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Ti/SnO,-Sb electrode, which is one of the dimensionally stable anode (DSA) electrodes, offers high specific conductivity, excellent
electrocatalytic performance, and great chemical stability. For these reasons, Ti/SnO,-Sb electrode has been extensively studied in
the fields of wastewater treatment. This review covers essential research work about the advanced oxidation technology and related
DSA electrodes. It gives an overview of preparation methods of SnO, electrodes, including sol-gel method, dip-coating method,
electrodeposition method, chemical vapor deposition method, thermal decomposition method, magnetron sputtering method,
and hydrothermal method. To extend service life and improve electrocatalytic efficiency, the review provides comprehensive
details about the modification technologies of Ti/SnO,-Sb electrode, such as doping modification, composite modification, and
structural modification. In addition, the review discusses common problems in industrial applications of Ti/SnO,-Sb electrode

and highlights the promising outlook of Ti/SnO,-Sb electrode.

1. Introduction

Nowadays, the treatment of wastewater has become a more
challenging issue and a crucial factor for the sustainable
development of modern industry, where essential measures
are necessary to ensure clean environments. Most envi-
ronmental pollutants can be successfully eliminated or
converted to nontoxic materials by one or more processes,
including biological method, physical method, and chemical
methods. Regarding the different qualities of wastewater and
the variety of organic pollutants in the wastewater, the
wastewater treatment procedures would be complicated and
different. Compared with biological method and physical
method, the removal or alleviation of pollutants in water by a
chemical method is easier to control and more effective,
which has received an intensive interest for wastewater
treatment.

Among the chemistry-based approaches, the advanced
oxidation technique is the most common technique for

removal of pollutants in wastewater. Advanced oxidation
technology can decompose organic pollutants in wastewater
into inorganics such as carbon dioxide and water through
the hydroxyl radical OH™ generated in the oxidation process.
Advanced oxidation technology has been widely used be-
cause of the following unique advantages: (1) the hydroxyl
radical has a powerful oxidation ability; (2) the hydroxyl
radical reaction is extensive and nonselective, so it can di-
rectly interact with various organic pollutants; (3) the ad-
vanced oxidation technology is relatively inexpensive, and
the efficiency of organic pollutants degradation can be
greatly improved by combining with other treatment
technologies [1]. Among the advanced oxidation technol-
ogies as shown in Figure 1, electrocatalytic oxidation
technology has attracted significant attention for wastewater
treatment and is considered to be a potent tool for breaking
up even the most resistant organic compounds.

Figure 2 presents the mechanism of electrocatalytic
oxidation technology. In electrocatalytic oxidation
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FIGURE 2: Schematic diagram of electrocatalytic oxidation technology.

technology, the electrocatalytic anode material plays a
vital role. The electrocatalytic material will directly de-
termine the oxidation process and the final oxidation
products. Currently, the main electrocatalytic oxidation
electrodes are noble metal electrodes, carbon electrodes,
boron-doped diamond (BDD) electrodes, and metal
oxide electrodes, of which metal oxide electrodes are also
named as DSA electrodes. DSA electrodes have been
widely used in various fields due to their advantages of
stable size, long service life, high electrocatalytic per-
formance, and low cost.

Table 1 compares four types of DSA electrodes,
among which Ti/SnO,-Sb electrode has a better degra-
dation efficiency for organic pollutants, especially for
some toxic organics that are difficult to be degraded, such
as perfluorooctanoic acid, acid orange, p-chlorophenol,
and other organic pollutions. Ti/SnO,-Sb has a high
oxygen evolution potential. The high oxygen evolution
potential makes it possible to suppress the occurrence of
oxygen evolution—the side reaction during oxidative
degradation, thereby improving current efficiency and
reducing reaction energy consumption. During the
process of electrocatalysis, a large number of hydroxyl
radicals can be generated, which significantly enhances
the electrocatalytic efficiency of the Ti/SnO,-Sb elec-
trode. Besides, the doping of Bi, Sb, and other elements
can greatly improve the conductivity and electrocatalytic
ability of SnO, electrodes.

2. Synthesis of SnO,-Sb Electrode

Currently, there are many preparation methods for Ti/SnO,-Sb
electrodes, including sol-gel method, electrodeposition method,
thermal decomposition method, dip-coating method, hydro-
thermal method, sputtering method, ultrasonic atomization
decomposition method, and self-assembly method. It is worth
noting that different preparation methods will significantly affect
the microstructure and performance of the Ti/SnO,-Sb elec-
trode. In this review, the fundamentals of each technology are
briefly discussed in order to better understand their advantages
and limitations for the applications in the removal and treatment
of environmental pollutants in wastewater.

2.1. Sol-Gel Method. Sol-gel method mainly undergoes in
few steps to generate the final metal oxide and those are
hydrolysis, condensation, and drying process. The solution is
obtained by dissolving tin-antimony inorganic salt in water
or alcohol and then hydrolysis or alcoholysis produces sol
particles. After the aggregation of sol particles, a gel is
formed. By the pulling method or the coating method using
the gel, the film on the titanium plate substrates can be
prepared. The dried films are then heat-treated at different
temperatures to obtain the electrodes. The tin-antimony
oxide electrode prepared by the sol-gel method can cover the
surface of the titanium substrate uniformly. However, it was
found that when the concentration of the prepared sol is low,
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TaBLE 1: Comparison of different DSA electrodes.

DSA electrodes Preparation method

Advantages and disadvantages

Application

Titanium-based
manganese dioxide
electrode

Thermal decomposition
method, electrodeposition
method

High-specific heat capacity, low cost,
environmentally friendly

Electrocatalytic degradation of
organic pollutants, anodizing
methanol, electrowinning extraction
of nonferrous metals, etc.

Low cost, good corrosion resistance,

Titanium-based lead

dioxide electrode Electrodeposition method

good conductivity and simple
preparation conditions, high brittleness,

Chemical power supply, chemical
production, wastewater treatment,

difficult machining, secondary pollution etc.

Titanium-based
ruthenium-based,
and iridium-based
electrodes

Thermal decomposition
method, electrodeposition
method

Thermal decomposition
method, electrodeposition
method, vapor deposition

method, etc.

Titanium-based
antimony-doped tin
dioxide electrode

Low chlorine evolution potential, good
stability, short service life, low
electrocatalytic ability

Simple preparation conditions, low cost,
high oxygen evolution potential, good
electrochemical catalytic ability

during application

Chloralkali industry, wastewater
treatment, electrowinning extraction
of nonferrous metals, cathodic
protection, etc.

Wastewater treatment, organic
electrosynthesis, etc.

the spalling of the surface-active layer with poor binding
strength would occur. Besides, the viscosity of the sol would
also affect the performance of the electrode. At the same
time, due to the inevitable volatilization of the solvent during
the heat treatment process and the volumetric shrinkage
caused by the temperature change, the formation of cracks in
electrode would occur. As a result, the possible penetration
of electrolyte into the electrodes with cracks and weak
binding strength would cause corrosion of the titanium
substrate and destroy the stability of the electrode material.
Sol-gel method is facile, economical, high-yield, and suitable
for large-scale production of Ti/SnO,-Sb electrode [2-5]. Duan
et al. [2] fabricated an efficient Ti/Sb-SnO, electrode modified
with nitrogen-doped graphene nanosheets (NGNSs) via a sol-gel
method. Compared with a Ti/Sb-SnO, electrode, the
NGNS-modified electrode possesses a smaller unite crystalline
volume, smaller electrical resistivity, and lower charge-transfer
resistance. The accelerated lifetime of Ti/Sb-SnO,-NGNS elec-
trode is prolonged significantly, which is 4.45 times as long as
that of Ti/Sb-SnO, electrode. The results also indicated that
introducing NGNS into the active coating can increase more
reaction active sites to enhance the electrocatalytic efficiency. The
electrochemical dye decolorization analysis demonstrates that
Ti/Sb-SnO,-NGNS presents eflicient electrocatalytic perfor-
mance for methylene blue and orange II decolorization. Zhong
et al. [3] used SnCl,-5H,0 and SbCl; as precursors to synthesize
spherical SnO,-Sb nanoparticles in ethanol solution by a sol-gel
method and revealed the effects of calcination temperature and
calcination time on the grain size, crystallinity, lattice parame-
ters, and resistivity of the SnO,-Sb nanoparticles. Zhou et al. [4]
reported the preparation of Ti/SnO,-Sb anode using sol-gel
method and investigated the effects of applied current density,
initial pH, and inorganic anions on the degradation kinetics.

2.2. Dip-Coating Method. Dip-coating technique process
consists of several consecutive steps. First, the substrate
should be immersed in the tin-antimony inorganic salt with
a constant speed. Next, the substrate with thin layer of

material is pulled up at a constant speed after remaining
inside the solution for some time. Alternatively, the pre-
cursor solution can be spread by brushing over the pre-
treated substrate. The formed film then undergoes a series of
heat treatment processes with the redox of the inorganic salt.
As a result, a tin-antimony oxide film is obtained. The film
properties and film thickness depend on several parameters,
such as immersion time, withdrawal speed, number of
dipping cycles, solution composition, concentration, and
heating temperature [6, 7]. However, the preparation of
thick films requires repeated steps of the dip-coating
technique, which is time-consuming and labor-intensive.
Besides, the limited solubility in the tin-antimony inorganic
salt solution affects the application of the method.

Sun et al. [8] studied the electrochemical characteristics of
Ti/SnO,-Sb-Pd electrode prepared by the dip-coating method.
Comparing the Ti/SnO,-Sb electrode and Ti/SnO,-Sb-Pt anode
(as shown in Figure 3), it was found that the activity of tin oxide
electrode doped with a small amount of Pd was greatly im-
proved. These results suggested the greatly deteriorated elec-
trochemical activity of both the deactivated undoped and Pd-
doped Ti/SnO,-Sb electrodes.

In addition to the traditional heat treatment in a muffle
furnace, different heating sources have been employed for
electrode performance improvements. Santos et al. [9] re-
ported the optimization of Ti/SnO,-Sb synthesis by CO,
laser as the primary heating source for the first time. The
laser-made Ti/SnO,-Sb anode exhibited better electro-
catalytic performance and improved the service life up to 5-
fold as compared to the conventionally prepared anodes,
envisaging its future applications in wastewater treatment.

2.3. Electrodeposition. Electrodeposition method, also known
as electroplating, is an electric current driving deposition
method. By controlling the composition of the electrolyte and
the precipitation potential, the tin-antimony ions in the
aqueous or nonaqueous solution are deposited on the titanium
substrate by redox reactions. In general, the Ti/SnO,-Sb
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FIGURE 3: SEM images of (a) freshly prepared undoped Ti/SnO,-Sb electrode, (b) deactivated undoped Ti/SnO,-Sb electrode, (c) freshly prepared
Pd-doped Ti/SnO,-Sb electrode, and (d) deactivated Pd-doped Ti/SnO,-Sb electrode; the insets show the enlargement of local area [8].

electrode prepared by electrodeposition has excellent binding
strength and uniform thickness without cracks. Besides, the
electrochemical deposition process is relatively simple and easy
to control. Electrodeposition gives a precise control of the
structure and performance of the coating.

The electrodeposition generally starts with the cathode
electrodeposition step in electrolytic solutions, followed by
the calcination step to form mixed metal oxides [10-12].
Duan et al. [12] fabricated different Ti/SnO,-Sb electrodes
using pulsed electrodeposition in a colloidal medium.
Compared with an electrode prepared in an aqueous so-
lution, these electrodes had a rougher and more compact
surface with smaller grain sizes. The electrodes prepared in a
colloidal medium displayed high oxygen evolution poten-
tials, low charge exchange resistances, significantly enhanced
lifetimes, and superior electrocatalytic activities. These
electrodes also performed better for the adsorption and
decolorization of methyl orange. Sun et al. [13] provided an
eco-friendly, economical, and facile method for fabricating

Ti/SnO,-Sb electrode with high performance via electro-
deposition using a deep eutectic solvent, which showed
better electrochemical activity and longer service life than
the conventional Ti/SnO,-Sb electrode electrodeposited
using aqueous solvent.

Furthermore, some recent research directly fabricated
SnO,-Sb anode by pulse reverse electrodeposition technique,
without the traditional calcination procedures [14, 15]. Wu
et al. [14] developed a unique SnO,-Sb anode on TiO,
nanotubes by a pulse reverse electrodeposition method,
which presented a high oxygen evolution potential and a
strong electrochemical oxidation ability. Compared with the
SnO,-Sb electrode prepared by traditional sol-gel method,
the SnO, electrode prepared by the pulse electrodeposition
method had a higher crystallinity and lower oxygen vacancy
concentration. Besides, the SnO, electrode exhibited total
organic carbon removal rates and mineralization efficiency,
which are 2.6 times and 3.3 times of that for the traditional
SnO, electrode, respectively.
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2.4. Chemical Vapor Deposition. Chemical vapor deposition
has been widely used in the development of various thin film
materials with high purity and density. During chemical
vapor deposition, the constituents of a vapor phase, often
diluted with an inert carrier gas, are introduced into a re-
action chamber and adsorbed on a heated substrate surface,
which results in a solid coating via a chemical reaction.
During the process, the substrate temperature is critical and
can influence the occurrence of different reactions. Besides,
several gradients or variable coatings can also be obtained by
changing the gas phase composition.

Yao et al. [16] fabricated the Ti/SnO, anodes by chemical
vapor deposition using a gas phase mixture of SnCl, and
H,0 as a precursor at 550°C. It was found that the new
electrodes had compact microstructure, high overpotential
for oxygen evolution, and superior activity for pollutant
oxidation. The surface quality of the electrode prepared by
the chemical vapor deposition method could be well con-
trolled, but the relatively expensive vapor precursor limits
the chemical vapor deposition method in the application of
Ti/SnO,-Sb synthesis. To overcome the cost and throughput
limitations of high vacuum techniques of the chemical vapor
deposition method, Scott et al. [17] developed SnO,-Sb thin
films via mist chemical vapor deposition, a nonvacuum
solution-based technique that involves the gas-assisted
transport of ultrasonically generated aerosols from simple
aqueous Sn and Sb precursors. The electrical properties of
the resulting films were similar to those achieved using
molecular beam epitaxy and other more sophisticated high
vacuum techniques.

2.5. Self-Assembly Method. The self-assembly technique is
the spontaneous association and organization of numerous
individual units, such as molecules, nanomaterials, mi-
crometers, or larger-scale components into coherent and
well-defined structures without external intervention. Self-
assembly involves diffusion followed by the association of
molecules through noncovalent interactions, such as hy-
drogen bonding, ionic bonding, hydrophobic interactions,
and van der Waals interactions. These interactions, although
weak, are capable of forming the higher ordered structures.

Liu et al. [18] synthesized self-assembled 3D flower-like
SnO, architectures. Fan et al. [19] fabricated SnO, meso-
porous films through a sol-gel-based self-assembly process
using Pluronic P-123 as a structure-directing agent. The self-
assembled 3D flowerlike or mesoporous SnO, architectures
possessed excellent electrical conductive performance and
high specific surface area; thus, the SnO, electrodes would
present remarkable electrochemical performance. Li et al.
[20] prepared a SnO,/TiO,-NTs electrode with a 2D mac-
ropore structure using a self-assembly method with liquid
crystal flexible membrane. It was found that this electrode
showed good photocatalytic performance and electro-
catalytic performance. Therefore, it exhibited high-efficiency
photoelectric synergistic oxidation performance when
degrading organic pollution. Fan et al. [21] fabricated a new
SnO,-Sb electrode with a high specific surface area and
excellent electrocatalytic oxidation performance by

evaporation-induced self-assembly. The results showed
that the SnO,-Sb electrode had nano-scale particles, high
crystallinity, and ordered porous structures. The porous
structures provided more in situ active sites and promoted
the adsorption of organic pollutants. Therefore, the mes-
oporous SnQO,-Sb electrodes possessed better electro-
chemical activity than traditional tin-antimony oxide
electrode and higher kinetic constant, and its initial
mineralization current efficiency could also be greatly
improved. Wang et al. [22] synthesized SnO,-Sb nano-thin
film electrodes by template-assisted self-assembly, which
presented good electrical conductivity, and had extremely
high crystallinity with an ordered mesoporous structure.

2.6. Ultrasonic Spray Pyrolysis Method. The liquid in the
form of thin film when allowed to flow on a vibrating surface
(frequency >20kHz) breaks up into fine droplets. This
phenomenon is known as ultrasonic atomization. During
ultrasonic atomization, the metal salt solution is sprayed
onto the pretreated titanium substrate. After dry and heat
treatment, an oxide film on the substrate could be obtained.
For the ultrasonic spray pyrolysis technology, the required
operation equipment is relatively inexpensive, and the de-
composition conditions are easy to control. Besides, the
microstructure of the film surface can be optimized by the
formation of ultrafine liquid droplets via ultrasonic atom-
ization, thereby improving the performance of the film.

Until now, many literatures have reported SnO, film pre-
pared via ultrasonic spray pyrolysis [23-27]. Chen et al. [25]
fabricated Ti/SnO,-Sb electrode with different nickel concen-
trations by a spray pyrolysis technique. The nickel and antimony
co-doped Ti/SnO, anodes showed different structures and onset
potential for oxygen evolution. SnO, thin films grew in pref-
erential orientation along the (101) plane as the nickel con-
centration increases. The onset potential of oxygen increased due
to the introduction of nickel doping. These results are significant
in developing advanced SnO,-based electrodes with a high
oxidation potential to treat a broad kind of organic pollutant.
Sanchez-Garcia et al. [26] used tin dichloride ethanol solution as
the raw material to quickly prepare tin dioxide film by an ul-
trasonic spray pyrolysis method. The results showed that the film
prepared by this method was uniform and dense, whose
surface could be completely oxidized. Besides, the film
thickness and surface uniformity could also be well con-
trolled. Yao [27] deposited the Sb doping SnO, film on the
titanium substrate by ultrasonic spray pyrolysis at 600°C.
The results showed that the crystal size of SnO,-Sb in-
creased with the increasing doping content. When the
doping level of Sb was about 3%, the Ti/SnO,-Sb electrode
possessed the lowest resistivity and the best electrocatalytic
activity.

