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Preface

Welcome to this Special Issue of Coatings, which is devoted to presenting the latest advancements
and applications in surface modification and protective coatings. This carefully curated collection of
10 articles examines a wide range of materials, including metals, alloys, polymers, and composites.
Our objective is to provide an in-depth overview of cutting-edge techniques and materials that
are being developed to address key challenges in corrosion resistance, wear reduction, and
environmental adaptability.

Contributions from distinguished researchers in the field cover topics ranging from high-velocity
oxygen fuel (HVOF) spraying and electron-beam surface structuring to the utilization of innovative
coating materials, such as boron nitride-fluorinated poly methacrylate composites. The articles
explore applications across aerospace engineering, biomedical implants, and other domains,
emphasizing groundbreaking solutions that enhance material properties and ensure reliability in
demanding and challenging environments.

We extend our gratitude to all the authors who have contributed their expertise and research
findings, making this Special Issue an invaluable resource for scientists, engineers, and industry
professionals. We trust that this compilation will stimulate further research and development,

advancing the frontiers of innovation in surface modification and protective coatings.

Qiang Wei and Chaoqun Xia
Guest Editors
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Abstract: The stratospheric airship, a long-term floating vehicle in near-space, has become a new
hotspot in aerospace exploration. The airship’s envelope material is vulnerable to ozone exposure
in near-space and degrades. This paper used typical Kevlar fiber as the research material for an
ozone exposure experiment in a near-space simulated environment. The results showed that the
elongation of the Kevlar fiber decreased and the elastic modulus increased after ozone exposure. The
tensile strength of fiber decreased gradually with an increase in ozone concentration and exposure
time. When ozone concentration increased from 0 pphm to 1000 pphm, the tensile strength of fiber
decreased from 2397 MPa to 2059 MPa. With increasing ozone exposure time from 0 h to 1000 h
under ozone concentration 1000 pphm, the tensile strength of fiber decreased from 2332 MPa to
1954 MPa. The hydrogen bonds and partial amide groups in the fiber structure were damaged, and
the surface chemical functional groups of the Kevlar fiber were reassembled under ozone exposure.
Low molecular weight oxidation products, including -COO- structures, formed on the surface of the
Kevlar fiber. This work explores the ground simulation method in a near-space environment and
enriches the service data of airship envelope materials.

Keywords: near-space; ozone; kevlar fiber; mechanical properties; damage mechanism

1. Introduction

Near-space, 20-100 km above sea level, is the space where aviation and aerospace
converge and has gradually become more utilized and developed in the fields such as sci-
ence, technology, and military applications [1-3]. Near space vehicle has many advantages,
such as a highly effective cost ratio, good maneuverability, and low technical difficulty
of payload updating and maintenance for both high dynamic and low dynamic aircraft.
At present, various approaches for developing near-space vehicles have been proposed.
A stratospheric airship is an important fixed-point platform that, with geosynchronous
satellites, can be used as an effective supplement for satellites and aircraft. It has great
advantages in military reconnaissance, space early warning, communication relay, and
space exploration [4].

The efficiency of the airship, such as buoyancy height, duration of flight, payload,
service life, etc., is directly affected by the mechanical properties of the envelope materials
that are the main structural materials of the airship [5-7]. A high-performance envelope
involves a variety of special functional materials such as high specific strength fabric, high
barrier materials, adhesives, anti-aging agents, etc. In recent years, with the advance in fiber
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manufacturing technology, Kevlar and other fibers with excellent mechanical properties
and good heat resistance have emerged [8-13].

Kevlar fiber has excellent properties such as high strength, high modulus, and high
temperature resistance. Due to these characteristics, it can be used as the main structural
reinforcement layer of airship envelope materials to enhance the mechanical strength of
envelope materials [14]. In addition to its applications in the aerospace field, Kevlar fiber
is also widely used in tires, bulletproof devices, sports equipment, high-strength rope,
and other products [15,16]. With the appearance of Kevlar fiber and other new airship
envelope materials, the environmental effect and service reliability of envelope materials
have become one of the key scientific and technological issues in the long-term service
of airships in the face of a complex and changeable near-space environment. Near-space
spans multiple atmospheric layers, including the ozone and ionosphere, and encounters
solar ultraviolet radiation, high temperature, particle radiation, aero-thermal and re-entry
plasma, meteoroids, and other environments [17]. Envelope materials are vulnerable to
ozone in the near-space atmosphere and deteriorate in quality, as shown in Figure 1 [18].
The ozone content can vary from 0.4 mg/m? at the maximum to 0.2 mg/m? at the minimum
level. Therefore, the environmental effect of ozone on the airship envelope material in
near-space should not be ignored [19,20].

Weather resistance layer a a

Bonding layer

|
S
Lo 5]
123

Figure 1. Schematic diagram of Kevlar fiber of airship envelope eroded by ozone in near-space.

Barrier layer
Bearing layer
Bonding layer -
Kevlar fiber

Similar to the space environment, the environmental conditions in near-space are
especially extreme, with environmental conditions that do not exist on the ground. In order
to systematically study the environmental adaptability of vehicle materials in near-space,
ground simulation studies need to be carried out. The traditional natural environment test
method has a long test cycle, which is not well equipped to meet the needs of equipment
development, testing, and evaluation. Although the laboratory simulated environment
test method has the advantage of a short test cycle, it cannot reflect the failure law in the
real environment [21-23].

The accelerated test method for the ground simulated environment accelerates the
deterioration of equipment or material properties by appropriately strengthening some
environmental factors under natural environmental conditions. It combines the advantages
of the natural environment test and laboratory simulation environment test and has the fa-
vorable characteristics of reality, reliability, and short test period [24,25]. Thus, establishing
a reasonable ground acceleration test method is an important foundation for evaluating
the environmental adaptability of near-space vehicles in the exploration stage.

This study used typical high-performance Kevlar fabrics as envelope research ma-
terials for ground-level ozone accelerated test research. The change law of mechanical
properties of Kevlar fiber was characterized, and the change mechanism of surface mi-
cromorphology and molecular structure was analyzed in an ozone environment. This
work will enrich the data of airship envelope materials in a near-space environment and
provide a useful reference for ground simulation and life prediction technology in a near-
space environment.
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2. Materials and Methods
2.1. Materials

The experimental material used in this paper was orange Kevlar fiber (Para-aramid
fiber, DuPont, DE, USA). The molecular structure formula of the Kevlar fiber is shown in
Figure 2. The fiber contains a benzene ring structure and amide group. The conjugation
effect of the benzene ring and amide group leads to greater rigidity of the molecular chain,
so Kevlar fiber has excellent mechanical properties [26,27]. Each Kevlar cord used in this
paper was braided using three fiber bundles composed of many small fiber monofilaments,
as shown in Figure 3.

O O H H
| — | — I

Figure 2. Molecular structure formula of Kevlar fiber.

Figure 3. Multi-level structure diagram of Kevlar fiber.

Kevlar monofilament with a diameter of about 12 um was used as the research object
in this experiment. The fiber monofilament selected randomly was fixed on cowhide
coordinate paper with acrylic adhesive (TA-868) and paralleled to the long edge of the
paper frame. Then, 2 pieces of kraft paper with a length and width of 35 mm were glued to
both ends of the cowhide coordinate paper. The preparation process of fiber monofilament
and the sample after molding are illustrated in Figure 4.

Figure 4. Schematic diagram of fiber monofilament tensile processing and molding sample.
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2.2. Testing and Characterization

The mechanical properties of Kevlar fiber monofilament were tested with a universal
tensile testing machine (INSTRON 3365, Boston, MA, USA). According to ASTM C 1557-
2003 [28], the upper and lower ends of the paper frame were fixed between the two fixtures
of the tensile testing machine before the experiment, and the fiber was straightened with
0.4 N force to ensure that the fiber was straight before the test. Then, the fiber was loaded
at a speed of 0.01 mm/s, and the tensile test was carried out until the fiber broke. The
ultimate load was obtained as the tensile strength of a single filament [29].

The surface morphology of the Kevlar fiber monofilament was observed by ultra-
high-resolution thermal field emission scanning electron microscope (JSM-7610F, JEOL,
Tokyo, Japan), and its acceleration voltage was 3 kV. Before observation, the sample
surface was sprayed with gold (palladium gold alloy with a particle size of about 20
nm was selected). The surface attenuated total reflection FT-IR spectroscopic of the fiber
monofilament was characterized by Fourier transform infrared spectrometer (VERTEX80V,
Bruker, Billerica, MA, USA). The element types, chemical bonds, and relative contents on the
sample surface were identified by X-ray photoelectron spectroscopy (Escalab 250Xi, Thermo
Fisher Scientific Inc., Waltham, MA, USA). The excitation source adopted a monochromatic
Al target, and the best spatial resolution was 1 um. The signal was accumulated for
5-10 cycles, and the charge correction was carried out with C 1s at 285.0 eV binding energy
as the energy standard.

2.3. Ozone Exposure

The ozone exposure test was carried out using an ozone aging test chamber (GH-150,
Future Science and Technology Application Research, Tianjin, China), which can adjust the
ozone concentration range from 10 to 1000 pphm. In this test, Kevlar fiber monofilament
samples were placed into the ozone aging test chamber for the ozone exposure test at room
temperature (25 °C), and the correlation between fiber strength, ozone concentration, and
exposure times was investigated. Within 100 h, ozone concentrations were 0, 100, 300, 500,
800, 1000 pphm (equivalent to 0, 2.14, 6.43, 10.71, 17.14, 21.43 mg/ m?3 after unit conversion).
At 1000 pphm ozone concentration, the exposure time was 0, 100, 300, 500, and 1000 h,
respectively. To increase the validity of the test results, 3 samples were selected as a group
for each test condition. A set of 3 samples was averaged to determine the final test results.

3. Results and Discussion
3.1. Mechanical Properties Characterization

For ozone concentrations of 0, 100, 300, 500, 800, and 1000 pphm, the Kevlar fiber’s
stress—strain relationship before and after 100 h exposure tests are shown in Figure 5a. The
stress and strain of Kevlar fiber showed a linear relationship, relating to the fact that the
molecular structure of Kevlar fiber is composed of rigid molecular chains [30]. After ozone
exposure, the elongation of Kevlar fiber decreased, and the elastic modulus increased.
The tensile strength of fiber decreased gradually with the increase in ozone concentration.
When ozone concentration was 0 pphm, the tensile strength of the fiber was 2397 MPa.
However, the tensile strength of the fiber reduced to 2059 MPa, when ozone concentration
was 1000 pphm.

For ozone exposure times of 0, 100, 300, 500, and 1000 h, the Kevlar fiber’s stress—strain
relationship before and after 1000 pphm ozone exposure tests are shown in Figure 5b. By
comparing Figure 5a,b, it can be seen that the relationship between mechanical properties
and ozone exposure time at a certain concentration was similar to the relationship between
mechanical properties and ozone concentration at a certain time. Namely, after the ozone
exposure test at a concentration of 1000 pphm for a different time, the elongation of the
Kevlar fiber also decreased. The elastic modulus increased, and the tensile strength of
fiber decreased gradually with the increase of ozone exposure time. With increasing ozone
exposure time from 0 h to 1000 h under ozone concentration 1000 pphm, the tensile strength
of fiber decreased from 2332 MPa to 1954 MPa.
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Figure 5. Stress—strain relationship of Kevlar fiber in ozone environment: (a) When the exposure
time of ozone was 100 h, different ozone concentrations, (b) When the ozone concentration was
1000 pphm, different ozone exposure times.

The strength of the Kevlar fiber is one of the important indexes of airship envelope
material. Figure 6 examines the correlation between the tensile strength of the fiber and
ozone concentration and exposure time. It can be seen from the figure that with the
increase in ozone concentration (Figure 6a), or the exposure time in the ozone environment
(Figure 6b), the strength of the Kevlar fiber had a trend of rapid decrease at first and then
gradually gentle. The curves of the relationship between the tensile strength of the fiber,
ozone concentration, and exposure time could be fitted as follows:

464
0t100 — 1973 + ﬁ (1)
1+ (z55) |
455
0Oc1000 = 1895 + 1075 2)
[T+ (51) ]

where o1 is the strength (MPa) of Kevlar fiber when the ozone exposure time is 100 h;
0 1000 is the strength (MPa) of Kevlar fiber when ozone concentration is 1000 pphm; C
denotes ozone concentration (pphm), and T represents ozone exposure time (h).
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Figure 6. Correlation between the tensile strength of the Kevlar fiber and ozone concentration and
exposure time: (a) Stress and ozone concentration, (b) Stress and ozone exposure time.

From Formulas (1) and (2), the strength of Kevlar fiber corresponding to ozone con-
centration (under the condition of exposure time of 100 h) and ozone exposure time (under
the condition of ozone concentration of 1000 pphm) in a certain range could be obtained.
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SPSS statistical software (version 26.0) was used to analyze the correlation between
ozone concentration, ozone exposure test time, and the tensile strength of Kevlar fibers.
The results showed a highly negative correlation between ozone concentration and tensile
strength (y = —0.986), and there was a significant negative correlation between the time of
ozone exposure test and tensile strength (y = —0.688). This showed that the test data were
within a reasonable error range.

3.2. Morphology Analysis

Macroscopic pictures of the Kevlar fiber surface before and after ozone exposure are
shown in Figure 7. Before the ozone exposure tests, the sample surface looked smooth (as
shown in Figure 7a). This is mainly because the surface layer of the fiber is composed of
rigid molecules with high crystallinity for lots of intermolecular hydrogen bonds [31]. After
ozone exposure, the surface morphology of the Kevlar fiber gradually coarsened and even
peeled off with the increase in ozone exposure time. After 100 h of ozone exposure, the
surface of the fiber formed depression and bulge morphology (as displayed in Figure 7b).
As the ozone exposure time was further extended, the degree of surface roughness in-
creased (as shown in Figure 7c,d). When ozone exposure time reached 1000 h, the fiber
surface appeared wrinkled and even peeling, as shown in Figure 7e. The variation of fiber
surface might be related to the local movement of molecular chains and the reduction in
free volume [32].

Figure 7. Macroscopic picture of Kevlar fibers before (a), and after ozone exposure for 100 h (b), 300 h
(c), 500 h (d), 1000 h (e).

3.3. Surface Structure Characterization

Figure 8 is the FI-IR spectroscopic of the Kevlar fiber before and after ozone exposure
and shows the positions of the absorption peaks of the main functional groups. The FT-
IR spectroscopic of the original Kevlar fiber is shown in Figure 8a. The wide peak near
3320 cm ™! is the stretching vibration absorption peak of the hydrogen bond formed by
the association of the N-H bond and C=0 bond in the aramid structure. The vibration
absorption peak (amide I band) near 1640 cm ™! is the stretching vibration characteristic
absorption peak of the aramid amide bond (C=0). The absorption peaks near 1520 cm ™!
(amide IT band) and 1403 cm ™! (amide III band) correspond to the cooperative vibration
peak of the C-N and N-H bond [33]. The absorption peak near 1315 cm~! (amide ITT band)
expresses the characteristic absorption peak of ph-N (“ph” stands for phenyl group; phenyl
is the group left after removing a hydrogen atom from any carbon in benzene molecule.).
The absorption peaks near 819 cm~! and 654 cm~! indicate the presence of a benzene
ring structure [34,35].
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Figure 8. FT-IR spectra of Kevlar fiber before (a), and after ozone exposure to atomic oxygen for 100 h
(b), 300 h (c), 500 h (d), 1000 h (e).

When Kevlar fibers were exposed to ozone tests, as summarized in Figure 8b—e, the
absorption peaks mentioned above still existed, but the relative intensity of each vibration
absorption peak gradually weakened with ozone exposure time. The intensity ratio of
each absorption peak is given in Table 1. The relative intensity ratio of hydrogen bond
absorption peak near 3320 cm~! decreased after ozone exposure, while the intensity ratio
of amide group absorption peaks near 1315 cm ™!, 1403 cm ! and 1520 cm~! increased
after 100 h of ozone exposure. It indicates that after ozone exposure, the hydrogen bond
formed by the amide group between the lateral molecular chains was damaged, and the
macromolecular main chain binding would further be enhanced. Therefore, the elastic
modulus of the fiber increased when the fiber was stretched. This was also consistent with
the above test results of the mechanical properties of Kevlar fiber.

Table 1. Intensity ratio of absorption band before and after ozone exposure.

Intensity Ratio of Absorption Band (%)

Exposure Time (h) Amide Group Hydrogen Bond
1315cm~1  1403cm~1  1520ecm~1 1640 cm~1 3320 cm~1
0 3.78 1.01 1.25 3.34 45.57
100 4.78 6.78 4.25 7.13 10.86
300 471 6.38 3.88 6.58 8.93
500 4.80 6.14 3.86 5.90 11.20
1000 4.70 6.17 3.55 5.96 10.10

X-ray photoelectron spectroscopy (XPS) was used to analyze the changes of surface
elements and chemical bonds of samples to understand further the damage mechanism
of samples exposed to ozone. Figure 9 is XPS full scan spectra of Kevlar fibers before and
after ozone exposure. The peaks of photoelectron energy spectra at about 285, 400, and
532 eV are attributed to C, N, and O atoms, respectively [36]. C, N, and O are the main
chemical components of the Kevlar fiber surface; their relative chemical composition is
shown in Table 2. After exposure to ozone tests, the relative content of oxygen element on
the Kevlar fiber surface showed an overall trend of increase. The O/C ratio was about 0.18
before and after 100 and 300 h of ozone exposure and increased to 0.21 after 500 and 1000 h
of ozone exposure. This phenomenon can be attributed to the strong oxidation capacity of
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ozone, which introduced a large number of oxygen atoms to the surface of the Kevlar fiber,
resulting in partial oxidation of the molecular chain on the surface of the fiber.

Nals DKLL s Nis Cls  Si2s SiZp

Intensity (a.u.)
El

S —
10{ h —8 =
I | M—A_Q
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1200 100K /OO 600 400 200 1]

Binding energy (eV)

Figure 9. XPS full scan spectra of Kevlar fibers before and after ozone exposure at different time.

Table 2. Relative content of elements before and after ozone exposure.

Surface Composition (at. %) Atom Ratio
Exposure Time (h)

C N (0] o/C

0 77.3 8.9 13.8 0.18

100 76.3 9.8 13.9 0.18

300 77.3 9.0 13.7 0.18

500 75.4 8.8 15.9 0.21

1000 75.9 8.1 16.0 0.21

The high-resolution spectra of Cls and the peak fitting curves by XPSEAK software
(version 4.1) before and after exposure to ozone for 100, 300, 500, and 1000 h are summarized
in Figure 10. As can be seen from Figure 10a, the C1s high-resolution spectrum of the
original Kevlar fiber can be decomposed into 3 fitting peaks with binding energy near 285,
286, and 288 eV, corresponding to the chemical states of C atoms in -C-C-, -C-N-, and -C=0
functional groups respectively. After ozone exposure, the Cls high-resolution spectrum can
be fitted to 4 separate peaks, as shown in Figure 10b—e. The fitted peak added with binding
energy near 289 eV was attributed to the -COO- functional group [36,37]. It can be seen
from Table 3 and Figure 10f that the content of the -COO- functional group on the Kevlar
fiber surface was correlated with ozone exposure time. With increasing ozone exposure
time, the percentage of -COO- functional group first increased and reached the maximum
value of 8.82% after 500 h of ozone exposure. However, when the ozone exposure time was
further extended to 1000 h, the percentage of the -COO- functional group decreased. This
phenomenon was attributed to the partial peeling of the surface layer on the Kevlar fiber,
and a partial sub-surface was exposed as a new surface (as shown in Figure 7).
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Figure 10. High-resolution XPS spectra for Kevlar fibers before (a), and after ozone exposure to
atomic oxygen for 100 h (b), 300 h (c), 500 h (d), 1000 h (e) and content of functional group of Cls
peaks for Kevlar fibers (f).

Table 3. Functional groups on the Kevlar fibers surface before and after ozone exposure.

Content of Functional Group (%)

Exposure Time (h)

-C-C- -C-N- -CONH- -COO-
0 62.81 18.73 18.46 0.00
100 64.07 22.95 11.88 1.10
300 53.80 28.50 12.21 5.49
500 49.98 33.72 7.48 8.82
1000 60.85 21.58 11.76 5.81

According to the test and analysis results above, partial chemical functional groups on
the surface of the Kevlar fiber recombined, induced by ozone molecules. The interaction
between the Kevlar fiber and ozone molecules can be roughly divided into two stages,
including hydrogen bond destruction and amide bond damage. The reaction mechanism is
shown in Figure 11.

There is a hydrogen bond between the H atom and O atom in the molecular chain
of the Kevlar fiber. Ozone is composed of an oxygen molecule and an oxygen atom. The
4 electrons are shared by 3 oxygen atoms, so the central oxygen appears with a partial
positive charge, and the terminal oxygen has a partial negative charge. At the initial stage
of ozone exposure (100 h), the hydrogen bond is destroyed. Due to the lone pair of electrons
provided by the O atom in the amide group, the ozone molecule forms a coordination
bond with it. Meanwhile, -NH is released from the binding of the hydrogen bond, which is
manifested in an increase in the content of the C-N group, and the electron density of the
amide group increases. Finally, the crystal regularity of the molecular chain of aramid fiber
is destroyed [38]. This is consistent with the results of the infrared analysis.
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Figure 11. The reaction mechanism of Kevlar fiber in an ozone environment.

