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Effects of the microstructure and retained/reversed austenite on
the corrosion behavior of NiCrMoV/Nb high-strength steel

Chao Hai'?, Yuetong Zhu'?, Endian Fan'?, Cuiwei Du'?®™, Xuequn Cheng

"2 and Xiaogang Li'?

A comparison of microstructure and corrosion performance has been made between NiCrMoV/Nb steel under different heat
treatments in artificial seawater. The microstructures as well as the volume fraction of austenite strongly affect corrosion resistance.
Atomic force microscopy (AFM) results reveal that both retained/reversed austenite and the grain boundary have a higher Volta
potential than the matrix. The morphology of pits and the nature of retained/reversed austenite were investigated by field emission
scanning electron microscopy (FESEM). Results can be discussed in terms of a model that describes the microgalvanic effect and the
change of morphology and content of retained/reversed austenite resulting from a heat treatment process. The role of the
microstructure and retained austenite on corrosion resistance evolution in the corrosion process is discussed. The X-ray diffraction
(XRD) results reveal that the corrosion products formed on distinct microstructures primarily contain lepidocrocite (y-FeOOH),
goethite (a-FeOOH) with little difference after long time immersion.
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INTRODUCTION

High carbon content of NiCrMoV/Nb steels causes problems for
welding, making steel applications limited in the marine industry.
Under this condition, NiCrMoV/Nb steels with low carbon content
are developed to overcome those concerns, which these steels
exhibit high strength and toughness, together with good low-
temperature toughness. Compared with the traditional modula-
tion heat treatment, a mixed microstructure of austenite phase
and martensite phase could be achieved by means of quenching-
lamellarizing-tempering (QLT)'? heat treatment>*, which could
obtain good comprehensive properties by adjusting the strength
and toughness. Additionally, extensive works>® have been
conducted on the formation mechanism of the revised austenite
and focus more attention on the influence of austenite on the
mechanical property.

However, in the sea engineering application, corrosion may
occur. The microstructure and retained austenite have complex
influences on the corrosion resistance. Studies’~'? have been
undertaken about the effect of microstructure on corrosion
resistance of low-alloy steel and stainless steel. Wu et al.’® studied
the microstructural evolution during aging and its impact on the
corrosion behavior and mechanism of the Fe-19Mn-0.8C-5Ni low-
density steel. They emphasized that aging improves the corrosion
resistance of the steel, which inhibits the microgalvanic effect at
the initial stage and alleviates the local acidification at the later
stage. Ma et al.'* examined the potential difference between the
M/A island and the bainite component in E690 low-alloy steel
using SKPFM. The M/A as the cathode phase can induce the
preferential dissolution of the bainite structure at the edge of the
M/A island and promote local corrosion. Moreover, the effect of
different austempering heat treatments on the corrosion proper-
ties of high silicon steel was investigated by Mattia et al.'®. They
found that the corrosion resistance of the samples increased with
increases in the volume fraction of retained austenite due to lower
amounts of residual stresses. Moreover, the author in ref. '°
analyzed the various effects of nickel addition and austempering

on the microstructure and corrosion resistance of ductile irons.
They found that the retained austenite in ductile iron could
improve the corrosion resistance owing to its greatest corrosion
inhibition efficiency. However, those studies were contradictory
and failed to consider the effect of retained austenite on the
corrosion behavior. Furthermore, studies on the effect of retained
austenite on corrosion resistance have revealed that retained
austenite in stainless steel is not the precursor of pits, whereas pits
are generally initiated at these locations with chemical or
mechanical heterogeneities'’~'°. However, the transformation of
phase and enrichment of Ni and C in the retained austenite could
be occurred during heat treatment process. It is predictable that
the corrosion behavior of the NiCrMoV/Nb steel will also change
with the microstructure and the contents of retained/reversed
austenite. The effect of the retained austenite on the corrosion
behavior should be further investigated owing to limit research
nowadays.