2.7. Hydrothermal Method. Hydrothermal synthesis refers
to heterogeneous reactions in a sealed and heated solution
above ambient temperature and pressure. Hydrothermal
synthesis facilitates the solubility and chemical reactions of
the hardly soluble metal salt precursors in hot water (or
organic solvent) under high pressure, followed by



supersaturation and crystallization. Generally, the pretreated
titanium substrate is usually put into an aqueous solution
under high-temperature and high-pressure conditions, and
a tin-antimony oxide film is directly formed on the titanium
substrate after the hydrothermal reaction.

Xu et al. [28] embedded SnO,-Sb into TiO, nanotubes by
hydrothermal synthesis to form a three-dimensional electrode
(TiO,-NTs/Sb-Sn0O,). Compared with the Ti/SnO,-Sb,O5
electrode prepared by conventional methods, the TiO,-NTs/
SnO,-Sb electrode prepared exhibited a higher density and
longer service life. An et al. [29] developed SnO,-Sb film coated
with sol layer by a hydrothermal method and spin coating
method with the formation of solution-based transparent
conductive oxides. The results showed that the SnO,-Sb film
with five sol layers had excellent resistivity and light trans-
mittance. Besides, the increase in the density and thickness of
the sol coating layer could improve the performance of the film.
However, the increase in carrier concentration led to a re-
duction of mobility. Xu and Lian [30] designed a novel SnO,-
Sb nanorod anode with Ti sheet as a substrate (Ti/SnO,-Sb-
NRs) through the hydrothermal process. The results indicated
that Ti/SnO,-Sb-NRs anode possessed SnO,-Sb-NRs which
were about 70 nm in width, as well as a better wettability, a
lower charge-transfer resistance, a larger current at constant
potential, and a longer lifetime than the conventional Ti/SnO,-
Sb anode prepared by pulse electrodeposition. Yang et al. [31]
successfully fabricated Ti/SnO,-Sb electrode with a nano-scaled
sphere-stacking structure was using a solvothermal synthesis
approach, which possessed superior electrochemical properties
to an electrode prepared using dip-coating methods.

2.8. Magnetron Sputtering Method. Magnetron sputtering is a
versatile method to create very dense films with good adhesion.
Magnetron sputtering is a plasma-based coating method that
generates a magnetically confined plasma near the surface of a
target. Then, positively charged energetic ions from the plasma
collide with the negatively charged target material, and atoms
from the target are ejected or sputtered, which then deposit on
a substrate. The magnetron sputtering method has been widely
employed in the preparation of various alloys and compounds.
Montero et al. [32] deposited SnO,-Sb thin films from metal
targets onto glass substrates by direct current magnetron
sputtering at room temperature. The results showed that the
deposited films exhibited amorphous or nanocrystalline
structures. Besides, the optical and electrical properties of the
film mainly depended on the deposition parameters. Yan et al.
[33] obtained Ti/SnO,-Sb anodes with a microrod structure
prepared by magnetron sputtering. The SnO, coating on the
above Ti substrate by magnetron sputtering with postannealing
was comprised of microrod and had longer service time than
the traditional Ti/SnO, anode.

3. Research Progress of Ti/SnO,-Sb Electrode

Ti/SnO,-Sb electrode has various advantages, but it is worth
noting that the relatively short service life and unstable
electrocatalytic efficiency limit the application of titanium-
based tin-antimony oxide electrode. In recent years, many
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studies aim to improve both the service life and electro-
catalytic performance of tin-antimony oxide electrodes. For
instance, it was found that increasing the bonding strength
between the surface-active layer and the substrate could
prevent the corrosion failure inside the electrodes. There-
fore, it is of great importance to develop appropriate
modification techniques for electrodes. Currently, the
modification technology includes doping modification,
structural modification, and composite modification.

3.1. Doping Modification. Doping different elements into
Ti/SnO,-Sb electrodes can effectively promote electrocatalytic
oxidation performance, electrode life, and surface morphol-
ogy of electrodes. The doping elements for the modification of
Ti/SnO,-Sb electrode can be included as follows:

(1) Doping of rare Earth metals, such as Nd, Eu, and Dy
[34-36]. Zhu et al. [35] investigated Ti/SnO,-Sb
electrodes doped with different rare Earth elements
(Ce, Dy, La, and Eu), which were prepared by the
thermal decomposition method at 550°C (as shown
in Figure 4). The results demonstrated that the
electrocatalytic ~ degradation performances of
Ti/SnO,-Sb electrodes were improved to different
levels by doping different rare Earth ions. According
to the improvement effects, the electrodes doped
with four rare Earth elements rank in the order: Ti/
Sn0,-Sb-La  electrode > Ti/SnO,-Sb-Eu  electro-
de > Ti/SnO,-Sb-Dy electrode > Ti/SnO,-Sb-Ce
electrode. It worth noting that Ti/SnO,-Sb-La elec-
trode has a higher oxygen evolution potential, better
electrocatalytic activity, and longer electrode life. Li
et al. [36] prepared a Pd-modified Ti/SnO,-Sb anode
via thermal decomposition. It was found that Pd
doping could effectively change the surface mor-
phology and lattice parameters of the metal oxide
electrode. Pd can also facilitate the entry of more Sb
into SnO, crystals and promote the reduction of Sb.
At the same time, with Pd doping, the lifetime of the
electrode was increased more than 40 times, dem-
onstrating the good potential for application in
industry.

(2) Doping of precious metals, such as Pt, Ru, and Ir
[37, 38]. Berenguer et al. [38] compared Pt- and
Ru-doped Ti/SnO,-Sb anodes to conventional Ti/
RuO, and Ti/Co30, anodes. It was found that the Ti/
SnO,-Pt anode exhibits the best electroactivity,
fastest kinetics, and highest current efficiency among
the studied anodes but poor electrochemical sta-
bility. The introduction of small amounts of Ru
(3.25-9.75 at.%) brings about a slight loss of the
electrocatalytic performance, but it causes a re-
markable increase in the stability of the electrode.

(3) Doping with iron group metals and other metals,
such as Fe, Co, and Ni [37, 39]. Yang et al. [37]
studied six elements of Fe, Ni, Co, Ru, Ce, and Pd
doped into the optimized SnO,-Sb electrode, which
aimed to reveal the most effective dopants and the
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FIGURE 4: SEM images of Ti/SnO,-Sb electrodes undoped and doped with different rare earths: (a) undoped; (b) Ce; (c) Dy; (d) La; (e) Eu

[35].

best combinations to improve the electrocatalytic
activity of SnO, electrode to pollutants. The results
showed that the optimal doping amount of Sb in the
Sb-SnO, electrode was 5-10%. The doping of Ni and
Fe enhanced the electrocatalytic activity of the
electrode. Notably, the doping of Ni significantly
increased the degradation efficiency of phenol and the
removal rates of total organic carbon. However, the
doping of precious metals, such as Pd, Ru, and Co, led
to a significant reduction in the oxygen evolution
potential of the electrode, resulting in low efficiency of
the electrode when degrading pollutants. Liang et al.
[39] investigated the effect of Mo with different molar
ratios on the characterization of Ti/SnO,-Sb-Mo
electrodes prepared by the sol-gel method (as shown
in Figure 5). The results showed that the electrode at
the Mo content of 1 at.% provided optimal catalytic
activity for phenol degradation and the longest life-
time. The Ti/SnO,-Sb-Mo electrode coating with 7
at.% Mo presented the highest oxygen evolution
overpotential, indicating the diverse effects for dif-
ferent Mo molar ratio doping.

3.2. Compound Modification. Compound modification
methods mainly include metal-metal carbide compound,
metal nitride compound, nanocarbon material compound,
and organic polymer compound [10, 40-44]. Since the
electrode prepared by the electrodeposition method has
good binding strength and the morphology and thickness of
the deposited layer can be controlled by adjusting the pa-
rameters, the nanomaterial is mainly doped into the coating
by means of electrodeposition. Duan et al. [10] prepared
Ti/SnO,-Sb electrode modified with TiN nanoparticles by a

pulse electrodeposition method. The prepared Ti/Sb-SnO,-
TiN electrode had a dense film structure and a small unit
cell volume (as shown in Figure 6). Compared to traditional
Ti/SnO,-Sb electrode, Ti/Sb-SnO,-TiN electrode had
higher decolorization efficiency and kinetic rate constant
(as shown in Figure 7). Zhang et al. [41] prepared a new
type of CNT-modified Ti/SnO,-Sb electrode by pulse
electrodeposition. Compared with the electrode without
CNT modification, the electrode modified with CNT had a
larger specific surface area and smaller microcrystalline
particles. Besides, the electrode modified with CNT had
higher oxygen evolution potential, kinetic rate constant,
chemical oxygen demand, total organic carbon removal
rate, and mineralization current efficiency. Pahlevani et al.
[42] synthesized Ti/SnO,-Sb electrode modified by gra-
phene oxide using dip-coating technique and thermo-
chemical decomposition, with the formation of uniform
SnO, nanoparticles ranging 15-26 nm and presence of
reduced graphene oxide. The graphene oxide modified
anode led to a higher oxygen evolution overpotential and
less energy being consumed for competitive reactions,
resulting in high electrocatalytic activity for the fabricated
anode.

Li et al. [43] investigated the electrocatalytic degrada-
tion of aniline by Ti/SnO,-Sb, Ti/Sb-SnO,/Pb;0,, and Ti/
Sb-Sn0O,/PbO, anodes in different electrolytes. In 5 wt%o
Na,SO, electrolyte, aniline could be degraded relatively
faster on the Ti/Sb-SnO, anode. While in 5 wt%o NaCl
electrolyte, Ti/Sb-SnO,/Pb;0, would be more beneficial for
aniline degradation. Besides, the Ti/Sb-SnO,/PbO, could
exhibit a better capability to enhance biodegradability in
both electrolytes. Jin et al. [44] deposited SnO,-Sb and
a-PbO, onto the surface of a titanium substrate, followed
by the fabrication of 3-PbO, doped with Fe element and
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FI1GURE 5: SEM images of Ti/SnO,-Sb-Mo electrodes of different Mo doping molar ratios: (a) 0.0 at.%; (b) 1.0 at.%; (c) 3.0 at.%; (d) 5.0 at.%;

(e) 7.0 at.% [39].
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polytetrafluoroethylene (PTFE) thereon. The optimized
superhydrophobic electrode modified with PTFE exhibited
lower charge-transfer resistance and good oxidative ability
towards organics. Due to the collaborative contribution of
a-PbO, and PTFE, the stability of the Ti/SnO,-Sb/
a-PbO,/Fe-B-PbO,-PTFE electrode was found to be sig-
nificantly improved. Such superhydrophobic Ti/SnO,-Sb/
a-PbO,/Fe-b-PbO,-PTFE electrodes could effectively de-
grade organic pollutants under low voltages, which is of
great significance for reducing energy consumption.

3.3. Structural Modification. The structural modification
methods for Ti/Sb-SnO, electrodes mainly include inter-
mediate layer structural modification and active layer
structural modification. The intermediate layer structure
modification method consists of the addition of the inter-
mediate layer and the modification of the titanium-based
structure. The addition of the intermediate layer can increase

the binding strength between the active layer and the
substrate, prevent the substrate from being passivated after
corrosion, extend the service life, and improve the stability of
the electrode during electrocatalytic degradation. Santos
et al. [45] used 4 or 16 repetitive alternating Sn and Sb
electrodeposition methods on the titanium foil with Pt as the
intermediate layer, and finally, Ti/Pt/SnO,-Sb,O, electrode
was obtained after high-temperature calcination. Compared
with traditional Ti/SnO,-Sb,O, electrode, SnO,-Sb,0,
electrode with Pt as the middle layer had a higher service life,
electrochemical stability, and mechanical stability. Fur-
thermore, it was found that the Ti/Pt/SnO,-Sb,0, electrode
had high removal rates of chemical oxygen demand to
chloroauric acid, diclofenac, and ibuprofen. Bi et al. [46]
prepared Ti/SnO,-Sb-La electrodes by the sol-gel method
with two kinds of Ce-Mn and Fe-Mn composite interme-
diate layers, a Mn intermediate layer, or no intermediate
layer (as shown in Figure 8). The results indicated the
lifetime of the electrode with the intermediate layer
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FIGURE 9: SEM images of the surface morphologies of (a, ¢) Ti/SnO,-Sb-HFs electrode and (b, d) Ti/SnO,-Sb electrode [50].

increased. Especially, the electrochemical performance of
the electrode can be significantly improved by adding a Ce-
Mn composite intermediate layer with high oxygen evolu-
tion potential. Moreover, such addition also enhances the
capacity of the electrode for electrocatalytic oxidation
degradation of phenol to some degrees, showing high re-
moval rate of phenol and the maximum removal rate of
chemical oxygen demand.

The primary way to modify the titanium-based structure
is to obtain a highly ordered array of titanium dioxide
nanotubes (TiO,-NTs) by anodizing the titanium plate
surface. TiO,-NTs as a tubular template can increase the
contact area between the surface-active layer and the matrix
and the specific surface area of the active layer to provide
more active sites for the catalytic layer. Wang et al. [47]
prepared Sb-doped SnO, coatings on different TiO,-NTs
substrates by electrodeposition with different anodic oxi-
dation times and voltages of the titanium substrate. The
results indicated that TiO,-NTs could significantly improve
the electrocatalytic efficiency of the electrodes. Meanwhile,
the pore size and length of TiO,-NTs played a crucial role in
the degradation efliciency of TiO,-NTs/SnO,-Sb electrode.
When the pore size of TiO,-NTs was 85nm and the length
was 5um, the electrode had the best degradation efficiency
on target pollutants.

The active layer structure modification method is ac-
tually to prepare Ti/SnO,-Sb electrode with special active
layer structure to improve the electrocatalytic ability of the

electrode. Asim et al. [48] developed a simple template
removal method to prepare two different types of layered
porous SnO,-Sb electrodes (honeycomb Ti/Sb-SnO, elec-
trodes and mesh Ti/Sb-SnO, electrodes). In terms of mi-
crostructures, both the two types of electrodes presented
extremely high porosity and were arranged layer by layer in
multiple directions. The high specific surface area results in
more electrochemically active sites on the electrode surface.
Compared with traditional SnO,-Sb electrodes, these two
types of porous electrodes exhibited better electrochemical
activity and higher reaction rates for electrocatalytically
degrading organic pollutants. Besides, the presence of
porous channels could significantly promote adsorption
and diffusion of pollutant molecules. Moir et al. [49]
prepared a 3D SnO,-Sb nanoelectrode with a disordered
macropore structure by the template method. The results
showed that the 3D macropore structure improved the
specific surface area of the active layer significantly, so
the electrode possessed an efficient electrocatalytic
performance. Recently, Wang et al. [50] achieved a novel
Ti/SnO,-Sb electrode with a 3D hierarchical flower-like
structure (HFs), which was firstly prepared using a hy-
drothermal method. Compared the traditional Ti/SnO,-
Sb electrode, this novel Ti/SnO,-Sb-HFs electrode has a
larger electrochemical active surface area, a lower
charge-transfer resistance, and a higher oxygen evolution
potential (as shown in Figure 9). Especially, the stability
of the electrode is improved most obviously.
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4. Conclusion

Electrocatalytic oxidation technology has attracted much
interest in the field of water treatment technology. Based on
this technology, it is of great importance to choose proper
electrode materials. Among them, Ti/Sb-SnO, electrode has
been widely used in various fields due to its good con-
ductivity and stability. However, the shortages including low
catalytic performance and poor stability limited the in-
dustrial applications of the electrode. To expand the ap-
plication of the Ti/Sb-SnO, electrode, the following
problems are urgent to be solved:

(1) The traditional Ti/Sb-SnO, electrode has relatively
poor stability and short service life. Although
modification technology can improve its service life
to a certain extent, the service life is still shorter than
other DSA electrodes.

(2) The electrode synthesized by electrodeposition has
good binding strength and long service life, but
generally with low catalytic efficiency, which affects
the efficiency of degrading organic pollutants in
wastewater. In addition, when the electrode is pre-
pared by the electrodeposition with the aqueous
solution system, the stress in coating caused by
hydrogen inclusions would produce blisters or
cracks.

(3) Most of the modification techniques for Ti/SnO,-Sb
electrodes have their own limitations. Therefore,
developing Ti/Sb-SnO, electrodes with high catalytic
efficiency and good binding strength still needs to be
investigated.
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The microarc oxidation (MAO) coating and anodic oxidation coating were prepared on 5083 aluminum alloy. The surface
morphology, elemental composition, and electrochemical behavior of the two coatings were analyzed. The results proved that the
corrosion resistance of the MAO coating is superior than that of the anodic oxidation coating. The protective ability of the coating
deteriorated gradually with the increase in immersion time. The corrosion process is controlled by ion diffusion throughout

the coatings.

1. Introduction

The air intake filter is generally equipped in front of the gas
turbine to filter out the salt sprays contained in the intake
airflow, and thus, the service life of the gas turbine could be
effectively guaranteed and extended [1-5]. In order to meet
the requirements of high efficiency and low resistance of the
air intake filter, the cyclone filter usually serves as the first
stage. The cyclone filter is generally exposed to the marine
atmosphere and is susceptible to corrosion due to the salt
spray particles of the marine environment [6-11]. In ad-
dition, to reduce the weight and the quality control cost of
the cyclone filter and its components, the cyclone filter is
generally made from aluminum alloy [6, 12]. The surface
coating technology is an effective and economical way to
enhance the anticorrosion resistance of the aluminum alloy
substrate [13]. Therefore, the surface coating technology and
the degradation behaviors of the cyclone separators in
corrosive environment are the necessary guarantee for the
safe operation of the cyclone separators. So the research and
development of the surface coating technology for alumi-
num alloy has important significance.

Since the 1970s, a large amount of literatures concen-
trated on the cyclone separators have been published.

