies of different Cu-containing steels in different environments. a-d 0.0Cu, e-h 0.6Cu, i-11.0Cu, (a, ¢, i), (b, £, j), (c, g, k) and (d, h, 1) are abiotic,

biotic, abiotic @ —0.9 V, biotic @ —0.9 V, respectively.

thin film at 300 °C showed strong antibacterial activity against Escherichia
coli. Xia et al. ** suggested that the inhibition of biofilm was caused by the
release of Cu ions from the Cu-rich phase in 2205-Cu duplex stainless steel,
thus effectively alleviating the microbial corrosion of P. aeruginosa. The
antibacterial action is mostly generated by the Cu ions released by the Cu-
rich phase, according to Nan et al.”’, who also confirmed that the Cu-rich
phase precipitation caused by Cu saturation in austenitic stainless steel is the
essential factor in bacterial eradication. The key to the antibacterial activity
was the nanometer-sized Cu-rich particles that precipitated from Cu-
bearing steel after aging treatment in this study.

On the other hand, Cu exhibits its antibacterial property by several
different antibacterial mechanisms. Cu acts as a catalyst to produce reactive
oxygen species, which can cause oxidative damage to important cellular

components such as proteins, nucleic acids and lipids™. Additionally, pro-
pensity of Cu to gain and lose electrons when switching between the oxi-
dation states of Cu™ and Cu’" is associated with its antibacterial activity™.
The Cu-rich phase on the surface is also primarily oxidized by the envir-
onment at this time, and in the biofilm, typically through contact with
bacteria, CuO can be reduced to metallic Cu, which inactivates the protein
by destroying the cytoplasmic enzyme needed to produce branched amino
acids™.

Resistance of Cu-bearing steel to HE

Studying the impact of Cu reveals that it not only increases strength
but also enhances resistance to HE**. In the SRB environment, Cu can
promote the formation of a protective film of Cu and FeS, , on the

npj Materials Degradation | (2024)8:35



https://doi.org/10.1038/s41529-024-00452-y

Article

Fig. 13 | Crack propagation morphology of different Cu-containing steels in biotic medium at —0.9 V. a 0.0Cu, b 0.6Cu, ¢ 1.0Cu.

Fig. 14 | Schematic diagram of resistance
mechanism of Cu-bearing steel to B. cereus

and SCC. The steel without Cu precipitated phase is
not only corroded by microorganisms, but also
produces cracking, while the steel containing Cu
precipitated phase causes bacterial death and dis-
perses hydrogen accumulation.

without Cu-rich phase

Steel @ Cu-rich phase

@ Live cells m=m— Dead cells

@ EPS

e Cu*/Cu*

O H atom (O Hmolecute Microcrack

Stress

with Cu-rich phase

steel surface, thereby minimizing the adsorption and penetration of
hydrogen on the steel matrix®. According to this study, B. cereus have
little effect on hydrogen adsorption in steel, and Cu has a greater
effect on hydrogen in the microstructure. Trace Cu in typical pipeline
steel has a minimal impact on hydrogen absorption, especially when
the steel is overprotected by cathodic potential. Hydrogen atoms
enter the steel and diffuse to the defect position between the lattice
gaps, where they aggregate and combine to form gaseous molecules,
causing rapid volume expansion and resulting cracks in this
position®. Therefore, the key to preventing HE is to disperse the
hydrogen into the steel as uniformly as possible rather than allowing
it to aggregate.

Hydrogen trap is an efficient approach to be introduced by nano-
precipitated phase in order to increase the resistance to HE.
Takahashi” used Cu to reinforce and toughen pipeline steel in place of
Mn. The findings demonstrated that the alloy grain was refined and the
yield strength enhanced when the mass fraction of Cu was raised to
1.7 wt.%. Shi** added various Cu contents to X80 steel produced uni-
formly dispersed nano-Cu rich phases after aging at 500 °C for 1 h.
These precipitated phases might contribute to hydrogen trapping as
well as precipitation strengthening. In this study, hydrogen penetrates
the steel matrix when the cathode potential is applied by SSRT, and the
HE sensitivity is decreased by the Cu-rich phases scattered throughout
the steel matrix, then the number of secondary cracks at the fracture
area gradually decreased as the Cu content increased. This strongly
suggested that the nano-Cu phase could function as a helpful hydrogen
trap and effectively pin dislocation movement to prevent high HE in
local areas.

