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Abstract: The role of flow velocity on the formation and dissolution of oxides on SA106Gr.B carbon
steel was investigated at both microscopic and atomic scales. In static water, a compact oxide layer
with highly faceted magnetite particles was formed. Atomic-scale transmission electron microscopy
images of such a layer revealed highly ordered and parallel lattice fringes, indicating that the oxide
had very high crystallinity and minimal lattice defects. In contrast, turbulent water prompted the
creation of a porous oxide layer consisting of amorphous magnetite particles. Here, numerous
mismatched lattice fringes were observed, indicating a prevalence of point defects within the oxide
structure. These differences in oxide properties are attributed to hydrodynamic shear stress induced
by turbulent flow. These findings provide atomic-level insights into how carbon steel corrosion
accelerates in fast-flowing water.
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1. Introduction

Carbon steel, commonly used as a piping material in nuclear plants, undergoes
accelerated corrosion under fast-flowing single-phase water and two-phase water-steam
conditions. This damage mode is well known as flow-accelerated corrosion (FAC), and
major factors affecting FAC have been extensively investigated and established [1-3].
The key mechanism of FAC involves the accelerated dissolution of an oxide layer at the
oxide/water interface due to fluid velocity, coupled with the formation of oxide at the
metal/oxide interface through base metal corrosion, resulting in wall thinning (metal loss)
of the piping. It can therefore be seen that inhibiting the dissolution of the oxide film is an
important means of alleviating FAC. Magnetite (Fe304) typically constitutes the oxide that
is formed on carbon steel in reducing water environments. Furthermore, the FAC rate of
carbon steel is at its minimum near the pH where the solubility of magnetite is lowest [4-6].
The addition of chromium to carbon steel drastically reduces FAC, with benefits realized
even with a chromium content as low as 0.1-4 wt.% [7-10]. This result is attributed to the
integration of chromium into the magnetite film, reducing its solubility.

Therefore, there is a recognized need for extensive research into the characteristics
of oxides, particularly since the atomic-scale characteristics of oxide films remain largely
unexplored. Most studies have relied on weight loss to evaluate FAC behavior, and have
largely focused on the surface morphology of oxide films, if addressed at all. In other words,
porous oxides have been observed from top-down view images of carbon steel exposed
to flowing water [11-13]. However, the true morphological nature of oxide films can be
fully grasped only when accompanied with cross-sectional observations. Many researchers
have stated that oxide films formed under FAC conditions are porous without providing
their own experimental evidence. These arguments originate from the following two
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studies: Castle and Mann [14] proposed that pores originate from the partial dissolution of
the corroded surface during the early stages of oxidation, while Berge et al. [15] showed
that a porous oxide layer forms due to the outward diffusion of hydrogen produced
during magnetite formation in the solution. However, these results were obtained from
experiments conducted in a static 13% NaOH solution, not in flowing water.

In summary, previous studies on FAC have focused on the effects of material, water
chemistry, and geometric factors on the corrosion rate (i.e., weight loss), almost all of
which have been carried out at a constant flow rate or under various flow rate conditions.
Furthermore, so far no one has ever observed the cross-section of the oxide films formed in
the presence and absence of water flow at the atomic scale using TEM. There are no studies
even on the differences in the morphology of the surface and cross-sections of the oxides
formed in static and fast-flowing water. The differing nature of oxides formed during the
corrosion of carbon steel in static versus fast-flowing water is crucial, in that it can provide
insights into how fluid flow plays a role in the formation and dissolution of oxide films.

In this study, we systemically examined oxide films formed under both static and
dynamic water flow conditions using scanning electron microscopy (SEM) and high-angle
annular dark-field (HAADF) scanning transmission electron microscopy (STEM). To the
best of our knowledge, no attempts to interpret FAC behavior from this viewpoint have
been undertaken in previous research.

2. Materials and Methods

Specimens were prepared by cutting SA106 Gr.B carbon steel using wire-cutting
electrical discharge machining. The dimensions of the specimens were 25 x 25 x 1 mm?3.
The chemical composition of the carbon steel is given in Table 1. The specimen surfaces were

ground using SiC paper to a grit size of #1000, and then ultrasonically cleaned in acetone.