Based on the above considerations, the macroscopical and
microscopic characterization of the structure of different heat-
treated processes were carried out by SEM, XRD and transmission
electron microscopy (TEM). The corrosion behavior of different
heat-treated samples was investigated using AFM technology
combined with an immersion experiment. Finally, the effect of
microstructure and retained austenite on the corrosion evolution
of steel was investigated, and the corrosion mechanisms of
microstructure and retained/reversed austenite were clarified.

RESULTS
Microstructure characteristics

As is well known, the structure has a significant influence on the
corrosion resistance of steel. The SEM and TEM microstructural
morphology of the Q, QT and QLT specimens is shown in Fig. 1.
The microstructure of the Q specimen mainly consists of lath
martensite without a relevant amount of retained austenite. After
tempering at 600°C, the microstructure presents tempered
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Fig. 1
micrographs, respectively.

martensite. White particle-platelets (orange arrow in Fig. 1b) can
be observed at the grain boundary or inside the martensite grains
(both in lath borders and packet borders), and they are distributed
evenly. A two-phase region heat treatment was conducted on the
QT sample. It reduces the grain size slightly and makes the
microstructure distribution more uniform. Three specimens are
characterized in detail by transmission electron microscopy. It can
be seen from Fig. 1a; that the martensite boundary of the directly
quenched steel is relatively obvious. A lot of dislocations were
observed in the lath, where local entanglement forms dislocation
packages (as shown by the red arrow). The martensite boundary
of QT heat-treated steel becomes unobvious due to the migration
of some lath boundaries during tempering, and the dislocation
density decreases in the steel. Meanwhile, blocky material is
observed at the grain boundary. The selected electron diffraction
(SED) results show that the material has a face-centered cubic
(FCC) structure, which could be the retained austenite (RA). The
morphology of QLT steel has changed significantly. A large
amount of secondary tempered martensite has been formed in
the steel, which is distributed along the original martensite lath
borders or packet borders. SED results show that the crystal
structure is also FCC, which may be the reversed austenite formed
during secondary quenching and subsequent tempering.

The X-ray diffraction pattern for three samples is shown in Fig. 2
and can be compared. According to the XRD results, the Q sample
has obvious body-centered cubic (BCC) structure only without
retained austenite, while the QT and QLT samples also have
obvious austenite phase peaks with differences in strength. The
content of retained/reversed austenite for QT and QLT specimens
calculated by the Egs. (6) and (7) was 4.8% and 13.8%, respectively.

Localized corrosion morphology at the early stage

In order to trace the process of pitting initiation induced by
different microstructures, immersion experiments are performed
on three samples. Figures 3-5 show the FE-SEM images of three
specimens after they were immersed for 120 min and removal of
rust. After immersion, obvious local corrosion has occurred in all
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The microstructure of (a;-a) Q, (bs-by) QT, and (c¢;-¢c;) QLT samples, where a;, b; and ¢; are SEM micrographs, a, b,, and ¢, are TEM
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Fig. 2 XRD spectra of samples after different heat treatments.

three specimens, and a significant number of large pits can be
observed on the surface of the Q sample (as shown in Fig. 3a).
According to the analysis results, the initiation positions of the pits
are mostly formed at the lath or grain boundary. In addition, the
surrounding areas of inclusion (Fig. 3e, f are the EDS analysis
results of inclusion) also could be the initiation sites of pits®2°. For
the QT sample, both the number and size of pits are greatly
reduced (Fig. 4a). As shown in Fig. 4b, d—f, pits are initiated at the
interface of the retained austenite and matrix distributed on the
PAGB or inside the martensite grains (both in lath borders and
packet borders). In addition, some small pits may also be observed
inside the grains, which may form from nanoparticles (VC or NbC)
during the corrosion process. Pits for the QLT sample are almost
initiated at the interface of the revised austenite and matrix
(distributed in PAGB or in lath borders and packet borders)
(Fig. 5¢, d). Figure 6¢ shows that the matrix dissolved obviously,
and only the revised austenite is retained as a noble area. Both QT
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Fig. 4 Corrosion morphology of the micro-pits in QT specimen after 120 min immersion times.

steel and QLT steel show the characteristics of preferential
dissolution of the matrix. The different heat treatments lead to
significant changes in the nucleation sites and number of pits. It is
indicated that the microstructure and reversed austenite have an
important influence on the initiation process of pits.