Tabakoft and Grant [14] proposed a purely empirical for-
mula to describe the collisional motion between the particles
and the wall. Kim and Lee [15] developed a two-phase flow
model to investigate the sedimentation and turbulent dif-
fusion effects of solid particles in the boundary layer.
Brouwers [16] used the numerical and experimental method
to investigate the separation efficiency of the rotational axial-
flow separator. Zhang et al. [17] conducted an experimental
research on an axial-flow multitube cyclone separator. The
results indicated that the axial-flow multitube cyclone has a
higher separation efficiency and lower resistance than the
tangential inlet cyclone. However, aluminum and aluminum
alloys are reported to corrode mainly in the forms of pitting,
intergranular corrosion (IGC), and stress corrosion cracking
(SCC), when they are exposed to the solutions containing
chloride ions [18-23]. Al coating, i.e., microarc oxidation
(MAO) and anodic oxidation coating, can significantly
improve the anticorrosion resistance of the aluminum alloys.
Wang et al. [24] investigated a ceramic coating deposited on
Al matrix composite by MAO and found that surface
hardness wear resistance of the composite can be signifi-
cantly improved. Chen et al. [25] investigated the corrosion
performance of MAO coatings on different regions of the
friction stirred 6061 aluminum alloy plate and found that the
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corrosion protection performance of the MAO coating can
be improved by inducing the coarse and congregated Al-Fe-
Si particles into fine and disperse distributed particles.
Krishtal [26] found that the substantial improvement in
corrosion resistance of the friction stir welds of 7075 alu-
minum alloy can be achieved by MAO treatment. Xin et al.
[27] investigated the properties of alumina coatings pre-
pared by the MAO process using direct current (DC) and
unbalanced alternative current (AC) power supplies. The
results showed that the coating deposited by AC possesses
higher density, hardness, and corrosion resistance. Li et al.
[28] investigated the microstructure for MAO coating on the
6061 aluminum alloy in the Na,SiO;-CH;COONa-
NasP30, electrolyte system. The results showed that the size
of spark was exponentially related to thickness of coating,
and the structure of the coating was in a three-dimensional
network. Du et al. [29] developed a black MAO coating on
2A12 aluminum alloy and found that the coating has su-
perior adhesion and corrosion resistance. This will provide
further research direction for developing MAO black
coating on aluminum and aluminum alloy. Nalivaiko et al.
[30] investigated the preparation of aluminum hydroxide
obtained by aluminum anodic oxidation. The coating
formed on high purity alumina consists of 4 stages from
AI(OH)3-NH4C1-H20 to “-A1203.

In this paper, alumina coatings on 5083 aluminum alloy
were prepared by MAO and anodic oxidation, respectively.
The microstructure, elemental composition, and the cor-
rosion behaviors of the two coatings were investigated. At
the end, the corrosion mechanism of the two coatings was
discussed in brief.

2. Experimental

The cyclone filter used in this work is made of commercial
5083 aluminum alloy. The chemical compositions of the
commercial 5083 aluminum alloy are shown in Table 1. Prior
to the experiments, the specimen was cut in pieces with
dimensions of 60x 55x3 mm. The geometrical schematic
diagram of the cyclone filter is shown in Figure 1.

Microarc oxidation and anodic oxidation techniques
were used to prepare the coatings surface on the experi-
mental samples of the cyclone filter, and the surface sealing
treatment of the microarc oxidation coating was performed
with 5% saline solution. Samples of the cyclone filter with the
microarc oxidation treatment and the anodic oxidation
treatment are shown in Figure 2.

The electrochemical response of MAO coating, anodic
oxidation coating, and 5083 aluminum alloy was obtained
using IM6/IM6e electrochemical workstation (ZAHNER,
Germany) in 3.5 wt.% NaCl solution. A classic three-
electrode system is used, which composed of a saturated
Ag/AgCl reference electrode, a platinum sheet with di-
mensions of 20 x20 x 0.1 mm, and 5083 aluminum alloy
and coatings as a working electrode [31]. The potentio-
dynamic polarization curves were conducted by sweeping
the potential from—0.6 V/xg/agc1 below open circuit po-
tential (OCP) with a scanning rate of 0.333mV/s. The
electrochemical impedance spectroscopy (EIS) tests were
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TaBLE 1: Chemical compositions of the 5083 aluminum alloy
(Wt.%).

Cu Si Mg Zn Fe Cr Ti Mn Al
0.09 031 41 021 035 005 005 047 Bal

FIGURE 1: Test trial sample of cyclone separator.

performed at OCP with a sinusoidal potential perturbation
of 10mV in a frequency range from 10 kHz to 10 mHz. The
tested solution was maintained at 25+1°C in the air
without stirring.

The salt spray test for MAO and anodic oxidation
coating on 5083 aluminum alloy was conducted using
machine DJS-EN61 according to the ISO 14993:2001
standard. The solution is 5 wt.% NaCl solution, pH of salt
solution is 6.8, the temperature of the salt solution barrel is
35°C, and the sample place angle is 25°. The examination of
the specimen was performed after 63 days of experiment.
After the test, the samples were cleaned by flow water of
temperature not higher than 35°C to remove the sample
surface residual salt spray solution and then dried using hot
air.

3. Result and Discussion

3.1. Surface Characterization of the Two Different Coatings.
Figure 3 shows the surface morphologies of the MAO
coating on 5083 aluminum alloy samples, revealing volcano-
like morphologies with micropores of various sizes that can
be observed on the surface. As is seen from Figure 3, the
micropores are smaller in size with diameters of 2 ym and
distributed uniformly. This is the characteristic of MAO
coatings obtained by microsparks on the sample surface of
alloys [25, 32]. Still some of the pores in the MAO are
blocked. In Figure 3, the number of small white particles
identified by EDS is Fe-rich particles. This is consistent with
the finding of Chen [25]. In addition, no crack exists in
Figure 3, which indicates that the MAO coating is very
adhesive to 5083 aluminum alloy substrate [33].

The surface morphologies of anodic oxidation coating
formed on 5083 aluminum alloy are shown in Figure 4. The
anodic oxidation coating surface looks very dense, but there
are a lot of cracks staggered on the surface. It could be seen
that numerous wrinkles and cracks staggered on the surface.
So, the corrosion properties would deteriorate due to these
cracks.
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FIGURE 2: Marine cyclone separator structure sample by MAO and anodic oxidation: (a) MAO forward view; (b) MAO backward view;
(c) anodic oxidation forward view; (d) anodic oxidation backward view.

FiGure 3: Surface morphologies of the MAO coatings.

3.2. Potentiodynamic Polarization Curves. The potentiody-  solution are shown in Figure 5. The curves indicated that the
namic polarization curves for MAO coating, anodic oxi- =~ MAO coating and anodic oxidation coatings lead to the
dation coating, and 5083 aluminum alloy in 3.5 wt.% NaCl  changes in the anodic current, pitting potential (E,;), and
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FIGURE 4: Surface morphologies of anodic oxidation coating.

corrosion rate. The potentiodynamic polarization curves
indicated that the corrosion resistance of the MAO and
anodic oxidation coatings can be significantly improved
compared to the 5083 aluminum alloy matrix. It was obvious
that MAO coating and anodic oxidation coating led to the
positive shift in corrosion potential.

The corrosion potential (E..,) of the 5083 aluminum
alloy, anodic coating, and MAO coating is —694+8,
—636+12, and —385+ 11 mV/g/aec1. Compared with the
5083 aluminum alloy, the corrosion potentials shifted nobly
for the MAO and anodic oxidation coatings. The corrosion
current density (ico) value of the 5083 aluminum alloy,
anodic coating, and MAO coating is 3.33+0.11x107°,
7.33+0.24 %1077, and 1.07 + 0.18 x 10~ A/cm?, respectively.
This suggests that the corrosion resistance for MAO coating
is two orders higher than that for 5083 aluminum alloy. This
indicates that both of the MAO and anodic oxidation
coatings can reduce the corrosion rate of the 5083 aluminum
alloy specimens in 3.5 wt.% NaCl solution [34-36].

3.3. Electrochemical Impedance Spectroscopy

3.3.1. MAO Coating. The Bode (Figure 6(a)) and Nyquist
(Figure 6(b)) plots for MAO coating on 5083 aluminum
alloy after immersion in 3.5 wt.% NaCl solution for 1 day are
presented in Figure 6. The Nyquist plots exhibit two ca-
pacitive semicircles, suggesting the inductive behavior
[34, 37]. Figure 7 presents the equivalent circuit used to
simulate the EIS data, in which Rq is the resistance of the 3.5
wt.% NaCl solution and Cg and Ry are the capacitance and
resistance of the adsorption layer, respectively. CPE and R,
are the capacitance and polarization resistance of the MAO
coating, respectively. The use of a constant phase element
(CPE) was used in place of capacitance because of the
distribution of relaxation times resulting from heteroge-
neities at the electrode surface [31, 33, 38, 39]. The fitted
parameters in the equivalent circuit in Figure 7 are given in
Table 2.

The Bode (Figure 8(a)) and Nyquist (Figure 8(b)) plots
for MAO coating on 5083 aluminum alloy after immersion

15}

MAO coating

os | \

E (Vs sup)

Anodic coating

5083 Al
1071 1071° 107 10°® 107 107° 10° 107* 107 1072

i(A.cm™)

FIGURE 5: Potentiodynamic polarization curves for MAO coating,
anodic oxidation coating, and 5083 aluminum alloy in 3.5 wt.%
NaCl solution.

in 3.5 wt.% NaCl solution for 12 days are presented in
Figure 8. The Nyquist plots exhibit a capacitive semicircle in
high-frequency region and an inductive loop in low-fre-
quency region [19]. The capacitive reactance arc corresponds
to the process of ions passing through the MAO coating, and
the inductive arc corresponds to the desorption process of
the adsorbed intermediate products [40-42]. Figure 9
presents the equivalent circuit used to simulate the EIS
data, in which CPE; is the capacitance of the MAO coating,
Rpore is the resistance of defects, Cq is the double layer
capacitance, R, is the polarization resistance, L is the in-
ductive resistance, and Ry is the inductive resistance, which
is related to the active dissolution of MAO coating [43]. The
fitted parameters in the equivalent circuit in Figure 9 are
given in Table 3.

The Bode (a) and Nyquist (b) plots for MAO or 32 and 63
days are presented in Figure 10. The Nyquist plots exhibit a
capacitive semicircle and a bias line at low-frequency region.
The capacitive reactance arc corresponds to the process of
ions passing through the MAO coating [43]. The bias line at
low frequency corresponds to the diffusion process of CI”



Journal of Chemistry
100 + 07 -
L 75
& %, F 70
1.00E+06 § & A‘):% & A% 65
8gaaq s o 4 % 60
®0aa,, & b, oﬂ o5

s

1.00E + 05 2%, a ‘%%Qh E -
E s oy o 45 S
S i 3‘0%%% L Ea E
— o0
N 100 +04 i %, %5 2

g 2 %Gu F 30

s @ ° o, E 25

LOOE+03 4 ,a ° ok %% 20

& ooot B F 15

. % 10

1.00E + 02 =L ’ . - - Fo

001 01 1 10 100 1,000 10,000 100,000

Frequency, Hz

o |Z], Msd. A Angle, Msd.
= |Z], Calc. o Angle, Calc.
(@)

-Z", ohm

8.00E + 05
7.00E + 05
6.00E + 05
5.00E + 05
o
4.00E + 05 4 o .
o
3.00E + 05 R
°*
2.00E + 05 4 o™ s 2
T on 5 o
1.00E+05 4 & °
¢
0.00E + 00
=3 wn w uw uw o o el o
=] (=] (=] (=] o (=] (=] =] (=]
+ + + + + + + + +
= 3 <5} 5} =) = 5] =) =]
=3 S (=3 (=3 =4 (=3 (=] =1 (=3
S S S S S Q -+ ©
=] N < © © — — — —
7', ohm
¢ Z,Msd.
m Z,Calc

(b)

FIGURE 6: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 1 day.
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FIGURE 7: The equivalent circuit used to evaluate the EIS data presented in Figure 8.

TaBLE 2: Fitting results of the equivalent circuit obtained by fitting the EIS data.

R, (Q-em™) Ry (Q-cm™) Cq (F-cm™) Y, (Q7's"em™) n R, (Q-em™)
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Note: Y,: CPE constant; n: CPE exponent.
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FIGURE 8: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 12 days.

through the MAO coating [44]. Figure 11 presents the
equivalent circuit used to simulate the EIS data, in which W
is the Warburg impedance. W was used to fit the data of
MAO coating suggesting the responses induced by diffusion
in paths of semi-infinite length [43, 44]. The fitted

parameters in the equivalent circuit in Figure 11 are given in
Table 4.

From the EIS response, it can be inferred that three
stages for MAO coating during the immersion time can be
identified. In the first stage, the equivalent circuit in Figure 7
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FiGUure 9: Equivalent circuit used to evaluate the EIS data presented in Figure 10 (Figure 9 is reproduced from [42] under the Creative
Commons Attribution License/public domain).

TasLE 3: Fitting results of the equivalent circuit obtained by fitting the EIS data.
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FIGURE 10: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 32 and 63 days.
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Figure 11: Equivalent circuit used to evaluate the EIS data presented in Figure 10.

TaBLE 4: Fitting results of the equivalent circuit obtained by fitting the EIS data.
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Ficure 12: Continued.
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FIGURE 12: Bode and Nyquist curves of anodic oxidation coating after being immersed in 3.5 wt.% NaCl solution for (a, b) 1 day, (c, d) 12

days, (e, f) 32 days, and (g, h) 63 days.

indicates that the MAO has superior corrosion protection
ability. In the second stage, identifying at increasing im-
mersion time, the EIS presents desorption characteristics at
low frequencies connecting to a capacitive semicircle at high
frequencies (Figure 9). In this stage, local pitting corrosion in
the MAO coating takes place stimulating Al matrix disso-
lution through corrosion pits [45]. After long immersion
time, the chloride effectively induces local breakdown of the
MAO coating, which is in agreement with the reported
findings in the literature. The chloride ion may penetrate
through the MAO coating and reach matrix/coating inter-
face. As a result, an additional Warburg impedance at low
frequency is employed.

3.3.2. Anodic Oxidation Coating. The EIS plots for anodic
oxidation coating on 5083 aluminum alloy after immersion
in 3.5 wt.% NaCl solution for 1, 12, 32, and 63 days are

presented in Figure 12. The Warburg impedance in Figure 11
is due to the existence of cracks (Figure 3(b)), which can act
as the diffusion path for the corrosive ions. The equivalent
circuit used to interpret the EIS data is shown in Figure 12.
The fitted parameters obtained are given in Table 5. As is
seen from Table 5, the value of R;, decreased with the increase
in immersion time. It indicated that the protective perfor-
mance of the anodic oxidation coating on 5083 aluminum
alloy surface deteriorated and the risk of corrosion increased
[45, 46].

3.4. Salt Spray Test. Figure 13 shows the surface morphol-
ogies of the two different coatings on 5083 aluminum alloy
after the salt spray test for 63 days. The breakdown of the
both coatings is not visible observed. As is seen from Fig-
ure 13, there are almost no signs of corrosion on the surface
of MAO coating. However, there was slight corrosion on
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TaBLE 5: Fitting results of the equivalent circuit obtained by fitting the EIS data.

Time (days) R, (Q-cm™) Y, (Q 7 s"cm™?) n Rpore (Qrem™) Cq (F-cm™) R, (Q-cm™) W (s°Q-cm™)
1 432 7.57x107° 0.94 4.38x10° 1.57x107° 9.81x 10° 3.89%x1072
12 5.61 6.42x107° 0.92 4.05x10° 2.44x107° 7.65%10° 4.77 %1072
32 6.35 7.70%x107° 0.91 3.89x10° 1.84x107° 7.03%x10° 6.25%x 1072
63 4.28 6.82x107° 0.89 3.45x 107 2.06x107° 6.41x 10° 7.03x1072

(a)

FiGure 13: Surface morphology of the (a) MAO coating and (b) anodic oxidation coating after the salt spray test.

anodic oxidation coating. This is in good agreement with the
electrochemical measurement.

4. Conclusions

The protective performance of the MAO is superior than
that of the anodic oxidation coating. The 5083 aluminum
alloy with MAO coating showed a good corrosion resistance
at the initial stage. With the increase in immersion time, the
pitting corrosion occurs in the MAO coating, and the
protective ability of the coating deteriorated gradually. In
contrast, the existence of the cracks in anodic oxidation
coating can act as the diffusion path for the corrosive ions.
The corrosion process is controlled by ion diffusion
throughout the coatings.
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Various diseases are spread by means of contaminated water or food, and the detection of pathogenic bacteria has great sig-
nificance for securing a proper healthy environment for human beings. In this article, microfiber gratings (MFGs) were fabricated
by using a high-frequency CO, laser. The number of periods is 30, and the length of the period is 600 ym. A type of biosensor is
proposed in this study. Results showed that the biosensor was strongly sensitive to the concentration of Escherichia coli and a
maximum sensitivity of 1.15 nm/107 CFU was achieved. The mechanism of real-time sensing of prepared MFG was also proposed,
which could be due to relationship between dip wavelength shift and the concentration of detected bacteria. The prepared MFGs
do not need any coating, and the proposed biosensor has a great potential for application in fields of medical treatment, biology,

and farming.

1. Introduction

For several decades, detection of pathogenic bacteria has
great significance in securing a proper healthy environment
for human beings due to various diseases spread through
contaminated water or food. Escherichia coli (E. coli) is an
easy indicator for fecal coliform contamination [1]. The
nonpathogenic population of E. coli mainly inhabits in the
intestinal tract of most mammalian species including
humans [2], which often causes severe intestinal and
extraintestinal diseases in areas such as bloodstream, the
urinary tract, and meninges [3-5]. Various techniques are
developed for the detection of E. coli including culture
methods, fluorescence, and microscopy [6]. However, most
of the traditional detection methods are time-consuming
and may take up to a whole week, resulting in a limitation to
the extensive and real application for real-time sensing [7, 8].
Thus, sensitive, rapid, and accurate detection methods are
urgently required.