The amide bonds (-CONH-) in the Kevlar fiber molecule possessed a certain elec-
tronegativity, which was vulnerable to attack and damage from the positively charged
oxygen atom in the ozone molecule. With the extension of ozone exposure time, part of the
amide bonds was broken, and end groups were oxidized to form a -COO- structure, such
as small molecular weight products containing carboxylic acid groups -COOH [35,39].

4. Conclusions

The mechanical properties and damage mechanism of Kevlar fiber were investigated
by ground simulation of a near-space ozone environment in this paper. After ozone
exposure tests, the elongation of the Kevlar fiber decreased, and the elastic modulus
increased. The tensile strength of fiber decreased gradually with an increase in ozone
concentration and exposure time. When ozone concentration increased from 0 pphm to
1000 pphm, the tensile strength of fiber decreased from 2397 MPa to 2059 MPa. With
increasing ozone exposure time from 0 h to 1000 h under ozone concentration 1000 pphm,
the tensile strength of fiber decreased from 2332 MPa to 1954 MPa.

With the increase in ozone exposure time, the surface morphology of the Kevlar
fiber gradually roughened and even peeled off. The hydrogen bonds and amide groups
connected by rigid molecular chains in the fiber structure were damaged and aged.

After ozone exposure, the relative contents of oxygen and O/C ratio on the surface of
the Kevlar fiber increased. At the initial stage of ozone exposure (100 h), hydrogen bonds
were broken. Due to the lone pair electrons provided by O atoms in the amide group,
ozone molecules formed coordination bonds with it, and the hydrogen bonds formed by
the amide groups in the lateral molecular chains were broken. The chemical functional
groups on the surface of the Kevlar fiber were reorganized under long-term ozone condi-
tions. The positively charged oxygen atoms in the ozone molecule further destroyed the
electronegative amide bonds, forming the -COO- structure, such as low molecular weight
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oxidation products containing carboxylic acid groups. Therefore, this study on the damage
behavior of Kevlar fiber exposed to ozone has reference value for designing and developing
promising airship envelope materials with good weather resistance.
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Abstract: Superhydrophobic surfaces were prepared using a two-step method that involved the
etching of AZ31 and AZ91 magnesium alloys and then modifying the etched alloys with stearic
acid. Magnesium alloys etched with ZnCl, and SnCl, exhibited surfaces roughened with micro-
and nanoscale hierarchical structures consisting of two chemically distinct regions (Zn/Zn(OH), or
Sn/SnO; and Mg(OH);). An optimum etching time of ten minutes was chosen for both etchants.
Superhydrophobic surfaces with the highest contact angle were prepared when stearic acid reacted
with the etched alloys at 50 °C for 4 h. Stearic acid was bound as zinc stearate and magnesium
stearate on Mg alloys etched with ZnCl, and SnCl, solutions, respectively. The superhydrophobic
process on AZ31 alloys etched with ZnCl, and SnCl, improved the corrosion resistance in phosphate
buffered saline (PBS) solution compared to bare AZ31 alloy, with the use of ZnCl, etchant leading
to better results. An improvement in the corrosion resistance of AZ91 alloy was observed when
the stearic-acid-modified AZ91 alloy was etched with SnCl,. In contrast, the use of ZnCl, etchant
to pretreat AZ91 alloy resulted in a significant deterioration in corrosion properties compared to
bare AZ91 alloy. The microstructure of the Mg alloy had an impact on the etching and modification
process. On the basis of the findings, a characterization of the chemistry of etching magnesium alloys
and the formation of superhydrophobic surfaces was proposed. Magnesium alloys were prepared
with superhydrophobic surfaces, incorporating antibacterial metals, features which may increase
their potential for use in medical applications.

Keywords: AZ31 alloy; AZ91 alloy; chemical etching; corrosion resistance; superhydrophobic surface

1. Introduction

Magnesium and its alloys have considerable application potential and could become
some of the most important engineering materials of the 21st century. Currently, mag-
nesium materials are finding applications in the automotive, aerospace, and electronics
industries, as well as in biomedicine [1]. The attractiveness of magnesium and its alloys
is due to their favorable properties, such as low density, high specific strength, favorable
thermal and electrical conductivity, favorable electromagnetic shielding ability, excellent
castability, biocompatibility, and biodegradability [2]. Unfortunately, their main drawback
is their poor corrosion resistance, which limits the wider use of magnesium materials in
practice. In order to overcome this problem, various coatings, including fluoride coatings,
Ni-P coatings, plasma electrolytic oxidation coatings, calcium phosphate coatings, and lay-
ered double hydroxide coatings, are diligently being developed [3-9], as well as examined
and studied from different points of view.

In the past decade, the preparation of superhydrophobic surfaces has become a very
attractive area of research. Superhydrophobic surfaces are defined by a contact angle
greater than 150° and a sliding angle of less than 10°. They perfectly repel water from
the surface and this allows a significant improvement in the corrosion resistance of the
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superhydrophobic material [10,11]. Currently, a large number of methods are available
to prepare a surface with superhydrophobic properties. One popular method is chemical
etching, which is fast and simple and has a low cost [11]. The preparation of a superhy-
drophobic surface is usually carried out using a two-step method. First, surface roughening
with micro- and nanoscale hierarchical structures is performed, and then the roughened
surface is modified with a low-energy surface substance (e.g., stearic acid) [11,12]. These
two processes are both prerequisites for the successful preparation of a superhydrophobic
surface. Some authors have also shown that the preparation of superhydrophobic surfaces
can be achieved using a one-step method [12,13].

The improvement of the corrosion resistance, and therefore the extension of the
service life of the magnesium material, is explained as follows. The surface roughening
combined with the low surface energy allows a large amount of air to be trapped between
the protrusions of the rough surface, resulting in an air cushion that prevents corrosive
media with aggressive ions (e.g., C17) from attacking the surface [14]. Another possible
reason for the improved corrosion resistance of superhydrophobic materials relates to
capillarity. Li et al. assumed that water can be forced out of the pores of a superhydrophobic
surface by Laplace pressure [15]. Superhydrophobic surfaces are also attractive due to
their antibacterial properties [16]. They inhibit the adhesion of bacteria to the implant
surface by means of a layer of trapped air and they consequently reduce bacterial infection
in the body. It is reported that antibacterial suppression is essential during the initial
stages after surgery. Moreover, the effectiveness may be enhanced by the release of an
antibacterial agent from the superhydrophobic material. For these reasons (the presence
of anti-corrosion and antibacterial properties), superhydrophobic surfaces on magnesium
materials are particularly attractive for application in the medical field [16].

The chemical etching of magnesium alloys can be carried out using simple inorganic
salts, such as ZnCly, MnSOy, FeCls, or CuCl, [17-20]. The current authors have already
shown that these etchants can lead to the successful preparation of a superhydrophobic
surface on AZ31 alloy under mild conditions. The etching process is kept below 100 °C
for a short period of time and similar reaction conditions are applied for the modification
process [17-20]. Stearic acid is most commonly used to achieve a superhydrophobic state, as
it is non-toxic and readily available [21]. Stearic acid also has the advantage, as Mensink has
shown, of reducing low density lipoprotein (LDL) cholesterol formation compared to other
saturated fatty acids, such as myristic acid or palmitic acid [22]. The antibacterial properties
of magnesium materials can be enhanced if the superhydrophobic surface is prepared by
means of an etchant containing a cation that has an antibacterial effect [23]. The elemental
metal and/or metal salt is deposited on the surface of the magnesium alloy during the
etching process and can subsequently interact with bacteria [17-20,23]. Zn?*, Cu?*, or
Sn?* are known to have antibacterial ability, while Zn?* also exhibits osteogenic activity,
which is advantageous for orthopedic implants [23]. Therefore, the selected etchants in this
work were ZnCl, and SnCl, [22]. To the best of our knowledge, there is a lack of research
addressing the preparation of superhydrophobic surfaces on magnesium alloys with a
heterogeneous microstructure, such as AZ91 alloy, using inorganic salts as etchants. An
exception is the work of Song et al. [24], who chemically etched bare AZ61 alloy with CuSOy
solution at 80 °C for 10 min. Their paper indicated that the original microstructure of AZ61
alloy had an impact on the resulting surface morphology after etching and that modification
with stearic acid led to the preparation of a superhydrophobic surface with a contact angle
of 151.3°. Unfortunately, the corrosion characteristics were not investigated [24].

The aim of the present work was to prepare superhydrophobic surfaces on AZ31 and
AZ91 alloys using a two-step method. The magnesium alloys were etched with ZnCl, and
SnCl, solutions to produce a roughened surface with a micro- and nanoscale hierarchical
structure. In this work and for the first time, SnCl, was used as an etchant for magnesium
alloys. The choice of the etchants was motivated by a desire to exploit the antibacterial
properties of Zn and Sn, which could provide added value to the prepared superhydropho-
bic magnesium alloys. Superhydrophobic surfaces were obtained by causing a reaction
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between the etched magnesium alloys and stearic acid. In this work, optimal conditions for
the preparation of superhydrophobic surfaces were determined and attention was paid to
the effect of the etchant used (ZnCly, SnCl,) and the etching time on the surface roughening
of the alloys. Two different microstructures were examined to determine the influence
of material bases on the process: cast AZ91 magnesium alloy, with a heterogeneous mi-
crostructure, and wrought AZ31 alloy, which can be considered to be homogeneous. Prior
to this work, no study involving the preparation of a superhydrophobic surface via the
chemical etching of AZ91 alloy has been published. The corrosion resistance of super-
hydrophobic surfaces on different alloys was tested by potentiodynamic measurements
and electrochemical impedance spectroscopy in phosphate buffered saline (PBS) solution,
which is used as one type of simulated solution for in vitro experiments. The chemical char-
acterization of superhydrophobic surfaces using spectrometric methods was also carried
out and, subsequently, the chemistry of etching magnesium alloys and the formation of su-
perhydrophobic surface was characterized. On the basis of their observations, the authors
also formulated a description of the chemical reactions taking place during the etching
and modification process. The work demonstrates a possible strategy for the protection of
magnesium materials with different microstructures for biomedical applications because
pretreatment with ZnCl, or SnCl, followed by modification with stearic acid allows for
increased corrosion protection as well as the production of nanoscale crystals of metals and
their salts with antibacterial properties.

2. Materials and Methods
2.1. Materials

Rolled sheet AZ31 and cast AZ91 magnesium alloys were used in this work. The ele-
mental compositions of the alloys were determined using a Glow-Discharge Optical Emission
Spectroscopy (GDOES; Spectrumat GDS 750, Spectruma Analytik GmbH, Hof, Germany)
and is listed in Table 1. Samples with dimensions of 20 mm x 20 mm x 5 mm were ground
with 800, 1200, and 2500 grit SiC paper, rinsed with deionized water and isopropanol,
and dried with hot air. The following chemicals were used: ZnCl, (Lach-Ner, min. 98%),
SnCl,-2H,0 (Lachema, min. 98%), absolute ethanol (VWR, 99.8%), isopropanol (KOVSHOP,
99.9%), NaCl (Lach-Ner, 99.9%), Na,HPO,4 (PENTA, 99.9%), KCI (Lachema, min. 98%), and
KH,PO, (Lach-Ner, 99.9%).

Table 1. The elemental compositions of AZ31 and AZ91 magnesium alloys (GDOES analysis).

Content (wt.%) Al Zn Mn Si Fe Sn Zn Mg
AZ31 3.60 1.34 0.28 0.03 0.002 0.01 - Bal.
AZ91 8.80 0.81 0.32 0.01 0.004 - 0.01 Bal.

2.2. Preparation of the Superhydrophobic Surface

The superhydrophobization process was performed using a two-step method involv-
ing chemical etching followed by surface modification with stearic acid in ethanol (Figure 1).
It was partly adopted from the work of Xie et al. [17], who prepared a superhydrophobic
coating on AZ31 alloy etched with ZnCl,.

Etching was performed with two different etchants by immersing the samples of
magnesium alloys in 0.25 M ZnCl; or 0.25 M SnCl; for 2 and 10 min each. The samples
were then rinsed with deionized water, sonicated in deionized water for 10 min, and dried
in an oven for 20 min at 50 °C to remove residual water. The superhydrophobic surface was
prepared in an ethanol solution of 0.05 M stearic acid. The etched samples were immersed
in the solution at 50 or 60 °C for 1, 2, 3, 4, and 5 h to determine the optimum conditions for
the preparation of the superhydrophobic surface.

2.3. Characterization

A scanning electron microscope (SEM, JEOL JSM-7600, Tokyo, Japan) with an energy
dispersive X-ray spectroscope (EDS, Oxford Instruments plc, Abingdon, UK) was used to
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characterize the surface morphology and elemental composition of the etched samples and
the superhydrophobic surfaces.

~— > Sample etched with ZnCl,/SnCl,

|
B

AZ31 alloy/AZ91 alloy

Etching process
\/ 0.25 M ZnCl,/SnCl,, 10 min

Modification
p—— reaction,

A ) S = 50°C,4h
Superhydrophobic sample etched with ZnCl,/SnCl,

A

—

0.05 M stearic acid in ethanol solution

Figure 1. Schematic illustration of the superhydrophobic surface preparation process on AZ31 and
AZ91 alloys etched with ZnCl, and SnCl, under optimal conditions.

The wetting properties of the surface were measured with a contact angle meter
(DataPhysics Instruments, OCA 20, Filderstadt, Germany) using the sessile drop method.
The volume of deionized water drops was about 5 pL. A total of ten contact angle values
were measured at different spots on the sample surface at room temperature. The resulting
contact angle value was calculated as the arithmetic mean. The contact angle was analyzed
by SCA 20 software. The sliding angle was determined using in-house instruments. The
superhydrophobic sample was placed on a tilting stage and a drop of water was applied to
the surface. Then, the stage was slowly tilted at a rate of 1.5°/s. Once the droplet began to
slide, the sliding angle was recorded.

Potentiodynamic measurements and electrochemical impedance spectroscopy (EIS)
on superhydrophobic samples and ground magnesium alloys were performed using a
Bio-Logic VSP-300 potentiostat (BioLogic, Seyssinet-Pariset, France). Measured samples
with an exposed area of 1 cm? served as the working electrode. The saturated calomel
electrode (SCE) was used as the reference electrode and Pt mesh as the counter-electrode.
Phosphate buffered saline (PBS) solution with pH 7.4 was used as a corrosion medium
in the corrosion cell with a volume of 200 mL. The composition of this solution was
8.00 g/L NaCl, 0.2 g/L KCl, 1.44 g/L NayHPO,, and 0.24 g/L KH,PO,. Open circuit
potential (OCP) variations with time were recorded during 30 min of exposure. Afterwards,
potentiodynamic measurements were performed in the potential range from —200 mV to
200 mV vs. OCP at a scan rate of 1 mV/s. Only cathodic branches of the polarization curves
were used to evaluate the corrosion current density. EIS measurements were performed at
the OCP with a perturbation amplitude of 10 mV and a scan frequency range from 100 kHz
to 10 mHz. The measurement time was 24 h.

The phase composition of the superhydrophobic samples, etched samples, and bare
alloys was analyzed by X-ray diffraction (XRD; Panalytical, Malvern, UK). The X-ray source
was Cu K radiation (A = 1.540598 A), which was operated at a voltage of 40 kV and a
current of 30 mA within the range of 5° and 90° 20 at a scanning rate of 0.01313° 20 time
per step of 46 s.

Fourier transform infrared spectroscopy (FTIR; Nicolet iS50, Thermo Fisher Scientific,
Madison, WI, USA) was used to analyze the superhydrophobic samples, etched samples,
bare alloys, and stearic acid. Measurements were performed in absorbance mode with the
attenuated total reflection technique (ATR) across a spectral range of 4000-400 cm ! and
with a resolution of 4 cm 1. A total of 256 scans were performed on each sample.
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X-ray photoelectron spectroscopy (XPS; Axis Supra, Kratos Analytical Ltd., Manch-
ester, UK) was used to analyze the superhydrophobic samples. A monochromatic Al K«
source operated at 225 W. High-resolution spectra were obtained using an analysis area of
300 um x 700 um and 20 eV pass energy. The Kratos charge neutralizer system was used
for all analyses. XPS spectra were analyzed using CasaXPS software (version 2.3.15) and
have been charge-corrected to the main line of carbon C 1s (C-C; C-H) set to 284.8 eV. A
standard Shirley background was used for all sample spectra.

3. Results and Discussion
3.1. Morphology

SEM-EDS analysis was employed to obtain detailed information on surface roughening
due to etching in terms of morphology and the resulting elemental composition. Knowledge
of the surface can be useful for the successful preparation of a superhydrophobic surface
and understanding its properties.

Surface analysis of AZ31 alloy etched for 10 min with the ZnCl, solution revealed
a rough surface with pits and cracks (Figure 2A). Much of the surface was covered with
clusters of fine nanoscale crystals, some of which had a well-developed hexagonal shape
(Figure 2B). Elemental analysis by EDS indicated that the crystals were composed of
Zn(OH); (Table 2). The detection of a relatively high chlorine content can be related to
Mg,Cl(OH),, MgCl,, and/or the etchant residue of ZnCl,. The presence of Mg,CI(OH),
was indicated by XRD analysis; see below. MgCl, could be formed by the interaction
between Cl~ etchant and Mg?* ions released during the etching of the alloy. The detection
of chlorine may also indicate the presence of zinc chloride hydroxide [25]. The surface of the
etched AZ31 alloy also included regions of zinc dendrites (detail not shown) formed by the
interaction of magnesium alloys with the ZnCl, etchant solution, as described below. The
occurrence of elemental zinc was also detected by XRD analysis. In addition to the regions
containing zinc compounds, the surface of the etched alloy was also composed of regions of
Mg(OH), (Table 2) with typical plate-like crystals of about 15 nm in thickness (Figure 2C).
Comparison of the EDS analyses of etched and bare magnesium alloys demonstrated
that the surface was heavily oxidized during the etching process (Table 2). The observed
micro- and nanoscale hierarchical structures consisting of two chemically distinct regions
(Zn/Zn(OH), and Mg(OH),) satisfy the crucial condition for the preparation of a superhy-
drophobic surface [14]. Compared to the alloy surface etched for 10 min, the surface of the
alloy etched for 2 min (Figure 2D-F) appeared to be less roughened, exhibiting therefore
shallower pits, and less covered with clusters of zinc compound crystals. The surface also
contained cracks. The region formed by Zn/Zn(OH); crystals, as determined from EDS
analysis (Table 2), is shown in Figure 2E. The Mg(OH); structure (Table 2) appeared to be
less porous (Figure 2F) than that observed for the longer etching time (Figure 2C). In both
cases, coarser structures were created compared to those created after the longer etching
time. The etching time of 2 min resulted in a rather underdeveloped hierarchical structure
compared to the longer etching time of 10 min.

The surface of AZ31 alloy etched with the SnCl, solution for 10 min was rough,
containing shallow pits and cracks (Figure 3A). The etching effect of the SnCl, solution
was lower than that of the ZnCl, solution, as the surface etched with SnCl, for 10 min
was much less degraded than the surface etched with ZnCl, for 2 min. Similar to the
surfaces etched with the ZnCl, solution, two chemically different regions occurred on
the SnCl; etched surface. One of the regions consisted of a cluster of crystals (Figure 3B),
which were attributed to elemental Sn and SnO; on the basis of EDS analysis (Table 2).
The crystals were coarser than those observed on surfaces of alloys etched with the zinc
solution. With respect to the detection of chlorine in the displayed region (Figure 3B),
the presence of Mg,Cl(OH),/MgCl; and SnCl, is assumed. The occurrence of Sn(OH)Cl
cannot be completely excluded either [26]. The second characteristic region of etched AZ31
alloy was formed by Mg(OH), crystals (Figure 3C, Table 2). The surface etched for 2 min
was smoother than the surface etched for 10 min (Figure 3D). It contained fewer regions
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formed by clusters of crystals (Figure 2E) composed of Sn and SnO,, as determined by EDS
analysis (Table 2). Most of the surface of AZ31 alloy appeared to be composed of Mg(OH),
with poorly grown crystals (Figure 3F, Table 2). The results obtained suggest that the SnCl,
solution provides an underdeveloped micro- and nanoscale hierarchical structure for both
etching times of 2 and 10 min.

Figure 2. SEM images of AZ31 alloy etched with ZnCl, for 10 min (A—-C) and 2 min (D-F). Details in
(B,E) show the zinc-rich regions and details in (C,F) show the Mg(OH), regions.