Corrosion rate

The uniform corrosion rates of three samples after different
immersion times are shown in Fig. 6. At the initial immersion
stage, the corrosion rate of three samples increases with time.
After immersion for 60 days, the corrosion rates of the QLT and Q
samples decrease rapidly, while the QT sample decreases slightly.
Additionally, at the beginning, the corrosion rate is ranked as
QT < Q < QLT. After immersion for 180 days, the corrosion rate of
the QT specimen is also the lowest, and the corrosion rates of the
Q and QT samples are not much different, with the corrosion rate
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following the order: QT <Q < QLT. When comparing the three
samples, the initial immersion stage shows a greater difference in
corrosion rate, and this trend becomes less pronounced over time.

Corrosion product layer analysis

The cross-sectional morphology of three samples with different
immersion times is also analyzed. As shown in Figs. 7-10, the
corrosion product layer is a single layer without stratification
(cannot distinguish an inner layer and an outer layer), which is
relatively loose and contains a lot of cavities and cracks. The
thickness of the rust layer in the three samples shows an
increasing trend with the immersion time. Compared with the Q
sample and QT sample, the thickness of the rust layer on the QLT
sample is thicker after immersion for 30 days. The rust layer is
relatively loose and contains a lot of holes, which indicates that
the protective performance of the rust layer is poor. With the
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Fig. 5 Corrosion morphology of the micro-pits in QLT specimen after 120 min immersion times.
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Fig. 6 Weight loss and corrosion rate of three samples for different immersion time periods.

increase in immersion time, the product layer becomes thicker
and relatively dense, which can effectively block the transmission
of corrosive media and decrease the corrosion of the matrix.

The element distribution shows that Mo, Ni, and O are uniformly
distributed throughout the corrosion product layer for three
samples after immersion for 30 days, while only Cr and Ca enrich
in the rust layer. Little difference in element distribution among
the three samples. There is an enrichment of Ni and Mo in the
corrosion product with the increase in immersion time, as shown
in Figs. 7-10. Cl is mainly distributed throughout the corrosion
product layer in three samples, indicating that this layer does not
hinder the entry of corrosive ions. After immersion for 180 days, Cl
is enriched outside the rust layer, indicating that the product layer
has certain protection and can inhibit the diffusion of Cl. In
general, the different corrosion processes in the three samples are
responsible for these differences.

The composition analysis of corrosion product layer

Figure 11 shows the phase composition of corrosion product
layers in three samples. The phase compositions of the three
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samples are consistent; they are composed of a-FeOOH and
y-FeOOH without a Fe3O, component. The corrosion is the
slightest, and the transformation to Fe;O,4 has not yet occurred
under full immersion. It should be considered that the continuous
presence of the electrolyte layer facilitates the formation of y-
FeOOH?'. With the increase in immersion time, the phase
composition remained consistent, while the a-FeOOH peak value
increased significantly. A semi-quantitative analysis (about 10
relative percent errors) has been performed on the X-ray
diffractograms to identify the proportion of different phases
among the corrosion products®>?3, As shown in Fig. 12, with the
immersion, the proportion of a-FeOOH was increased gradually,
especially after immersion for 60 days. It indicates that with the
increase in immersion time, the protection of the rust layer is
gradually enhanced, thus reducing the corrosion of the substrate.