Due to their unique properties such as enhanced eva-
nescent fields, tight light confinement, and large waveguide
dispersion, microfibers have attracted extensive interests
since Tong’s first demonstration in 2003 [9, 10]. Microfibers

and related structures were intensively investigated for
various sensor applications, such as temperature sensor
[11-14], RI (refractive index) refractometer [15-18], and gas
sensor [19-21]. A biosensor based on conventional fused
fiber coupler was proposed by Tazawa et al. in 2007 [22]. It
has been known that the transmission spectrum of a
microfiber is strongly affected by the RI of the surrounding
medium because of evanescent field generated on the fiber
surface at the fused region. Hence, a higher sensitivity can be
obtained by properly decreasing the diameter of a micro-
fiber. Microfiber structure fabricated by Liao et al. [23] as a
RI sensor has a sensitivity of 2735 nm/RIU (refractive index
unit, RIU). In the article, we fabricated a type of biosensor
for the detection of E. coli concentration based on microfiber
gratings (MFGs), which has a great potential application for
real-time monitoring of the growth of E. coli.

2. Experimental Methods

2.1. Microfiber Preparation. Figure 1(a) shows the micro-
fiber fabrication diagram. Telecom single-mode fibers
(SMF28, Corning) were put carefully into the taper drawing
system, and then, a low-loss microfiber was fabricated by
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FIGURE 1: (a) Microfiber fabrication setup; (b) the SEM image of the waist region of prepared microfiber. The diameter of each fused

microfiber is about 2 ym.

using the heating brushing technique [24]. Figure 1(b) is a
scanning electron microscope (SEM) image of the waist
region of the prepared microfiber, which indicates that the
diameter of the microfiber is about 2 ym.

2.2. Sensor Fabrication. MFGs were fabricated by using a
high-frequency CO, laser. The number of periods is 30, and
the length of the period is 600 ym. The transmission spec-
trum of MFG displays resonant behavior due to periodic
modulation of microfiber surface RIL

The free-standing MFG could be affected by environ-
mental factors such as physical vibration and air flow due to
its poor mechanical stability, which will produce large
measurement errors and disturb sensing results.

In order to improve the mechanical stability of MFG and
enhance the repeatability of the entire sensing system,
packaged MFG in a surrounding structure using a low RI
UV curable polymer (Thorlabs) is essential. Figure 2 shows
the schematic diagram of the embedded MFG and experi-
mental setup. A microscope slide was firstly covered with
two small slides in parallel to create an open-top channel.
Then, two blocks of thin slides were used to seal the two ends
of the channel and to support the MFG sample in place.
Then, the fabricated MFG was placed into the channel, and
the entire coupler was suspended in the sensing environ-
ment. Several drops of UV curable polymer were used to fix
the MFG sample. The entire sensing sample was exposed
under UV radiation (UV LED system, Thorlabs) for 60
seconds. At last, an uncovered section with length about
15 mm in the center of the channel was formed, which was to
be used for the E. coli sensing experiment. A semiconductor
laser diode (SLD, Throlab S5FC 1550P-A2) with a central
wavelength of 1550 nm was used as the optical source. It was
connected to the input port of the MFG. An optical spectrum
analyzer (OSA) (Yokogawa, 6370C) was connected to the
outputs of the MFG to record the output transmission
spectra.

2.3. Biosensing Experiment. Culture medium without bac-
teria is a basic element in biosensing experiment, which is
significant for the culture of bacteria. Culture medium was

- EE
i =
- —_

Spectrum
analyzer

SLD source

Microscope slide

FIGURE 2: Schematic diagram of the embedded MFG and exper-
imental setup.

preserved at —20°C and refrigerated at 4°C. Other prepa-
ration works were performed at room temperature and
would last for about 5 minutes, during which the temper-
ature of culture medium would rise. Organic contaminants
adhered to the surface of the entire sensing sample, and
cuvettes were removed by washing with pure ethyl alcohol.

3. Results and Discussion

In this experiment, temperature is a main factor for the
reproduction behavior of the bacteria. Thus, the sensing
process was divided into two stages. At the first stage, the
culture medium had a low temperature and the reproduc-
tion of bacteria was slow. 3 ml culture medium with an initial
bacterial concentration of 1 x 107 CFU/ml was dropped into
the channel of the sensing sample. Measured spectral re-
sponses were recorded every 30 min. At the second stage,
bacteria reproduced actively at room temperature, which
was much faster than that in the first stage. The initial
bacterial concentration was 1.9 x107 CFU/ml. Measured
spectral responses were recorded every 5min. Dis-
tinguishing the two stages will contribute to the data
analyzation.

For the first stage, the initial bacterial concentration was
1 x 107 CFU/ml. Measured spectral responses were recorded
every 30 min. Figure 3(a) illustrates the measured spectral
responses during the first 4 hours, and Figure 3(b) shows the
dip wavelength shift corresponding to the spectral responses.
The dip wavelength showed a blueshift from 1554.68 nm to
1550.06 nm with the increase of time, with an average
blueshift speed of about 0.018 nm/min, which could be due
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FIGURE 3: (a) Measured spectral responses during the first 4 hours, which was recorded every 30 min; the wavelength shift (b) and

transmission loss (c) during the first 4 hours, which were caused by the change of the bacterial concentration.

to the slow reproduction of bacteria in the culture medium at
low temperature. Figure 3(c) indicates the transmission
varies with the increase of measuring time. The transmission
increased a little bit from -21.065 dB to —21.031 dB during
the first 30 min, which could be due to the low concentration
of bacteria in the culture medium at low temperature. The
number of bacteria decreased during the first 30 min. Then,
the transmission decreased from —21.0318 dB to —28.402 dB
with further increase of time, which could be due to the slow
reproduction of E. coli. The number of E. coli gradually
increased.

For the second stage, the temperature of the tested
sample was the room temperature. The initial bacterial
concentration was 1.9x107 CFU/ml. Measured spectral
responses were recorded every 5min. Figure 4(a) illustrates
the wavelength shift corresponding to the spectral responses

during the half-hour; and measured wavelength shift and
transmission loss with the increase of time are given in
Figures 4(b) and 4(c). Results indicate that the dip wave-
length has a linear blueshift from 1550.6 nm to 1535.36 nm
with the increase of time, with a blueshift speed of about
0.5nm/min, much higher than that at the first stage
(0.018 nm/min). The fast reproduction rate of E. coli at the
room temperature is the main reason for the fast blueshift
speed at the second stage. The transmission decreased from
—28.4289dB to —38.9895dB. The decrease in speed of the
transmission at this stage is about 12 times in comparison
with that in the first stage. This phenomenon can be
explained by basic biology theories that the number of
bacteria in culture medium increases drastically. Experi-
mental results indicate that both the dip wavelength and
transmission can be employed to monitor the concentration
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FIGURE 4: (a) Measured spectral responses after 4 hours, which was recorded every 5 min; the wavelength shift (b) and transmission loss

(c) caused by the change of the bacterial concentration.

of E. coli. Compared with transmission loss, dip wavelength
is a more sensitive factor (2.3 times).

In order to verify the relationship between bacterial
concentration and dip wavelength shift, 5ml culture me-
dium with E. coli (the initial concentration is 0.047%,
1x107 CFU/ml) was dropped into the channel of the
sensing sample and cuvette, respectively. The reproduction
rates of E. coli are the same for the culture medium with the
same volume at the same temperature. OD (optical density)
of the culture medium was measured by using a spectro-
photometer (Shimadzu, UV-2600). The average values of
OD were adopted from three cuvettes in order to obtain a
higher accuracy. Spectral responses and ODs were recorded
every 30 min.

Time-dependent wavelength shift for real-time sensing is
given in Figure 5(a). Resonance wavelength was recorded
every 30 min, and the total measuring time was 270 min. The
wavelength shift increased exponentially with the increase of

time. At the beginning of the sensing process (within
240 min), the wavelength shifts slowly due to the slow re-
production rate of E. coli at low temperature. While after
240 min, the wavelength shift dramatically increased, indi-
cating a drastic reproduction of E. coli at room temperature.
This result is consistent with result in Figures 3 and 4.
Figure 5(b) illustrates the exponential relationship between
OD and dip wavelength. The dip wavelength shows a
blueshift from 1554.68 nm to 1515.26 nm with the increase
of OD. OD is proportional to the concentration of E. coli in
culture medium. It indicates that the concentration of E. coli
can be obtained from the value of wavelength shift according
to expressions in Figure 5.

The behavior of the prepared sensor for the detection of
the concentration of E. coli is shown in Figure 6. It indicates
that the detected signal increased monotonously with the
increasing concentration of E. coli. An exponent fitting was
applied to the sensitivity variation with respect to dip
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wavelength shift in Figure 6. A maximum sensitivity of
1.15nm/107 CFU was achieved by using the fabricated
sensor. It implies that real-time sensing of concentration of
E. coli can be achieved by using the MFG sample according
to the relationship between dip wavelength shift and the
concentration of detected bacteria.

Generally, the MFGs can allow power transfer between
the guided modes when a certain resonant condition is
satisfied, which leads to a series of transmission dips in the
spectrum. The coupling of modes with high diffraction
orders has been first demonstrated in conventional fibers.
The MFGs can be used in simultaneous sensing application.
The resonant condition of the MFGs can be expressed as

- A
Aoy = (neff 1 ”effz) : (1)
N

where A, is the resonant wavelength, A is the grating pe-
riod, N is the diffraction order, and #n.¢, and n, are the
effective indices for the lower- and higher-order guided
modes, respectively. Based on Eq. (1), for the same resonant
wavelength and the same coupled modes, the larger value of
N has the longer grating period A. The variation of ambient
refractive index (nex) can produce different changes to the
dissimilar mode indices, which leads to a modification of the
mode-index difference and induces the shift of the spectrum.
By taking a small variation of n,, from Eq. (1), the sensitivity
of dip wavelength to refractive index can be expressed as

dA AO0An/on,,

S=an" (An-Addn)or

(2)

It is shown that the sensitivity is independent on either
the diffraction order or the grating period, but it is de-
pendent on the microfiber diameter and the operating
wavelength.

4. Conclusion

Real-time sensing for the concentration of E. coli based on
MFG structure is proposed and experimentally demon-
strated in this article. The MFG sample was fabricated based
on the taper drawing system by using the heating brushing
technique. The performance of the sensor in culture medium
with E. coli in the wavelength domain was evaluated. Results
showed that compared with transmission loss, dip wave-
length is more sensitive to the concentration of bacteria. The
MFG-based sensor is capable of real-time sensing for the
concentration of E. coli. A maximum sensitivity of 1.15nm/
107 CFU was achieved in our experiment. The detection
mechanism could be due to the relationship between dip
wavelength shift and the concentration of bacteria. The
fabricated MFG structure does not need any coating.
Considering the simple structure, compact size, low cost,
and high sensitivity of the proposed MFG-based sensor, this



research offers a sensitive, rapid, and accurate solution for
the detection of bacteria in advanced biology fields.
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The effects of laser scanning speed on the microstructure, microhardness, and corrosion behavior of Ni45 coatings were in-
vestigated by using optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), microhardness, and
electrochemical measurements. The results showed that increasing laser scanning speed promotes the transformation from planar
crystals to dendrites and refines the grains concurrently. The y-(Ni, Fe), FeNis, and M,3(C,B)¢ are identified as the primary phase
composition in the Ni45 coatings regardless of the laser scanning speed. Thereinto, the formation and growth of M,3(C,B)s
precipitates can be inhibited with increasing laser scanning speed due to the higher cooling rate, which affects the microhardness
distribution and corrosion resistance of the coating. On the one hand, the microhardness of the whole coating presents a
downtrend with increasing laser scanning speed due to the reduction of M,3(C,B)s phase. On the other hand, the corrosion
resistance in 0.5 M NaCl solution is improved to some extent at higher laser scanning speed because the less precipitation of
M,;(C,B)s reduces the depletion of Cr around the precipitates. In contrast, all the coatings exhibit undifferentiated but poor

corrosion resistance in the highly corrosive 0.5 M NaCl + 0.5 M H,SOy solution.

1. Introduction

Cladding technologies are usually employed to modify the
surface structure and properties of alloys [1, 2], among
which laser cladding exhibits some promising advantages
[3-5]. First, it is a simple, green, economic, and efficient
process, which can make the surface coating have better
corrosion resistance and wear resistance than the substrate
[6, 7]. Secondly, a strong metallurgical bond can form be-
tween the coating and substrate [4, 8, 9], and the size of the
heat-affected zone (HAZ) is usually small [4, 10, 11]. Lastly,
it is relatively easy to control the process parameters and to
be automated [4, 12, 13]. Liu et al. [5] developed a composite

coating by laser cladding on Ti-6Al-4V alloy with superior
wear resistance. The results showed that the average
microhardness and wear loss of the coating were twice larger
and 10~30% lower than those of the substrate, respectively.
Fesharaki et al. [14] reported better metallurgical bonding of
Inconel 625 coating prepared by laser cladding than that
developed by Tungsten Inert Gas Welding (TIG) cladding.
Tanigawa et al. [15] found that the HAZ of laser cladding
prepared Ni-Cr-Si-B alloy coating on C45 carbon steel can
be shrunken by employing smaller particles.

Nickel-based superalloys are widely used in the laser
cladding process due to their superior mechanical properties
and wear resistance [16-18]. Chen et al. [3] found that the
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microhardness of the Ni-Cr-B-Si composite coatings in-
creased with increasing laser scanning speed (5, 10, 15, and
20 mm/s). Sun et al. [19] studied the effects of NbC on the
wear properties of Ni45 coating and reported that the
microhardness and wear resistance were significantly im-
proved by the addition of NbC. However, these works are
mainly focused on the hardness and wear resistance with
very little attention on corrosion behavior. Keeping in mind
that corrosion is usually one of the reasons for the reduction
in the service life of nickel-based alloys, it is, therefore,
worthwhile to evaluate the corrosion resistance of nickel-
based alloy coatings prepared by laser cladding, especially to
clarify the correlation between corrosion resistance and
microstructure.

For this purpose, three laser cladded nickel-based alloy
coatings on carbon steel substrate were prepared, adjusting
the microstructure by controlling the laser scanning speed
(4 mm/s, 6 mm/s, and 10 mm/s). The effects of laser scanning
speed on the microstructure, microhardness, and corrosion
behavior were investigated by optical microscopy (OM),
scanning electron microscopy (SEM), X-ray diffraction
(XRD), microhardness, and electrochemical measurements.
The evolution of microhardness and corrosion behavior with
laser scanning speed was explained in terms of microstructure.

2. Experimental Methods

2.1. Preparation of Nid5 Coatings. The substrate material
used in this study was medium carbon steel AISI 1045
(0.42~0.50 wt.% C, 0.17~0.37 wt.% Si, 0.50~0.80 wt.% Mn,
0.25wt.% Cr, <0.25wt.% Cr, <0.30 wt.% Ni, <0.25wt.% Cu,
<0.035wt.% P and Fe balance) with dimensions
110 mm x 100 mm x 10 mm. The surface of the substrate was
ground with 150# sandpaper and cleaned with acetone. Ni45
powder (0.34wt.% C, 2.0wt.% B, 4.1 wt.% Si, 12.5wt.% Cr,
6.6 wt.% Fe and Ni balance) obtained from Beijing AMC
Powder Metallurgy Technology Co., Ltd. (Beijing, China),
was employed as the cladding material, and its SEM mor-
phology is shown in Figure 1. Before laser cladding, the alloy
powder was baked in a vacuum environment (to remove
moisture and avoid oxidation) and then ground in a mortar
for at least 5 minutes to guarantee uniformity in powder
mixing.

CO, laser with Siemens 820C computer numerical
control (CNC) system was used in preparing the coating.
The schematic of the laser cladding process employed in this
work is shown in Figure 2, and the operating parameters are
listed in Table 1. Before the experiment, the cladding powder
and bonder were preplaced on the surface of AISI 1045 steel
by a self-made powder paving device. After the laser clad-
ding, the samples were cut into coupons with dimensions
10mm x 10 mm x 5mm. Then, the samples were cleaned
and inlaid for subsequent microstructure observation and
property testing.

2.2.  Microstructure Observation and Microhardness
Measurement. The crystal structures of the Ni45 coatings
were investigated by an X-ray diffractometer (XRD, Bruker
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FiGure 1: SEM morphology of Ni45 powders.
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FIGURE 2: Schematic of the laser cladding process.

TaBLE 1: Operating parameters of the laser cladding process.

Operating parameters Values

Output power (W) 1600
Scanning speed (mm/s) 4 (Cl1), 6 (C2), 10 (C3)
Beam diameter (mm) 4
Overlapped width (mm) 2.5

The number of passes 8

Protective gas rate (L/min) 10

Carrier gas flow rate (L/min) 12

D8 Advance) with the diffraction angle (26) ranging from
10° to 90" and a Cu-Ka radiation at 40 kV and 35 mA at a step
size of 0.02° and a scan rate of 6°/min. The microstructures of
the as-prepared coatings were characterized by an optical
microscope (OM, KEYENCE-VHX-900E) and scanning
electron microscope (SEM, XL30-FEG ESEM) with energy
dispersive spectroscope (EDS, Oxford INCA) after the
samples were mechanically polished and etched in the
3wt.% HNO; solution. The microhardness distribution
along the cross section of the Ni45 coatings was measured
using HDX-1000 microhardness tester with a load of 300 g
and a dwell time of 15s.
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2.3. Electrochemical Corrosion Test. The electrochemical
corrosion behavior of the as-prepared coatings was assessed
using CS350 electrochemical workstation (Wuhan Corrtest
Instruments Corp., Ltd.,, Wuhan, China) in 0.5M NaCl
solution and 0.5M NaCl +0.05M H,SO, solution. All the
electrochemical tests were conducted using a three-electrode
electrochemical cell composed of a saturated calomel ref-
erence electrode (SCE), a platinum counter electrode, and a
coated sample working electrode [20]. Preceding the elec-
trochemical tests was the monitoring of the open circuit
potential (OCP) for 1h to achieve a relatively stable state.
The electrochemical impedance spectroscopy (EIS) tests
were performed at OCP with a sinusoidal potential per-
turbation of 10mV in a frequency range from 10°Hz to
10> Hz. The potentiodynamic polarization curves were
measured by sweeping the potential from —0.6 Vscg to 2.0
Vsck at a scanning rate of 0.5 mV/s and terminated when the
current density of 50 mA/cm” was reached. The electro-
chemical tests were conducted at 25 + 1°C in the air without
stirring, and triplicate measurements were done to ensure

repeatability.