Table 1. Chemical composition of SA106 Gr.B (in weight %).

Ni Cr Mo Cu C Fe
0.02 0.04 0.01 0.01 0.19 Balance

Figure 1 shows the closed water circulation system used for corrosion testing. This
system consisted of a solution tank, a high-pressure circulation pump, a preheater, a
316 L stainless steel autoclave, a cooler, and pH and dissolved oxygen sensors for solution
chemistry monitoring. Deionized water was poured into the solution make-up tank, and
the solution pH was controlled at 9.0 at ~23 °C by adding NH4OH as a pH control agent.
Nitrogen gas was bubbled through the solution so that the level of dissolved oxygen was
maintained below 2 pg/L. This solution chemistry is similar to that of secondary feed-water
in nuclear power plants [16].
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Figure 1. A closed water circulation equipment and corrosion coupon holder assembly.
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As shown in Figure 1, corrosion coupons were fixed in a regular dodecagonal-shaped
specimen holder made of 316 L stainless steel, with Teflon bolts and nuts. Teflon washers
were used to prevent galvanic coupling between the coupons and the holder. The specimen
holder was attached to the drive shaft of a magnetic drive assembly that was mounted on
the lid of the autoclave with a volume of 4 L. The distance between the drive shaft axis and
the coupon was 7.25 cm. The solution entered the test section at a flow rate of 0.15 L/min
at 20 bars via the high-pressure pump, while the effluent solution returned to the solution
reservoir via the cooler, the pH sensor, and the dissolved oxygen sensor. The temperature
of the solution adjacent to the coupons in the test section was maintained at 150 °C.

When these conditions were satisfied, two types of corrosion tests were performed
separately. First, the drive shaft was rotated using the magnetic drive mechanism so that
the water flow velocity at the surface of the corrosion coupons was 5 m/s, which was
calculated from the angular velocity. Second, a corrosion test was performed without
rotating the magnetic drive. In this case, the circulating water flow rate of 0.15 L/min
corresponded to a flow velocity of 9.3 x 107> m/s in the test section, considering the inner
diameter (18.5 cm) of the autoclave. Therefore, the second test condition can be regarded as
a static fluid condition (0 m/s). The tests were conducted for 500 h each. Upon completion
of each test, the corrosion coupons were carefully removed from the specimen holder and
cleaned with deionized water and acetone. The corrosion coupons were weighed using a
balance with an accuracy of 1075 g.

The outer surfaces covered with oxides grown during the corrosion tests were exam-
ined using SEM. The oxide films were vertically cross-sectioned using a focused-gallium
ion beam (FIB) at an accelerating voltage of 30 keV and subsequently observed via SEM. A
platinum layer was coated on the area of interest to prevent sputter damage before milling.

Cross-sectional foils for transmission electron microscopy (TEM) analysis were made
by milling the oxide films using the FIB technique. The images and diffraction patterns of
the oxides were examined using TEM at an acceleration voltage of 200 kV. The chemical
compositions of the oxides were also examined using energy-dispersive spectroscopy (EDS)
built into the TEM.

3. Results
3.1. Corrosion Behavior and Oxide Layer Characteristics

The corrosion rate of the corrosion coupons was measured by analyzing the weight
loss data after the 500 h corrosion test. Under static water conditions, the corrosion rate
was 0.44 ug/ cm?h. However, under dynamic water conditions at 5 m/s, the corrosion
rate drastically accelerated to 5.20 pg/cm?h, approximately 12 times higher. This result,
although expected, demonstrates why this phenomenon is designated as FAC.