The composition and valence of the main alloy elements (Ni, Cr,
and Mo) in the corrosion product formed on the surface of three
samples were analyzed by XPS. The fitting results are presented in
Fig. 13. The Ni presents in one chemical state, assigned to Ni(OH),
or NiFe,0, (855.5 V)25, which is difficult to distinguish from the
state of oxide due to their close peak positions. However, Ni(OH),
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Fig. 7 Cross-sectional morphology and element distribution of corrosion product layers on the (@) Q sample, (b) QT sample, and (c) QLT

sample after immersion for 30 days, respectively.

is the main product in the long-term immersion solution, while
NiFe,O, is detected in the spectra of Fe 2p3/2, so there are two
states for Ni, namely Ni(OH),/NiFe,O,. Similarly, the spectrum peak
of Mo is not obvious, which indicates that the content of Mo in
corrosion products is relatively low, and the Mo 3d5/2 spectrum is
mainly divided into FeMoO, (231.7 eV)**?’. According to the
results, the composition of the corrosion product mainly
contained NiFe,0,4 FeOOH, Ni(OH),, and FeMoO,, which means
the compounds in the corrosion product layer among the three
samples are the same. As for Cr, there is no obvious peak in the
spectrum, which indicates that there are few products containing
Cr in the corrosion products. In summary, the composition and
valence of the main alloy elements (Ni, Cr, and Mo) in the
corrosion product show little difference among three samples
with various microstructures and retained austenite.

Electrochemical measurements

Figure 14a shows the potentiodynamic polarization measurements
of Q, QT, and QLT samples. It can be seen from the results that the
three heat-treated steels showed similar electrochemical behavior.
The cathodic part of the polarization curves shows no difference in
the cathodic process. The change in corrosion potential and
current density of three specimens is displayed in Fig. 14b. A
comparison of three polarization curves shows that the corrosion
potential increased from —670 mV,ssce to —640 mV, s scg, While the
current density shows a trend of first decrease and then increase.
The corrosion current density of the QT sample is about
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7.26 uA/cm?, which indicates that the QT sample has better
corrosion resistance.

Figure 15 shows the electrochemical impedance results of three
samples in artificial seawater at room temperature. The Nyquist
plots show similar features, which include only one capacitive arc.
Generally, the QT sample has the largest radius of capacitive arc,
showing the best corrosion resistance. The EIS data are fitted using
the R(Q(R(QR)) equivalent circuit diagram, where R is the solution
resistance, Qy is the capacitance of the surface corrosion product
film. Qg and R, are the double layer and charge transfer resistance,
respectively. Table 1 shows the fitting data from the EIS analysis. R.;
can be used to evaluate the corrosion resistance of specimens in a
corrosion solution. The R.; values of the Q and QLT samples are
similar, which are 1641 and1611 Q-cm? respectively. As for the QT
sample, the R is 2109 Q-cm?. There is a very substantial effect on
the corrosion resistance after different heat treatments, which is
related to the microstructure and retained/reversed austenite.

Atomic force microscopy measurements

The surface morphology and corresponding Volta potential of the
three specimens are characterized using SKPFM. In general, the
surface potential is regarded as a criterion?®-3°, With different heat
treatment, the Volta potential between the retained/reversed
austenite and matrix would change. The surface morphologies for
three samples vary greatly, as illustrated in Fig. 16. The Volta
potential of grain boundaries, lath borders, and pocket borders is
higher than that of the matrix. Blocky and film retained austenite

npj Materials Degradation (2023) 40
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Table 1. Electrochemical impedance spectrum fitting results for the Q, QT, and QLT specimens.
Steel Ry/Q-cm? Qx1074Q 'cm 25" ne Ro/Q-cm? Qux1074/Q " cm=2 5" n Re/Q-cm?
Q 7.82 3.49 0.8127 71.65 1.72 0.8501 1641
QT 7.24 7.65 0.7738 12.17 3.04 0.9626 2109
QLT 7.71 2.07 0.8607 39.39 1.39 0.8743 1611
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Fig. 8 Cross-sectional morphology and element distribution of corrosion product layers on the (a) Q sample, (b) QT sample, and (c) QLT

sample after immersion for 60 days, respectively.

is also observed both at the lath boundary and pocket borders,
which have a noble Volta potential than the matrix, just as shown
in Fig. 16b,. For the QLT sample, Fig. 16c, obviously shows that
the reversed austenite is uniformly distributed and has a higher
Volta potential.