3. Results and Discussion

3.1. Morphology Observation. Figure 3 shows the surface
appearance of Ni45 coatings after laser cladding processes.
The coating material was melted sufficiently, and continuous
coatings were formed on the substrate. All coatings had a
uniform geometric appearance, and the overlaps between
adjacent passes were almost parallel to each other.

Figure 4 displays the OM of the transition layers between
the coatings and substrate. All the interfaces were free of
cracks and pores, indicating good bondings between the
substrate and coatings. The thickness of the transition layer
between the coating and HAZ decreased with increasing
laser scanning speed, which resulted from the hindered
element diffusion between the coatings and substrate at a
shorter heating time during the laser cladding process
[8, 21, 22]. Many columnar grains appeared around the
transition layer, due to extreme undercooling at the bottom
of the molten pool [23]. Meanwhile, the direction of co-
lumnar growth was basically perpendicular to the transition
layer along the direction opposite to the thermal flow
movement [8, 13, 23, 24]. These features of columnar grains
and microstructures are basically independent of the laser
scanning speed. The cross-section microstructures of the as-
prepared Ni45 coatings were observed by SEM in back-
scattered electron mode and are presented in Figure 5. As
seen in Figures 5(d)-5(f), more and finer dendrites appeared
as the laser scanning speed increased from 4mm/s to
10 mm/s, demonstrating that the grains tend to grow into
finer dendrites at higher laser scanning speed. Also, many
precipitation phases were observed in the intergranular areas
for all the coatings [25].

According to the solidification theory, the alloy solidi-
fication mode mainly includes planar, cellular, dendritic,
and equiaxed growth, which depends on the ratio of the
temperature gradient (G) to solidification rate (R), i.e., G/R
[13, 21, 24, 26, 27]. The temperature gradient was the largest

Powders

Coatings

Su?ﬁ

FIGURE 3: Surface appearance of Ni45 coatings after laser cladding
processes.

at the beginning of the solidification process due to the low
temperature of the substrate and the fact that the solidifi-
cation rate was close to zero. Under this condition, the solid-
liquid interface is stable, and a layer of planar front growth
can form between coatings and substrates, just like the
transition layer shown in Figure 3 [13, 21, 26, 27]. With the
increase in distance from the bottom of the molten pool, the
temperature gradient will decrease [26], and the solidifica-
tion speed will increase [8, 24], resulting in a dramatic
decline of G/R. As a result, the solid-liquid interface of the
planar grain becomes unstable, promoting the transition of
microstructure from plane crystals to cellular crystals
[8, 21, 26]. With further movement of the solid-liquid in-
terface far away from the bottom of the molten pool, the
value of G/R becomes much smaller, resulting in the change
of crystal growth mode from cellular to dendritic growth
[26, 27], as shown in Figure 5. At the top of the molten pool,
the dendrites transformed into equiaxed crystals due to the
further decline of G/R caused by the heat released to the
surrounding environment from multiple directions
[21, 26, 27]. Accordingly, increasing the laser scanning speed
will affect the microstructure evolution during the solidi-
fication process from two aspects. On the one hand, the
value of G/R will decrease, which accelerates the transfor-
mation from planar crystals to cellular crystals and dendrites
consequently [26, 28]. On the other hand, the grains nucleate
abundantly due to the lower heat input and the more rapid
solidification, resulting in the refinement of grains
[13, 21, 22, 26, 29]. As a result, more and finer dendrites can
be observed in the coatings prepared at higher laser scanning
speed, as shown in Figure 5.

3.2. XRD and EDS Measurements. Figure 6 exhibits the XRD
patterns of the as-prepared Ni45 coatings. The characteristic
peaks correspond to the y-(Ni, Fe), FeNis, and M,3(C,B)s,
respectively. Thereinto, the intensity of M,;(C,B)s peak
showed the most noticeable difference among the three
kinds of coatings, which decreased with the increase in laser
scanning speed and even disappeared at 10 mm/s. Kesavan
et al. [30] studied the microstructure characterization of a
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FIGURE 5: SEM images in backscattered electron mode of the cross-section microstructures of (a, d) C1, (b, e) C2, and (c, f) C3 coatings.

nickel-base hard-faced coating and reported that the mi-
crostructure of the deposits can be divided into dendrite and
interdendritic regions. The dendrite region was composed of
the y-nickel phase, while the interdendritic region was
composed of Cr-rich carbide and boride precipitates that are
needle-, blocky-, floret-, and fine spherical-shaped. Liu et al.
[31] investigated the microstructure of NiCoCrAlY coating
deposited on cast iron using multilayer laser cladding. They
described the dendrite in NiCoCrAlY alloy coating as the
y-(Fe,Ni) solid solution, and the phases in the interdendritic
region as M,C; and M,;Cq carbides, where M represents Cr,
Fe, or Ni.

It can be inferred that the dendrite region was com-
posed of y-phase, whereas the black particle phases in the
interdendritic region were M,;(C,B)s precipitations.
Meanwhile, the intensity of M,;(C,B)s peak was not no-
ticeably observed in the XRD pattern of C2 and C3
coatings, which reflects that the volume fraction of

M,5(C,B)g precipitations decreased with increasing laser
scanning speed [32]. This can be attributed to the high
cooling rate induced by the high laser scanning speed
[3, 28]. The inhibition of M,3(C,B)s, together with the
refined grain (Figure 5), could have effects on the micro-
hardness and corrosion resistance of the Ni45 coatings
[13, 30], which will be discussed in the following sections.
The elemental content of the dendrites in the C3 coating
measured by EDS is listed in Figure 7. Only the contents of
Fe, Cr, Ni, and Si were detected in the C3 coating because of
the poor sensitivity of EDS in detecting light elements
[13, 33]. Compared with the original Ni45 powders, the
content of element Si, Cr, and Ni changed less after the laser
cladding process, but a remarkable increase in the Fe content
was observed. It indicates the element diffusion occurring
between the substrate and the coating during the laser
cladding process [34] and, therefore, demonstrating the
formation of the transition layer discussed in Section 3.1.
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Ficure 7: EDS analyses of the dendrites in C3 coating.

3.3. Microhardness Measurements. Figure 8 shows the
microhardness distribution along the cross section of the
as-prepared Ni45 coatings, in which the height and width
of the rectangle represent the microhardness and the depth
of different regions, respectively. The microhardness of the
Ni45 coating ranges from 313.8 HV to 556.8 HV, which is
significantly higher than that of the substrate. With in-
creasing laser scanning speed, the microhardness of the
coating decreased, while that of the substrate remained
relatively unchanged. On the one hand, the higher laser
scanning speed inhibited the formation and growth of
borides and carbides, i.e., M,3(C,B)s in Figure 6, which
weakened the effect of precipitation strengthening [12, 13].
On the other hand, the grains were refined due to the higher
cooling speed (Figure 5), leading to the improvement of
microhardness [3, 13, 22]. Based on these two aspects,
precipitation strengthening should be the dominant factor
determining the microhardness of Ni45 coatings studied in
this work [13]. Besides, the as-prepared coatings can be
further divided into two parts based on the obvious step

change of coatings microhardness: the top and the bottom
coatings. The microhardness of the top coatings was lower
than that of the bottom when the laser scanning speed was
4 mm/s, while the relationship reversed at 6 mm/s and
10 mm/s. During the solidification process, the solidifica-
tion phase transition occurred first at the bottom and then
advanced to the top [28]. With continuous heating from the
postsolidified metal droplets, the bottom microstructure
grew coarsely [21, 23], whereas the top microstructure
solidified rapidly and had no time to grow more coarsely
due to the cooling effects of the external environments
[21, 26]. Meanwhile, at low laser scanning speed (4 mm/s),
there was enough time for the growth of carbides and
borides, especially at the bottom, resulting in a higher
microhardness of bottom coatings [3, 28]. The precipita-
tion strengthening, in other words, should be the key factor
determining the microhardness distribution inside the
coating region at low scanning speed (4 mm/s). The higher
the laser scanning speed, the fewer the amount of the
precipitate of carbides and borides. As a result, the main
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strengthening mechanism influencing microhardness dis-
tribution could change from precipitation strengthening to
grain refinement strengthening, leading to a higher
microhardness of top coatings at high scanning speeds
(6 mm/s and 10 mm/s).

In conclusion, whether the strengthening mechanism is
precipitation strengthening or grain refinement strength-
ening, the coating microhardness can be improved effec-
tively. For the whole coatings, the precipitation strengthening
made more contribution to enhancing the microhardness of
the coatings compared with the grain refinement strength-
ening. For hardness distribution inside the coating region, the
controlling strengthening mechanism depended on the laser
scanning speed. When the laser scanning speed was as low as
4mm/s, the microhardness distribution was mainly influ-
enced by the precipitation strengthening, whereas the grain
refinement strengthening was the key factor determining the
microhardness distribution as the laser scanning speed was
increased to 6 mm/s and 10 mm/s.

3.4. Electrochemical Corrosion Behavior. The potentiody-
namic polarization curves of the Ni45 coatings in 0.5M
NaCl and 0.5M NaCl + 0.5 M H,SO, solution are displayed

in Figure 9. The values of corrosion current density (icorr)
and corrosion potential (E.,,) based on Tafel extrapolation
analysis are listed in Table 2. In both two solutions, the
anodic current densities of all the coatings increased with the
applied potential without exhibiting any active-to-passive
transition. In 0.5 M NacCl solution, the corrosion potentials
shifted nobly while the corrosion current densities decreased
with the increase in laser scanning speed. It proves that the
corrosion resistance of coatings in 0.5M NaCl solution is
improved by increasing the laser scanning speed
[20, 28, 34, 35]. In contrast, lower corrosion potentials and
higher corrosion current densities were observed for all
coatings in 0.5 M NaCl + 0.5 M H,SO, solution, implying a
poor corrosion resistance in the more acidic environment.
Moreover, the laser scanning speed seems to have no ob-
vious effects on the corrosion resistance of Ni45 coatings in
0.5M NaCl + 0.5 M H,SO, solution, as shown in Figure 9(b)
and Table 2.

Figure 10 depicts the Nyquist plots of the as-prepared
Ni45 coatings in 0.5 M NaCl and 0.5 M NaCl + 0.5 M H,SO,
solutions. In 0.5M NaCl solution (Figure 10(a)), one ap-
parent unfinished capacitive impedance arc can be identified
for all coatings. The radius of the capacitive impedance arc
increased with the laser scanning speed, indicating the
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FIGURE 9: Potentiodynamic polarization curves of as-prepared Ni45 coatings in (a) 0.5 M NaCl and (b) 0.5 M NaCl + 0.5 M H,SO, solutions.

TaBLE 2: Corrosion current density (ic,.,) and corrosion potential
(Ecorr) of as-prepared Ni45 coatings in 0.5M NaCl and 0.5M
NacCl + 0.5 mol/L H,SO, solutions.

0.5M NaCl 0.5M NaCl+0.5 M H,SO,4
Coatings ECOI‘I" iCOrr ECOrr icorr
(mVscrp) (pA-cm™) (mVscp) (uA-cm™?)
Cl1 -786.7+9.8 8.40+0.21 -133.6+2.7 68.01+1.78
C2 —666 + 8.3 562+014 -113.2+24 63.15+1.58
C3 —441.2+55 3.74+0.11 -109.3+2.3 5697+1.46

improvement in corrosion resistance [26, 28, 36-39].
However, the characteristics of Nyquist plots in 0.5M
NaCl+0.5M H,SO, solution (Figure 10(b)) are different
from those in 0.5M NaCl solution (Figure 10(a)), which
exhibited capacitive impedance arcs with smaller radius but
fewer discrepancies among all three coatings, suggesting
deteriorated but undifferentiated corrosion resistance. The
EIS results are consistent with those of potentiodynamic
polarization tests (Figure 9 and Table 2).

The above effects of laser scanning speed on corrosion
resistance should be related to the microstructure evolution
of Ni45 coatings. It has been reported that the formation of
Cr-rich precipitated phases can cause Cr depletion in the
matrix around these precipitates, deteriorating the corrosion
resistance in these regions [40-43]. Lei et al. [26] studied the
corrosion resistance properties of carbon fiber (CF) rein-
forced Ni-based composite coating by laser cladding. The
results showed that the addition of CFs decreased the
amount of M,C; and M,;C¢ carbides, restraining the for-
mation of Cr-depleted regions at the grain boundaries, thus
improving the corrosion resistance of Ni-based alloy
composite coatings. Accordingly, the schematic diagrams
illustrating the corrosion mechanisms of Ni45 coatings in
0.5M NaCl and 0.5M NaCl+0.5M H,SO, solutions are
exhibited in Figures 11(a) and 11(b), respectively. In 0.5M

NacCl solution (Figure 11(a)), the precipitate and coatings
acted as the cathodes due to their nobler potential, while the
Cr-depleted zone around the precipitates with lower po-
tential acted as the anode [40, 42]. In this case, the Cr-
depleted zone dissolved faster than the other zones because
of the corrosion microcell, and some precipitates fell off
from the matrix. When the laser scanning speed was low,
there was relatively sufficient time for the reaction between
Cr and C element, and more M,3(C,B)s formed and grew
(Figure 6) leading to severer depletion of Cr around the
precipitates. In contrast, less and even no M,;(C,B)s pre-
cipitates formed at higher laser scanning speeds owing to the
faster cooling rate (Figure 6). As a result, the Cr-depleted
zone and the corresponding corrosion microcell were di-
minished, which inhibited the corrosion process to some
extent. Nonetheless, this inhibition effect of laser scanning
speed on corrosion resistance did not exhibit tangible
influence in the 0.5M NaCl+0.5M H,SO, solution, as
shown in Figure 11(b). It is expected that both the anodic
and cathodic reactions will accelerate in strong acidic
solutions. In this case, all the regions on the surface, in-
cluding the matrix, precipitates, and the Cr-depleted zones,
dissolved rapidly, implying that the coating surface cor-
roded uniformly layer by layer (Figure 11(b)). As a con-
sequence, the effect of corrosion microcell on the local fall-
off of precipitates was eliminated. Therefore, the laser
scanning speed had less effect on the corrosion resistance of
Ni45 coatings.

The mechanism shown in Figure 11(a) can be further
verified by the variation trend of E .y, and i, with laser
scanning speed (Figure 9 and Table 2), which is explained by
the means of the mixed potential theory as illustrated in
Figure 12 [44, 45]. According to the analyses in Figure 11, the
effect of laser scanning speed on corrosion resistance was
dominated by selective dissolution of Cr-depleted zone,
which suggests that the anodic rather than the cathodic
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reaction rate should differ at various laser scanning speeds. It
correlates well with the fact that the difference in anodic
curves was more noticeable compared with that in the ca-
thodic curves in 0.5mol/L NaCl solution as shown in
Figure 9(a). Therefore, only one oblique line (c;) is used to
represent the unchanged cathodic curve, while three lines
(ap, ap, and a3) are used to represent the evolved anodic
curves at various laser scanning speeds in Figure 12. The
point A, the intersection of cathodic curve ¢; and anodic
curve a,, is assumed to be the electrochemical corrosion state
of C1 coating (laser scanning speed of 4 mm/s), at which the
corrosion potential and corrosion current density are E o1
and icy, respectively. On increasing the laser scanning
speed to 6 mm/s (C2 coating) and 10 mm/s (C3 coating), less
amount of M,;(C,B)s precipitates formed and the Cr-de-
pleted zones were diminished, consequently leading to
inhibited anodic reactions. As a result, the anodic curve will
move left along with the axis of current density, from a, to a,
and a3, whose intersections are point B (E oz and icorr2) and
point C (Ecorrs and icons3), respectively. Evidently,
Ecorrl < Ecorr2 < Ecorr3) while icorrl > icorrz > icorr3' The orders
for corrosion potential and corrosion current density are
identical to those identified in Table 2. Therefore, it should be
reasonable to conclude that the improved corrosion resis-
tance of Ni45 coatings in 0.5 M NaCl solution is attributed to
the inhibited formation of M,;(C,B)s precipitates at higher
laser scanning speeds.

4. Conclusions

Ni45 coatings with good interface bonding have been
prepared by the laser cladding process. The effects of laser
scanning speed (4mm/s, 6 mm/s, and 10 mm/s) on the
microstructure, microhardness, and corrosion resistance
of the as-prepared Ni45 coatings are clarified and
explained:

(1) The thickness of the transition layer between the
coating and HAZ decreased the transformation from
planar crystals to dendrites, and the grain refine-
ments in the coatings were promoted. The formation
and growth of M,3(C,B)¢ precipitates in the coatings
were inhibited with increasing laser scanning speed
due to lower thermal input and faster cooling rate.

(2) The microhardness of all the coatings presents a
downward trend with the increase in laser scanning
speed, which is attributed to the weakened precip-
itation strengthening resulting from the reduced
amount of M,3(C,B) precipitates. Inside the coating,
two distinct layers were identified with different
microhardness. The position of the layer with the
highest microhardness depended on the laser
scanning speed. The competition between precipi-
tation strengthening and grain refinement
strengthening accounted for the microhardness
distribution in the cross section of the coatings at
various laser scanning speeds.