Table 2. Elemental composition determined by the EDS method for different regions subject to SEM
analysis. The regions of elemental composition correspond to the SEM images; see Figures 2-5. The
EDS analysis also includes the elemental composition of bare magnesium alloys. EDS energy spectra
of magnesium alloys etched with ZnCl, and SnCl; for 2 and 10 min each are shown in Figure S3.

Elements (at. %)

Allo Ftchant Figure

Y chan 8 o Mg Al cl Zn Sn

- - - 96.98 267 - 0.35 -

2B 55.34 334 0.71 8.47 32.15 -

sl 2C 24,58 2.73 0.66 2.64 69.38 -

ntl 2E 33.82 8.57 0.82 2.29 54.49 -

AZ31 2F 57.59 32.99 2.07 2.46 488 -
3B 52.75 2.60 0.58 3.03 - 41.04

SnCl 3C 61.80 33.90 267 0.90 ; 0.74
nt-h 3E 57.03 12.66 210 238 0.24 2558

3F 35.25 56.71 7.01 0.25 0.34 0.44

- - - 94.86 462 - 0.11 ]

4B 63.24 18.04 6.95 0.64 11.13 -

ncl 4C 51.02 24.90 9.36 3.22 115 -

ntl 4E 50.25 24.47 426 0.95 20.07 -

AZ9 4F 36.19 5821 432 1.28 - -
5B 68.50 16.97 1.51 0.18 - 12.85

SnCl 5C 55.37 27.19 5.90 9.83 - 1.72
nth 5E 49.83 7.45 315 0.15 - 39.43

5F 39.21 5458 400 1.72 ; 0.48
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Figure 3. SEM images of AZ31 alloy etched with SnCl, for 10 min (A-C) and 2 min (D-F). Details in
(B,E) show the tin-rich regions and details in (C,F) show the Mg(OH), regions.

Figure 4. SEM images of AZ91 alloy etched with ZnCl, for 10 min (A—-C) and 2 min (D-F). Details in
(B,E) show the zinc-rich regions and details in (C,F) show the Mg(OH), regions.

(

Figure 5. SEM images of AZ91 alloy etched with SnCl; for 10 min (A-C) and 2 min (D-F). Details in
(B,E) show the tin-rich regions and details in (C,F) show the Mg(OH), regions.
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The surface of AZ91 alloy etched with the ZnCl, solution for 10 min was rough,
containing cracks, with the original microstructure of the alloy no longer visible (Figure 4A).
Figure 4B shows the area of nanoscale crystals attributed to Zn(OH), on the basis of
elemental analysis (Table 2). At the same time, areas of Mg(OH), comprising platelet
crystals with a thickness of about 13 nm were also present on the sample surface (Figure 4C).
Another region (not shown) also contained elemental zinc. The surface of AZ91 alloy etched
with the ZnCl, solution for 2 min (Figure 4D) revealed the original, recognizable AZ91
alloy microstructure, from which the « phase was preferentially dissolved. Observable
residues of the  phase were retained due to its higher electrode potential compared to
the electrode potential of the « phase (solid solution of elements in Mg) [4,23]. Figure 4E
shows the zinc dendrites (Table 2) that were generally observed on the 3 phase residues.
Figure 4F shows the structure of Mg(OH), in the o« phase region (Table 2).

The AZ91 alloy surface etched with the SnCl, solution for 10 min was characterized
by a more pronounced degradation of the original microstructure compared to the surfaces
etched for shorter times (Figure 5A,D). However, residues of the 3 phase and the corroded
o phase were still distinguishable on the surface. Tin compounds created on the surface due
to the reaction of the alloy with the etchant formed isolated islands of nanoscale crystals
that preferentially occurred on the preserved 3 phase. Elemental analysis indicated that
these regions (Figure 5B) were most probably composed of Sn and SnO;; see Table 2. Once
the Sn/SnO, crystals occupied the surface of the residues of the original 3 phase, they
also began to grow on the surfaces of the degraded o phase. Similar behavior was also
observed in a study of NiP deposition on AZ91 alloy [27]. The growth of the NiP coating
was initiated on the 3 phase and subsequently extended to the « phase. The region of
Mg(OH); is shown in Figure 5C.

The AZ91 alloy surface etched with the SnCl, solution for 2 min was characterized
by a more preserved original microstructure with few cracks. Tiny clusters of nanoscale
elemental Sn and SnO, crystals were randomly located on the (3 phase of the original
microstructure of the AZ91 alloy (Figure 5D,E, Table 2). The Sn/SnO; crystals appeared
to be coarser compared to those observed on the surface etched for a longer time. This
observation indicates that the microstructure of the magnesium alloy has an impact on the
etching process and, as a consequence, can affect the wetting of the stearic-acid-modified
surface. Figure 5F shows the region with a chemical composition of Mg(OH),, which was
without observable crystal growth.

Additionally, the effect of a longer etching time (15 min) on surface morphology was
investigated (see Figures S1 and S2). The results show that crystals containing zinc or
tin were larger in size and that regions of Mg(OH), were mostly poor in observable fine
crystals. Moreover, magnesium alloys etched with SnCl, were more covered with Sn and
SnO; crystals than those etched for shorter times, see EDS analysis in Table S1. Thus,
surface analysis suggests that a longer etching time for both magnesium alloys does not
provide roughening with micro- and nanoscale hierarchical structures.

The etched samples were immersed in a stearic acid solution to prepare superhy-
drophobic surfaces but SEM analysis showed that the resulting morphology resembled
the etched samples. Since the effect of stearic acid on the surface morphology of the
etched alloys was negligible, SEM images of the stearic-acid-modified samples are not
presented here. This negligible effect is attributed to the formation of a very thin film on
the surface of the etched alloys. Similar observations have also been reported by other
authors [17,24]. The grafting of stearic acid onto the surfaces of etched samples was shown
by FTIR spectrometry (see below).

3.2. Effect of Etchant and Etching Time on the Creation of Superhydrophobic Surface

The etched samples were modified by immersion in stearic acid solution at 50 °C
for 4 h to obtain a superhydrophobic surface. As shown in Table 3, the pretreatment of
the sample by etching had an effect on the degree of wetness on the modified surface.
The measured contact angles were either close to 150° (highly hydrophobic properties) or
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above 150° (superhydrophobic properties). It should be noted that the bare AZ31 and AZ91
alloys had contact angles of 38.0° £ 3.8° and 40.8° £ 3.8°, respectively. These measured
values agree with those published and demonstrate the hydrophilic nature of the alloy
surface [28,29]. Images of water droplets on stearic-acid-modified magnesium alloys etched
with ZnCl, and SnCl; are shown in Figure S4.

Table 3. Contact angles measured on stearic-acid-modified magnesium alloys etched under different
etching conditions.

ZI‘IC12 SI‘ICIZ
Alloys
2 min 10 min 2 min 10 min
AZ31 150.1° 4+ 1.3° 151.3° £ 1.1° 147.2° +1.3° 150.2° £ 2.1°
AZ91 146.4° £ 1.3° 149.8° £ 2.1° 147.5° + 1.1° 152.0° 4+ 1.5°

The ZnCl, etchant proved to be very effective in the case of AZ31 alloy because a
superhydrophobic surface with a contact angle of about 150.1° was obtained on the sample
etched for 2 min. Prolonging the etching time had a positive effect on increasing the contact
angle (Table 3). This indicates that the ZnCl, solution can provide a rough surface with
a hierarchical structure very quickly. This observation is consistent with the observed
morphology, which showed a micro- and nanoscale hierarchical structure (Figures 2-5).
Undoubtedly, the creation of the Mg(OH), morphology with a large content of pores, which
could be filled with air and prevent contact with a corrosive medium, could have played
a supporting role in increasing the water repellency. AZ31 alloy etched with the SnCl,
solution for 2 min probably acquired insufficient roughness, because the contact angle of
the stearic-acid-modified surface was below 150°. The lower contact angle may be related
to the lower degree of roughening than that formed by ZnCl, etching, as recognized by
surface morphology analysis. The longer etching time (10 min) resulted in a reduction in
surface wettability, because a slight increase in contact angle was observed. Nevertheless,
when considering statistical deviations, the measured values of the contact angle were close
to those indicating superhydrophobic properties. Unfortunately, increasing the etching
time (15 min) resulted in a worsening of the contact angle value (see Table S2).

The contact angles measured for modified surfaces of AZ91 alloy etched with the
ZnCl, solution for 2 and 10 min were lower than 150°. A longer time (15 min) did not result
in a higher contact angle value, as shown in Table S2. In addition, ZnCl, appears to be an
unsuitable etchant for AZ91 alloy. The contact angle for the stearic-acid-modified surface
of AZ91 alloy etched with SnCl, for 2 min was about 147.5°; however, a superhydrophobic
surface with a contact angle of about 152.0° was successfully prepared when AZ91 alloy
was etched for 10 min using the SnCl, solution. This confirms that the SnCl, solution is able
to provide the necessary micro- and nanoscale hierarchical structure for the preparation
of a superhydrophobic surface, unlike the ZnCl, etchant. The longer etching time led to a
decrease in the contact angle; see Table S2. Thus, the results suggest that an etching time
of 10 min is sufficient for the pretreatment of AZ31 and AZ91 alloys using ZnCl, or SnCl,
solutions in the context of producing surfaces with superhydrophobic properties.

3.3. Effect of Temperature and Time on the Preparation of a Superhydrophobic Surface

Etching conditions, including the choice of etchant and etching time, are important for
the successful preparation of a superhydrophobic surface on magnesium alloys, as shown
by the experiments above. In addition, the preparation of a superhydrophobic surface
can also be dependent on the reaction conditions (temperature and time) when the etched
magnesium alloy reacts with a low surface energy substance, such as stearic acid [11,12].
Hence, for an optimum etching time of 10 min, the effect of temperature and time on the
reaction of stearic acid with etched samples was investigated.

Figure 6 shows the dependence of the contact angle on time (1-5 h) at 50 and 60 °C for a
stearic-acid-modified surface on magnesium alloys etched with ZnCl; and SnCl, for 10 min.
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water contact angle (°)

It should be noted that the standard deviation of the contact angles was approximately 1.5°
and the sliding angle of samples was below 10°.
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Figure 6. Contact angle as a function of time at 50 °C (a) and 60 °C (b). Contact angles were measured
on stearic-acid-modified surfaces of AZ31 etched with ZnCl, (red) and etched with SnCl, (blue), and
AZ91 etched with ZnCl, (green) and etched with SnCl, (orange).

Figure 6a shows the same trend for the curves for all samples modified at 50 °C. The
contact angle on all surfaces initially increased until it reached a maximum value of about
150° at 4 h and then decreased. Finding a clear trend for the contact angle versus time at
60 °C was more difficult (Figure 6b). However, it appears that the contact angles decreased
with increasing time. Furthermore, the contact angle values were slightly lower than those
found at 50 °C. This indicates higher surface wettability with water and consequently
poorer corrosion resistance. The observation of lower contact angle values at 60 °C for
different reaction times could be explained by the predominance of the hydrolysis reaction
of stearate and/or the higher solubility of metal stearate. The highest water repellency was
observed for the surfaces prepared at 50 °C for 4 h; therefore, these conditions were chosen
as optimal for the reaction with stearic acid.

3.4. Potentiodynamic Tests

The measured contact angles confirmed that superhydrophobic surfaces were pre-
pared on etched magnesium alloys. In light of the obtained results, samples etched for
10 min and modified with stearic acid for 4 h at 50 °C were used for electrochemical mea-
surements. Consequently, these investigated samples with superhydrophobic surfaces
should have had a higher corrosion resistance than bare AZ31 and AZ91 alloys, because
superhydrophobic surfaces prevent wetting by a corrosive solution. To verify the improved
corrosion resistance of the prepared superhydrophobic surfaces, potentiodynamic polariza-
tion measurements were performed in PBS solution (Figure 7). The evaluated parameters,
including corrosion current density (icor) and corrosion potential (Ecor), are summarized
in Table 4.

The positions of the curves and the obtained icor and Ecor values indicate that the
corrosion resistance of AZ31 alloy was improved by the preparation of a superhydrophobic
surface (Figure 7a). The values of Ec, for both superhydrophobic samples were the same
and were more positive than the Ecor of bare AZ31 alloy. This indicates a lower tendency
to corrode after treatment, from a thermodynamic point of view. From the kinetic point
of view, slightly better corrosion results were obtained for the samples prepared on AZ31
alloy etched with ZnCl, compared to AZ31 alloy etched with SnCl, because the corrosion
current density was slightly lower (Table 4). This observation is consistent with the mea-
sured value of the contact angle for superhydrophobic surfaces. The superhydrophobic
surface of AZ31 alloy etched with ZnCl, had a higher the contact angle (about 151.3°)
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than the one etched with SnCl, (about 150.2°) and therefore it more effectively prevented
contact with the corrosive environment. The improvement in corrosion resistance by the
superhydrophobization process is also illustrated by the fact that the superhydrophobic
surface on AZ31 etched with ZnCl, reduced the corrosion current density approximately
nine times compared to bare AZ31 alloy.
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Figure 7. Potentiodynamic polarization curves of the examined samples. On the left (a) are the curves
for bare AZ31 alloy (black) and stearic-acid-modified AZ31 alloy etched with ZnCl, (red) and etched
with SnCl, (blue). On the right (b) are curves for bare AZ91 alloy (violet) and stearic-acid-modified
AZ91 alloy etched with ZnCl, (green) and etched with SnCl, (orange).

Table 4. Corrosion parameters obtained from potentiodynamic measurements.

Sample icor [MA/cm?] Ecor [MV]
Untreated 26.51 —-1.61
AZ31 ZnCl, + modification 3.41 —1.40
SnCl, + modification 5.46 —1.40
Untreated 22.22 —1.68
AZ91 ZnCl, + modification 120.62 —1.45
SnCl, + modification 4.89 —1.45

A different situation was observed in the case of AZ91 alloy (Figure 7b). Additionally,
in this case, both the superhydrophobic surfaces on AZ91 alloy etched with ZnCl, and
SnCl, had the same E,; value and it was more positive than the Eco, of bare AZ91 alloy.
However, a significant difference in the corrosion kinetics was observed. The prepared
superhydrophobic surface on AZ91 alloy etched with ZnCl, exhibited significantly deterio-
rated corrosion resistance compared to bare AZ91 alloy, from the kinetic point of view, even
though the resistance from the thermodynamic point of view was improved, as can be seen
in Figure 7b and Table 4. In contrast, the superhydrophobic surface prepared on AZ91 alloy
etched with SnCl, provided good corrosion protection against the corrosive environment,
as the corrosion current density decreased approximately five times compared to the value
for bare AZ91 alloy.

The corrosion deterioration observed in stearic-acid-modified AZ91 alloy etched with
ZnCl; could be related to the nature of the surface, which exhibits the contact angle equal
to 149.8° £ 2.1°. As a result, the corrosive environment could more easily come into contact
with the surface. The corrosion reaction may have been facilitated by the formation of a gal-
vanic cell between magnesium and zinc (or Zn(OH),) crystals, which had a higher electrode
potential. Moreover, it can be assumed that the corrosive environment had easier access
to the magnesium-rich « phase, since stearic acid reacted exclusively with Zn/Zn(OH);
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during the superhydrophobization process (see FTIR analysis), which was mainly accu-
mulated on 3 phase residues of AZ91 alloy (Figure 4A,D). Thus, a significant reduction in
surface energy probably occurred in the areas where zinc was present. This observation
suggests that the microstructure of magnesium alloys may affect the surface properties.

3.5. EIS Measurements

EIS data obtained after one day of exposure in PBS solution are shown in Figure 8.
Nyquist plots were fitted using two different equivalent electrical circuits, which are
shown in Figure 9. The model in Figure 9a was used for all samples except for the
superhydrophobic surface of AZ91 alloy etched with SnCl,. The equivalent electrical
circuit shown in Figure 9a consisted of components representing the solution resistance
(Rq), the resistance (Ry) and the constant phase element (Q;) of the corrosion products
and/or the superhydrophobic film, and the resistance (R3) and the constant phase element
(Q3) of the electric double layer at the electrolyte and substrate interface. The second
equivalent electrical circuit (Figure 9b) consisted of components representing the solution
resistance (Ry), the constant phase element (Q;) of the present corrosion layer, the resistance
of the capacitance part (R;), the inductance (L3; the time-independent part of the circuit
characterizing the inductive loop of the plot), and the resistance (R3) of the inductive loop.
The parameters evaluated by fitting the EIS data and the calculated polarization resistance
values are summarized in Table 5. The polarization resistances were calculated according to
the relations presented in Figure 9. The higher the polarization resistance values, the higher
the corrosion resistance. The shapes of the Nyquist plots (Figure 8a) and the R}, values
show that the superhydrophobic process resulted in improved corrosion resistance in PBS
solution compared to bare AZ31 alloy. The corrosion resistance was of a comparable order
of magnitude for both superhydrophobic samples. Figure 9b and the R, values clearly
show that only the superhydrophobic surface of AZ91 alloy etched with SnCl, resulted in
better corrosion resistance. Even the superhydrophobic surface of AZ91 alloy etched with
ZnCl, had a polarization resistance two orders of magnitude lower than bare AZ91 alloy.
Moreover, the application of the other equivalent electrical circuit (Figure 9b) indicates that
the corrosion of the sample was proceeded by a different corrosion mechanism. The EIS
results are consistent with those of the potentiodynamic polarization measurements.
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Figure 8. (a) Nyquits plots and their fits (dashed curves) for AZ31 alloy samples: bare AZ31 alloy
(pink), AZ31 alloy etched with ZnCl, and a superhydrophobic surface (red), and AZ31 alloy etched
with SnCl, and a superhydrophobic surface (blue). (b) Nyquits plots and their fits (dashed curves) for
AZ91 alloy samples: bare AZ91 alloy (pink), AZ91 alloy etched with ZnCl, and a superhydrophobic
surface (yellow), and AZ91 alloy etched with SnCl, and a superhydrophobic surface (green).
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Figure 9. Equivalent electrical circuits used for Nyquist plot evaluation and equations for the
calculation of polarization resistance (Rp). The equivalent electrical circuit (a) was used for bare
magnesium alloys, stearic-acid-modified AZ31/AZ91 alloy etched with ZnCl, and stearic-acid-
modified AZ31 alloy etched with SnCl,. The equivalent electrical circuit (b) was used for the
superhydrophobic surface of AZ91 alloy etched with SnCl,.

Table 5. The parameters evaluated by fitting the EIS data and the calculated polarization
resistance values.

Sample Ry [Q] [pFE‘lﬂ—l’] ag R, [Q] [mF~Qs§a—1’] Ls (H) a3 R; [Q] Ry Q]

Untreated 102 14 0.86 5514 398 - 091 2433 7947
AZ31 ZnCl, + modification 240 5.7 0.78 32,680 0.126 - 0.96 5444 38,124
SnCl, + modification 124 4.6 0.84 13,747 0.085 - 0.84 6953 20,700

Untreated 92 23 0.87 3071 807 - 0.88 1102 4173

AZ91 ZnCl, + modification 104 291 0.71 651 - 262 - 490 280
SnCl, + modification 129 8 0.89 14,958 162 - 0.75 7496 22,454

3.6. XRD Analysis

The superhydrophobic samples, etched samples, and both bare magnesium alloys
were characterized using the XRD method. The analysis revealed the presence of elemental
zinc on surface of AZ31 and AZ91 alloys etched with the ZnCl, solution (Figure 10).
No other chemical form of zinc was identified. Similarly, XRD analysis of magnesium
alloys etched with SnCl, showed only the presence of elemental tin (Figure 10). These
results are contrary to expectation arising from the EDS analysis. The absence of other
forms of zinc and tin in the XRD spectra could be explained by the nanoscale size of
crystals and/or their low abundance. The presented XRD spectra of superhydrophobic
and etched samples did not differ from each other. The observed broad peak around
11° is undoubtedly related to the etching process, as the peak did not appear in the
XRD spectra of bare alloys. On the basis of these results and the literature, the peak can
probably be attributed to Mg,Cl(OH)3-4H,O [17,30]. The absence of metal stearates in
the XRD spectra can be explained by their amorphous nature or their low abundance on
the surface. Their occurrence was revealed by FTIR analysis, as discussed below. This
fact is not surprising since metal stearates are not commonly identified in XRD spectra, as
indicated in the published literature [12,17,24]. The presence of zinc and tin on the surface
of magnesium alloys can enhance the alloys” antibacterial properties, as these metals inhibit
bacterial infection [23]. However, biological experiments would be needed to confirm this
hypothesis. Xie et al. recently reported that the superhydrophobic AZ31 alloy surface with
deposited zinc significantly enhanced biocompatibility and had lower cytotoxicity than
AZ31 alloy [17].