Resistance of Cu-bearing steel to B. cereus and SCC

From the two aforementioned perspectives, the effects of Cu on the resis-
tance to B. cereus and HE were illustrated separately. Since carbon steel is
more likely than stainless steel to corrode in the environment, it releases
more Cu ions, and the antibacterial effect is more significant. The main
function of Cu resistance to B. cereus is to minimize the metabolism and the
growth and adherence of biofilm on steel surfaces. Cathodic protection is
typically utilized to safeguard subterranean pipelines in order to prevent
corrosion. The protective effect will be impacted by either a shortage of
protection potential or an overload of protection potential. The poisonous
effect of Cu ions can reduce the impact of B. cereus when the protective
potential is insufficient. The Cu-rich phase scattered in the microstructure
can efficiently serve as a hydrogen trap to lessen the risk of HE when the
protective potential is overwhelmed. As a result, adding the proper amount
of Cu to pipeline steel has two effects on lowering B. cereus corrosion and
SCC. Figure 14 illustrates the two mechanisms. The findings of this study
not only widen the range of applications for the Cu-bearing pipeline steel
that is resistant to MIC, but they also offer a fresh concept for creating steel
materials with outstanding resistance to SCC.

In summary, the study herein revealed that the strength of steel
increases as Cu content rises, although its elongation and impact toughness
slightly decline and its antibacterial characteristic becomes more pro-
nounced. Cu-rich phase plays a key role in releasing Cu ions to poison B.
cereus after corrosion of the steel. Compared to 0.0 wt.% Cu steel, SCC
sensitivity of 0.6 wt.% Cu steel increase is the lowest at OCP, reducing its
increment from 8.61% to 3.89%, while 1.0 wt.% Cu steel SCC sensitivity
increase is the smallest at —0.9 V, reduced from 7.40% to 6.07%. The nano
Cu-rich phase can effectively operate as a hydrogen trap to lower the
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Table 2| Chemical compositions of experimental steels (wt.%)

Steel Cc Si Mn Cr Mo Ni Cu Nb Fe

00Cu 006 015 129 029 029 071 002 013 Balance
06Cu 007 022 110 035 028 042 058 017 Balance
1.0Cu 006 020 135 026 029 029 101 013 Balance
20Cu 006 025 125 028 028 022 195 0.4 Balance
1400
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Fig. 15 | The schematic diagram of thermo-mechanical controlled processing (%
meaning reduction amount). The relationship between temperature, reduction
amount and time during controlled rolling and cooling of the material.

probability of HE, hence reducing the SCC sensitivity of B. cereus to pipe-
line steel.

Methods

Materials and characterization

The welding performance of pipeline steel is fully taken into account in the
composition design of pipeline steel with varying Cu contents. According to
an acceptable carbon equivalent formula, the final composition test results
for medium/high strength non-quenched and tempered low-alloy steel
(500-900 MPa) are as indicated in Table 2. Four different types of billets
were heat treated using controlled rolling and controlled cooling technol-
ogies to produce ferrite, pearlite, or bainite microstructures. The billets were
austenitized at 1180-1200 °C for 1 h, and then rolled 5 times under regu-
lated temperatures for 5-10 s each time, until it reached its final thickness of
10 mm. After rolling, it was cooled with water to room temperature. To get
the material used in this study, the rolled plate is aged at 500 °C for 1 h and
then air-cooled to room temperature. The schematic diagram of thermo-
mechanical controlled processing is shown in Fig. 15.

A shock test apparatus (ZBC2000, SANS, USA) was used to evaluate
the low-temperature impact resistance of four distinct experimental steels.
The sample size, surface treatment, and testing procedure all adhere to the
standard (GB/T229-2020). Microstructures of experimental steels were
observed using scanning electron microscopy (SEM, Quanta 250, USA) and
transmission electron microscope (TEM, Tecnai G20, USA). For the SEM
observation, samples were mechanically ground to 2000# with sand papers,
polished, and then etched in a 2% nital solution. For the TEM observation,
50-um thin disks were obtained after electro-polished by a twin-jet elec-
tropolisher in a solution of 10 vol.% perchloric acid and 90 vol.% ethanol.
The morphology and composition analysis of the microstructures were
examined by a TEM at an accelerating voltage of 200 kV.