(3) The laser scanning speed exhibited a promotion
effect on the corrosion resistance of the as-prepared

Ni45 coatings in 0.5M NaCl solution, whereas no
effects could be identified in 0.5M NaCl+0.5M
H,SO, solution. The former is ascribed to the
inhibited formation of Cr-depleted zones around the
M,3(C,B)s precipitates at higher laser scanning
speeds. In contrast, this inhibition effect was invalid
in the presence of 0.5 M H,SO, because of the highly
corrosive feature of the acid solution.
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Self-cleaning surfaces may have wide applications such as microfluidic devices, lab-on-a-chip, sensors, microreactors, air pu-
rification, and antimicrobial fields. In this article, by using a combination of femtosecond (fs) laser irradiation and fluorination
technique, self-cleaning stainless steel surfaces with unique antifouling property were obtained. New insight is developed through
a detailed analysis of the antifouling behavior of the self-cleaning surfaces. The surface free energy and its polar and disperse
components were calculated by using the Owens-Wendt--Rabel-Kaelble (OWRK) method. X-ray photoelectron spectroscopy
was employed to analyse the surface elemental compositions and functional groups. The antifouling property of the surface was
recorded by using a high speed camera. Water sliding angles (SAs) were reduced by fluorination treatment, resulting in low
adhesive superhydrophobic surfaces with the self-cleaning property. The influences of micro/nanostructures, fluorination, and
their combination on the surface free energy were investigated. The interaction process between water droplets and pollutants
(inorganic and organic particles) on the treated surface was explored. The antifouling property of an optimized specimen

(CA=162° and SA=1") was tested and compared with the untreated sample.

1. Introduction

Contaminants on surfaces may threaten the health of people
and the quality of products. Cleaning methods, e.g., swiping,
ultrasonic cleaning, illuminating, and water spraying have
been used to maintain surface cleanliness, which consumes
labor, energy, capital, and time. Recently, surface treatment
with self-cleaning properties has generated worldwide in-
terest [1, 2]. These surfaces are of great importance not only
for the fundamental research but also for various practical
applications. Antifouling paints/coatings are normally ap-
plied to metallic surfaces by using electrospinning [2, 3],
spraying [4], vapor deposition [5], or electrochemical de-
position [6]. These paints/coatings have good self-cleaning
property. However, their disadvantages of low adhesion,
poor temperature resistance, and discoloration due to
weathering or mechanical damaging severely limit their
application in extreme conditions. Inspired by lotus leaf,

self-cleaning property can be obtained by surface micro/
nanostructuring. Water droplets pick up dirt particles and
debris from a tilt surface and roll-off to realize self-cleaning
[2, 7]. Metallic surfaces with self-cleaning property have
huge potential applications in microfluidic devices, lab-on-
a-chip, sensors, microreactors, air purification, and anti-
microbial fields [8]. For example, as the interior surfaces, the
washing process for pipelines of milk or petroleum can be
greatly simplified. The exterior surfaces would be cleaned by
rain water without using detergent, saving the maintenance,
and labor costs [2]. Furthermore, ships” body can be better
protected due to the low adhesion of biological pollutants
[9].

Femtosecond (fs) laser technique has proved to be a
promising method to produce micro/nanostructures on
surfaces for its unique abilities and advantages, including the
following. (1) This is a maskless technique with 0-3 di-
mensional micro/nanoscale structures being able to form
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simultaneously [10]. (2) It can be applied to a variety of
materials such as polymers [11-15], metals [10, 16-19], and
semiconductors [7] in various environments (e.g., air
[7, 12-14, 16-18], gaseous atmosphere [20], vacuum, and
liquid environments [10]). (3) Precise micro/nanostructure
can be realized by controlling laser parameters and/or en-
vironments to fine-tune the surface wettability and adhesive
property [9, 21]. (4) It has minimum thermal effect so that
the property of substrate can be preserved [22, 23]. Despite
its infancy, the outstanding micro/nanostructure fabrication
of femtosecond laser has been raised worldwide attention,
including Wolter from Laser Zentrum Hannover e.V. [19],
Jeon from KIST Korea [11], Guo from University of
Rochester [24, 25], Hatzikiriakos from UBC Canada [16], Li
from USTC China [10], Chen from Xi’an Jiaotong Uni-
versity [7, 13, 15, 26], and Zhong from Tsinghua University
[17]. In his review article, Chen et al. [26] pointed out that
laser microfabrication can realize special modulation
ranging from superhydrophilic to superhydrophobic,
allowing much more freedom to achieve complex multiple-
wettability integration. Zhang et al. [7] adopted femtosecond
laser irradiation technique to achieve the tunable adhesive
superhydrophobic silicon surfaces and revealed that the
adhesive forces of as-prepared surfaces can be tuned by
varying the area ratio of superhydrophobic domain to hy-
drophobic domain. Jun et al. [11] generated microscale
grooves on nanofibrous platforms using a femtosecond laser
ablation process to develop engineered fibrous platforms
with patterned hierarchical topographies. The fabricated
platforms can regulate cellular adhesive morphology, pro-
liferation, and distinct distribution of focal adhesion pro-
teins. By tailoring the surface chemical composition and
surface morphology, Moradi et al. [16] reported the effect of
extreme surface wettability on platelet adhesion and acti-
vation in SS and Ti surfaces. Li et al. [10] reported the as-
sembly of self-organized 3-dimensional porous metal micro/
nanocages arrays on nickel surface by ethanol-assisted
femtosecond laser irradiation. The underlying formation
mechanism was also investigated. The 3D cage-like micro/
nanostructures exhibit not only improved antireflection
property but also enhanced hydrophobicity. However, the
interaction behaviour and mechanism between water
droplets and pollutants on self-cleaning surfaces were sel-
dom reported.

In this paper, superhydrophobic surfaces were obtained by
using one-step femtosecond laser irradiation. Its surface free
energy was greatly reduced by a fluorination process to achieve
excellent self-cleaning property. Surface morphologies, surface
functional groups, surface free energy, static wettability, and
dynamic wettability were characterized. The interaction be-
havior between water droplets and pollutants on self-cleaning
stainless steel (SS) was investigated. The self-cleaning mecha-
nism was also explored. This paper aims to bridge the gap
between superhydrophobic surface and self-cleaning surface.

2. Experimental Process

2.1. Samples Preparation. Experiments were performed in a
clean room at 23°C in ambient atmosphere. Mirror-like 304
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SS coupons with a dimension of 20 mm x 20 mm X 2 mm
were used as substrates. The schematic of experimental
setting up can be referred to a previous study [27]. In brief, a
commercial Ti:sapphire chirped-pulse amplification laser
system (Spectra Physics) was used to generate a 35fs hor-
izontally linear polarized laser with a central wavelength of
800 nm. The beam has a Gaussian profile. A neutral density
(ND) attenuator was used to adjust the pulse energy.
Femtosecond laser pulses were focused to e > spot diameter
of 300 ym by using a 150 mm focal length lens. Substrates
were mounted perpendicular to the laser beam on a pre-
cision computer-controlled 3D translation stage. The laser
repetition rate is 1kHz. The pulse number per spot was
controlled by the combination of an electric shutter and the
speed of translation stage. Laser scan irradiation mode was
employed to get large and uniform surface areas for anti-
fouling property tests.

In order to evaluate the surface morphologies of samples
over a range of experimental parameters, the influence of
fluence (F=0.3, 0.5, 0.7, 1.0, 1.3, 1.5, 1.6, 1.9, 2.0]J/cm?,
respectively) and pulse number per focal spot (PPS = 10, 20,
30, 100, 200, 300 pulses, respectively) were systematically
investigated. After laser treatment, the fluorination process
was performed to reduce surface free energy. Samples were
cleaned by ultrasonic cleaning in water at 23°C for 10 min
and then immersed into 1% fluoroalkylsilane
(C14H 9F303Si) solution for 30 min. The samples were
immediately treated in a furnace at 135°C for 30min.
Mirror-like 304 SS coupons were fluorinated with the same
procedure and tested for comparison purpose.

2.2. Characterization. Images of surface morphologies and
microstructures were obtained by using a Phenom scanning
electron microscope (SEM) with an accelerating voltage of
10kV. Samples were sputter-coated with a 5nm gold layer
before observation. Contact angles (CAs) and surface free
energy were characterized by using interface tension meter
(Kruss K100). Owens-Wendt-Rabel-Kaelble (OWRK)
method was employed to calculate surface free energy and its
polar and disperse components. The disparity between water
and hexadecane in the appearance of CA was due to the
difference of surface tension. Hexadecane has a lower surface
tension of yHD =26.7 mN/m in comparison with that of
water yH,0=72.0mN/m. X-ray photoelectron spectros-
copy (XPS) was used to test the surface elemental compo-
sitions and functional groups of specimens before and after
fluorination. Al Ka was used as X-ray source. A step-scan
mode was used at the binding energy ranging from 0 to
1360 eV with an energy step size 1 eV. Water bouncing and
rolling behaviors on specimens were recorded by using a
high speed camera (Pro.1200hs). The interaction between
water droplets and pollutants on self-cleaning SS was also
monitored.

3. Results and Discussion

3.1. Surface Morphology and Microstructure. Systematic in-
vestigation of femtosecond laser-induced micro/nanostructures
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on 304SS was performed and a F-PPS model was built, which
can be used to locate and fine-tune the laser settings to produce a
specific surface microstructure in laser scan irradiation mode. As
shown in Figure 1, two types of micro/nanostructures were
observed: the laser-induced periodic surface structures (LIPSSs)
on §1, 82, 83, and $4,and nodular structures on S5 and S6. LIPSSs
on 304SS are located at F lower than 1]J/cm? With increasing F,
the nodular structures start to form. The two types of structures
have different formation mechanism and different structure
properties. This result is consistent with literatures [3, 11, 28],
indicating that, at low fluences (<1 J/cm?), the ablation process is
dominated by the optical penetration depth and, at high fluences
(>1J/cm?), the electron heat diffusion length is the domination
parameter. Interestingly, with increasing PPS from 5 pulses to
300 pulses at the same F, the structure types were kept almost the
same. However, the dimensions of nodular structures increased
dramatically, which may be due to the incubation effect
[27, 29, 30]. Thus, in this F-PPS model, F determines the type of
structures and PPS determines the dimensions of struc-
tures. This result is consistent with the numerical simu-
lation results of Zhang et al. [31], who demonstrate that,
according to the two-temperature model for multipulse
laser irradiation, the lattice temperature will be much less
affected if the time interval between two pulses is larger
than the electron-lattice coupling time.

3.2. Surface Free Energy and Wettability Test. Surface free
energy of a material is normally influenced by surface
morphology and chemical composition. Their combined
effects have been studied extensively. However, their re-
spective influence on surface free energy and wettability of a
material was seldom investigated, which is of great im-
portance for the self-cleaning surface.

Table 1 and Figure 2 show the relations of surface free
energies and CAs of specimens after femtosecond laser
irradiation. The surface free energies vary significantly
from 23.09+0.44mN/m to 60.12+0.17mN/m in com-
parison to the original 304SS (42.22 + 1.98 mN/m). Tested
surface free energy of S1 and S2 is lower than that of
original 304SS, and it grows with increasing accumulated
energy density. The water contact angle is slightly decreased
with the increasing of surface free energy. S1 has a CA of
about 152°, showing superhydrophobicity. S6 has a CA of
about 9°, showing hydrophilicity. Similar results were re-
ported by Pfleging et al. [32] on nanosecond laser irradiated
titanium alloy. Low surface energy and decreased wetta-
bility may reduce the interaction between the metal surface
and contaminants.

Table 2 and Figure 3 show the surface free energies are
significantly reduced and CAs are greatly increased after
fluorination. The surface free energy of fluorinated S1-S6 is
much lower than that of 304SS (17.47 mN/m) with the same
fluorination process. All specimens show near super-
hydrophobic property (~150°) while fluorinated 304SS has
CA=103". It can be concluded that proper micro/nano-
structure fabrication and fluorination can be used to reduce
surface free energy, and different micro/nanostructures have
different fluorination effects.

According to the OWRK method, surface free energy is
composed of disperse and polar components. Thus, a de-
tailed analysis is performed on SS, S1, and S$6 and their
fluorinated samples FS, FS1, and FS6, to further understand
the influence of fluorination on the free energy components.
As shown in Table 3 and Figure 4, the values of polar
component (P) and disperse component (D) of the three
samples before fluorination follow the order of
PSI < PSS <PS6 and DSI<DSS <DS6° PSI and DSl are signiﬁ—
cantly lower than those of original 304SS and S6. After
fluorination, the polar component and disperse component
of these samples were greatly reduced. Both Pgg; and Pyge are
so small that can be ignored in comparison with Pgg.

Polar component has significant effect on wettability.
Polar molecules can enhance the wettability by interaction
with dipole force and hydrogen bonds [32]. Thus, before
fluorination, the water contact angle of untreated 304SS is
smaller than that of S1 and lager than that of $6. S1 shows
superhydrophobicity due to the reduction of polar com-
ponent. After fluorination, FS1 and FS6 show super-
hydrophobicity due to the elimination of polar component.
FS6 has a lower surface free energy in comparison with FS1,
which may be due to its large specific surface area. The
deposition of more hydrophobic functional groups during
the fluorination process can reduce the surface free energy of
ES6. The relatively large polar component on FS can be used
to explain why the fluorinated untreated 304SS surface does
not have superhydrophobicity.

3.3. Surface Functional Groups and Adhesive Property.
The dynamic wettability of original 304SS, super-
hydrophobic S1, and hydrophilic S6 samples was investi-
gated by using high speed camera in Figure 5. A water
droplet of 8yl fell from the same height above the tested
surface. S1 shows the absolute water repelling property, and
§6 shows much higher wettability in comparison with the
original 304SS due to the different types and dimensions of
micro/nanostructures as shown in Figure 1.

S1 has a CA of 152°; however, it shows adhesive property
(Figure 6(a)), which is unfavorable for the formation of self-
cleaning surface. A self-cleaning surface should have a high
water repelling property and a low adhesive property to
contribute the water droplet rolling process [33]. After
treated by a fluorination process, the adhesive force is greatly
reduced as shown in Figure 6(b). XPS analysis of S1 in
Figure 7 and Table 4 indicates that this may be related to the
formation of hydrophobic functional groups, e.g., -C-F, -C-F,,
and -C-F;. The peak position of Fy locates at 688.9 eV. The
atomic percent of -C-F, increases to 26.94% after fluorination.
During the fluorination process, metallic bonds and ~OH will
be replaced by hydrophobic groups. Hydrophobic groups have
less adhesive force to water droplets, which contribute to the
self-cleaning property.

3.4. Wettability Models. Figure 8 shows the wettability
model of SS, S1, and S6 before and after fluorination. It has
been reported that micro/nanobinary structures on solid
surfaces can effectively enhance hydrophobicity of the



4 Journal of Chemistry

300 - A A ]

200 - A A ]

PPS

100 A A ]

oL AiA A
0.0 0.5 1.0

F (J/em?)

A LIPSSs

m Nodular structures

F1Gure 1: The influence of F and PPS on the evolution of surface morphology. PPS refers to the pulse number per focal spot and F refers to
the pulse fluence. S1-83 have the same F=0.5]/cm2 with increasing PPS=5, 10, and 20 pulses, respectively, and $4-S6 have the same
PPS =100 pulses with increasing F = 0.5, 1.5, and 2.0 J/cm2, respectively. Surface morphology of 304SS is also given for comparison purpose.

TaBLE 1: Surface free energies and CAs of specimens after laser irradiation.

Samples Surface free energy (mN/m) Standard deviation Water contact angle (*) Standard deviation
304SS 42.22 1.98 83 0.41
S1 23.09 0.44 152 0.76
S2 33.20 0.17 145 0.72
S3 45.02 0.57 138 0.69
$4 50.00 0.50 127 0.69
S5 59.56 0.21 11 0.05

S6 60.12 0.17 9 0.04
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TaBLE 2: Surface free energies and CAs of laser-treated specimens after fluorination.

Samples Surface free energy (mN/m) Standard deviation Water contact angle (*) Standard deviation
304SS 17.47 1.29 103 0.55
S1 5.15 0.09 162 0.81
S2 3.13 0.16 160 0.80
S3 1.96 0.42 144 0.72
S4 2.55 0.14 151 0.75
S5 0.94 0.05 146 0.73
S6 2.37 0.23 150 0.75
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FIGURE 3: Surface free energies and CAs of laser-treated specimens after fluorination.

TaBLE 3: Surface free energy and disperse and polar values before and after fluorination.

Samples Surface free energy (mN/m) Disperse components (mN/m) Polar components (mN/m)
SS 42.22+1.98 31.40+0.28 10.82+1.70

ES 17.47 +1.29 13.85+0.46 3.62+0.84

S1 23.09 +£0.44 20.58 £0.36 2.51+0.08

FS1 5.15+0.09 5.00+0.08 0.14+£0.01

S6 60.12+0.17 4596 +0.12 14.17 £ 0.05

FS6 2.37+0.23 2.34+0.21 0.03+0.02

SS: untreated stainless steel, FS: fluorinated SS, FS1: fluorinated S1, and FSé6: fluorinated S6.

surfaces [34, 35], giving the corroboration for the difference  existence of hydrophilic metallic bonds or hydroxyl groups.
of hydrophobicity between the polished 304SS and laser =~ As shown in Figure 8(b), the superhydrophobicity of S1
treated surfaces. SS has a CA less than 90° due to the comes from its microstructures (Figure 1) and can be
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FiGure 6: Adhesive property of S1: (a) before fluorination and (b) after fluorination.

explained by Cassie model [36]: when a water droplet is put
on the surface of S1, the droplet will only contact with the
protuberance of the LIPSSs, covered by hydrophilic metallic
bonds or hydroxyl groups. Meanwhile, air bubbles are
trapped in the bottom, greatly reducing the contact area
between the water droplet and sample. The hydrophilic
property of S6 may be attributed to the growing of mi-
crostructures. In this case, the sample has a large surface area
covered by hydrophilic metallic bonds or hydroxyl groups.
Water will take the place of air and infiltrate into the mi-
crostructures as shown in Figure 8(c).

The three samples are further fluorinated as shown in
Figures 8(d)-8(f). During the fluorination process, hydro-
philic metallic bonds or hydroxyl groups are replaced by
hydrophobic functional groups, which, combined with the
trapped air bubbles, could be the reason for the excellent
superhydrophobicity of FS1 and FS6. This result is consistent
with literature [37]. The process of fluorination relies on the
reaction of fluoroalkyl silane with -OH groups, leading to
significant decrease in surface energy of sample. Moreover,
heating in a furnace at 135°C may help to eliminate the
surface hydroxyl groups, which could also be a reason for the
hydrophilic-to-hydrophobic transition of samples.