3.7. FTIR Analysis

FTIR spectra recorded for stearic acid and superhydrophobic and etched samples are
shown in Figure 11. FTIR spectra for bare AZ31 and AZ91 alloys are shown in Figure S5.
Identification of the bands was made on the basis of the literature [31-33]. In all displayed
FTIR spectra (with the exception of etched samples), very pronounced bands at 2914 and
2847 cm~! were related to asymmetric and symmetric stretching in methylene groups.
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! in methyl groups was

Moreover, a shoulder of the asymmetric stretching at 2954 cm™

observed. Deformation vibrations of methylene groups were present at about 1460 cm ™!,
The identification of predominantly methylene groups is consistent with the structure of
the stearic acid/stearate molecule. The presence of long carbon chains derived from stearic
acid was revealed by the band at 728 cm~! and by the shoulder at the same wavenumber.
Thus, FTIR analysis confirmed the presence of hydrophobic long-chain alkyl, which was

present on the surfaces of all superhydrophobic samples.
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Figure 10. (a) XRD spectra of AZ31 alloy samples: bare AZ31 alloy (black), AZ31 alloy etched with
ZnCl, (brown) and etched with SnCl, (red), and AZ31 alloy etched with ZnCl, and a superhydropho-
bic surface (grey) and etched with SnCl, and a superhydrophobic surface (blue). (b) XRD spectra of
AZ91 alloy samples: bare AZ91 alloy (violet), AZ91 alloy etched with ZnCl, (pink) and etched with
SnCl, (light blue), and AZ91 alloy etched with ZnCl, and with a superhydrophobic surface (green)
and etched with SnCl, and a superhydrophobic surface (orange). The peaks corresponding to tin,
zinc, magnesium, and Al;;Mg;7 are shown by circles, triangles, stars, and diamonds, respectively.

In the FTIR spectrum of stearic acid, a strong band at 1698 cm~! was present and

corresponded to the asymmetric stretching of carboxyl groups. This characteristic band dis-
appeared in the spectra of superhydrophobic samples and two new distinguishable bands
appeared instead. These two bands situated in the range of 1530-1560 and 1390-1460 cm !
were ascribed to asymmetric and symmetric stretching in metal carboxylate. The FTIR
spectra of superhydrophobic magnesium alloys etched with the ZnCl, solution exhibited
bands at 1538 and 1397 cm ™!, perfectly corresponding to the positions of the zinc stearate
bands [32]. These bands were not present in the FTIR spectra of the etched magnesium
alloys. It is noteworthy that Xie et al. [17] obtained magnesium stearate, as indicated by
the bands of the published FTIR spectrum, although they applied the same method to
AZ31 alloy. On the other hand, Zhang et al. [12] observed the formation of zinc stearate
when they prepared a superhydrophobic surface on AZ31 alloy in a one-step method using
ZnCl, and stearic acid. Their results suggest that the form of the stearate did not affect
the value of the contact angle, as both works presented a contact angle of about 162°. The
occurrence of zinc stearate in our investigated samples is also supported by XPS analysis;
see below.

In the case of superhydrophobic magnesium alloys etched with SnCly, FTIR spectra
revealed relatively broad bands centered at 1560 and 1465 cm !, predominantly indicating
the presence of magnesium stearate instead of the expected stannous stearate [33]. A
minority formation of stannate stearate cannot be completely ruled out because the band
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absorbance

corresponding to the asymmetric vibration was slightly shifted to lower wavenumbers
compared to the band corresponding to magnesium stearate [32,33]. It should be noted that
the bands identified as carboxylates were not observed in the FTIR spectra of the etched
magnesium alloys.
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Figure 11. (a) FTIR spectra of the following: stearic acid (purple), AZ31 alloy etched with ZnCl,
(brown) and etched with SnCl, (grey), and superhydrophobic surfaces of AZ31 alloy etched with
ZnCl, (red) and etched with SnCl, (dark blue). (b) FTIR spectra of the following: stearic acid (purple),
AZ91 alloy etched with ZnCl, (pink) and etched with SnCl, (light blue), and superhydrophobic
surfaces of AZ91 alloy etched with ZnCl, (green) and etched with SnCl, (orange).

3.8. XPS Analysis

XPS analysis was used to identify the chemical state of Mg, Zn, and Sn for the super-
hydrophobic samples. The Mg 1s spectra of stearic-acid-modified AZ31 and AZ91 alloys
etched with ZnCl, (Figure 12) contained one strong peak at 1304.1 eV corresponding to
the presence of Mg(OH); [34]. The high-resolution XPS spectra of Zn 2p was characterized
by two peaks assigned to Zn 2p;,, and Zn 2p3/,. These two peaks, which appear due
to the spin-orbit splitting, are well-separated and therefore only Zn 2p3,, peaks can be
considered for the assignment of zinc chemical state. Deconvolution of the Zn 2p3 /» peak
for both superhydrophobic samples revealed the occurrence of one chemical state with a
binding energy of 1022.4 eV, which was higher than the binding energy of Zn, ZnO, and
Zn(OH); [35]. Consequently, the binding value received was attributed to zinc stearate.
These results are in agreement with the findings of FTIR analysis, which confirmed the
presence of zinc stearate.

The Mg 1s spectrum of stearic-acid-modified AZ31 alloy etched with SnCl, (Figure 12a)
contained a single peak with a binding energy of 1304.1 eV corresponding to Mg(OH),. The
shift in binding energy to 1304.4 eV in the Mg 1s spectrum for stearic-acid-modified AZ91
alloy etched with SnCl, (Figure 12b) may be an indicator of the presence of magnesium
stearate, which has a binding energy of about 1304.8 eV [36]. The high-resolution XPS
spectra of Sn 3d comprised two peaks assigned to Sn 3d;/, and Sn 3ds5,,. For the same
reasons as in the case of the Zn 2p XPS spectra, only the Sn 3ds5,, peaks were fitted. For
stearic-acid-modified AZ31 alloy etched with SnCl, (Figure 12a), one peak with a binding
energy of 486.7 eV was found to be attributed to SnO, [37]. By deconvolution of Sn 3d5 ,
for the stearic-acid-modified AZ91 alloy etched with SnCl, (Figure 12b), two peaks with
binding energies of 486.8 and 484.5 eV were found, which were attributed to SnO; and
elemental tin, respectively [37]. The occurrence of tin and its oxide and Mg(OH), is in
agreement with previous spectrometric analyses. Unfortunately, the XPS analysis did
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not unambiguously identify magnesium stearate, which is assumed to be present in the
samples based on FTIR analysis. On the other hand, stannous stearate was not observed
at all in the XPS spectra. The inconclusive evidence of stearate in the XPS spectra can be
explained by the fact that the signal was collected from an area very poor in stearate and/or
by the interfering contribution of Mg(OH), to the Mg 1s spectrum.
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Figure 12. (a) XPS spectra for the stearic-acid-modified AZ31 alloy etched with ZnCl, (top pair) and
SnCl, (bottom pair); (b) XPS spectra for the stearic-acid-modified AZ91 alloy etched with ZnCl, (top
pair) and SnCl, (bottom pair).

3.9. Chemism of the Etching and Preparation of Superhydrophobic Surface

On the basis of the results presented in this paper and published in the
literature [12,17,24,26,27,38], reaction steps were proposed to describe the etching process
and the reaction of the formed products with stearic acid.

The etchant ZnCl, underwent hydrolysis to form Zn(OH), or ZnO and H* ions,
which gave the solution an acidic pH. The process can be described by the following
Equations (1) and (2).

ZnCly + 2H,0 < Zn(OH), + 2HCI
ZnClz + H,O < ZnO + HCl

@
()

The generated H* ions reacted with the magnesium (Equation (3)) contained in the
o phase of the magnesium alloys (AZ31 and AZ91), while the other phases with higher
electrode potentials remained more intact by corrosion. This led to the formation of a rough
surface, as described above (Figures 2 and 4).

Mg + 2H" — Mg + H,

®)

The reaction rate was undoubtedly facilitated by the higher temperature, as a relatively

large heat was released during the hydrolysis.

The released H* ions could react with the formed ZnO to form Zn?*, as described by

Equation (4):

ZnO + 2H* < Zn** + H,O

(4)

The consumption of H* ions shifted the chemical equilibrium of both hydrolysis
reactions to the right in favor of Zn(OH), or ZnO.
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The elemental zinc frequently observed in the form of dendrites was produced by the
reaction of the etchant with the magnesium alloy (5).

ZnCly + Mg — Zn + MgCl, 5)

In addition to the above reactions, corrosion reactions of the magnesium alloy with
water and chloride ions could simultaneously take place according to the sequence of
reactions (6) and (7):

Mg + 2H,0 — Mg(OH), + H, (6)

Mg(OH), + 2C1~ — MgCl, + 20H @)

The XRD analysis indicated the presence of Mg,CI(OH)3, which could have been
formed during the etching process according to reaction (8) [30]:

3Mg(OH), + Mg?" + 2C1~ — 2Mg,CI(OH)3 (8)

The OH™ anions generated by the reaction (7), including those from the hydrolysis of
Mg(OH),, could participate in the following interaction (9):

Zn** + 20H~ — Zn(OH), 9)
Zn(OH)CI could theoretically be formed as a minor by-product of hydrolysis [25].
Zn** + H,0 + Cl~ » Zn(OH)Cl + H* (10)

During the superhydrophobic process, stearic acid interacted with Zn?* ions to form
zinc stearate (11), as shown by FTIR and XPS analysis.

Zn** + 2CH3(CHy)16COOH — Zn[CH3(CH,)14COO], + 2H* (11)

Unfortunately, stearates are generally highly sensitive to pH and therefore can easily
undergo hydrolysis in acidic or alkaline environments. This is a limitation of superhy-
drophobic surfaces prepared with stearic acid. On the other hand, since blood has a pH of
about 7.4 due to its natural buffering system, the relatively long-term stability of stearates
can be expected.

The reaction steps during etching with the SnCl, solution can be understood in a
similar way. The hydrolysis of SnCl, could provide two stable compounds involving
Sn(OH)Cl and SnO;, as described by reactions (12) and (13):

Sn?* + H,O + C1~ «» Sn(OH)Cl + H* (12)

25n%* + O, + 2H,0 < 2Sn0, + 4H* (13)

The formation of Sn(OH); (including Sn(OH),) is unlikely because its preparation
from an aqueous solution has not yet been described in the literature [39]. The released H*
ions reacted with magnesium, as described above by chemical Equation (3). Reducing the
amount of H" ions shifted the chemical equilibrium of reactions (12) and (13) to the right,
towards the products. This shift in equilibrium was visually observed by the precipitation
of a white precipitate from the solution during etching. Similar to the previously described
etchant, SnCl, reacted with the magnesium and was reduced to elemental tin (14), which
was demonstrated by the XRD, the XPS, and the EDS analysis.

SnCl, + Mg — Sn + MgCl, (14)

Surface analysis in the case of cast AZ91 alloy showed that Sn/SnO, were mainly
accumulated on the residues of the 3 phase (Figure 5A,D) because these sites had a higher
electrode potential than the corroded magnesium-rich & phase. This was not observed
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in the case of wrought AZ31 alloy, since its microstructure is de facto homogeneous
and composed of magnesium-rich grains. We believe that the observed phenomenon is
associated with the different electrode potentials of the o« and 3 phases. The dissolution of
magnesium from the « phase produced electrons (15) that were consumed by Sn?* ions on
the 3 phase (16).

Mg — Mg?" + 2e~ (15)

Sn?* +2e~ — Sn (16)

The occurrence of Sn** ions was demonstrated by XPS and EDS analysis; thus, elemen-
tal tin occurring on the surface of magnesium alloys did not reduce Sn** ions to Sn?* ac-
cording to chemical Equation (17), as would be inferred from standard electrode potentials.

Sn + Sn** — Sn?* + 2e” (17)

During the superhydrophobic process, stearic acid interacted with Mg?* ions to form
stearate, as indicated by FTIR analysis; this interaction can be described by Equation (18).

MgZJr + 2CH3(CH2)16COOH — Mg[CH3(CH2)16COO]z +2H" (18)

Theoretically, stearic acid could also react to a minor extent with Sn?* ions to form
stannous stearate, as described by (19). However, it should be emphasized that stannous
stearate in the superhydrophobic samples was not detected by any of the spectrometric
methods used.

Sl‘l2+ + 2CH3(CH2)16COOH — SH[CHg(CHg)mCOO]z +2H" (19)

Superhydrophobic surfaces of magnesium alloys etched with ZnCl, or SnCl, appear to
be a possible strategy for the protection of magnesium materials in medicine applications.
The prepared samples not only had enhanced corrosion resistance but also contained
Zn/Zn(OH); or Sn/SnO,, which could improve the biological properties. The corrosion
behavior was monitored in PBS solution in this work, but for a deeper evaluation it is
desirable to perform long-term experiments in simulated physiological solutions with
respect to the location of the magnesium implant in the body. The positive effect of
Zn/Zn(OH), or Sn/SnO; in superhydrophobic samples on biological properties also needs
to be demonstrated and monitored as a function of time. Future work will therefore focus
on these areas of research. Mechanical stability is a hot issue of superhydrophobic materials,
which limits their long-term applications in practice [10]. However, the development of
advanced magnesium implants may be a solution, as a superhydrophobic surface can
provide biological protection, which is crucial at the beginning of implant placement in the
body, and corrosion protection can continue through appropriate coatings on the surface of
the magnesium material [23].

4. Conclusions

The chemical etching of magnesium alloys led to surface roughening with a micro-
and nano-scale hierarchical structure. The surface morphology of magnesium alloys
etched with ZnCl, or SnCl, contained regions of nanoscale Zn/Zn(OH), or Sn/SnO;
crystals and platelet-like Mg(OH), crystals. AZ91 alloy etched with SnCl, also contained
observable residues of the 3 phase of the original alloy microstructure, which preferentially
contained Sn/SnO, crystals. Stearic acid bound to the surface of ZnCl,- and SnCl-etched
magnesium alloys in the form of zinc stearate and magnesium stearate, respectively. The
superhydrophobic surfaces on AZ31 alloy etched with ZnCl, and SnCl, improved the
corrosion resistance compared to bare AZ31 alloy. The improvement of the corrosion
resistance of AZ91 alloy was observed only in the case of the superhydrophobic surface of
the alloy etched with SnCl,. The results show that the microstructure of magnesium alloys
can have an impact on the surface roughening and consequently some physicochemical
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properties (wettability and corrosion resistance) of the surface modified with stearic acid. A
sequence of reactions is proposed to describe the chemical processes during the etching of
AZ31 and AZ91 alloys and their subsequent modification with stearic acid. Future research
will focus on long-term corrosion tests and the investigation of biological properties, with an
emphasis on the antibacterial effects of the presented superhydrophobic magnesium alloys.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ coatings12101414/s1, Figure S1: SEM images of AZ31 alloy etched with ZnCl, (A-C) and
SnCl, for 15 min (D-F). Details B and E show the regions of zinc and tin, respectively, and details C
and F show the Mg(OH), regions.; Figure S2: SEM images of AZ91 alloy etched with ZnCl, (A-C)
and SnCl, for 15 min (D-F). Details B and E show the regions of zinc and tin, respectively, and
details C and F show the Mg(OH), regions; Figure S3: EDS energy spectra of the magnesium alloys
etched with ZnCl, and SnCl, for 2 and 10 min; Figure S4: Images of water droplets on (a) stearic
acid-modified AZ31 alloy etched with ZnCl,, (b) stearic acid-modified AZ31 alloy etched with SnCl,,
(c) stearic acid-modified AZ91 alloy etched with ZnClj, (d) stearic acid-modified AZ91 alloy etched
with SnCly; Figure S5: FTIR spectra of bare AZ31 alloy (black) and bare AZ91 alloy (purple); Table S1:
Elemental composition determined by the EDS method for different regions subject to SEM analysis.
The regions of elemental composition correspond to the SEM images; see Figures S1 and S2; Table S2:
Contact angles measured on stearic acid-modified magnesium alloys etched with ZnCl, and SnCl,
for 15 min.
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Abstract: High-performance anti-corrosion coatings featuring easy processability and thin thickness
are highly desired in industry. Yet, solution process coating often faces a sedimentation problem with
particles which are used as reinforcement in coatings. In this contribution, boron nitride (BN) was
modified by an acrylate silane coupling agent (KH-570) to obtain acrylated BN flakes. Afterwards,
the acrylated BN flakes were in situ copolymerized with 2-(perfluorohexyl)ethyl methacrylate to
synthesize BN-fluorinated poly methacrylate (PFBP) composites. The as-obtained PFBP composites
can form stable coating solutions, in which sedimentation of BN flakes seldom happens. The
coating solution can easily form uniform coatings on various substrates with nanoscale thickness,
confirmed by scanning electron microscope (SEM). The corrosion resistance of the samples coated
PFBP coatings in 3.5 wt.% sodium chloride solution was evaluated by electrochemical impedance
spectroscopy (EIS). It is indicated that the incorporation of BN flakes greatly reduce the corrosion
rate. Adhesion measurements and abrasion resistance test indicate the PFBP coating performs good
adhesion to substrate and robustness. Through the in situ polymerization, acrylated BN flakes are
connected with the polymer chain, which inhibits the sedimentation of BN in the coating solution.
Additionally, the BN flakes dispersed in the fluorinated polymer act as barriers, improving the
corrosion resistance of the coated samples.

Keywords: in situ polymerization; boron nitride; corrosion resistant; coating; fluorinated poly-
methacrylate; anti-moisture

1. Introduction

Anti-moisture and anti-corrosion for the metallic components are highly desirable
in industry. Coating with polymeric film is one of the most effective and convenient
methods to prevent the corrosion of metal. Through forming a water-repellent coating
film as a barrier, polymer coatings protect the metal surface from corrosion [1]. At present,
the protective polymeric coatings widely used in the electronic industry include fluorine-
containing resin, epoxy resin, phenolic resin, etc. [2]. Among them, fluorine-containing
resin features low surface energy, low water absorption, high hydrophobicity and high
stability [3,4]. Compared to the widely used fluorinated resins, e.g., polytetrafluoroethy-
lene (PTFE), which can be hardly dissolved in solvent, fluorinated polyacrylate is soluble
in some fluorous solvents, resulting in an ease of processibility in forming films on sub-
strate [5-7]. The coatings with high performance usually rely on high barrier property
and good adhesion to substrate. Reinforcement with nanomaterials could improve the
anticorrosion property of fluorinated polymer by inhibiting the permeation of corrosion
media and forming superhydrophobic surface [7,8]. In recent years, the rise of graphene
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has aroused people’s attention in the field of anticorrosion [9]. By virtue of the large
high aspect ratio and impermeability to gases, graphene holds promise as an effective
anticorrosion barrier when incorporated in anticorrosive coatings [10-13]. However,
the high conductivity of graphene limits its long-term application in the protection of
electronic products [14].

Boron nitride (BN), which has a layered structure similar to graphene, features high
resistivity, excellent thermal conductivity and high impermeability [15-18]. Shen et al.
demonstrated that monolayer BN exhibited much better long-term corrosion barrier
performance than graphene [14]. Jiang et al. reported an in situ synthesis of BN coatings
on substrates, which can effectively prevent the substrates from being oxidized or corro-
sion [19]. BN could also be added in polymeric coatings as filler, finding an improvement
of anti-corrosion performance. Husain et al. illustrated that h-BN/PVA hybrid coatings
showed an improved corrosion protection against simulated seawater media [20]. Ad-
ditionally, incorporation into epoxy resin (EP) has verified BN is a good reinforcement
material. To improve the compatibility of BN and the EP, non-covalent modification of
BN has been made with various chemicals such as polydopamine (PDA) [21], carboxy-
lated aniline trimer (CAT) [22] and tannins acid (TA) [23,24], etc. Oh et al. prepared
BN/ polymethyl methacrylate (PMMA) composites with high thermal conductivity using
an in situ polymerization process. BN was bonded with vinyltriethoxysilane to introduce
double bonds, and it was directly linked with the PMMA chains during the polymer-
ization step. The BN/PMMA composites exhibited an obvious thermal conductivity
enhancement, with a value that was 17.8 times higher than that of PMMA [25]. Very
recently, He et al. initiated an in situ anionic polymerization of methyl methacrylate on
the exfoliated BN nanosheets. The PMMA chains grafted on the BN nanosheets enhanced
the solubility in solvent [26].

From the above, a great deal of work relating to the incorporation of layered materi-
als (graphene, BN, etc.) into polymer coatings has been reported. However, seldom has
work been focused on the incorporation of these layered materials into fluorinated poly-
methacrylate systems. In a fluorous composite coating system, which has low viscosity,
sedimentation of the incorporated layered materials can hardly be avoided.

In this contribution, BN powder was firstly exfoliated to flakes using a wet ball-
milling method followed by modification of 3-(trimethoxysilyl)propyl methacrylate (KH-
570). Then, the acrylated BN flakes was in situ polymerized with 2-(perfluorohexyl)ethyl
methacrylate (C6Rf) to obtain BN-fluorinated poly methacrylate (PFBP) composites by
a precipitation polymerization method. The PFBP composites can be well dissolved in
a fluorous solvent forming a stable suspension. BN flakes are covalently bonded to the
polymer matrix, which on one hand, eliminates the possible appearance of voids between
BN flakes and polymer; on the other hand, inhibits the sedimentation of BN from the
coating solution. BN flakes are well dispersed in the polymer matrix and the formed
PFBP coatings display greatly enhanced corrosion resistance property.