Figure 2 shows the surface and cross-section SEM micrographs of the specimens
corroded in static and dynamic water, revealing distinct morphological differences. Under
static water conditions, abrasive marks from the silicon carbide paper remained intact on
the original surface of the specimens (Figure 2a). When viewed at high magnification,
the surface was densely covered with polyhedral-shaped particles, each measuring less
than approximately 400 nm (Figure 2b). Additionally, a compact and thin oxide layer was
observed on the cross-section of the specimens (Figure 2c). In contrast, most of the abrasive
marks were not observed under the fast flow conditions (Figure 2d), indicating removal of
the original surface due to accelerated corrosion. Oxide particles on the specimen surface
were significantly refined to less than approximately 100 nm (Figure 2e). The particles
displayed very irregular, crumb-like shapes without a defined or multi-faceted shape.
Moreover, the particles exhibited a loose arrangement, with microscopic voids discernable,
as marked by the yellow circles. These results indicate that oxides formed in turbulent
water exhibit lower adhesion compared to those formed in static water. Furthermore, the
cross-section of the sample clearly showed that the oxide layer was very porous (Figure 2f).
For convenience, the oxides formed under static (0 m/s) and fast (5 m/s) water flow
conditions are referred to as static and dynamic oxides, respectively, in this study.
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Figure 2. SEM micrographs of the surfaces and cross-sections of the oxides grown on SA106 Gr.B
carbon steel in static water (a—c), and in dynamic water (d—f), at 150 °C for 500 h.

Figure 3 shows the STEM micrographs and selected area electron diffraction (SAED)
patterns of cross-sectional oxide films formed under the two different conditions. In the
static oxide, the oxide layer was very dense in the thickness direction, with some voids
observable at the outer layer (Figure 3a). Considering the particle size, morphology, and
distribution shown in Figure 2b, it is likely that these voids originated from interstices
between polyhedral oxide particles, rather than actual pores inside the oxide film matrix.
Conversely, under the fast water conditions, the porous aspect was more pronounced
throughout the entire oxide thickness, with porosity escalating from the metal/oxide inter-
face to the oxide/solution interface (Figure 3c). Both oxides were identified as magnetite
via EDS point analyses. The SAED patterns of both oxides showed ring patterns with
bright spots (Figure 3b,d), demonstrating that the oxides are polycrystalline in nature. The
d-spacings matched perfectly with the cubic spinel Fe;04 (JCPDS No. 19-0629).

42.6 at.%
0=574 at.%

Fe =42.8 at.%
0=57.2at%

Matrix

Figure 3. STEM micrographs and SAED patterns of the oxides grown on SA106 Gr.B carbon steel in
static water (a,b), and in dynamic water (c,d), at 150 °C for 500 h.
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3.2. Atomic-Scale Oxide Structure

Lattice fringes have been used to study atomic structures and to identify crystal defects
in materials [17-21]. To directly observe the lattice fringes and lattice imperfections within
the oxides at the atomic scale, we examined high-resolution TEM micrographs of the oxides.
Figure 4 displays the HAADF-STEM micrographs of the oxides grown under static and
fast-flowing water conditions. The micrographs of the static films showed a lattice fringe
spacing of 0.25 nm (Figure 4a), corresponding to the (311) plane of cubic Fe3O4. These
lattice fringes were distinct, highly ordered, and parallel, indicating that the oxide has
very high crystallinity and the lattice planes have few crystal defects. Nevertheless, some
localized spots with blurred lattice fringes were observed, as denoted by the yellow arrows,
indicating the existence of vacancy-type defects at these sites. In the dynamic oxides
(Figure 4b), well-defined lattice fringes with 0.25 nm spacing were also observed, although
some blurred spots were present, as indicated by the yellow arrows. However, the lattice
fringes revealed much more obscure and discontinuous characteristics, as marked by the
arrow heads. Slightly disordered regions were also observed, as indicated by the dotted
circles. These discontinuous lattice fringes are attributed to dislocations [22-24], indicating
the presence of abundant defects at these sites. Therefore, this result demonstrates that the
dynamic oxide film is highly defective at the atomic scale.

(a)

0.25 M

457

Figure 4. HAADF-STEM micrographs of the oxides grown on SA106 Gr.B carbon steel in static
water (a), and in dynamic water (b), at 150 °C for 500 h.