3.5. Antifouling Modes. The interaction between water
droplet and pollutant particle is crucial for the self-cleaning
property. The most important adhesive forces between the
pollutants and surface are the van der Waals’ and electro-
static forces. The cleaning process requires a repelling force
larger than the adhesive force. Thus, the surface free energy
of a specimen must be controlled as small as possible. In this
research, the interaction behaviors between water droplets

and different types of particulate pollutants on self-cleaning
SS were monitored and recorded. Three types of antifouling
modes were built.

Figure 9(a) is a series of photos taken by using a high
speed camera, showing the “rolling” process of a water
droplet on a contaminated surface. The surface is tilted with
an angle of 5° to perform the rolling process. The water
droplet has a volume of 8 yL and provides a shear force to the
contaminant (a SiO, particle indicated by the white arrow).
When the shear force is large enough to overcome the
adhesive force between the contaminant and surface, the
water droplet will lift the contaminant up from the surface.
Figure 9(b) is a schematic of the rolling cleaning process.

Figure 10(a) is a series of photos taken by a high speed
camera, showing the “rebounding” process of a water
droplet on a contaminated surface, which is tilted for 5°. SiO,
particles are indicated by white arrows. A water droplet with
a volume of 8 yL came out from a needle, spreading on the
surface, collected the contaminant from the surface, and
rebounded back to the air. Interestingly, the “rebounding”
mode has a much higher cleaning efficiency than the rolling
mode due to the large spreading area of the water droplet,
which depends on the initial energy of the droplet and the
status of the surface. Figure 10(b) is a schematic of the
“rebounding” process.

Figure 11(a) is the photos showing the contaminant
absorbing process by a water droplet on a surface. Con-
taminants are sponge particles. A water droplet of 4 yL is
suspended on the tip of a needle. When it is close to the
contaminant particle, the particle is absorbed into the
droplet due to the high surface tension. The water droplet
does not need to contact with the surface to make it clean,
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FIGURE 7: XPS diagrams of S1: (a) before fluorination, (b) after fluorination, and (c) Fls element.

TaBLE 4: Surface elemental compositions and functional groups of S1 after fluorination (FS1).

Element Functional group Binding energy (eV) Atomic (%)
C—H 284.8 20.31
C C=0, C—F 287.8 2.29
Is C—COs, CF, 290.8 7.96
CF, 292.7 224
o) Cr203, Cr03, F6203, Fe304, FeOOH 530.2 15.48
1s OH 531.8 10.31
Ni. N,, NH, 400.0 0.62
Metallic Fe 719.9 0.60
Fe,, Fe* 710.5 3.48
FeOOH 711.5 4.04
Crzp Cr203 576.7 2.14
Fi. CF, 688.9 26.94
Sizp Si—O 100.2 3.21
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FIGURE 9: “Rolling” cleaning mode: (a) photos recorded by using a high speed camera and (b) schematic of antifouling process.
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Journal of Chemistry

28
XX

11

A AAAAAARARL = AL

FIGURE 11: “Absorbing” cleaning mode: (a) photos taken by using a camera and (b) schematic of the “absorbing” particle removing process.

which can be regarded a damage-free cleaning process.
Figure 11(b) is a schematic of the “absorbing” cleaning
mode.

4. Conclusions

This article presents techniques to make self-cleaning
stainless steel (SS) surface, including tailoring surface
morphology by femtosecond laser irradiation and reducing
surface free energy by fluorination. Results revealed that
different micro/nanostructures including laser-induced
periodic structures and nodular structures were obtained on
304SS. Fluorine-free surfaces with controllable water contact
angles (CAs) from hydrophilic to superhydrophobic were
obtained by using one-step femtosecond laser scan, which
are desirable for microfluidic devices, lab-on-a-chip, sensor,
and microreactor applications. Surface free energies of laser
irradiated surfaces vary significantly from 23.1 + 0.4 mN/m
to 60.1 £0.2mN/m comparing to the untreated 304SS
(42.2+2.0mN/m); and the water contact angle roughly
decreased with the increasing surface free energy. After
fluorination treatment, the surface free energies of all
specimens were reduced and CAs were much increased. All
specimens showed near superhydrophobic property
(CA =~150") except for the fluorinated 304SS (103°). The
adhesive property of laser irradiated surface was reduced due
to the formation of surface hydrophobic functional groups
such as C-F, -CF,, and -CF;. A wettability model of spec-
imens before and after fluorination was proposed, in which

the influence of micro/nanostructures, fluorination, and
their combined effects on CAs were analysed. The inter-
action behaviors between water droplets and different types
of particulate pollutants on self-cleaning SS were monitored
and recorded. Three particulate cleaning modes, rolling,
rebounding, and absorbing modes, have been suggested.
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A high temperature-sensitive long-period fiber grating (LPFG) sensor fabricated by the local fictive temperature modification is
proposed and demonstrated. High-frequency CO, laser pulses scan standard single-mode fiber (SMF), and the modification zones
extended to the core of SMF. Experimental results demonstrate that the LPFG temperature sensors with 600 ym grating period
and 32 period numbers offer the average sensitivity of 0.084 nm/C in the temperature range of room temperature (RM) to 875°C.
The LPFGs fabricated here show exponential change in terms of the spectral wavelength shift versus changes in temperature. In
addition, the maximum temperature sensitivity of 0.37 nm/C is achieved by employing long-period microfiber grating (LPMFG),
fabricated by the microheater brushing technique and the local fictive temperature modification. LPMFG sensor exhibits better

temperature characteristics due to a thinner diameter.

1. Introduction

Compared with conventional electronic sensors, fiber
sensors have useful advantages such as their small volume,
high sensitivity, fast response, resistance to electromagnetic
field interference, and the potential for remote operation
[1], which have attracted more and more attention in
sensing fields, including monitoring temperature [2], re-
fractive index [3], strain [4], and viruses [5]. The mea-
surement of temperature has great significance in the
application fields of industry, scientific research, and
clinical medical. For decades, various temperature sensing
methods based on optical fiber structure have been pro-
posed and demonstrated, such as Fabry-Perot interfer-
ometers [6-8], Mach-Zehnder interferometers [9-11],
Sagnac [12-14], fiber Bragg gratings [15-17], and long-
period fiber gratings (LPFGs) [18-23].

LPFGs with a typical period of hundreds of micrometers
provide a suitable method for a number of sensing and
communication applications, due to its ease of fabrication,
low insertion loss, and higher temperature sensitivity.
Among the different techniques available to fabricate
gratings, fictive temperature modification different from the
traditional point-to point technique is a novel method. The
interest of the scientific community results from well es-
tablishment and ultra-short fabrication time besides en-
abling the fabrication gratings in any kind of fiber [24].
Fictive temperature modification is a powerful method for
topography formation on fiber. Texture on the surface of
fiber can be directly realized via the rapid timescales of
heating and cooling of fiber by laser pulses with proper
energy [25]. In this work, we demonstrate LPFG tempera-
ture sensors in the range of room temperature (RM) —875°C
fabricated by the local fictive temperature modification via
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high-frequency CO, laser pulses. Inexpensive standard
single-mode fiber (SMF-28) is employed as material for
long-period gratings fabrication, and the fabrication time of
the temperature sensors proposed is less than 1s. The ex-
periments show that the temperature sensitivity of the
proposed sensor could be effectively improved by fabricating
the long-period microfiber gratings (LPMFGs). The maxi-
mum temperature sensitivity of the LPMFGs sensors with 32
period numbers and 600pum grating period can reach
0.37nm/C, which is 4 times higher than that of LPFG
sensors, in the range of 30°C to 80°C.

2. Theoretical Analysis

The LPFGs can couple the core mode to the forward
propagating cladding modes. The resonant wavelength is
determined by the phase matching condition as follows:

= (" = ), Q0

where A,, is the mth-order resonant wavelength at which
light propagation in the core mode is coupled to the LPy,,
cladding mode, m=1,2,3,4, ... nSS; nzlf‘";d’m and A represent
effective refractive indices of core mode and the mth
cladding mode and the grating period, respectively.

When the ambient temperature has changed, the ef-
fective refractive index of core and cladding will change. The
LPFG material temperature expansion leads to the change in
the grating period. The temperature sensitivity can be ob-
tained by the chain-rule differentiation of equation (1) with
respect to ambient temperature T. The dependence of res-
onance wavelength against temperature can be written as

d<nc0re _ nclad,m)
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The first term on right hand side of equation (2) is
contributed to relative thermal dependence of effective in-
dices of the core and cladding. It defines dn“¢/T and
dn*d/T as the core and cladding thermo-optic coefficients,
respectively. For the proposed LPFGs sensors, the core and
cladding with positive thermo-optic coeflicients are
considered.

3. Experiments and Results

Figure 1 illustrates the configuration of an experimental
system used for fabricating LPFGs by local fictive temper-
ature modification via high-frequency CO, laser pulses.
Semiconductor laser diode (SLD, Thorlabs, SSFC1550P-A2)
used as the light source with a center wavelength of 1550 nm
was connected to SMF-28 as the input port of LPFGs, and
the output port of the LPFGs was connected to the optical
spectrum analyzer (OSA) (Yokogawa, 6370°C) to ensure
successful fabrication of LPFGs. The fabrication of LPFGs by
the local fictive temperature modification was performed in
a two-step process. Firstly, SMF-28 fixed on two-dimen-
sional translation stages was adjusted to the center of camera
field of view using online monitoring system as a component
of the local fabrication system. The local fabrication system
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mainly consists of online monitoring system, two-dimen-
sional translation stages, two-dimensional vibration mirrors,
and a commercial CO, laser with a Gaussian beam and
maximum output power of 100W operated at 1 kHz with a
25% duty factor. Secondly, 32 periods and the grating period
of 600 ym patterns of LPFGs were designed by controlling
software in order to obtain the required parameters. Based
on equation (1), the grating period was selected to be
A =600 ym so as to work on the effective wavelength region
of the SLD source used in the experiment. The SMF-28
samples were moved to focus rectangular CO, laser irra-
diation zones. The laser beam was scanned by two-di-
mensional vibration mirrors, and the laser raster scanning
was used to produce hexagonally or orthogonal modification
zones according to the designed pattern to form LPFGs in
this step. Due to the strong performance of two-dimensional
vibration mirrors, the fabrication time of LPFGs was less 1 s.

Figure 2 shows morphologies of the fabricated LPFGs
by the local fictive temperature modification. The surface
of morphology of LPFGs was obtained by Leica optical
microscope with polarization function (Leica, DM2500).
The grating period and the period number were 600 ym
and 32, respectively. The fabricated LPFGs appeared very
uniform, and the saddle-shaped grooves were carved by
CO, laser pulses along the fiber axis, as shown in Figure 2.
The modification zones of refractive index extended to the
core of SMF-28 gradually to form the modulation of input
light.

The free-standing fabricated LPFGs could be affected by
environmental factors including physical vibration and
bending due to its high sensitivity characteristics. Simply
equipped LPFGs is essential using a low RI UV curable
polymer (Thorlabs) to avoid disturbance in experimental
processes influencing sensing results. In brief, two sides of a
microscope slide were covered with two regular slides in
parallel to create a sensing region. Then, other two smaller
slides were fixed in the center of two regular slides to support
the LPFGs sample in place. UV curable polymer used to fix
the samples was exposed under UV radiation (UV LED
system, Thorlabs) for 30s.

The schematic diagram of the temperature sensing ex-
perimental setup is illustrated in Figure 3. SLD source and
the OSA used were the same as the ones for LPFG fabri-
cation. The transmission spectra of the LPFGs were mea-
sured at different temperatures for the grating region
ranging from RM to 875°C. The high temperature envi-
ronment was provided by the microheater (NTT-AT,
CMH7019) driven by a tunable DC power supply. The
grating region of LPFGs was inserted into the center of the
slot of the microheater whose length was enough to cover the
entire grating region. The temperature environment in-
creased by increasing the current of the power supply from 0
to 3.5A with intervals of 0.1 A. Every temperature envi-
ronment was kept constant for 10 minutes to ensure a stable
temperature distribution in the microheater.

The transmission spectra were recorded at different
temperatures. The relationship between the current and the
temperature in the microheater was provided by the man-
ufacturer of the heater.
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FIGURE 3: The schematic diagram of the temperature sensing experimental setup.

Figure 4(a) illustrates measured spectral responses at
different temperatures ranging from RM to 875°C with
intervals of 125°C. When the temperature environment
increased, the selected dip wavelength of the spectrum ex-
perienced a redshift with the measured temperature range.
These shifts correspond to a temperature-induced spectral
shift of about 71.36 nm during the entire measurement
process. To obtain the exact relationship between temper-
ature environments and dip wavelength shift, a finer tem-
perature variation experiment was adopted. Figure 4(b)

shows the relationship between temperature environment
and dip wavelength shift over the temperature ranging from
RM to 875°C by heating the LPFG sensors in 25°C steps. The
average sensitivity 0.084 nm/C was achieved. The solid line
in the figure was the exponential fit of the experimental
results, which indicated that LPFG sensors have exhibited a
higher sensitivity in the higher temperature range. More-
over, the performance of our LPFG temperature sensor in
the cooling process has also been investigated, as shown in
Figure 4(b). From the figure, it is clear that they have almost
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the same exponential dependence on the temperature. The
fit of the experimental data gave a sensitivity of about
0.085nm/C. The different temperature sensitivity numbers
result from the different temperature distribution during
heating and cooling processes.

In order to investigate the stability of our LPFG tem-
perature sensors in high temperature environment, signal
changes with measurement time increasing at 250°C, 500°C,
and 750°C are shown in Figure 5. Measured spectral re-
sponses during 50 minutes were recorded every 5 minutes.
The redshift standard deviation of 0.54 nm at 250°C is larger
than that of 500°C and 750°C, while the redshift standard
deviation of 0.07 nm at 500°C is smaller than that of 250°C
and 750°C. It believes that the discrepancy in dip wavelength
shift at the same temperature mainly results from the limited
precision in microheater heating controlling. We have
reason to believe that LPFGs fabricated by local fictive
temperature modification have excellent stability in the
entire measurement process, and there is no stability per-
formance degradation in high temperature environment.

As far as we know, reducing the diameter of LPFGs might
result in a higher sensitivity. Hence, it is necessary to dem-
onstrate temperature dependence of LPMFGs. In the ex-
periment, microfibers with about 11um diameter were
fabricated based on the taper drawing system using the
microheater brushing technique. The fabrication and package
process of LPMFGs were the same as that of the LPFGs.
Considering more fragile mechanical stability, the fabricated
LPMFGs were put into an airtight container with the function
of precise control of temperature to measure the temperature
dependence. The SLD source and OSA used were the same as
the ones used for LPFG sensing. The transmission spectra of
LPMFGs, as shown in Figure 6(a), were measured at different
temperatures ranging from 30°C to 80°C. It was observed that,
as the temperature increased from 30°C to 80°C, the central

wavelength of the spectral dip shifted to a shorter wavelength
monotonically. The wavelength shifts versus temperature is
clearly plotted in Figure 6(b). The modification zone of the
fabricated LPMFGs can be observed in the inset of
Figure 6(b). It is clear that wavelength shift changed expo-
nentially with the increase in the temperature, from 30°C to
80°C. The total wavelength shifted from 30°C to 80°C was
7.1nm, and the maximum sensitivity of 0.37nm/C was
achieved in the temperature range of 30°C to 35°C. The
temperature sensitivity achieved in this experiment is 4 times
higher than that of the LPFG temperature sensor. From the
experimental results, the LPFGs fabricated by the local fictive
temperature modification can be applied to the high tem-
perature environment, but the LPMFGs are skilled in sensing
of low temperature. Therefore, the parallel connection of the
two methods can be used to realize the temperature sensing to
ensure the measurement accuracy of low temperature.

4. Conclusion

In the work, a high temperature sensor based on LPFG
fabricated by the local fictive temperature modification is
demonstrated. Compared with LPFGs fabricated by other
methods, the LPFGs demonstrated in the work provide a
lower cost, shorter fabrication time, and wider temperature
range. The sensor has an average temperature sensitivity of
0.084 nm/C in the range of RM-875°C by exponential fitting,
while the maximum temperature sensitivity of LPMFGs is
0.37nm/C. Moreover, the reason why the temperature
sensitivity of LPMFGs can be enhanced is mainly due to the
thinner diameter with thermo-optic effect. The high tem-
perature sensor with compact structure and high sensitivity
can be applicable to some structure health monitoring and
material processing, electrical transformer, petroleum
pipeline, and so on.
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In a high-temperature gas-cooled reactor, the integrity of tristructural-isotropic-(TRISO-) coated fuel particles ensures the safety of
the reactor, especially in case of an air-ingress accident. The oxidation of TRISO particles with the outer layers of silicon carbide (SiC)
was performed at temperatures of 900°C-1400°C in air environment. Both the microstructure and phase composition of the SiC
layers were studied. The results showed that the SiC layers had a good oxidation resistance below 1100°C. However, the amorphous
silica on the SiC layers formed at 1200°C and gradually crystallized at 1400°C with the presence of microcracks. The reaction rates of
the SiC layers were determined by measuring the silica thickness. It was proposed that the oxidation of the SiC layers followed the
linear-parabolic law with the activation energy of 146 + 5kJ/mol. The rate-determining step of the oxidation was the diffusion of

oxygen in silica.

1. Introduction

The high-temperature gas-cooled reactor (HTGR) is con-
sidered as one of the promising reactors in the Generation
IV nuclear energy system. The HTGR reference concept is a
helium-cooled, graphite-moderated, thermal neutron
spectrum reactor with a target coolant outlet temperature of
~900°C. The high outlet temperature offers higher efficiency
electricity generation and new opportunities for a broad
spectrum of process heat applications, including hydrogen
production by thermochemical water splitting or high-
temperature electrolysis [1]. The success of HTGR is due to
its inherent safety characteristics, which rely closely upon the
quality and integrity of the tristructural-isotropic- (TRISO-)
coated fuel particles [2].