2. Material and Methods
2.1. Materials

Sodium chloride (NaCl) and boron nitride (BN) were purchased from Aladdin
Chemical Co. Ltd., Shanghai, China. 3-(Trimethoxysilyl)propyl methacrylate (KH-570)
was acquired from Yuanye Biological Technology Co. Ltd., Shanghai, China. Butyl
acetate (BAC) and azodiisobutyronitrile (AIBN) were purchased from J&K Scientific
Ltd., Shanghai, China. Hydrofluoroether 1-(ethoxy)nonafluorobutane (HFE-7200) was
purchased from 3M China. 2-(perfluorohexyl)ethyl methacrylate (C6Rf) was supplied by
Beijing Thinvec Co. Ltd., Beijing, China. Before experiments, all of the copper sheets and
Q235 steel sheets were cleaned in an ultrasonic bath for several times in a sequence of
acetone, anhydrous ethanol, and deionized water. AIBN was purified by recrystallization
prior to use, while other reagents were used as-received.
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2.2. In Situ Polymerization

The in situ polymerization process is illustrated in Scheme 1. A horizontal planetary

milling was used for dispersion of BN, according to ref. [27]. In a typical run, 2 g of
micron-sized BN powder mixed with 2 M aqueous NaOH solution were loaded into a
stainless steel grinding bowl with steel balls. The BN/NaOH solution mixture was milled
for 24 h. The ground product was rinsed with HCI solution and repeatedly washed with
deionized water until the pH was close to neutral. After the sample was dried, it was
dispersed in IPA and sonicated at 45 kHz for 1 h. Then, 2.5 g KH-570 and 0.4 g ammonia
water were added, sonicated at 45 kHz for 1 h, followed by stirring at 60 °C for 12 h. The
product was centrifuged at 2000 g for 10 min and the top 3/4 of the supernatant was
filtered to recover the final product. The acrylated BN flakes was referred to as BN570.

BN

NaOH sohtion =

ball-milling

dispersed BN flakes acrylated BN flakes

m-situ polymerization

BN-fluorinated polymethacrylate composites

Scheme 1. Dispersion, acrylation of BN flakes and in situ polymerization to the PFPB composite coatings.

AIBN (0.085 g), CoRf (5 g), KH-570 (0.287 g), BN570, BAC (15 g) were added into a polymerization
tube. After purged with N, the mixture was heated at 70 °C for 24 h for polymerization. Then,
the precipitate was collected, washed with ethanol and dried. The prepared BN-fluorinated poly
methacrylate was referred to as PFBP-1, PFBP-2 and PFBP-3, according to the amount of BN570 of
0.045, 0.075 and 0.105 g, respectively. As a comparison, fluorinated poly methacrylate was synthesized
through the same recipe but no BN was added, which was referred as to PF.

2.3. Preparation of Coating

The PFBP was dissolved in HFE-7200 to prepare coating solutions with concentrations of 1, 2.5
and 5 wt.%, which are referred to as 1PFBP, 2.5PFBP and 5PFBP, respectively. The PFBP composite was
coated on Q235 carbon steel sheets or copper sheets by a simple casting method. After dried at room
temperature, the test specimens were further treated in an oven at 80 °C for 3 h. The thickness of the
coating was regulated by dropping 0.5 mL of the coating solution onto an O-ring circled area of the
substrate.

2.4. Characterization

Fourier transform infrared (FTIR), and attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were collected using a Nicolet iS50 (Nicolet, Madison, WI, USA). Scanning electron
microscopy (SEM) images were acquired on Hitachi 5-4800 field emission scanning electron microscope
(Hitachi, Tokyo, Japan) with an acceleration voltage of 10 kV. The static water contact angle (WCA) was
measured using an optical contact angle meter (Dongguan Sindin SDC-100, Shengding, Dongguan,
China).
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2.5. Electrochemical Polarization Measurements

Electrochemical polarization measurements were performed on a CHI-604E, Chenhua electro-
chemical instrument (Chenhua, Shanghai, China). A three-electrode configuration was employed with
the test specimen as the working electrode, a Pt plate as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. The working electrode had an area of 1 cm?, opening to
3.5 wt.% NaCl solution as the electrolytic solution. Prior to the measurements, the working electrode
was immersed in the electrolytic solution for 20 min to establish a stable open circuit potential (OCP).
Electrochemical impedance spectroscopy (EIS, Chenhua, Shanghai, China) measurements were car-
ried out with the frequency range of 10~2~10° Hz with alternating current signals. Zview software
(version 3.10) was used for analyzing the EIS results within an error of 10%.

2.6. Adhesion Test

The adhesion between the coating and the substrate was tested according to Adhesion Test
Procedure-ASTM 3359 [28]. In a typical run, the cutting tool was put on the coated copper sheet. The
tool was pressed down and pulled to create a cross hatch pattern. Then, the coating was covered with
3M Scotch tape and the tape was smoothed so that it fitted closely with the coating. The tape was
removed by pulling in a single smooth action at an angle of 180°. Finally, the surface of coating was
inspected by a microscope to evaluate the adhesion by comparing with the ASTM description.

2.7. Abrasion Resistance Test

The abrasion resistance test was according to a simplified procedure of ISO 7784-2. The PFBP-
coated specimen was loaded with a 60 g counterweight covered by non-woven cloth. Then, the
counterweight was horizontally moved for various times. The abrasion resistance was evaluated by
monitoring the water contact angle and the Tafel curves.

2.8. Salt Fog Corrosion Test

Prior to the corrosion tests, Q235 carbon steel with a working area of 5 cm? was rinsed with
acetone and ethanol in an ultrasonic bath and dried in air. Then, the carbon steel was coated with PFBP
composites. After cured at 80 °C for 3 h, the coated substrate was exposed in a salt spray. The salt fog
test was carried out at a constant temperature of 35 °C, and the corrosion was recorded periodically [29].

3. Results and Discussion

The as-received BN powder exhibits morphology of particle, confirmed by the SEM and TEM
images (Figure 1A,C). After the wet-milling with the NaOH solution followed by modification with
KH-570, the morphology of the acrylated BN (BN570) becomes aggregates of BN flakes (Figure 1B).
The dispersion of the BN flakes are further verified by the TEM image (Figure 1D). The well-dispersed
BN flakes are beneficial to copolymerize with the fluorinated acrylate monomer and formed stable
coating solution.

3.1. Sedimentation of Coating Solution

UV=-vis spectrophotometry based on the Lambert-Beer law indicates that the absorbance is linearly
related to the concentration of a solution [30]. As a result, the sedimentation of the PFBP coating solution
can be evaluated by monitoring the absorbance and the sedimentation data are collected in Table S1.
Here, 5 wt.% BN dispersed in HFE-7200 suspension shows a severe sedimentation with a settlement
rate of about 84.9% after settling for 24 h. After BN is exfoliated and modified by KH-570, the value
is greatly reduced to 16.7%. Furthermore, after the in situ polymerization, the as-prepared 5PFBP-2
coating solution (5 wt.%) shows a negligible settlement rate of 0.76%. The prepared BN-fluorinated
polymethacrylate coating solution is quite stable, which is beneficial to the formation of uniform coating
with high performance.
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100 nm

Figure 1. SEM and TEM images of BN (A,C) and BN570 (B,D).

3.2. Coating Composition

Figure 2a shows the FTIR spectra of KH-570, BN570, and BN. Two broad peaks at 1231 and
737 cm~! can be observed, corresponding to the absorption bands of BN [25]. While the KH-570
modification of BN570 shows additional peaks at 2840~2950, 1640 and 1723 cm !, which are attributed
to C-H, C=C and C=0, respectively. FTIR spectra confirm that the C=C bond has been successfully
grafted on BN, providing the moiety for the in situ polymerization. ATR-IR spectra of the PFBP coatings
present peaks at 1723 and 1400-1000 cm ™!, which are associated with the bond of C=0O and C-F [31],
respectively (Figure 2b). Additionally, absorption peak at 1640 cm ™! attributing to the stretch vibration
of C=C disappears, indicating the completion of polymerization. However, the characteristic peaks of
BN at 1231 and 737 cm ™! are not well resolved due to their very low content and thus being masked by
the peaks of polymer.
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Figure 2. (a) FTIR spectra of KH570, BN570, and BN, inset is the enlargement of rectangle; (b) ATR-IR spectra of C6Rf
monomer (A), PFBP-1 (B), PFBP-2 (C) and PFBP-3 (D).
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3.3. Microstructures

From top-view of the PFBP coatings (Figure 3), one can see that the formed PFBP coatings are
dense and flat. Some BN flakes are observed when increasing the content of BN570 in PFBP. Cross-
sectional images indicate that all the coatings are uniform in thickness. PFBP-1, PFBP-2 and PFBP-3
coatings prepared from 1 wt.% coating solution show slightly increased thickness of 363, 394 and 414
nm, possibly due to the increase in the BN570 content. Additionally, an increase in the coating solution
concentration leads to a thicker film. PFBP-2 coating solutions with concentrations of 2.5 wt.% and 5
wt.% produce coatings with thickness of 578 and 726 nm, respectively. The coating were peeled off
from the substrate and embedded in a resin to obtain cross-sectional slices. It can be seen that the BN
sheets (indicated by circles) are well distributed in the coatings (Figure 3E,G). The surface wettability
of the coatings is tested by the measurements of water contact angle (WCA). All the PFBP coatings
show hydrophobicity with close WCA around 110° (Figure 3, inset). The side chains of -CF2 connected
to the main chain of acrylate through ester bonds contribute to the good hydrophobicity.

Figure 3. SEM images of top-view (A-E) and cross-section (A’-E’) of PFBP coatings prepared from different
coating solutions. (A,A’) 1 wt.% PFBP-1 coating solution; (B,B’) 1 wt.% PFBP-2 coating solution; (C,C") 1 wt.%
PFBP-3 coating solution; (D,D") 2.5 wt.% PFBP-2 coating solution; (E,E") 5 wt.% PFBP-2 coating solution. Insets are
photographs of water drop on the corresponding coatings; and cross section images of coating slices (F,G). The
slices were prepared by embedding coatings in Technovit®7100.

3.4. Electrochemical Corrosion Test

Electrochemical polarization is a conventional method to evaluate the corrosion resistance of
coatings. A lower self-corrosion current density (I.orr) means a slower corrosion rate. As shown in
Figure 4, the Tafel curve of the PF coated Cu sheet evidently shifts to the lower right corner, compared
to that of the bare Cu sheet. This indicates that coating with fluorinated polymer greatly improves
the corrosion resistance. PF coating with good hydrophobicity prevents the corrosive medium (3.5
wt.% NaCl aqueous electrolyte) from contacting the Cu substrate and thus inhibits the corrosion. By
contrast, the Tafel curves of the BN incorporated PFBP coatings are positioned lower than that of the PF
coating, which means that PFBP coatings display better corrosion resistance than the PF coating. When
increasing the thickness of the coatings by using higher concentration coating solution, the Tafel curves
further move to a lower position, implying the achievement of better corrosion resistance performance.
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Corrosion data fitted from the Tafel curves are collected in Table 1. I of PFBP-1, PEBP-2 and PFBP-3
coatings are remarkably decreased to be 0.05, 0.018 and 0.074 uA-cm ™2, respectively, much lower than
that of bare Cu sheet and PF. It is also observed that all of the PFBP coating samples exhibit a maximum
corrosion rate lower than 8.6 mm-year~!, much slower than that for PF coating. Additionally, corrosion
potential (Ecorr) also indicates the corrosion trend. The more positive the Eorr is, the more difficult
the corrosion inclines to be. The Tafel curves for the PFBP-coated Cu sheet give an Eor higher than
—171 mV, more positive than for bare Cu sheet and PF at —290 and —226 mV, respectively. Among
the PFBP-2 coatings with different thickness, it can be observed that 5SPFBP-2 shows the best corrosion
resistance. The Icoy for SPFBP-2 is 0.4 nA-cm~2, which decreases two orders of magnitude compared
to the TPFRP-2.
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Figure 4. Tafel curves for bare Cu sheet and various coatings on Cu sheet.

Table 1. Electrochemical corrosion data from Tafel curves.

Coating Icorr/(LA-cm—2) Ecorr/mV R/10~% (mm-year—1)
Bare Cu sheet 16.5 —290 —
1PE 1.86 —226 220
1PFBP-1 0.050 —-171 5.70
1PFBP-2 0.018 —168 2.10
1PFBP-3 0.074 —159 8.60
2.5PFBP-2 0.004 —176 0.42
5PFBP-2 0.0004 —153 0.05

Note: Icorr: corrosion current; Ecorr: corrosion potential; R: corrosion rate.

The electrochemistry corrosion behavior of the SPFBP-2 coating is further investigated by analyzing
the EIS data acquired through immersing the samples in 3.5 wt.% NaCl solution for 20 min, 16 h, 24 h,
and 72 h, respectively, and the results are shown in Figure 5. After 16 h of immersion, the impedance
of the 5PFBP-2 coated sample declines a little but the shape of Bode plots does not change and still
keeps one time constant. Therefore, the curves can be fitted by the equivalent circuit model in Figure
5b. This indicated that the composite coating was effective in protecting the metal substrate from
corrosion after even 16 h of immersion. With a prolonged immersion time of 24 h, two time constants
appeared in the phase angle diagram and no longer conformed to the aforementioned equivalent
circuit. Instead, the equivalent circuit model 2 in Figure 5b was used for fitting. The time constant at
high frequency corresponds to the barrier performance of the coating [14,32], while the occurrence of
one at low frequency indicates that the metal substrate has a corrosion reaction due to the infiltration of
the corrosion medium [33,34]. Here, R is the charge transfer resistance between the substrate and the
electrolyte, CPE2 is the constant phase angle elements representing capacitive properties of the electric
double layer. It can be seen that the EIS data are well fitted by the models. The fitted data are collected
in Table S2. After 72 h of immersion, the R, of the coating decreased by near three orders of magnitude
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compared to the one immersed for 20 min (Figure S1), indicating that the electrolyte penetrates across
the coating and corrodes the metal substrate.

_ (b
8 R CPE1
W'E‘ 6 .
S Model 1
ko]
S 4
E s CPE1
t m 20
' o 05 1o 15 . 15nﬁm CPE2
21 7 el 07 ey A& 24n Re
¥ T2h f
0 — fitting results Model 2 ot
r T T T T T T
0 5 10 15 20
Z,/10°¢x em?
c .
( ) ® 20 min a4
8 * 16h
4 24h
v 721—.‘ -60+
—— fitting results —_
= e
5} 61 5
&} g 404
= = = 20 min
?0 - s 16h
— 4 20 4 24h
v 7Zh
—— fitting results
0-f
2 T T T T T T T T T T T T

) 2 4 -2 -1 0 1 2 3 4 5
lg f/ Hz lgf/ Hz

Figure 5. Nyquist (a) and Bode (c,d) plots of 5PFBP-2 coating immersed in 3.5 wt.% NaCl solution for different
time, and the equivalent circuits used for fitting the Nyquist plots (b).

The electrochemical impedance spectra (EIS) measurements were used to investigate the electro-
chemical behaviors of bare Cu sheets and PFBP-coated samples. Figure 6 illustrates the Nyquist and
Bode plots of the different coatings tested in NaCl solution (3.5 wt.%) at room temperature. The Nyquist
plots construct a semi-circle, indicating that the electrode process is determined by the electrochemical
step. The capacitive arc radius becomes remarkably larger after the Cu sheets are coated by the PF
(Figure 6a, inset). The arc radius is even bigger when increasing the content of BN flakes. However,
PFBP-3 with the highest BN content shows a reduced capacitive arc radius, indicating that excessive
BN addition might deteriorate the barrier effect of the coating system [35]. This deteriorative trend is
related to the aggregation of excessive fillers, supported by the SEM analysis results shown in Figure
3. For the PFBP-2 coatings, the thicker the coating is, the larger the capacitive arc radius is (Figure
6b). The impedance modulus at the lowest frequency (Z = 0.01 Hz) in Bode plot could be used as a
semi-quantitative indicator of coating’s barrier performance [32]. The values of coatings at Z¢ = 0.01 Hz
are collected in Table 2. Z; values of PFBP are much higher than that of PF coating and bare copper
sheet. Additionally, when increasing the thickness of PFBP coatings, the values at Z; = 0.01 Hz are
increased accordingly and improved to be 1.55 x 108 Q)-cm? for the 5PFBP-2 coating. The EIS data were
fitted by model 1 in Figure 5b, where the R. represents the charge transfer resistance, R; is the solution
resistance, and CPE1 is Constant Phase Angle Element 1. The fitted R. values are summarized in Table
2. The R value is 25.06 x 10* Q-cm? for the coating of 1PF. While for the coating of 1PFBP-1, the value
of R, rises sharply and finally reaches up to 209.44 x 10%* Q-cm? for 1PFBP-2. Additionally, an increase
in the concentration of PFBP-2 coating to 5% leads to a larger R. of 1.559 x 10® )-cm?. These results
confirm that the 5SPFBP-2 composite coating offers the most effective protection among all coatings.
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Figure 6. Nyquist (a,b) and Bode (c—f) plots of the different coatings in 3.5 wt.% NaCl aqueous solution.
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Table 2. Fitting data of electrochemical AC impedance curve of PFBP coatings.

Sample 1PF 1PFBP-1 1PFBP-2 1PFBP-3 2.5PFBP-2 5PFBP-2
Rc/(Q-cm?)-10% 25.06 55.77 209.44 48.00 14,480.00 15,590.00
Zg—0.01 1z /(Q-cm?) 3.07 x 10° 5.74 x 10° 2.16 x 10° 4.84 x 10° 1.06 x 108 1.95 x 108

3.5. Surface Salt Fog Corrosion Test

Salt fog test was conducted to investigate the corrosion behaviors in intensified conditions. Q235
carbon steel is conventionally used as the substrate [36-39]. From the photographs, the appearance
of the Q235 sheet shows no change after coating with PFBP. The evolution of the salt fog corrosion is
illustrated in Figure 7. Corrosion easily happens on the bare substrate. By contrast, when the carbon
steel sheets were coated with PFBP coatings, the corrosion was inhibited. The large area rust changes
to be corrosion dots. Close inspection of three samples of 1PFBP-1, 1IPFBP-2, 1PFBP-3 after 24 h of salt
fog corrosion indicates that the Q235 sheet coated with 1PFBP-2 displays fewer corrosion dots. The
1PFBP-2 coating shows the best protective performance among the three coatings with different BN
contents. For the 5PFBP-2 coating prepared with increased concentration of 5 wt.%, corrosion can be
hardly observed even after 24 h of salt fog test, indicating the good corrosion resistance of the PFBP
coating.

The morphology of the substrate after the salt fog tests was monitored by SEM technique. As
shown in Figure 8, the Q235 carbon steel exhibits a flat surface with some orientation streaks. The
orientation streaks can still be observed on the PFBP-coated Q235, suggesting the coating is very thin.
After enduring a salt fog test for 18 h, severe corrosion occurs for the bare Q235 carbon steel. Many pits
appear on the surface, indicating the pitting corrosion happens in the salt fog. By contrast, no change
is observed for the PFBP-coated carbon steel, suggesting the good corrosion resistance of the PFBP
coating.

Bare substrate 1PFBP—1 1PFBP-2 1PFBP-3 S5PFBP-2 Bare subsirate 1IPFBP-1 1PFBP-2 1PFBP-3 SPFBP-2
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Figure 7. Photographs of Q235 carbon steel sheets coated with PFBP polymers after salt fog corrosion for different
periods. From left to right: bare, 1PFBP-1, 1PFBP-2, 1PFBP-3 and 5PFBP-2.
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400 pm

Figure 8. SEM images of bare Q235 carbon steel (A), Q235 carbon steel coated with PFBP-2 (B), bare Q235 carbon
steel after salt fog test (C) and PFBP-2 coated Q235 carbon steel after salt fog test (D).

3.6. Adhesion Test

Adhesion test was performed on two different substrates coated with three coatings of 1PFBP-1,
1PFBP-2 and 1PFBP-3, respectively. The micrographs of coatings after hundred cell tests are shown in
Figure 9. It can be seen that the scratch edges of the cut are smooth and no shedding is observed, which
can be classified to be 5B grade according to ASTM 3359 [28]. This indicates that the PFBP coatings
show good adhesion property. The fluorous coating solution features very low surface tension and
can achieve good wetting of the substrate. The C=O bond linked to the C-C main chain of the acrylate
polymer intensifies the adsorption forces due to the Keesom’s dipole effect, Debye’s induced dipole
effect and London’s dispersion effect [40]. By virtue of the good adhesion of the acrylate polymer
matrix, the PFBP coatings show excellent adhesion properties.