Figure 17 shows the morphology and Volta potential profile of
lines. For the Q sample, the Volta potential of the lath boundary and
the PAGB is approximately 29 mV higher than that of the matrix.
According to the analysis of both lines A and B of QT sample, the
potential distribution of blocky retained austenite is uneven, and
the local zone has a higher Volta potential. The measured potential
is 36 mV compared to the reversed austenite. For the QLT sample,
the RA has a higher Volta potential than the matrix, while at the RA/
matrix interface, there existed a low potential area (as shown by the
arrow in Fig. 17d). Detailed analysis of the local potential difference
reveals a value of 56 mV. Experimental observations and theoretical
studies indicated that the Volta potential had a linear relationship
with the corrosion potential in solution. The lower potential areas
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would be more prior to corrode®'. This result indicated that the
interface between the RA and matrix may be a position of priority
corrosion nucleation?®. Similarly, the interface between the lath
boundary or PAGB and matrix may be susceptible to corrode. To
sum up, heat treatment significantly changes the potential
distribution of tissues.

DISCUSSION

It is extremely complex and diverse to explain the influence of
microstructure on corrosion origin. Many studies have shown that
the initiation of local corrosion in low alloy steel is closely related
to the micro-nano scale texture in the steel, such as inclusions,
microstructure, precipitates, and defects*81912:203233 The mijcro-
structure and phase structure are considered to have an important
effect on the corrosion behavior of steel after different heat
treatment conditions®*~3%, The microstructure of the NiCrMoV/Nb
steel obtained by heat treatment mainly contained martensite and
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Fig. 9 Cross-sectional morphology and element distribution of corrosion product layers on the (a) Q sample, (b) QT sample, and (c) QLT

sample after immersion for 90 days, respectively.

a certain amount of reverse austenite. Therefore, the relationship
among microstructure, reverse austenite, and corrosion behavior
is discussed in detail.

Effect of the microstructure and reverse austenite on
corrosion resistance of steel matrix
Generally speaking, the quenched steel contained a single
martensite structure, which demonstrates better corrosion resis-
tance than a complex phase3*~*2, The potential of the grain
boundary, lath borders, and pocket borders is 29 mV higher than
that of the matrix. When the steel is tempered, the retained
austenite is generated at the grain boundaries and lath borders
and has a 36 mV higher potential than that of the matrix. The size
of the retained austenite is refined, and its distribution is more
uniform after double tempering heat treatment. The difference in
Volta potential between the retained austenite and the matrix
gradually increases to 56 mV. The change in heat treatment
increases the potential difference between the retained austenite
and the matrix, which intensifies the corrosion tendency of the
area with a lower potential (Fig. 5)%. Based on the test results and
SKPFM test results (Figs. 16 and 17), we summarize several
important reasons for the influence of RA on corrosion behavior.
On the one hand, the nickel, and carbon enrichment in retained
austenite increase the Volta potential, mainly due to the noble
electrode potential'32225394344 The retained austenite as cath-
ode phase will form a large anode and a small cathode under this
condition, which will reduce corrosion. When double tempering
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heat treatment is adopted, the content of reverse austenite
increases to 13.8%. With the increase of the content of reverse
austenite, the area of the cathode phase increases, reducing the
area ratio of the cathode to the anode, which could promote the
corrosion tendency of the matrix.

On the other hand, the enrichment degree of the Ni element in
the reverse austenite increases due to the longer tempering time and
the more sufficient diffusion of elements. The chemical heterogene-
ities promoted an approximately 56 mV potential difference, which
has a stronger microgalvanic effect and could accelerate the
corrosion. Experimental observations and theoretical studies indi-
cated that, according to the previous paper’'“*, the Volta potential
had a linear relationship with the corrosion potential in solution. The
lower potential areas would be more susceptible to corrosion.
Therefore, the interface between the retained austenite and the
matrix is the low potential area, where pits are easy to nucleate (as
shown in Fig. 5). Considering the decrease in residual stress and the
relatively small amount of retained austenite in tempered steel, the
QT sample shows good corrosion resistance. Furthermore, based on
the immersion results (Figs. 5 and 6), we also conclude that the pits
mainly nucleated at the reverse austenite/matrix interface.