In the current reference TRISO-coated particle design,
the kernel (microsphere) is typically formed from enriched
uranium dioxide (UQO,) or uranium oxycarbide (UCO) and
is surrounded by successive layers of porous pyrocarbon

buffer, dense inner pyrolytic carbon (IPyC), silicon carbide
(SiC), and dense outer pyrolytic carbon (OPyC). The SiC
layer, in particular, provides structural support to accom-
modate internal gas pressure and serves as the primary
barrier to the release of fission products [3]. Therefore, the
microstructure and properties of the SiC layer are essential
to the safety of the reactors under operation conditions, even
during any accidents, in the case of failure of all active
cooling systems and complete loss of forced cooling.
Under normal operation conditions, the fuels work in
helium loops and withstand a working temperature of
~1000°C in the HTGR. The highest normal operating fuel
temperature should not be greater than 1250°C. In previous
studies, postulated air-ingress accidents have got a lot of
attention to the safety analyses of HTGR. In the case of off-
normal transients, air ingress can result from breaches in
the reactor system that link the internal and external
gaseous atmospheres. The maximum fuel temperature
might rise to 1300°C-1400°C. Under normal pressure and
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high temperature air environment, the core components,
including the fuel elements, would suffer extensive deg-
radation and lead to a significantly enhanced release of
fission products [4]. The oxidation of graphite is of primary
importance with respect to the structural integrity of the
graphite [5]. Much effort has been devoted to the conse-
quences of graphite oxidation. The oxidation performance
of matrix graphite under air-ingress accident conditions
has not only been simulated under the conservative as-
sumptions but also been studied thermogravimetrically for
various oxygen concentrations and with temperatures from
600°C to 1600°C [6-8]. However, the matrix graphite of fuel
elements is susceptible to oxidation damage. Once the
graphite matrix of the compact or pebble fuel elements has
been oxidized away, it may lead to the exposure of TRISO
tuel particles and increase the risk of radioactivity release.
The consequences of air-ingress for TRISO fuel particles
have not been adequately addressed to date. Despite the
rare probability of this accident, the oxidation behavior of
the TRISO particle is of great importance for protecting the
reactor core and decreasing the risk of radioactivity release
in case of air-ingress accidents. As the OPyC layers begin to
be oxidized at temperatures higher than 700°C, the exposed
SiC layers in TRISO particles would play an important role
in governing fuel performance. Therefore, the investigation
of the oxidation performance of the SiC layers is imperative
in the safety considerations.

The air oxidation of SiC materials (e.g., sintered a-SiC,
high-purity 5-SiC, and SiC-based composites) has attracted
tremendous research interest for decades, due to its wide
application in high-temperature components [9-11]. Two
forms of SiC oxidation, such as the passive oxidation re-
gime (weight gain) and the active oxidation (weight loss),
were reported. SiC forms a silica layer comparable to sil-
icon, and the oxidation of both materials follows a linear-
parabolic or parabolic law. However, since the micro-
structure and properties of the SiC layers in TRISO par-
ticles are different from those of the SiC plate despite the
same coating procedure, the oxidation mechanisms of the
SiC layers are also needed to be clarified [12]. The impact of
annealing in air atmosphere on TRISO particles has been
investigated with temperatures up to 1600°C [13-15]. The
results showed that intense regression of the SiC beneath
the rough silica layer occurred at 1600°C, which was af-
fected by the interaction between TRISO particles and the
alumina crucible [13]. The mechanisms and kinetics of the
oxidation process of the TRISO particles with the outer
layers of SiC in air environment under different temper-
atures still need to be investigated to evaluate the micro-
structure evolution of the silica layer.

In the present work, the oxidation of TRISO particles
with the outer layers of SiC was investigated in air envi-
ronment at the temperature range of 900°C-1400°C. The
composition and microstructure of the SiC layers after
oxidation was characterized and analyzed. The oxidation
kinetics of the SiC layer were studied, including oxidation
rate, activation energy, and the rate-controlling step, which
aims to predict the SiC degradation rate in case of an air-
ingress accident in operation.

Journal of Chemistry

2. Experimental Procedure

2.1. High-Temperature Oxidation. The TRISO particle
samples were made by fluidized bed chemical vapor de-
position using zirconia particles with a diameter of ~500 ym
as simulated kernels. The average thickness of the buffer,
IPyC, SiC, and OPyC layers was 200 ym, 40 ym, 24 ym, and
40 ym, respectively. Before the oxidation test, the TRISO
particle samples were exposed in air at 800°C for 8 hours to
oxidize the OPyC layers and obtain the TRISO particles with
the outer layers of SiC, as shown in Figure 1.

High-temperature oxidation behavior for the TRISO
particles with the outer layers of SiC was investigated in
atmospheric environment at 1 atm pressure under the iso-
thermal conditions. The furnace was horizontally held with
an alumina tube and has a 20 cm long hot zone. The TRISO
particle samples were placed on the platinum crucible in the
alumina reaction tube with both ends open. The samples
were heated from room temperature at the programmed
heat rate of 5°C/min up to the testing temperatures
(900°C-1400°C). After keeping at the testing temperature for
the desired time (0-48 h), the samples were cooled to room
temperature in furnace naturally. To minimize contami-
nation, the alumina reaction tube was aged in atmospheric
environment for 50h at 1400°C before beginning the ex-
periments. Besides, the effects of interaction between the
TRISO particle samples and the platinum crucible were
neglected in the present work.

2.2. Characterization. The surface morphology and cross-
section microstructure of the SiC layers in TRISO particles
was characterized using a scanning electron microscope
(SEM) (Inspect F50, FEI, US). The thickness of the silica on
the SiC layer after oxidation was measured at approximately
twenty points at the cross sections of TRISO particles. The
phases of reactive products on the surfaces of TRISO par-
ticles were examined by X-ray diffraction (XRD) (Ultima IV,
Rigaku, Japan) and by Raman spectroscopy (LabRAM HR
Evolution, Horiba, France) with an incident laser beam of
532nm (Nd: YAG). The XRD samples were made by around
a number of 20 particles, which were pasted onto a hori-
zontal glass slide and kept closely packed using the silicone
paste that has no XRD spectra. For Raman spectroscopy
measurement, the TRISO particle was placed on the sample
stage under the Raman microscope objective. And the 50x
microscope objective was used to focus the laser and col-
lected the backscattered light.

3. Results and Discussion

3.1. The Microstructure of the SiC Layers. Figure 2 shows the
surface morphology of the SiC layers before and after oxi-
dation at different temperatures for 24 h. The as-deposited
SiC layer exhibited faceted morphology on the outer surface
(Figure 2(a)). No significant variation in the morphology
was observed after oxidation below 1100°C (Figure 2(b)).
However, the edge of the SiC grains became smooth after
oxidation at 1200°C, which indicates the oxidation of SiC
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F1GURE 2: The outer-surface SEM morphology of the SiC layers of (a) as-deposited and after exposure in air at a temperature of (b) 1100°C,

(c) 1200°C, (d) 1300°C, and (e) 1400°C for 24 h.

occurred (Figure 2(c)). Because the oxidation temperature
was not high enough to cause an obvious change of the
surface morphology, just the sharp edge became smooth
could be observed. Besides, the thickness of the oxide layer
was too thin to cover the faceted morphology of the SiC
grains. Thus, there were still some pits that could not be
covered by the oxide layer, where the oxidation would occur.

After oxidation at 1300°C, the surface morphology changed
from multifaceted to smooth with the formation of a thin
oxide layer (Figure 2(d)). The SiC grains were almost cov-
ered by the formation of the oxide layer, which could prevent
inward diffusion of oxygen and the oxidation of SiC. When
the oxidation temperature was further increased to 1400°C,
apparent oxidation occurred with the increasing amount of



oxide on the SiC surface (Figure 2(e)). The surface of the
oxide scale appeared a combination of elongated and
spherulitic structure, which is the characteristic of the
cristobalite formation. As reported, during the crystalliza-
tion of amorphous silica, the nucleation of silica grains forms
elongated structure and then turns to spherulitic structure
with the growth of silica grains [16]. That is the reason why
the elongated and spherulitic structure could be observed
after high-temperature oxidation of SiC. Meanwhile,
microcracks formed in the oxide layer (Figures 2(d) and
2(e)), which could be due to the volume change from the
crystallization of amorphous silica and the phase transfor-
mation of crystallized silica during the cooling process. The
formation of microcracks would reduce the protection of the
oxide layer for SiC from oxidation. What is worse, a sig-
nificant volume change might also loosen the structure of the
oxide layer and lead to poor adhesion at the interface of the
oxide layer and SiC.

Figure 3 shows the cross-section microstructure of the
SiC layers before and after oxidation at the temperatures of
1100°C-1400°C for 24 h. There were no significant micro-
structure differences observed from the cross section be-
tween the as-deposited SiC layer and the SiC layer after
oxidation at 1100°C. However, a thin oxide layer on the SiC
coating was appeared after oxidation at 1200°C, and the
thickness was about 0.41 ym. Due to the roughness of the as-
deposited SiC layer, the oxide layer was rather rough. After
oxidation at 1300°C, the thickness of the oxide layer in-
creased to ~0.7 ym. Besides, the surface of the oxide layer
became more flat, which indicates the oxide had filled in the
roughness of the as-deposited SiC layer. When the oxidation
temperature was further increased to 1400°C, the thickness
of the oxide layer increased significantly to ~1.24 yum. No
through-thickness cracks were observed.

3.2. The Phase Composition of the SiC Layers. Figure 4 shows
the effects of oxidation temperature on the XRD patterns of
TRISO particles after oxidized for 24 h. Three typical phases
could be identified in the XRD pattern of the as-deposited
sample, namely, ZrO,, PyC, and SiC. To amplify the small
peaks, the Y-axis was plotted to the sqrt (intensity)
(Figure 4(b)). At temperatures below 1300°C, no oxide phase
was detected. After oxidation at 1400°C, diffraction peaks
corresponding to the silica phase appeared with weak in-
tensity. The results showed that the silica formed was
amorphous at 1200°C-1300°C and gradually crystallized at
1400°C. It was coincident with the evolution of surface
morphology observed in Figure 2. Besides, the major
crystalline silica phase was detected to be a-cristobalite.
Raman spectroscopy was also employed to characterize
the phase composition of TRISO particles after oxidation at
different temperatures. Raman spectra of SiC showed two
first-order peaks at around 796 cm™' (TO band) and
972cm™ (LO band) with the second-order band between
1400 cm™" and 1800cm™', which corresponds to stoichi-
ometry 3-SiC. Significant differences in the Raman spectra at
ranges of 100cm '-550cm™" and 1200 cm™'-1850cm™"
were observed, as shown in Figure 5. When the oxidation
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temperature increased to 1400°C, the peaks at 110cm™,

230cm ™', and 417 cm™" appeared which correspond to the
existence of silica. The results were consistent with the XRD
analyses. Besides, the D band (1350 cm™') and G band
(1600 cm™) that are the first-order band of carbon also
appeared with the increase of oxidation temperature above
1200°C, suggesting that the carbon was in form of amor-
phous structure [17]. The results revealed the formation of
carbon occurred during the oxidation of SiC at high tem-
peratures. The low intensity of the D and G bands indicates a
small proportion of carbon produced after high-temperature
oxidation of SiC, which was identified at the SiC/SiO, in-
terface in the previous studies by transmission electron
microscopy [18].

3.3. The Oxidation Behavior of the SiC Layers. To study the
oxidation behavior of the SiC layers in TRISO particles,
oxidation tests were further performed at different tem-
peratures for different times. The oxide layer thickness as a
function of the oxidation time is shown in Figure 6. When
the temperature was below 1000°C, the changes in the
surface morphology of the SiC layer were barely noticeable.
It indicates that the SiC had good oxidation resistance at a
temperature below 1000°C. Besides, it seems no measurable
oxidation occurred at 1100°C within 36 h exposure until the
oxidation time was prolonged to 48 h. The dense oxide layer
produced on the surface of the SiC layer could prevent the
inward diffusion of oxygen. With the increase of oxidation
temperature, the diffusion rate of oxygen in the silica in-
creased, so did the oxidation rate. As a result, the thickness of
the silica layer increased obviously with the increase of
oxidation time at the higher temperature (>1200°C). As
shown in Figure 6, the silica layer thickness was 1.9 ym after
exposure at 1400°C for 48 h, which is almost twice that at
1300°C for the same dwelling time.

When SiC material is exposed in air environment under
high temperature, a dense silica layer would be formed on
the SiC surface. The inward diffusion of oxygen through the
oxide layer is impeded, which inhibits further oxidation of
the underlying SiC. As a result, the oxidation of SiC would be
slow, which leads to the regression of SiC within the passive
oxidation regime. In air environment at high temperature,
the passive oxidation between SiC and oxygen is expressed
by the following equation [9, 19]:

SIC(9) +20, (g) = $10,(5) + CO g) (1)

Figure 7 shows the oxidation kinetics of SiC in air
environment using a dual logarithm coordinate. In the dual
logarithm coordinate, a linear oxidation law presents a
linear with a slope of 1, while a parabolic oxidation law
presents a linear with a slope of 0.5 [20]. However, the
slopes derived from Figure 7 were in a range of 0.75 to 0.67,
which decreased with the increase of oxidation tempera-
ture. It indicates that the oxidation kinetics at the tem-
perature range of 1200°C-1400°C could not be expressed
using a simple linear or parabolic law. That is, the oxidation
evolves both linear and parabolic law, which is reported as
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FIGURE 4: XRD patterns of TRISO particles. (a) Both as-deposited sample and the samples after air oxidation for 24 h at 1200°C-1400°C and
(b) amplified XRD patterns from 18°-30°.

the linear-parabolic law. For the linear-parabolic law, the x* + Ax = Bt, (2)
Deal-Grove model is often used to describe the relation-
ship between the thickness of silica and the oxidation time,
as follows [20]:

where x is the silica thickness (4m), ¢ is the oxidation time (h),
B/A is the linear oxidation rate (um/h), and B is the parabolic
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oxidation rate (ymzlh). It is noted that B/A and B are the rate
coefficients for the interfacial reaction and the diffusion of
oxidants, respectively. By fitting the relationship between the

silica thickness and the oxidation time using equation (2),
both the linear and parabolic rates were obtained and are
summarized in Table 1. The linear and parabolic oxidation
rates of SiC significantly increased with the increase of
temperature. The growth rates of the silica oxidized at 1400°C
are a little lower than the reported values (Table 1) [14].
According to the oxidation kinetics of the SiC layers, the
microstructure evolution of the silica under different tem-
peratures in air environment could be evaluated.
Meanwhile, the temperature dependence of the oxida-
tion rate can be described using the Arrhenius equation:

k=K,- exp(%), (3)

where k is the oxidation rate (ymz/h), which is corre-
sponding to the parabolic oxidation rate in this study, K, is
the frequency factor (/,tmz/h), E, is the activation energy (kJ/
mol), R is the ideal gas constant (R=8.314x 1072 kJ/
(molK)), and T'is the temperature (K). Using equation (3) to
fit the experimental data, the activation energy (E,) can be
estimated. Figure 8 shows the Arrhenius plot of the obtained
parabolic rate constant versus temperature. The activation
energy of the parabolic rates was yielded to be 146 + 5 kJ/mol
at the temperature range of 1200°C-1400°C. As reported in
the previous literature, the activation energy values have
ranged from 120 kJ/mol to 400 kJ/mol [14, 21, 22]. There is a
general trend that the higher the temperature, the greater the
activation energy. It is commonly accepted that the relatively
low activation energy of 80kJ/mol-120 kJ/mol may corre-
spond to the permeation of oxygen molecule in amorphous
silica and the high activation energy of 230 kJ/mol-400 kJ/
mol may suggest the diffusion of oxide ion in amorphous
silica or cristobalite [22]. The activation energy value ob-
tained in the present work (146 + 5kJ/mol) is close to value
for the diffusion of the oxygen molecules in amorphous
silica. Therefore, the rate-controlling step was likely the
diffusion of the oxygen molecules in the silica [23].

The continuing oxidation of SiC relies on the diffusion of
oxygen through the covering silica layer, and thus, the
diffusion kinetics control the oxidation rate of SiC. Initially,
the formed layer was amorphous, but at temperatures above
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TaBLE 1: Summary of the linear and parabolic oxidation rates of the
SiC layers in TRISO particles.

Linear rate

Oxidation temperature ("C) Parabolic rate (ymz/h)

(um/h)
1200 0.030 0.017
1300 0.058 0.042
1400 0.125 0.121
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FIGURE 8: Arrhenius plots of parabolic oxidation rate as a function
of temperature for the SiC layer oxidation in air atmosphere.

1400°C, devitrification of silica occurred, leading to the
formation of a-cristobalite. Originally, it was considered that
oxygen permeability in amorphous silica is high; however,
some studies suggest that it might be similar for a-cristo-
balite. At higher temperatures, the viscous nature of silica
may promote diffusion of oxygen. Some critical issues might
arise, cristobalite undergoes a phase transformation asso-
ciated with volume change during the cooling process that
can lead to fracture and spallation. The formation of
microcracks would provide the diffusion paths for oxygen
and thus accelerated SiC oxidation significantly. Both the
linear and parabolic oxidation rates of the SiC layers at
1400°C were almost triple those at 1300°C.

4. Conclusions

The oxidation of TRISO particles with the outer layers of SiC
in air environment was investigated at the temperature range
of 900°C-1400°C. The SiC layer had a good oxidation re-
sistance at a temperature below 1100°C. The silica formed
was amorphous at 1200°C-1300°C and gradually crystallized
at 1400°C with the major phase of a-cristobalite. The
presence of carbon was detected after oxidation above
1200°C. Besides, the crystallization and phase transforma-
tion of silica resulted in the formation of cracks in the silica
layer due to the volume change.

The thickness of the silica layer increased obviously with
the increase of temperature. The oxidation kinetics of SiC
followed the linear-parabolic law. Both the linear and par-
abolic oxidation rates were calculated according to the re-
lationship between the thickness of the silica layer and the
oxidation time. The calculated activation energy was
146 + 5kJ/mol, suggesting that the rate-controlling step of
the oxidation was the diffusion of the oxygen molecule in
silica.
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