26 15:32:58
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Figure 9. Micrographs of coatings on copper sheet (upper) and Q235 steel sheet (below) after hundred cell tests.
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3.7. Abrasion Test of Coating

The abrasion resistance of the PFBP coating was studied through recording the water contact
angle and Tafel curves after abrasion for hundreds of cycles. The Tafel curve and water contact angle
of PFBP-2 coating after 400 cycles of abrasion exhibits a small change, compared to the one without
abrasion (Figure S2). The corrosion potential and the corrosion current vary slightly, the corrosion
rate only decays from 2.10 to 4.33 mm-year ! (Table S3). The evidences suggest that the PFBP coating
features excellent abrasion resistance, which is plausibly attributed that the well-dispersed BN flakes
are linked with the fluorinated poly methacrylate and reinforce the polymer chains.

As illustrated in Scheme 2, the coating solution containing well-dispersed BN-fluorinated poly
methacrylate composites can be facilely coated on substrate. After evaporation of the solvent, dense film
forms which consists of BN flakes in the polymer matrix. In the case of bare substrate, electrochemical
corrosion easily happens when the corrosion media directly contacts the substrate. The hydrophobic
fluorinated poly methacrylate could separate the corrosion media from the substrate and thus delays the
corrosion. For the coating of BN-fluorinated poly methacrylate composite, the combination of acrylated
BN flakes and fluorinated acrylate through the in situ copolymerization, on one hand, improves the
dispersion of BN flakes in the coating solution; on the other hand, it eliminates the voids between BN
flakes and the polymer matrix. As a result, the penetration of the corrosion media from the coating film
is greatly reduced and the labyrinth effect is intensified, compared to the composite coatings prepared
by the physical incorporation of BN flakes [41].

Corrosion media

Scheme 2. The formation of PFBP coatings and the corrosion resistance principle.

4. Conclusions

BN flakes, which were successfully prepared by wet-balling BN powder with NaOH solution, were
modified with a silane coupling agent (KH570) to obtain acrylated BN flakes. The acrylated BN flakes
were in situ copolymerized with 2-(perfluorohexyl)ethyl methacrylate to prepare BN-fluorinated poly
methacrylate (PFBP) composites, which were well dissolved in a fluorous solvent. Beneficial from the
chemical linkage between the BN flakes and the polymer chains, sedimentation seldom happens in the
formed coating solution and BN flakes are well dispersed in the coating film. Electrochemical corrosion
tests indicated that the corrosion resistance of the sample coated PFBP is greatly improved compared
to the fluorinated polymethacrylate coating. The self-corrosion current density (Icorr) fitted from Tafel
curves and the charge transfer resistance (R.) derived from EIS of the PFBP-2 coating containing 2.5
wt.% BN are 0.018 pA-cm~2 and 2.09 x 10° Q)-cm?, respectively. When increasing the concentration
of PFBP-2, thicker coatings were prepared. The PFBP coating with 726 nm in thickness on Cu sheet
displays Icorr and corrosion rate of as low as 4 x 10710 A-cm™2 and 5 x 107® mm-year !, respectively.
Additionally, the PFBP coatings exhibit good adhesion to substrate and abrasion resistance, confirmed
by adhesion and abrasion tests. The BN flakes dispersed in the fluorinated polymer act as barriers
for the penetration of corrosion media, improving the corrosion resistance of the coated samples. The
prepared PFBP coating would find good applications in the corrosion protection of electronic devices
through forming thin coating film.
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Abstract: High-velocity oxygen fuel (HVOF)-sprayed amorphous alloy coatings usually have ad-
vantages of a dense structure that improve their resistance to corrosion, wear, and fatigue in the
substrate. The flame flow characteristics and particle behaviors during the spray process have a
significant influence on the amorphous coating structure and properties. In this study, a computa-
tional fluid dynamics model is enforced to analyze the flame flow and Fe-based amorphous alloy
particle behavior in an HVOF spray process. The flame flow temperature, velocity characteristics,
and the FeygCr15sMo14C15B¢ Y, Fe-based amorphous alloy particles” velocities, temperatures, flight
trajectories, and mass concentration distribution characteristics are simulated. Moreover, the effects
of the oxygen/fuel ratio, particle morphology parameter, particle-injection rate, and angle on the
particle behavior are also investigated. Judging from the simulation results, the optimum amor-
phous alloy particle size varies between 20 and 30 pm, the shape factor is within the range of 0.9-1,
the optimum O/F ratio is 3.4, the optimum injection angle is 45°, and the optimum injection rate is
10 m/s. With these conditions, most of the particles settled toward the centerline of the spray gun
and are in a semisolid or solid state before affecting the substrate, giving the materials optimal
coating structure and performance.

Keywords: HVOF; Fe-based amorphous coating; flame flow characteristics; particle dynamics

1. Introduction

Corrosion and wear of as well as fractures on materials’ surfaces and interfaces are
major issues in engineering environments, which not only lead to significant economic
losses but also to enormous personal harm caused by these material failures. In China
alone, the cost of corrosion of materials within engineering components amounts to
billions of dollars or approximately 3.34% of the country’s Gross Domestic Product (GDP)
according to Hou et al.’s statistics [1]. Many researchers have studied surface engineering
to explore superior coatings deposited onto metallic materials to overcome deterioration,
among which amorphous alloys exhibit the excellent advantages of corrosion resistance,
superior wear resistance, high mechanical strength, and high hardness, ensuing from
their special disordered atomic structure [2-5]. In the past decade, a large number of bulk
metallic glasses with a high glass-forming ability (GFA) have been developed in Pd-, Mg-,
Zr-, and Fe-based systems using various rapid solidifying techniques [6-9]. Nevertheless,
these bulk metallic glasses typically exhibit no work hardening or plastic deformation
during room temperature deformation that considerably limits their applications as
structural materials. To avoid this situation and simultaneously give play to their unique
anticorrosion and wear-resistant properties, these materials are made into coatings.
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Thermal spray technologies provide sufficient rapid cooling rates that inhibit long-
range diffusion and avoid crystallization, existing as an alternate approach to beat scale
disadvantages and increase the industrial applications of amorphous alloys. Many stud-
ies have attempted to manufacture Fe-based amorphous alloy coatings using various
spraying methods, e.g., high-velocity oxygen fuel (HVOF) spraying [10,11], plasma spray-
ing [12,13], laser cladding [14], and kinetic spraying [15]. Among these methods, HVOF
spraying has attracted additional attention because of its benefits of low temperature
and high velocity, which are conducive to manufacturing dense or low-porosity amor-
phous alloy coatings [16]. The complexity of HVOF thermal spraying in terms of its
complex physics and multiscale interactions of variables makes it difficult to determine
production parameters directly [17]. In the past decade, many amorphous alloy coatings
have been prepared experimentally. Many experimental procedures in previous studies
aimed to correlate the manufacturing parameters against coatings microstructure and
properties [18,19]. However, to obtain high-quality Fe-based amorphous alloy coatings
with homogeneous structure and high amorphous content, several trial-and-error at-
tempts are needed, which consumes plenty of time and leads to high experimental costs.
Simultaneously, it is troublesome to reveal the transient rule of gas and the particle flight
history in HVOF spraying through experimental methods. Therefore, in addition to
intuitive experimental exploration, it is necessary to gain a deeper understanding of
the spraying mechanism [20]. Some simulations of the HVOF spraying process have
been carried out [21-24]; however, these were mainly focused on WC-12Co and Ni-Cr
materials, whereas, to our knowledge, studies on amorphous alloy coatings are relatively
lacking. However, the excellent performance of amorphous coatings cannot be ignored
by researchers, and a variety of amorphous alloy coatings have been applied in industry.
Therefore, through computer simulations of HVOF spraying, the momentum and heat
transfer between the flame flow and amorphous alloy particles can be analyzed in detail,
which provides theoretical guidance for improving the properties of Fe-based amorphous
coatings [25,26].

In the HVOF spraying process, the coating performance mainly depends on the
behavior of particles close to the substrate surface [21,27,28], which is affected by the
physical and chemical state at the moment of particle impact. With the increase in the
impact velocity, the degree of flattening of the amorphous alloy particles increases, and the
contact area between the particles and the substrate becomes larger, which improves the
bonding strength and compactness of the coating and forms a high-performance coating.
During the spraying process, the high temperature will cause the molten amorphous alloy
particles to stick to the inner wall of the gun barrel, affecting the normal spraying process.
In addition, the high temperature can also lead to partial oxidation of the amorphous alloy
powder and increase the porosity of the coating. When the particles are in a molten or
semimolten state, they form denser coatings with better corrosion resistance. Obviously,
the particle velocity, particle temperature, and melting state have significant influence on
the coating performance [17]. Therefore, the temperature, trajectory, and velocity of those
amorphous alloy particles should be controlled to manufacture repeatable coatings.

To better analyze the HVOF spraying process and manufacture the corrosion- and
wear-resistant Fe-based amorphous alloy coatings, the Fe;3Cri5sMo14C15B6 Y2 (SAM1651)
amorphous alloy is chosen as the spray material owing to its excellent corrosion resistance
and glass forming ability (GFA). The alloy features a nominal critical cooling rate of 80
K/s, suggesting that it can be cooled to an entirely glass state. In this study, the JP-5220
spray gun (Praxair, Danbury, CT, USA) is the object of analysis, and the gas flow and
particle motion models for HVOF spraying are established based on computational fluid
dynamics (CFD). The transient rules of the composition changes, flame characteristics,
and particle distribution in the HVOF spray process are analyzed.
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2. Models and Methods

Figure 1 shows a model diagram of the HVOF thermal spraying, including the
kerosene and oxygen inlet, the combustion chamber, the Laval spray nozzle, and the
spray barrel. Figure 1a shows the two-dimensional (2D) model of the spray gun, and the
detailed model parameters are annotated in figure and shown in Table 1. In this study,
the three-dimensional (3D) calculation model shown in Figure 1b is used; that is, the 2D
model is rotated 360°.

[e——— 220mm ———>

-
. z 3 Barrel
chamber j 2
92.5mm 111.1mm —») External domialn
(a) 244.1mm e 400mm >

e

Figure 1. High-velocity oxygen fuel (HVOF) spray gun (a) two-dimensional (2D) model, and
(b) three-dimensional (3D) model.

(b)

Table 1. High-velocity oxygen fuel (HVOF) spray model parameter.

Model Parameter Values
The length of combustion chamber 92.5 mm
The width of the combustion chamber 37.8 mm
The length of the spray barrel 111.1 mm
The width of the spray barrel 10.8 mm
The length of external field cylindrical domain 400 mm
The width of external field cylindrical domain 220 mm

Figure 2a shows the computational mesh of the spraying model. The ICEM software
(Fluent 19.0) is used to mesh the calculation domain. There are 1,282,729 elements and
1,243,608 nodes in the entire domain, and the elements sizes are in the range of 0.2-2 mm.
The mean quality of elements is 0.897. To ensure the accuracy of the calculation, a
hexahedral element is selected for depicting the combustion chamber and external region,
as shown in Figure 2b,d, and a tetrahedral element is used for depicting the barrel part,
as shown in Figure 2c. In addition, the external region is divided into two parts and uses
a transitional grid, whereas the internal grid is refined. The refinement of the external
region is conducive to accurately obtaining the flame flow characteristics and particle
trajectories. Oxygen and kerosene are injected into the spray gun at flow rates of 0.02163
and 0.007 kg /s, respectively. Table 2 presents the property parameters of the SAM1651
amorphous alloy, where the material’s density is 7310 kg/m? and the C, is 460 J/ (kg K).
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By adjusting the nitrogen gas flow, the particle injection rate varies from 5 to 20 m/s. It is
assumed that the wall temperature of the HVOF spray gun is 300 K. The pressure far field
and pressure outlet boundary are applied at the external domain, and the atmospheric
pressure is 1.01 KPa.

(@)

Figure 2. (a) Computational mesh of the model, (b) combustion chamber mesh, (c) barrel mesh,
and (d) external region mesh.

Table 2. Powder properties of SAM1651 [29].

Powder Properties Values
Density 7310 kg/m?3
Melting temperature 1394 K
Specific heat capacity 460 ]/ (kg K)
Thermal conductivity 225 W/(m K)
Latent heat of fusion 3.25-10°J/ kg

A realizable k—¢ model is used, and within the Cartesian tensor, the governing
equations of the 3D model are defined as follows [16,30]:
Mass conservation equation:

dp d
g‘f‘afxi(pui) =0 @)
Momentum conservation:
d d ~dp d d e
5 (Pui) + a*Xj(Puiu]) = T + a*Xj(Tq)eff + ax (puiuj 2)
Energy transport equation:
0 d d JoT
5 (PE) + aT(i(ui(pE +p)) = ax; <keffaxj + ui(Tij)eff> + S 3)
The deviatoric stress tensor is
ou  auy 2 dy
— ) i ig
(Tij) o = Meft (8)(1 + ax,> - gueffafxi% 4
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The effective thermal conductivity is

Kest = K+ 2 ©)
Ot
Mass fraction conservation equation was added to the transport equations, and
species transport model was customized to simulate the combustion reaction. The con-
vection sources, diffusion sources, and reaction sources of the transport equation are
described in [31]:

B a] i

d
o, (pYocui) = axi

+Ry+Se, x=1,2, .., N-1 (6)
aXi

In this study, the eddy dissipation model is used [32], which assumes that the
combustion rate is decided by the blending rate of fuel and oxidants. The consumption
rate of fuel is given by [33]:

Rp = — 2 Amin(mF, ™0, 2P @)
k S Sp
where M
_ Debvlp
S0 = 2O ®)
_ npM,
Sp = -y )

The empirical constants A and B are 4 and 0.5, respectively.

In practice, kerosene fuel is a mixture of alkanes with carbon content ranging from
9 to 17. Therefore, there is no precise chemical formula for kerosene. In the simulation,
CjpHp3 is used as the representative average of the individual component of the kerosene.
Because the combustion chamber’s temperature exceeds 2300 K, H,O and CO, break
down into several lightweight mass substances, not solely to Hy and CO flammable
gases, however, additionally to O, H, OH, and other atomic gases [16]. The combus-
tion dynamics is described by a global reaction [31] that accounts for intermediate and
dissociation reactions.

C1oHas + 17.286 Oy — 7.397 CO + 4.603 CO, + 7.955 H,O

+1.613 Hy + 1.204 H + 2.660 H + 1.154 O + 3.10, (10)

In solving the Navier-Stokes equation, gases are treated as continuous phases,
dispersed particle phases are solved by tracking large droplets, and there is no interaction
between the particles. The trajectories of these discrete phases and the thermal transfer
are calculated.

In Cartesian coordinates, the equations of particle motion in x direction can be
written as a force balance, equating droplet inertia with forces acting on the particle; the
basic particle equation is as follows.

?:Fn(u—up)vLFx:pti%cgfe(u—uerFx) (1)

A single-particle energy equation that ignores radiation heat transfer is shown below:

dT,
p
MpCp—r™ = h.Ap (Tg — Tp) (12)

The CFD commercial software (Fluent 19.0) is used, and the calculation is run
on a GTS2-RIS208Q workstation. First, a 3D model for the JP5220 gun is established.
Second, the boundary conditions, combustion reaction model, and gas flow model are

51



Coatings 2021, 11, 1533

established. To avoid simulation calculation divergence, all equations use the second-
order upwind discretization method. Third, according to the convergence criterion to
determine whether the calculation results converge; if convergence has been reached,
then we end the calculation.

3. Results and Discussion
3.1. Flame Flow Characteristics

Figure 3 shows the simulation results of the flame flow characteristics (gas velocity,
gas pressure, and gas temperature as well as the Mach number). The calculation shows
that the flow characteristics of the flame change with the axial distance in the spraying
process. The velocity, pressure, and temperature distribution have symmetrical distri-
butions above and below the centerline of the gun body. As can be seen from Figure
3a, due to the large inlet oxygen flow rate, the gas behavior in the combustion chamber
is streamlined along the symmetry axis. The overall gas velocity distribution in the
combustion chamber is uniform but relatively low at 130 m/s. As the flame flows through
the Laval nozzle, the velocity quickly exceeds 2000 m/s. Figure 3b illustrates the changes
in the flame flow pressure during spraying, and the gas pressure is approximately 0.9
MPa in the combustion chamber. Due to the convergence of the spray nozzle, the pressure
drops sharply to 0.18 MPa after passing through the nozzle and then exhibits overall
stable distribution and slight local fluctuations. On the right side of the barrel outlet,
the pressure profile alternates between light and dark conditions. The pressure value
oscillations decrease and then stabilize at a fixed distribution of 0.1 MPa.
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Figure 3. Contours of the flame flow and gas characteristics along the centerline for (a) gas velocity,
(b) gas pressure, (c) gas temperature, and (d) Mach number.

As seen in Figure 3¢, the initial temperature is relatively low because the kerosene
and oxygen are not mixed sufficiently. With the combustion intensifies, the combustion
chamber flame flow temperature peaks at 3400 K. When the flame flows through the
spray nozzle, the temperature drops significantly and then fluctuates slightly toward
a constant of 2400 K. The contour shows that when the flame flows into the cold air,
the axial temperature continues to decrease after periodic fluctuations. Eventually, the
temperature drops to 650 K at the substrate position. This whole process reflects the
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attenuation process of kerosene combustion energy. Figure 3d represents the changes in
the Mach number, which are similar in trend to the flame flow velocity.

3.2. The Mass Fraction of Gas Components

In order to reveal the reaction mechanism of kerosene—oxygen combustion, the
variation contours and curves of the mass fraction of various combustion components
are shown in Figure 4. Red lines show the mass fraction of each component distributed
along the centerline, with the horizontal and vertical axes in units of m. At the gun inlet,
the mass fractions are only kerosene and oxygen. The temperature rises rapidly as the
combustion reaction occurs. Concurrently, the temperature increase also promotes the
diffusion of kerosene and oxygen, which intensifies the combustion reaction, and the
mass fractions of the kerosene and oxygen decrease rapidly, whereas the mass fractions
of the other combustion products increase rapidly [34]. The calculation results show
that the concentration of kerosene flight into the combustion chamber is comparatively
high in the axial direction. When mixture intensifies and burns completely, kerosene is
consumed rapidly until its mass fraction decreases to zero in the combustion chamber.
Simultaneously, oxygen acts as a flammable agent with relatively large inlet concentrations
and oxygen declines rapidly in combustion chamber. In addition, oxygen increases in
external region due to the presence of oxygen in the air. The concentrations of the
combustion products H,O, CO,, and CO are relatively high, i.e., more than 0.2, and the
concentrations of other gases are comparatively low.
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3.3. Effect of the Oxygen/Fuel Ratio on Flame Flow

The O/F ratio is a pivotal variable for regulating the flame flow characteristics
during the HVOF process [22,27]. According to the kerosene—oxygen combustion reaction
formula (Equation (10)), the ideal conditions for full combustion of 1 L kerosene requires
a mass ratio of oxygen 3.09 times that of kerosene. To further explore the influence of
oxygen and kerosene on HVOF spraying, this study sets 11 comparative conditions to
analyze the influence of different O/F ratios and the same O/F ratio but different total
fuel oxygen amounts on the pressure, temperature, and velocity of the flame flow. The
specific O/F ratio conditions are shown in Table 3 and Figure 5.

The characteristic curves for different O/F ratios are simulated and plotted, as
shown in Figure 6. Through comparison, the pressure differences in the spray gun are
mainly observed in the combustion chamber. The pressure in the platform region of the
combustion chamber is compared, as shown in Figure 6d, and the pressure increases with
the increasing O/F ratio. However, when the O/F ratio is 3.4, the pressure reaches the
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maximum and then decreases. Interestingly, the maximum pressure does not occur at the
ideal O/F ratio of 3.09. At the barrel outlet, all curves exhibit low-amplitude fluctuations.
Comparing condition 4 with conditions 8-11, the changes in the pressure observed when
adjusting the total amount of kerosene and oxygen under the condition of a fixed O/F
ratio are analyzed. The combustion chamber pressure increases as the total fuel increases.

Table 3. Details of oxygen/fuel ratio conditions.

Condition Kerosene (kg/s) Oxygen (kg/s) O/F Ratio
Condition 1 0.0077 0.01694 22
Condition 2 0.0077 0.01925 2.5
Condition 3 0.0077 0.02156 2.8
Condition 4 0.0077 0.02379 3.09
Condition 5 0.0077 0.02618 3.4
Condition 6 0.0077 0.02849 37
Condition 7 0.0077 0.0308 4
Condition 8 0.00847 0.02617 3.09
Condition 9 0.00924 0.02855 3.09

Condition 10 0.00693 0.02141 3.09
Condition 11 0.00616 0.01903 3.09

Kerosene (kg/s)

0.009t 08 e
— C7
C10
0.006}
0.003}
0.000

0. 018 0. 021 0.024 0. 027 0. 030
Oxygen (kgls

Figure 5. Details of oxygen/fuel ratio conditions.