4. Discussion
The Reynolds Number (Re) can be estimated by the following equation:

Re =VD/v (1)

where V is the velocity of the fluid flow (m/s), D is the diameter of the cylinder (m),
and v is the kinematic viscosity (m?/s). The kinematic viscosity of water at 150 °C is
1.78 x 1077 m?/s, which was calculated using the Yetilmezsoy model [25]. In this work,
V is 5 m/s, and D is 0.145 m. Therefore, the Re is calculated to be 4.07 x 10° in the
dynamic flow conditions of this study. In general, a turbulent flow occurs at Re > 4000 [26],
confirming that the corrosion test was performed under a completely turbulent condition.
Turbulent flow increases shear stress as well as mass transfer on the specimen surface. As
a result, turbulent flow water leads to severe corrosion of carbon steel piping, resulting
in expensive plant repairs and even causing serious personnel injuries in nuclear power
plants, as discussed in the literature [27,28]. Shear stress () exerted on the surface by the
fluid is directly proportional to the square of the fluid velocity, as follows:

= Soiv? @
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where p is the density of the fluid (kg/m?3), and f is the Darcy friction factor (f = 4.16 x 1072
in this study). The calculated shear stress was 119 Pa under the test conditions of this study.

The evolution of metal and oxide crystal morphology during crystal growth is in
principle driven by the continuous reduction of the total surface energy of the crystal.
Consequently, facets appear at low-indexed crystallographic planes with lower surface
energy [29-31]. In static water, metal oxidation proceeds under stable or equilibrium
conditions, characterized by a low corrosion rate and a gradual concentration gradient.
Therefore, crystal facets with lower surface energy will predominantly be developed. As a
result, a compact oxide layer with highly faceted particles on the outer surface is formed
(Figure 2b,c).

In turbulent water, the concentration of iron ions at the oxide/water interface is high
due to the high corrosion rate of the oxide. The thickness of the boundary layer also
decreases due to the fast water flow [32-34]. Therefore, it is evident that the concentration
or chemical potential gradient of iron ions across the boundary layer becomes steep in
turbulent water. Therefore, oxides in turbulent flows grow under conditions with both
high corrosion rates and steep concentration gradients. Under such circumstances, faceted
growth can be disturbed by hydrodynamic shear forces generated by turbulent flow. In
reality, 3D calculations have shown that the curvature of faceted interfaces decreases with
increasing external forces during crystal growth [35]. In this study, the corrosion rate in
turbulent water was 12 times higher than in static water. Therefore, the fast dissolution rate
of the oxide film at the oxide/water interface is another reason why the outer oxide has an
irregular and crumb-like shape. These phenomena can lead to the formation of amorphous
particles lacking well-developed facets in turbulent flow conditions. Therefore, a defective
and porous oxide layer forms on the outer surface due to the effects of mass transfer and
shear stress, as discussed above (Figure 2e,f). It is well known that the mass transfer
coefficient is correlated with fluid velocity [36]. In addition, turbulent flow decreases the
boundary layer thickness [33,34]. Consequently, the transport of dissolved iron ions is
promoted from the oxide surface into the bulk water under turbulent water conditions.
In this study, a 12-fold increase in corrosion rate serves as evidence for this transport
phenomenon. Such a porous oxide layer fails to protect carbon steel from corrosion when
exposed to turbulent flows.

In situ atomic-scale observations have shown that oxidation proceeds via the atomic
layer-by-layer growth mechanism [37-40]. In the course of magnetite formation, iron and
oxygen ions are first delivered onto the surface of the basal layer by diffusion from the
matrix and the water, respectively. Subsequently, these ions combine to form magnetite
molecules. At this stage, because iron ions, oxygen ions, and magnetite molecules are
mobile on the surface, shear stress induced by turbulent flow can distort the atomic ar-
rangement of newly formed magnetite molecules. The mismatched aspects of the oxide
lattice fringes observed in Figure 4b cannot be explained by the fast dissolution and mass
transfer effects. Therefore, the origin of these characteristics is attributed to the shear stress
exerted on the growing magnetite layers.