Bacterium and medium
Bacillus cereus (B. cereus), a typical NRB, was isolated from the surrounding
soil of an X80 pipeline steel specimen (100 mm x 75 mm x 5 mm) that had

been buried for two years in Beijing soil (NL 39°79, EL 116°35, average
temperature 12.9 °C, moisture 14.38, salinity 0.198%, pH 6.96). Evolu-
tionary trees and their nitrate reducibility were analyzed as described in our
previous study”. The composition of the near-neutral pH solution was
(g-L’l): 0.5 yeast extract, 1 tryptone, 1 NaCl, 1 NaNOs3, 0.483 NaHCO3,
0.122 KCl, 0.137 CaCl,, and 0.131 MgSO4-7H,0. The medium was ster-
ilized at 121 °C for 20 min prior to the experiment, and it was then chilled for
2 h while being continuously pumped with 5% CO, balanced with N, to
achieve an anaerobic and near-neutral pH condition, which simulated the
environment formed after coating disbonding in the buried pipeline®".
Bacterial seeds were cultivated in the aforementioned solution at 30 °C for
24 h at a ratio of 1:100 (v:v) for the biotic medium. To ensure that the entire
experimental procedure was uncontaminated, no bacteria were added to the
culture media for the abiotic medium. Unless otherwise stated, all tests were
sealed and carried out at 30 °C without oxygen.

Corrosion test

Electrochemical tests were performed in a typical three-electrode system.
The working electrode (WE) was connected by copper wire with an exposed
area of 1 cn’. A platinum sheet and saturated calomel electrode (SCE) were
used as the counter and reference electrodes (RE), respectively. The elec-
trochemical tests were performed through a workstation (Gamry, Reference
600+, USA) using a typical three-electrode system. The bacteria were
inoculated at the beginning of the experiment, electrochemical impedance
spectroscopy (EIS) was performed for 1, 3, 7, and 14 days at a sinusoidal
voltage signal of 10 mV in the frequency range of 10”-10* Hz. The EIS data
were analyzed using the Zsimpwin software (Scribner) and Echem Analyst
(Gamry), respectively. The samples were retrieved carefully after being
submerged in biotic medium for 7 days, and they were then shifted to a 2.5%
glutaraldehyde solution for 8 hours at 4 °C in a refrigerator. The samples
were then treated with ethanol in concentrations of 50%, 60%, 70%, 80%,
90%, and 100% (v:v) for 8 minutes before drying naturally. The surface
morphology and cross-section morphology were observed via SEM with a
beam voltage of 25 kV. The corrosion product elements were analyzed via
X-ray photoelectron spectroscopy (XPS, Smartlab 9 kW, JPN).

Antibacterial efficacy assay

Different samples were put in 24-well plates, and the same concentration of
B. cereus were injected and incubated for 1, 3, 7, and 14 days, respectively.
Sessile bacteria were discharged through a vortex after planktonic cells were
eliminated using phosphate buffer saline (PBS). To count the number of
colonies, a series of diluted bacterial suspensions were put on agar plates and
grown at 37 °C for 12-24 h. Live/dead staining is performed after 7 days of
immersion. After the samples were rinsed with PBS, 1 mL PBS, 25 uL
SYTO-9 dye and PI dye were added in a darkroom and left for 20 min. The
biofilm was then observed under a confocal laser scanning microscopy
(CLSM, Leica TCS SP8, GER), where the SYTO-9 dye showed green
fluorescence at 488 nm excitation wavelength to detect living cells and the PI
showed red fluorescence at 559 nm excitation wavelength to stain dead cells.

SSRT

The size of tensile specimens and experimental device are shown in Fig. 16.
Following aseptic preparation, the test box containing the tensile specimen,
CE, and RE was filled with the inoculated solution before being sealed.
Previous studies” have shown the B. cereus system to have the maximum
effect on the SCC sensitivity of X80 steel at —0.9 V (SCE), which was
attributed to the possibility of affecting both the physiological activities of B.
cereus and hydrogen embrittlement. Therefore, the cathode potential is
applied at the beginning of the experiment, and the same parameters were
used in this experiment to investigate the SCC sensitivity of different Cu-
bearing steels.

The SSRT was carried out under the tensile testing machine (Letry,
WDML-30 kN, CHN). After 3 days of potential application and bacterial
culture, the sample was preloaded 1000 N to eliminate the crevice inside
the machine and fixture gap, and then proceeded at a tensile rate of
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Fig. 16 | Schematic diagram of the SSRT samples
and solution cell. a Detailed dimensions of sample,
b schematic diagram of the solution cell for SSRT.
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1 x 10755~ ! after stabilization. The decrease in the reduction of area )
was calculated using the following equation to evaluate the SCC sus-
ceptibility:

Y

Iy = (1 _\7;) x100% (©))
where ¥ and ¥, are the percentage reductions of area in the medium and
air, respectively. After the fracture specimens were sliced to remove the
surplus part. the fracture and lateral surfaces of the specimens were studied
using SEM after the corrosion products were cleaned with a derusting
solution (3.5 g hexamethylenetetramine was added to 500 mL hydrochloric
acid and 500 mL deionized water).

Data availability

All data generated or analyzed during this study are included in this pub-
lished article and any additional data that support the findings of this study
are available from the corresponding author upon reasonable request.
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