According to the temperature analysis curves in Figure 6b,e, the O/F ratio has a
certain influence on the heating rate of the combustion chamber. The higher the O/F ratio
is, the higher is the slope of the curve in Figure 6b is. When the O/F ratio is fixed at 3.09,
the slope of the temperature increase is the same. However, the maximum temperature
does not monotonically increase with the increasing of O/F ratio, which is the same as
in the case of pressure. The maximum temperature appears when the O/F is 3.4; then,
the temperature decreases. The flame flow temperature does not increase significantly
when the fuel mass increases by 10% or 20%, and the flame flow temperature does not
decrease significantly when the fuel mass decreases by 10%. However, the temperature
decreases significantly when the fuel mass is reduced by 20%, indicating that the total fuel
quantity has no significant effect on the temperature within a certain fluctuation range.
The final flame flow temperature decreases because of the effect of the cold air outside the
spray gun on the flame flow. Due to the heat transfer between the air and the flame flow,
the higher the temperature at the nozzle outlet, the faster the cooling rate. As shown in
Figure 6¢,f, the O/F ratio has an effect similar to that of the pressure and temperature on
the velocity of the flame flow. As can be seen from the momentum equation, the higher
the flame pressure, the faster the flame velocity. However, the variation trends of velocity
and pressure are not the same. The maximum velocity appears when the O/F ratio is 3.7.
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Adjustments of the total fuel amount have a significant effects on speed with the fixed
O/F ratio of 3.09, which changes in the same way as pressure.
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Figure 6. Predicted (a,d) gas pressure, (b,e) gas temperature, and (c,f) gas velocity curves with different O/F ratios.

At values higher than the ideal O/F ratio 3.09, an oxidizing environment forms, resulting in
excessive oxidation of molten powder particles and an increase in the oxide content of the coating.
If the ratio is less than 3.09, a large amount kerosene in the mixture will produce a flame with low
temperature and poor oxygen content, and the number of unmelted particles and holes in the coating
will increase. In fact, the ideal combustion conditions do not exist; to induce the full combustion of
kerosene, usually, values higher than the ideal ratio are chosen for this spraying parameter. Combined
with our work, it is intuitive that when the O/F quantitative relation is 3.4, the kerosene and oxygen
can be totally combusted and the temperature and velocity of the flame flow are also optimal.

3.4. Effect of the Particle Size on Particle Behavior

Particle size is one of the most important factors affecting particle behavior. Particles of different
sizes have different dynamic behaviors due to differences in their momentum. We selected six different
particle sizes, fixed the O/F ratio at 3.4, and fixed the particle flow and nitrogen flow at 30 g/min and
10 m/s, respectively. The particles temperature and velocity curves with different sizes are simulated,
as shown in Figure 7.

As can be seen from Figure 7a, small-sized particles are can be heated more than large particles;
furthermore, their thermal inertia is smaller than that of large particles, so the temperature decreases
faster. The liquid temperature T; and solid temperature Ts of SAM1651 amorphous alloy are shown.
The results show that 5-10 um particles endure melting and solidifying throughout flight. The 20 and
30 um particles remain melted; however, particles greater than 40 um in size may not melt before
they reach the substrate. With the increase in the particle size, the dynamic and thermal response of
particles becomes slower than that of smaller particles, but the insulation capacity of large particles is
stronger than that of smaller particles. Small particles are susceptible to heat but have a weaker ability
to keep warm [24,35]. The melting behavior of the amorphous alloy powder is closely related to the
amorphous phase content of the coating. The more fully melted the powder is, the more amorphous
are the phases formed in the coating. When the particles hit the substrate in a molten or semimolten
state, the splash thickness decreases, resulting in faster cooling and optimum corrosion resistance [36].
However, the amorphous phase content is low in the unmelted particles due to the presence of the
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crystal phase. Figure 7b shows that the small particles are susceptible to gas flow due to higher heating
rates. However, due to their relatively large resistance, the reduction is greater as the distance increases
from the outlet of the spray gun. Although the speed of large particles increases slowly, they tend to
maintain axial velocity given their greater inertia.
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Figure 7. Effect of the particle size on the particle behavior for (a) particle temperature and (b) velocity.

To better analyze the effect of different particle sizes on coating properties, the particle trajectories
under six conditions and the distribution of particles on X65 steel substrate are compared 0.04 s after
the spraying process reaches the steady state. Figure 8 shows the particle flight behavior for various
particle sizes with an injection rate of 10 m/s. As shown in Figure 8a, the small 5 pm particles move
along the edge of the barrel. When the particles affect the substrate, they are concentrated in the upper
half of the substrate and the local thickness of the coating is large. As the particle size increases, the
radial motion distance of the particle increases. Large particles exhibit greater inertia than that of
smaller; therefore, they maintain a radial motion and move a greater distance from the spray gun.
Although 10 um particles do not travel along the upper barrel, they are still mainly distributed in
the upper half of the substrate. As shown in Figure 8c,d, the 20 and 30 um particles move closer to
the centerline of the external region and are evenly distributed on the substrate. Concurrently, the
mass concentration of the coating with 30 um particles is higher, indicating that the coating thickness
and deposition efficiency are higher than those of the 20 um particles. Figure 8f shows that when the
particle size is large, the axial motion of the particle is close to the lower edge of the barrel and the
particle distribution is concentrated in the lower part of the substrate, and a similar result was also
observed in a past study [7].
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Figure 8. Effect of the particle size on particle trajectory and distribution.

According to the particle temperature and velocity curves, the particle size has an important
influence in determining the particle temperature and velocity. In addition, according to the experiment,
when the particle diameter is too small (less than 15 pm), the powder and nozzle exhibit a serious
adhesion phenomenon, affecting the coating deposition rate. The degree of heating reduces greatly with
particle diameters larger than 50 um, which affects the deposition rate and surface quality of the coating.
Compared with the small particles, when the particle size increases, the unmelted particles increase
in number and the coating porosity increases. However, the amorphous alloy coating passive film
prepared with large size powder particles is more stable than that of prepared with small particles [37].
The smaller the particle size, the larger is the surface area, and the higher the degree of oxidation is
during spraying. As discussed above, the melting state is best when the particle size of the amorphous
alloy powder is 20-30 pm and the prepared coating has a more uniform structure and excellent
corrosion resistance.

3.5. Effect of Particle Shape on Particle Behavior

In this study, gas phase atomization is used to prepare an Fe-based amorphous alloy powder,
a large number of nonspherical amorphous alloy particles inevitably exist. Previous studies have
shown that the particle shape is related to particle motion resistance. With the increase in the particle
sphericity, the drag decreases [38,39]. Figure 9 shows the temperature and velocity behavior of
amorphous particles with different shapes when the particle size is 30 pm and the injection velocity is
10 m/s. As shown in Figure 9a, the particle temperature curves demonstrate that the temperatures of
nonspherical powder particles are lower than those of spherical particles. Only when the sphericity is 1
or 0.9 does the particle temperature reach the molten or semimolten state. From Figure 9b, it can be
seen that the nonspherical particles have a higher velocity. When the shape factor is reduced from 1
to 0.6, the nonspherical particles attain greater velocity and shorter times in the flame flow, which in
turn brings their temperature down. Kamnis and Gu found similar results in particle spheres [40]. The
flight behavior of the nonspherical WC—Co powder in an HVOF spray gun was simulated. Kamnis
and Gu found that the nonspherical particles had a higher axial velocity and a lower temperature than
spherical particles and were closer to the centerline of the torch. When the particle size decreases, the
spherical degree has little effect on particle behavior.
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Figure 9. Effect of the particle shape on particle characteristics for (a) temperature and (b) velocity.

3.6. Effect of the Nitrogen Flow Rate and Particle Injection Rate on Particle Dynamics

The effect of the nitrogen injection rate and particle injection rate on amorphous particle dynamics
has been studied in the literature [41-45]. In general, because nitrogen is inert and does not participate in
combustion reactions, increasing the flow of nitrogen reduces its flow temperature and velocity [46]. The
effect of different nitrogen flow and amorphous particle injection rates on HVOF-sprayed amorphous
alloy coatings are compared and analyzed when the O/F ratio and particle size are fixed. In Figure
10a,b,d, it can be seen that when the nitrogen flow rate is 10 m/s, the particles move along the centerline
of the spray gun and are evenly distributed on the substrate. When the nitrogen flow is 5 m/s, the
particles move along the upper part of the gun and are concentrated in the upper part of the substrate.
When the nitrogen flow rate is 20 m/s, the particles rebound after colliding with the inner wall of the
spray barrel, changing the original trajectory and increasing the likelihood that the particles will adhere
to the wall of the cylinder. At the same time, particle attachments lower the diameter of the spray gun
barrel, further undermining the stability of the flame flow.

In addition, Figure 10b,c compare the fixed nitrogen flow at 10 m/s with different particle injection
rates. The results show that the particle injection rate has no effect on the particle trajectory. However,
the thickness of the coating (particle mass concentration) increases with the increasing particle injection
rate. In HVOF spraying, the coating is deposited layer by layer. At the time the first layer formed, the
temperature difference between the substrate and amorphous particles was large and the cooling rate
of the amorphous alloy powder was the largest, approximately 10° K/s. In general, amorphous alloys
display a lower heat conductivity [47-49], so the coating forms a temperature gradient along the depth
of the coating [50,51]. The amorphous phase content of the coating decreases with the increase in the
thickness.
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Figure 10. Effect of the nitrogen flow rate and particle injection rate on particle dynamics.

3.7. Effect of the Injection Angle of the Particle

We injected 30 um particles at a nitrogen flow rate of 10 m/s. The trajectories of particles with
injection angles of —45°, —30°, 0°, 30°, and 45° are simulated, as shown in Figure 11. As can be seen
from Figure 11a, when the injection angle is in the opposite direction to the flame flow, the particle
temperature is higher than that of the vertical injection particles. Because particles encounter high-
temperature flame flow, more heat is generated. In contrast, when particles are shot in the direction
of the flame, the temperature of the particles is lower than the temperature of the vertical injection
particles. In addition, except for the particles at the —45° injection angle, the temperature differences
between the other four angles are not large and the particles can melt well. Figure 11b shows the
particle velocity during flight. The particles have the maximum velocity when the injection angle is 0°,
and the velocity at the other four angles decreases slightly. Similar to the temperature behavior, the
particles at —45° have the lowest velocity. Referring to the particle movement trajectories in Figure
11c, it is found that when the injection angle is —45°, the particles move along the upper gun wall and
deviate from the flame flow’s centerline. The best injection angle to obtain high temperature and low
velocity is 45°. The precise selection of an injection angle not only ensures that the particles obtain
reasonable temperature and velocity but also helps control the particles deposition position.
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4. Conclusions

A 3D CFD model is established using the Fluent software to study flame flow and amorphous alloy
particle behavior in the HVOF spray process. The gas pressure, temperature, velocity, gas component,
and amorphous alloy particle morphology and deposition patterns were examined in the HVOF spray
process. Based on the results of numerical simulation, the following three conclusions can be obtained.

1.  During the HVOF spraying process, the temperature, velocity, and pressure of flame flow appear
the maximum value near O/F ratio of 3.4. When the O/F ratio is fixed, the flame flow pressure
and velocity increases monotonically with the increases in the total fuel flow rate, but the total
fuel flow rate has no significant effect on flame flow temperature.

2. Particle size and shape have an important influence on particle melting state and movement
behavior. When the particle size of the amorphous alloy powder is 20-30 um, the particles are
evenly distributed on the substrate with high mass concentration. When the particle sphericity is
1 or 0.9, the particle reaches the molten or semimolten state. The prepared coating has a more
uniform structure and low porosity.

3. Nitrogen flow rate, particle injection rate, and angle have a great influence on HVOF spraying
amorphous alloy coating. When the nitrogen flow rate is 10 m/s, the particles move along the
centerline of the spray gun and are evenly distributed on the substrate. The increase in the particle
injection rate can increase the coating thickness (particle mass concentration) but has no effect on
particle trajectory. The best incident angle is 45°, which not only ensures that the particles obtain
reasonable temperature and velocity but also helps control the particle deposition.

This study is helpful to understand the process of preparing Fe-based amorphous alloy coatings
by HVOF spraying, deepen the understanding of flame flow and particle behavior, and provide
theoretical guidance for the improvement of HVOF spraying equipment and selection of manufacturing
parameters.
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Abbreviations
Nomenclature
C,  specific heat, ]/ (kg-K)
E enthalpy value
Ke  kinetic energy in turbulent and nonturbulent flow
uy  the addition of nonturbulent viscosity
thermal conductivity
R;  net productivity
S, productivity
S, reaction source energy
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x;  coordinate in the i direction
J.  mass diffusion flux

6  Kronecker delta

o;  turbulent Prandtl number
T  temperature

Ty glass transition temperature
T; liquid temperature

Ts solid temperature

T  deviatoric stress tensor

T  turbulent environment

p  pressure, Pa

p  density, kg/m3

u;  velocity in the i direction

pt  turbulent viscosity

Y, mass fraction of product a
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Abstract: The impact of sandblasting, anodic oxidation, and anodic oxidation after sandblasting on
the surface structure and properties of titanium alloys was investigated. It was found that the surface
treatments had a significant influence on the surface roughness values, contact angle values, Vickers
hardness, wear resistance, and corrosion resistance of titanium alloys. The surface roughness of
titanium alloys with sandblasting treatment was increased by 67% compared to untreated specimen.
The Vickers hardness of titanium alloys treated with anodic oxidation after sandblasting was found to
increase from 380.8 HV to 408.5 HV, which was increased by 7.3%. The surface treatments in this work
improved the wear resistance of the titanium alloys to some extent, and it can be found that the wear
scar width is reduced by up to 18.6%. The corrosion resistance of the titanium alloys was found to
improve on anodic oxidation. Sandblasting was found to increase surface roughness and promote the
formation of a porous layer during the anodization process, resulting in a slight decrease in corrosion
resistance. The corrosion current density was increased by 21% compared to the untreated specimen.
The corrosion current density of the titanium alloy treated with anodic oxidation decreased to
7.01 x 1078 A/cm?. The corrosion current density was decreased by 24% compared to the untreated
specimen. The corrosion current density of the titanium alloys treated with anodic oxidation after
sandblasting decreased to 7.63 x 1078 A/cm?. The corrosion current density was decreased by 8.8%
compared to the specimen with anodic oxidation. The anodic oxidation provided a hydrophilic
property for the surface of Ti alloys, which could show a better osseointegration characteristic than
that of sandblasting. The impact of the surface treatments on surface structure and properties of
titanium alloys was studied.

Keywords: Ti alloys; anodic oxidation; wear; corrosion resistance; surface properties

1. Introduction

Nowadays, titanium (Ti) and Ti alloys are applied in many key areas, such as ocean
and aerospace engineering and the medical industry, due to their excellent combination
of mechanical properties, strong corrosion resistance, and low density [1-4]. As a medical
material, specifically, the TC4 alloy exhibits good processability and mechanical properties;
therefore, it is applied widely in artificial joints, oral applications, and as a skull modification
Ti mesh [5-7]. The formation of oxide films of Ti alloys can hinder the contact of the
medium and the substrates of Ti alloys, which improve the corrosion resistance of Ti
alloys [8,9]. However, Ti alloys oxide films naturally generated are relatively thin, and do
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not make a significant contribution towards corrosion resistance of Ti alloys. Moreover,
as a biomedical metal implant material, after Ti alloys are implanted in the human body,
they may undergo corrosion due to body fluids within the human environment, and suffer
abrasion from human bone or other implants. The occurrence of wear can reduce the
mechanical properties of the metal material, and cause the failure of the implant [10-13],
eventually leading to increased patient suffering. It has been reported that the wear debris
generated due to poor wear resistance of Ti alloys can lead to osteolysis [14,15]. Therefore,
improving the surface properties of medical implants using Ti alloys is urgent.

Surface modification technologies are very important methods to improve the surface
properties of lightweight alloys [16-18]. Various surface modification technologies, includ-
ing magnetron sputtering, sandblasting, electroless plating, anodizing, and laser surface
treatment, have been applied to improve the surface properties of Ti alloys [19-23]. In ac-
tual production and processing, sandblasting and anodic oxidation are mature technologies
for surface modification of Ti alloys. However, in the case of artificial joint prostheses, there
are very few studies on the performance of Ti alloys after sandblasting and anodizing.

In this study, different surface treatments were carried out on the surface of the Ti al-
loys, including sandblasting, anodizing, and anodizing after sandblasting. The microstruc-
tures, surface roughness values, Vickers hardness, wear resistance, corrosion resistance,
and contact angle value of Ti alloys were investigated. The influence of surface treatments
on the microstructures and properties of the Ti alloys was carefully studied, and the related
mechanism was also discussed.

2. Materials and Methods
2.1. Materials

The biomedical Ti alloys used in the present work is Ti-6Al-4V which has lower content
interstitial elements C, N, and O and impurity element, Fe (material designation is TC4 ELI),
compared to that of the common TC4 alloy. The elements content of Al, V, C, N, O, Fe,
and H are 6%, 4%, 0.03%, 0.01%, 0.1%, 0.1%, and 0.003%, respectively. The balance is Ti.
Specimens of 3 mm thickness and 14 mm diameter were cut from a bar. Then, the surfaces
of the specimens were treated by finish turning (specimen A). The specimens were fine
turned and washed ultrasonically in acetone and ethanol [24,25]. Finally, the surfaces of
the Ti alloys were treated by different surface treatments, i.e., sandblasting (specimen B),
anodic oxidation (specimen C), and anodic oxidation after sandblasting (specimen D).

2.2. Experimental Procedure
2.2.1. Sandblasting

The specimens were placed on the sample table. A sandblasting machine (Jichuan
Machinery Technology Co., Ltd., Shanghai, China) was used to treat the surface of the Ti
alloys. Emery with 16 mesh was used for the sandblasting. The distance between the spray
gun and specimen was 50 mm, and the treatment lasted 10-30 s. After the surfaces of the Ti
alloys were treated, the specimens were cleaned and dried carefully.

2.2.2. Anodic Oxidation

Before anodic oxidation, the specimens were pre-treated for 1-25 min. The specimens
were anodized using an anodizing equipment for 20 min. A voltage of 30 V was applied
to the specimens. The electrolyte for anodic oxidation consisted of NaOH (7.5 M/L),
Na,C4H4O4 (0.05 M/L), Na,SiO3 (0.33 M /L), and EDTA (0.07 M/L); it was heated to 25 °C
and was agitated during anodizing. After the surfaces of the Ti alloys were treated, the
specimens were cleaned and dried carefully.

2.2.3. Anodic Oxidation after Sandblasting

In the first part of the process, the specimens were treated by sandblasting. The
conditions of sandblasting treatment were identical to those listed in Section 2.2.1. In the
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second part of the process, the sandblasted specimens were anodized, according to the
steps mentioned in Section 2.2.2.

2.2.4. Analysis Methods

The surface morphology of the specimens was observed by scanning electron mi-
croscopy (SEM, JSM-7100, JEOL, Ltd., Tokyo, Japan) and atomic force microscopy (AFM,
Agilent 5500, Agilent Technologies Co., Ltd., Santa Clara, CA, USA). The phase composi-
tions of untreated and surface-treated specimens were confirmed by conventional X-ray
diffraction (XRD) and Cu K« radiation (D/ max-2500/PC), and the diffraction angle range
was 20-100 degrees (step size 0.02 degrees). The microhardness of the specimens before
and after surface treatment was tested by the microhardness tester (HMV-2T, Shimadzu
Corp., Tokyo, Japan) with a load of 200 gf and a testing duration of 15 s. The penetration
depth of the indentation tip was about 1 um. The wear resistance was evaluated by a
Bruker UMT-5 friction and wear tester (Beijing Asia Science&Tech technology Co., Ltd.,
Beijing, China) with a load of 2N and a testing time of 1600s at 25 °C. Grinding ball was
a Cr15 ball with 6 mm. The surface roughness values were measured by a roughometer
(SRA-2, Shangguang Instruments Co., Ltd., Beijing, China) with a testing range of 1-3 pm
and testing speed of 0.5 mm/s. The CHI660E electrochemical workstation (Shanghai Chen-
hua Instrument Co., Ltd., Shanghai, China) and the three-electrode electrochemical cell
system were used for electrochemical studies in a simulated body fluid (SBF) solution at
37 °C. The electrochemical impedance spectroscopy (EIS) of specimens were tested after
the specimens were soaked for 30 min. A Pt foil electrode and saturated calomel electrode
(SCE) were used as counter electrode and reference electrode, respectively. The contact
angles of water on the surface of specimens were tested using a contact angle measuring
instrument (DCAT21, DataPhysics Instruments, Filderstadt, Germany) equipped with a
digital camera (DataPhysics Instruments, Filderstadt, Germany) at 20 °C.

3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Morphologies and Structures

Figure 1 shows the macroscopic morphology of each specimen. This shows that
sandblasting could significantly increase the surface roughness of the Ti alloys. In addition,
black films appeared on the Ti alloys after anodizing.

Figure 2 shows the surface morphologies of the Ti alloys with different surface treat-
ments by SEM. Grain boundaries were found on the surface of specimen A (Figure 2a).
However, the grain boundaries disappeared when the Ti alloys were anodized. Moreover,
some cracks and islands were found on the surface of the specimen C (Figure 2c). In addi-
tion, surface deformation was generated and grain boundaries disappeared on sandblasted
for specimen B. Furthermore, some boundaries were generated on the surface of specimen
B (Figure 2b). More islands were found on specimen D. However, the boundaries resulting
from the sandblasting treatment were significantly reduced (Figure 2d). In addition, EDS
showed O and Ti on the surface of specimens C and D (Figure 2e,f). This indicates that
oxidation films of Ti alloys were formed, which is consistent with optical microscopy
images (Figure 1c,d).