In summary, the quenched specimen is a single martensite
structure with a high density of dislocations and residual stresses
in the tissue. The higher electrochemical activity results in a higher
corrosion rate. As for the QLT specimen, the chemical hetero-
geneities promoted a higher potential difference, which has a
stronger microgalvanic effect and could accelerate the corrosion.
Thus, it exhibits the worst corrosion resistance (Figs. 6 and 14).
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Fig. 10 Cross-sectional morphology and element distribution of corrosion product layers on the (a) Q sample, (b) QT sample, and (c) QLT

sample after immersion for 180 days, respectively.

In consideration of the low carbon content in steel and the
formation of the retained austenite, the precipitation of the carbide
is inhibited, which may have a relatively small impact on the
resistance compared to the retained austenite. Thus, the effect of
precipitation on corrosion resistance could be ignored in this paper.

Effect of the microstructure and retained austenite on
evolution of corrosion product layer

Generally, the formation of corrosion products may affect the
corrosion behavior of steel substrates. Figure 18 illustrates the
corrosion mechanism of NiCrMoV/Nb steel in the artificial
seawater. The metal atoms are gradually dissolved and from
various metallic ions in the initial stage of corrosion, as shown in
Fig. 18a. These cations may hydrolyze to form some hydroxides as
well as complex oxides. These reactions, which are illustrated
below, have been discussed in some publications.

Mo + O, + 2H,0 — Mo(OH), (1)
2Mo(OH),, + Oy + 2H,0 — 2Mo(OH) @)
Fe(OH), + Mo(OH)g — FeMoOj + 4H,0 3)
Ni + O, + 2H,0 — 2Ni(OH), (4)
Fe(OH), + Ni(OH), — NiFe;04 + 3H,0 (5)

npj Materials Degradation (2023) 40

During the rust formation, the inhomogeneity and the micro-
structure and elements may affect the corrosion process. On the one
hand, as has been discussed above, the nickel and carbon
enrichment in retained austenite increase the volta potential mainly
due to the noble electrode potential. The microgalvanic effect
between the reversed austenite and matrix accelerates the corrosion
of the matrix around RA, as shown in Fig. 18b. On the other hand,
since all samples have the same composition and contain alloying
elements such as Ni, Cr, Mo, etc, the different contents of the Ni
element in the retained austenite and matrix may also cause
differences in the corrosion product® (Figs. 11 and 12).

After the steel surface has been fully covered by corrosion
product, it prevents the majority of the corrosive medium from
contacting the substrate. The corrosion product layer (CPL), which
forms in seawater as opposed to the marine environment, is loose
and delivers less protection'#?2274748 (Figs. 7-9) A sufficient
amount of solution can still transform the corrosion product layer
through structural defects, such as cracks and pores. This process
is briefly displayed in Fig. 18c. Thus, the protection of CPL is an
important effect factor in the late stage of corrosion. XRD and XPS
results confirm the existence of Ni(OH),/NiFe,0,4 FeMoO, and
FeOOH. Previous studies reported?>*° that the addition of Ni to
steel is conducive to the formation of nanostructure NiFe,O,,
which can promote the nucleation and growth of Fe (O, OH)g
nano-network structure. It is conducive to the formation of a
protective rust layer. Similarly>°->2, addition of Mo can form
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Mo0O,2~ in solution. As a typical anodic corrosion inhibitor,
Mo0O,2~ preferentially adsorb on the steel surface, which can
isolate the adsorption position of ClI~ in order to inhibit the active
dissolution of steel. Thus, the nickel enrichment in rust layer
promoted the formation of a-FeOOH, it gradually accumulates in
the interface of the steel with the increase of immersion. This
process is described in Fig. 18d. The proportion of a-FeOOH is
lower due to local Ni enrichment, which leads to the reduction of
Ni content in the matrix. Thus, lower contain of nickel in the rust
layer is alleviated to the formation and conversion of a-FeOOH
(Fig. 12). The rust layer with dense and higher protective
components has the best protection performance.
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Table 2. Chemical composition of NiCrMoV steel (wt. %).