Meanwhile, it is commonly accepted that the outer oxide layer grows through pre-
cipitation from the solution [41,42]. Under our test conditions, the precipitation of Fe3O4
crystals from dissolved iron ions might occur via the following reactions:

Fe?* + 20H~ = Fe(OH), (AG;50oc = —120.97 kJ /mol) 3)

3Fe(OH), = Fe304 + 2H,0 + Hy (AG;s0:c = —30.98 k] /mol) (4)

The Gibbs free energy of each reaction was calculated using HSC Chemistry 6 software
(version 6.12) [43]. Thermodynamic calculations show that the reactions can occur sponta-
neously. However, in severe turbulent flow, oxide growth through the reprecipitation of
iron ions dissolved in the water would be unfavorable due to a steep concentration gradient
caused by rapid mass transfer. Nevertheless, the attachment of dissolved iron ions or oxide
molecules from the water to the outermost layer of the oxide can be hindered by shear



Metals 2024, 14, 445

7 0f 10

stress, leading to mismatches in the oxide lattice. Therefore, atomic-scale observations of
the dynamic oxide demonstrate that abundant point defects are formed by shear stress,
even if its value is small. Point defects in an oxide act as diffusion paths for cations and an-
ions [44,45]. As a result, the rate of oxide formation and dissolution increases when carbon
steel is exposed to fast water flow. In other words, it is clear that charge transfer through
the defective oxide film is facilitated, resulting in a 12-fold increase in the corrosion rate.

At steady state, oxide growth is balanced by its dissolution into the flowing water [46].
Therefore, the FAC rate is determined by the kinetics of both oxide growth and dissolution.
The results of this study show that a porous oxide film containing abundant point defects
is formed under turbulent water conditions. These defects provide diffusion paths for
metal cations and oxygen anions in the oxide during the oxide formation and dissolution
processes, resulting in an increased FAC rate. Consequently, the results indicate that the
corrosion rate of carbon steel in turbulent water is closely correlated with the presence of
atomic-scale defects in the oxide. Similar trends have been observed in other alloys exposed
to various aqueous solutions, where the corrosion rate increases when an oxide with a high
point defect density forms [47-49].

The anodic dissolution of a metal involves the breaking of metal bonds within the
lattice, becoming free atoms that lose electrons (i.e., metal ions) [50-53]. Subsequently,
for the metal ions to escape from the metal surface into the solution, they must overcome
additional energy due to the existence of the electrical double layer [53,54]. Therefore, the
shear stress could be applied when iron ions are released from the magnetite spinel lattice.
In other words, the hydrodynamic shear force could facilitate the escape of iron ions from
the lattice into the flowing water.

According to a novel theory of dissolution and crystallization, the removal of material
from the surface to form ions in solution leaves a charged surface vacancy in the material
lattice [50,54,55]. Consequently, the more stable the surface, the higher the vacancy for-
mation energy [51,56], resulting in a lower dissolution rate. Therefore, the dissolution of
iron ions from the magnetite lattice into turbulent water is expected to leave iron cation
vacancies in the magnetite lattice. Magnetite is a semiconductor [57,58]. As a result, oxygen
vacancies are created in the oxide lattice to maintain charge neutrality. Eventually, as FAC
progresses, the point defect density increases. Massive point defects tend to combine to
form voids [59-61], resulting in a porous structure of the dynamic oxide. The porous struc-
ture increases the surface area of the oxide film in contact with water, thereby accelerating
the dissolution of the oxide (i.e., FAC rate).

It is widely recognized that the accelerated dissolution of magnetite layers is attributed
to a high mass transfer coefficient resulting from flow velocity [1-3]. It is also true that
wall shear stress correlates well with locations susceptible to FAC, FAC rates, and the mass
transfer coefficient distribution [62-66]. In this context, the results of this study provide
new insights into further understanding the FAC mechanisms by elucidating the role of
shear stress in the formation and dissolution processes of magnetite at an atomic level.

5. Conclusions

We have provided evidence for the correlation between corrosion rates and oxide
properties of carbon steel. Atomic-scale TEM observations demonstrate the existence of
abundant lattice defects in oxide film grown under fast-flowing water conditions, which is
attributed to hydrodynamic shear stress. These defects act as diffusion pathways for anions
and cations through the film, resulting in an increase in FAC rates. Our results shed light
on understanding the role of flow velocity in the formation and dissolution processes of
oxide films at the atomic scale.
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