C Si Mn P S Ni C Mo V Nb Fe

0.043 030 0.81 0.004 0.0039 7.97 0.60 0.59 0.080 0.032 Bal.

METHODS
Materials and sample preparation

The test materials what used in this work were provided by
Angang Steel Company. The chemical compositions of steel are
listed in Table 2. The steel was smelted in a 50 kg vacuum smelting
furnace under the protection of argon gas. The steel ingots were
homogenized at 1200°C for 2hours and then rolled at a
temperature of 1050 °C. A thickness of 12 mm plate was obtained
after 12 times of rolling, and then cooled to room temperature
using the automatic water-cooling system. All the specimens were
sub-heated at 840°C for 1hour and then water cooled. Critical
temperatures Ac1 and Ac3 were measured to be 658 and 748 °C
by the standard. Three heat treatments (as shown in Table 3) were
performed to obtain various retained/reversed morphologies. The
intercritical temperature was selected at 660°C according to
previous research findings. The samples were hereafter marked as
Q, QT, and QLT, respectively.

Microstructural characterization

Sample microstructures were characterized using a SEM (FEI
Quant 250) after etching with a 4% nital solution. Transmission
electron microscopy (TEM, JEOL-2100F) was applied to determine
the fine structure of the matrix. A 0.5-mm-thick sample,
mechanically ground to about 50 pm, was prepared for TEM
observation. The sample was twin-jet polished with 5vol%
perchloric acid and 95 vol% alcohol at 25V. Additionally, volume
fractions of the retained austenite were measured by X-ray
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diffraction (Rigaku, Smartlab9kw) from a Rietveld analysis, where
the scan range was 30-90° and the scanning rate was selected at
1°/min. The volume fraction of retained/reversed austenite was

Table 3. Description of the applied heat treatments.

Condition Heat treatment Temperature (°C) Time (h)
Q Solution quenching 840 1
QT Solution quenching 840 1
+tempering +600 2
QLT Solution quenching 840+ 1
+double tempering 660+ 1
600 2

(a) g Ni(OH),/NiFe,0,
]
£
%
]
£
=
858 856 854 852 850
Binding Energy, eV
2 Ni(OH),/NiFe,0,
g
]
]
e
=
=
858 856 854 852 850
Binding Energy, eV
Ni(OH),/NiFe,0,
E
&
£
]
g
2
=

858 856 854 852 850
Binding Energy, eV

(c)

Intensity, a.u.

718 716 714 712 710 708 706
Binding Energy, eV

NiFe,0,

Intensity, a.u.
>

1 L " 1 1 L
718 716 714 712 710 708 706
Binding Energy, eV

NiFe,0,

Intensity, a.u.

718 716 714 712 710 708 706
Binding Energy, eV

704

evaluated using the following equation®3.

Vo +Vy =1 (6)

1.4/
Vy=—-""—

Yy 4+ 1.4, @)
where Vy and V, are the volume fraction of martensite and
retained/reversed austenite, respectively. I and |, are the
integrated intensities of (1 1 0)¢ and (1 1 1), peak, respectively.

Electrochemical measurements

The electrochemical measurements were taken by a 3 F electro-
chemical workstation in an artificial seawater solution using a
traditional three-electrode cell system. A Pt plate was applied as
the counter electrode, a saturated calomel electrode (SCE) was
used as the reference electrode, and the three specimens were the
working electrode. The scan rate of the polarization curve was

( ) 5 QI FeMoO,
<
&
‘z
g '\, N AM
AV V L V LA
L L L L
238 236 234 232 230 228
Binding Energy, eV
. | Q1]
5 FeMoO,
«
£
Z
£
2
=
2 v i
L L L L
238 236 234 232 230 228
Binding Energy, eV
:5 QLTl FeMoO,
: &
:
& V
ET Y i AEATA
1 L 1 L

238 236 234 232 230 228
Binding Energy, eV

Intensity, a.u.

582 580 578 576 574 572 570
Binding Energy, eV

w
3
b

QT

Intensity, a.u.

584 582 580 578 576 574 572 570
Binding Energy, eV

QLT|

Intensity, a.u.

1 L L ' 1 "
584 582 580 578 576 574 572 570
Binding Energy, eV

Fig. 13 XPS spectra of the corrosion products layer on the steels after immersion for 90 days. a Ni 2ps/,, b Mo 3ds,,, ¢ Fe 2p3/,, and d Cr

2p3/.
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Fig. 15 EIS curves of Q, QT, and QLT specimens. a Nyquist, b Bode plots.

0.5 mV/s. The frequency of electrochemical impedance spectro-
scopy (EIS) measurements was 10 mHz-100 kHz and the ampli-
tude were 10 mV. Before conducting the electrochemical test, the
system was allowed to stabilize for 60min at a solution
temperature of 25 °C.

Immersion test

Immersion test is a reliable and simple method for analyzing the
localized corrosion mechanism in the early stage of the corrosion
process. For the immersion tests, an aqueous solution (pH=8.2)
contained 24.53 g/L NaCl, 5.20 g/L MgCl,, 4.09 g/L Mg,SO,, 1.16 g/L
CaCl,, 0.695g/L KCl, 0.201 g/L NaHCO;, 0.101 g/L KBr, 0.027 g/L
HsBOs, 0.025 g/L SrCl,, and 0.003 g/L NaF. Prior to examination of
the corrosion morphology, a solution containing HCl and hexam-
ethylenetetramine was used to remove the rust, and then the
specimens were washed with alcohol and dried with pressurized air.
Besides, the corrosion morphology of the samples after removing
the rust was observed by the FE-SEM (GeminiSEM500).

The original weight and surface area were recorded for all the
samples prior to long immersion, and then the samples were
immersed in the test solution for 30, 60, 90 and 180 days. After
immersion finished, the samples were taken out and weighed

Published in partnership with CSCP and USTB

after removing the surface corrosion products. The corrosion rates
(R) of three samples were calculated as the following:

(Wo — W,)x 10*
Spt

R= (8)

Where W, and W, are the original weight of samples before
immersion and in different immersing period, respectively, g; S
represents the exposed area of each sample, cm?.pis the density
of the steels, 7.8 g/cm3. t is the immersion time, y.

Analysis of composition of corrosion product layer

The cross-sectional morphologies of the corrosion product layer
were observed in detail by SEM. XRD analysis was applied to
identify the crystalline phase in corrosion products with a 10-90°
scan range and a 5°/min scanning rate. Additionally, the presence
states of main alloying elements (Ni, Cr, and Mo) in corrosion
products were investigated by the XPS (Thermo ESCALAB 250XI)
technique with an Al Ka X-ray radiation source. All the binding
energy was calibrated with the peak of C1s (284.6 eV).
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Fig. 177 SKPFM topography and line profile analyses for selected areas. a Q sample, b, ¢ QT sample, d QLT sample.

Atomic force microscopy measurements

The Volta potential and morphology of the microstructures were
measured by a commercial AFM (Bruker MultiMode 8, Germany).
Volta potential images of 10 um by 10 um were successively
obtained with a scan rate of 0.498 Hz. All SKPFM measurements
were taken in the tapping mode in air at 25 °C room temperature.
After scanning, the Volta potential images were mathematically

npj Materials Degradation (2023) 40

inverted by the software NanoScope Analysis 2.0 in order to
conform to the electrochemical convention. Therefore, the
relationship between the contact potential difference (i.e., the
Volta potential) measured in this study and the work function
difference was defined as>*:

AVepp = Vtip - Vsample = ((psample - (ptip)/e' ©)
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Fig. 18 The corrosion mechanism of NiCrMoV/Nb steel in the artificial seawater.

where @g,mple and @y, are the work functions of tip and sample,
respectively, AVcpp is the contact potential difference between the
tip and sample, and e is the elementary charge*2.
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