Figure 3 shows the AFM morphology of Ti alloys with different surface treatments.
The surface of specimen A was found to be smooth (Figure 3a) and treated surfaces were
rougher. Moreover, a larger number of small bumps were found on the specimen D
(Figure 3d).
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Figure 1. The appearance of Ti alloys with different surface treatments. (a) specimen A, (b) specimen

B, (c) specimen C, and (d) specimen D.

Figure 4 shows the XRD results of the Ti alloys with different surface treatments. Three
diffraction peaks with higher diffraction intensity were all substrates of Ti alloys. Moreover,
the peak of titanium oxide was not found on the specimens C and D. However, the minute
changes of XRD patterns can still be observed through the partial enlarged view with 26
from 35 to 42 degrees. The XRD peak of the sample after processing of sandblasting shifted
slightly towards a high angle orientation compared to the untreated sample. According to
Bragg’s Law (2dsinf = nA), the micro residual stress produced by severe deformation within
a certain depth of the surface in the process of sandblasting changed lattice parameter.
The crystal plane spacing perpendicular to the surface direction is decreased. After the
following anodic oxidation treatment, the stress was released by the synergistic effect of
the electrolyte corrosion and oxide film growth. Therefore, the XRD peaks of sample C
and D returned to normal position again. Moreover, for specimen C, it could be seen
that the «(101) peak shifted to the higher angles indicating a compressive strain out-of-
plane[1,2] compared to specimen D. In addition, the width of the diffraction peaks slightly
broadened apart from the untreated sample, which indicate that the grains were refined in
the condition of identical composition after surface deformation strengthening and anodic
oxidation treatment.

Figure 5 shows surface roughness values of Ti alloys with different surface treatments.
It could be found that the surface roughness values of specimen C had a little change
compared to that of specimen A. In addition, the surface roughness values of specimen B
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were increased by 67% obviously compared to that of specimen A. Moreover, the surface
roughness values of specimen D were increased by 100% compared to that of specimen A.
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Figure 2. Surface morphologies of Ti alloys with different surface treatments. (a) specimen A,
(b) specimen B, (c) specimen C, and (d) specimen D, (e) the EDS results of specimen C, (f) the EDS

results of specimen D.

3.2. Mechanical Properties

Figure 6 shows the Vickers hardness of Ti alloys with different surface treatments.
It could be found that the Vickers hardness of specimen C was increased to 393.4 HV,
which was increased by 2.5% compared to specimen A. Moreover, the Vickers hardness of
specimen B was increased to 390.7 HV, which was increased by 3.3% compared to specimen
A. It also could be found that the Vickers hardness of specimen D was increased to 408.5 HV,
which was increased by 7.3% compared to specimen A. Therefore, the increase in Vickers
hardness of Ti alloys with various surface treatments was not significant in this work.
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Figure 3. Atomic force microscopy morphology of Ti alloys with different surface treatments.
(a) specimen A, (b) specimen B, (c) specimen C, and (d) specimen D.
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Figure 4. The XRD results of Ti alloys with different surface treatments. (A) specimen A, (B) specimen
B, (C) specimen C, and (D) specimen D.
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Figure 5. Surface roughness values of Ti alloys with different surface treatments.
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Figure 6. The Vickers hardness of Ti alloys with different surface treatments.

Figure 7 shows the variations of friction coefficients of Ti alloys with wear time.
Figure 8 shows the wear morphologies of Ti alloys with different surface treatments. It
could be found that friction coefficients of Ti alloys with different surface treatments had a
little change in the stable stage of wear. However, it also could be found that the friction
coefficients of specimens C and D were increased gradually from very low values in the
initial stage of wear (Figure 7). Moreover, there are some differences in the optical images
of wear morphology of Ti alloys with different surface treatments (Figure 8). The wear
scar width of 980.2 pm was found on the surface of Ti alloys without surface treatment.
However, the wear marks of specimens B, C, and D were narrower, reaching wear scar
width of 823.1 um, 798.3 um, and 818.2 um, which was decreased by 16%, 18.6%, and 16.5%
compared to specimen A.
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Figure 7. Variations of friction coefficients of Ti alloys with wear time. (a) specimen A, (b) specimen
B, (c) specimen C, and (d) specimen D.

3.3. Corrosion Resistance

Figure 9 shows the potentiodynamic polarization curves of Ti alloys with different
surface treatments in the SBF solution. The corrosion current density of specimen A
was 9.17 x 1078 A/cm?. The corrosion current density of specimen C was decreased to
7.01 x 108 A/cm?. The corrosion current density of specimen C was decreased by 24%
compared to the specimen A. This was indicated that the corrosion resistance of Ti alloys
was improved by anodic oxidation. However, the corrosion current density of specimen
B was increased to 1.11 x 10~7 A/cm?. The corrosion current density of specimen B was
increased by 21% compared to the specimen A. The corrosion current density of specimen
D was decreased to 7.63 x 1077 A/cm?. It was also found that corrosion current density of
specimen D was increased to 8.8% compared to it of specimen C. Therefore, there was no
significant difference in the corrosion current density between the specimens treated by
anodic oxidation and those treated by anodic oxidation after sandblasting.

Figure 10 shows the EIS of Ti alloys with different surface treatments. It can be found
that the phase angles of specimens C and D were close to —90 degrees in the high frequency
region. However, the phase angles of specimens A and B were close to —90 degrees in
the low frequency region (Figure 10a). This was indicated that the treatment of anodic
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oxidation on Ti alloys changed the corrosion process of Ti alloys. Moreover, the peak width
of specimen A was wider than that of specimen B. It was indicated that the corrosion
resistance of specimen A was better than that of specimen B. In addition, the values of
impedance modulus of specimens C and D were larger than that of specimens A and
B (Figure 10b). This was indicated that the treatment of anodic oxidation improved the
corrosion resistance of Ti alloys. The corrosion resistance of specimen C was found to be
better than that of specimen D. This was consistent with the results of the potentiodynamic
polarization curves.

Figure 8. Optical images of wear morphologies of Ti alloys with different surface treatments.
(a) specimen A, (b) specimen B, (c) specimen C, and (d) specimen D.
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Figure 9. The potentiodynamic polarization curves of Ti alloys with different surface treatments.
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Figure 10. EIS of Ti alloys with different surface treatments. (a) the phase angle diagram of different
specimens, (b) impedance modulus of different specimens.

3.4. Contact Angles

Figure 11 shows the contact angles of water on the surface of Ti alloys with different
surface treatments. The contact angles of Ti alloys had a significant change. The contact
angles of specimen A were 56.3 degrees. It was found that the contact angles of specimen
Cincreased to 88.2 degrees. Moreover, the contact angles of specimen B were increased to
101.5 degrees. However, the contact angle value of specimen D decreased to 77.2 degrees
compared to that of specimen B.

a b
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Sessile drop[188] Sessile drop[188]
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Figure 11. The contact angles of Ti alloys with different surface treatments. (a) specimen A,
(b) specimen B, (c) specimen C, and (d) specimen D.
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4. Discussion

The results of morphologies of Ti alloys (Figures 1 and 2) showed that oxidation films
were formed on the Ti alloys. However, the peaks of titanium oxide were not found for
specimens C and D (Figure 4). The diffraction peaks are shown in Figure 4, and specimens
only showed peaks for o or 3 phases, with no other intermetallic phases. In other words,
only nanoscale depth from the surface was affected by the anodic oxidation treatment; the
phase compositions of substrate alloy and XRD detection results were insusceptible. In
addition, the analyses of results (Figures 5-10) suggest that Ti alloys with different surface
treatments had different mechanical properties, wear resistance, corrosion resistance, and
contact angles.

Different surface roughness values were found on the Ti alloys with different surface
treatments from Figure 5. It is generally accepted that the surface roughness of Ti alloys in-
creased on sandblasting [24]. Moreover, it can be found that the surface roughness value of
Ti alloys increased with anodic oxidation after sandblasting. Thus, anodic oxidation could
improve the surface roughness values, which is consistent with literature reports [25,26].
The increase of roughness can be attributed to the growth of oxidation films. Dense oxi-
dation films were formed on the Ti alloys at the beginning of anodization. The electrolyte
diffusion rate of the position in depression of the rough-surface was slow, so the generated
Joule heat was more difficult to diffuse. Therefore, the dissolution rate of the layer in the
concave of rough surface was increased, resulting in a decrease in membrane resistance
and an increase in current and current density. This resulted in a large amount of heat,
which intensified the dissolution of the films in the concave of rough surface. The Ti alloys
with sandblasting were rougher; therefore, the dissolution of layers in concave of rough
surface increased significantly. Moreover, the dissolution of layers would also occur where
the oxidation layer was uneven. Therefore, the surface roughness value of specimen D
was higher.

The surface treatments were found to improve the Vickers hardness of the Ti alloys in
this study. However, the increase in the Vickers hardness resulting from surface treatment
was not very significant. It is generally accepted that a certain degree of plastic deformation
occurs on the surface of metal due to sandblasting, causing the lattice distortion to become
larger [27]. The surface of Ti alloys was strengthened to a certain extent. Therefore, the
sandblasting improved the surface hardness of the Ti alloys. Moreover, it was generally
also accepted that the oxidation films of Ti alloys have a higher hardness [28]. However,
surface treatments of sandblasting and anodic oxidation in this study did not significantly
improve the hardness of the Ti alloys. This may be because the strengthened layer or the
oxidation films prepared were thin, and were easily destroyed in the Vickers hardness test.
Therefore, the Vickers hardness measured was the composite hardness of the strengthened
layer/oxidation films and the substrate, resulting in an inconspicuous increase in the
Vickers hardness of Ti alloys.

The friction coefficients of Ti alloys with different surface treatments had a little change
in the stable stage of wear. Moreover, obvious wear marks were found on the Ti alloys with
different surface treatments. It was indicated that the different surface treatments had no
effective protection on Ti alloys substrate in this work. For specimens A and B, Ti alloy and
grinding ball were contacted directly in wear test. There was adhesion between metals
during wearing, so the friction coefficient of specimens A and B was larger. It could be
found the initial friction coefficients were about 0.2 for specimens C and D. The oxidation
films were generated for specimens C and D during anodizing, which hindered to Ti
alloy contact with grinding ball, thereby reducing adhesion between the specimens and
grinding ball in wear. Therefore, the initial friction coefficients were smaller for specimens
C and D. The oxidation films were broken as the extension of wear time. The formation of
wear debris increased the friction coefficients. Therefore, the friction coefficients increased
gradually with the extension of wear time. The friction coefficients of specimens C and D
were approached to that of specimens A and B in the stable stage of wear, indicating that
substrates of specimens C and D were contacted by a grinding ball in the stable stage of
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wear. In addition, narrower wear marks were found on the surface of Ti alloys with surface
treatment. This indicates that the surface treatment could reduce the wear rate of the Ti
alloys. It is generally also accepted that the wear resistance of materials is influenced by the
hardness. The hardness of Ti alloys with surface treatments had a slight increase compared
to that of Ti alloys without surface treatment. The resistance to deformation of specimens
C and D was stronger during wear. Therefore, the surface treatment improved the wear
resistance of Ti alloys to some extent.

The corrosion current density of specimen C was decreased by 24% compared to the
specimen A, indicating improved corrosion resistance. This can be attributed to the anodic
oxidation layer on the Ti, which prevents the SBF solution from contacting the Ti alloy
substrates. The corrosion current density of specimen B was increased by 21% compared
to the specimen A, suggesting decreased corrosion resistance. It is generally observed
that sandblasting can improve the roughness value of specimens. Therefore, the corrosion
area of Ti alloys increased after sandblasting, resulting in increased corrosion current
density. The corrosion current density of specimen D was 7.63 x 10~8 A/cm?, which was
increased by 8.8% compared to the specimen C. This can be attributed to a further increase
in the surface roughness of the Ti alloy, leading to an increase in the corrosion area of
the specimens. Therefore, corrosion current density of specimen D was increased slightly.
Moreover, it was reported that the corrosion resistance of the Ti alloys was influenced by
the formation of a barrier layer and porous layer [9].

To further analyze the corrosion behavior of the Ti alloys with different surface treat-
ments, the equivalent circuits of specimens were established. Figure 12 shows the equiv-
alent circuits which are used for modelling the EIS results, and the extracted parameters
according to the model are presented in Table 1.

a RE ¢ b

Porous layer
Barrier layer

Figure 12. The equivalent circuits which are used for modelling the EIS results. (a) the equivalent
circuit of specimens A and B; (b) the equivalent circuit of specimens C and D.

Table 1. Extracted parameters of different specimens according to the equivalent circuits.

C C R C
i com?2 em?2 d em?2 por b b
Specimens Ry (Q2-cm?) Rpor (Q-cm?) (F-cm-2) Rpor (Q-cm?) (F-cm—2) (Q-cm?) (F-cm-2)
A 119 7.4 x 10° 3x10°° - - - -
B 104 1.8 x 10° 1.6 x 1074 - - - -
C 110 - - 45 % 10° 1.6 x 1077 7.5 x 10° 2.8 x 1076
D 105 - - 24 x 10° 1.6 x 107 9.7 x 10° 32 x 1075

The equivalent circuit used to simulate the electrode process of specimens A and B
is shown in Figure 12a, where Cg is the double-layer capacitance of the substrate, Ry is
the polarization resistance of substrate, and Ry is the bulk resistance of the solution. The
phase angle diagram shows that there are two peaks in specimens C and D, so there are
two corrosion processes for specimens C and D. The equivalent circuit used to simulate
the electrode process of specimens C and D is shown in Figure 12b, where Cpor is the
capacitance of the porous layer, Rpor is the ohmic resistance of the porous layer, Gy, is the
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capacitance of the barrier layer, Ry, is the ohmic resistance of the barrier layer, and Ry, i
is the bulk resistance of the solution. Table 1 shows that Rpor and Ry, of specimen C were
4.5 x 10° Q-em? and 7.5 x 10° )-cm?, respectively. However, Rpor and Ry, of specimen D
increased to 2.4 x 10° Q-cm? and 9.7 x 10° Q-cm?, respectively. Thus, anodic oxidation
films of specimen C could provide better corrosion resistance. It is generally accepted
that the formation of a porous layer can decrease the corrosion resistance of the anodic
oxidation film. The formation and dissolution of the film occur simultaneously during
anodic oxidation. However, significant heat is generated in the cavities on the films, which
may not be released during anodization, resulting in the dissolution of films in the cavities.
Therefore, the formation of the porous layer was accelerated. The surface roughness of Ti
alloys without sandblasting was found to be low. Therefore, a small number of cavities
were generated during anodization. After sandblasting, Ti alloys had higher roughness on
the surface. This allowed the Ti alloys to have more cavities during anodization, resulting
in the promotion of the formation of porous layers and the dissolution of barrier layers.
This resulted in a decrease in the Rpor and Ry, of specimen D.

Through the above analysis, the anodic oxidation diagram of specimens before and
after sandblasting was given (Figure 13). The surface of the specimen was relatively smooth
for the unsandblasted specimen, so the porous layer formed was relatively thin and had
fewer voids in anodizing. However, after sandblasting, the surface roughness increased,
promoting the formation of the porous layer and an increase in thickness of the porous
layer during the anodization process.

Porous layer
Anodic oxidation Barrier layer
Specimen C

Ti6Al4V without sand blasting Ti6Al4V without sand blasting

Porous layer
Anodic oxidation Barrier layer

Specimen D
Ti6Al4V with sand blasting Ti6Al4V with sand blasting

Figure 13. Anodic oxidation diagram of specimens before and after sandblasting.

Hydrophilicity is an important property for biomaterials [29,30]. The hydrophilic
property is mainly related to the contact angles [31]. According to the relations between
wetting tension and the wetting of a solid, the macroscopic result shows the high wettability
(i.e., hydrophilicity) when the contact angles are between 0 and 90 degrees, and the low
wettability (i.e., hydrophobicity) when the contact angles is between 90 and 180 degrees [32].
Gittens et al. [31] reported that the hydrophilic surface interacts closely with biological
fluids, allowing normal protein adsorption to the surface and subsequent interactions with
cell receptors. However, the hydrophobic surfaces are prone to hydrocarbon contamination,
leading to entrapment of air bubbles that can interfere with protein adsorption and cell
receptor adhesion/activation. In this study, the contact angle of the Ti alloy without treat-
ments was 56.3 degrees, which showed a good hydrophilic property. After sandblasting,
the contact angles of specimen B increased to 101.5 degrees showing the hydrophobicity
which was not conducive to the adsorption of osteoblast cells. The contact angles of the
specimens C and D, which were treated by anodic oxidation, were found to be 88.2 degrees
and 77.2 degrees, respectively, revealing a similar hydrophilic level. In actual production
and processing, the surface treatment of Ti-alloy implants is the sandblasting rather than
stopping at the finish turning. Therefore, only the surface treatment of sandblasting and
surface anodic oxidation could be applied to the implant prosthesis products. In conclusion,
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the anodic oxidation provided a hydrophilic property for the surface of Ti alloys, which
could show a better osseointegration characteristic than that of sandblasting.

5. Conclusions

The influence of the different surface treatments on the microstructure and surface
properties of the Ti alloys was investigated. The following conclusions could be drawn
based on the present results.

The different surface treatments improved the Vickers hardness of Ti alloys slightly.
The Vickers hardness of Ti alloys treated by anodic oxidation after sandblasting was
increased from 380.8 HV to 408.5 HV, which was increased by 7.3%. In addition, the
surface treatments by anodic oxidtion decreased wear scar widths by 18.6% compared to
the untreated specimen, which improved the wear resistance of the Ti alloys.

The treatment of anodic oxidation improves the corrosion resistance of Ti alloys, which
was found to be decreased by 24% in corrosion current density compared to the untreated
specimen. Sandblasting increased the roughness and promoted the formation of the porous
layer during the anodization process, resulting in a decrease in corrosion resistance of Ti
alloys, which was increased by 8.8% in corrosion current density compared to the specimen
with anodic oxidation.

The contact angle of Ti alloys after anodizing was 88.2 degrees. The contact angle
of Ti alloys treated by anodic oxidation after sandblasting was 77.2 degrees. The anodic
oxidation provided a hydrophilic property for the surface of Ti alloys, which could show a
better osseointegration characteristic than that of sandblasting.
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Abstract: In the low earth orbit environment, many environmental factors lead to the degradation of
material properties. The synergistic effect of long-term atomic oxygen (AO) irradiation and instan-
taneous impact of micro debris (MD) on long-term and transient space environmental factors has
attracted more and more attention. In this paper, the performance evolution of Kapton films under the
conditions of MD, AO single factor load spectrum and MD + AO, AO + MD asynchronous synergistic
load spectrum were studied by laser driven flyer and microwave atomic oxygen technology. The
macro morphology, optical properties and quality changes of Kapton films before and after each
load spectrum were compared, and the mechanism of micro morphology and structure changes was
explored. The results show that compared with MD + AO loading spectrum, the surface holes of
Kapton films are larger under AO + MD load spectrum condition, the residual aluminum particles
formed by reverse sputtering of Al particles during impact are less, the average transmittance of the
film decreases slightly, and the weight loss of Kapton film is slightly more under the same atomic
oxygen exposure time. Under the condition of MD + AO load spectrum, plastic tearing cracks, craters
and holes are formed on the surface of Kapton film; the edge of the hole formed under the condition
of AO + MD load spectrum is straight, without obvious depression and tear characteristics. Under the
condition of MD + AO load spectrum, due to the adhesion of Al after the impact of micro debris, the
subsequent atomic oxygen erosion of the film is reduced, so the C-C bond is not seriously damaged,
and a considerable part of the residual aluminum flyer is oxidized to alumina by atomic oxygen;
The AO + MD loading spectrum test makes the film first eroded by atomic oxygen, resulting in the
reduction in C-O bond and C-C bond. The fracture of C-N bond is caused by the hypervelocity
impact of micro debris. Hypervelocity impact leads to the thermal decomposition of the material,
destroys the C-N bond in the imide ring and generates an N-H bond. This study will provide
a method reference and a reference for the multi-factor ground collaborative simulation of space
environment of spacecraft materials.

Keywords: atomic oxygen; micro debris; asynchronous synergistic; Kapton film

1. Introduction

During the operation of a spacecraft in orbit, it will be affected by many environmental
factors, such as micro debris (MD), atomic oxygen (AO), ultraviolet, charged particles,
high vacuum and so on [1-3]. The data of material performance degradation in single
factor ground simulation test is often inconsistent with the data of space in orbit test, so
the synergistic effect caused by various environmental factors has gradually attracted
attention [4,5]. According to the different duration of environmental factors, on the one
hand, it can be manifested as the long-term effect of continuous degradation of spacecraft
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surface materials until failure and termination of service, including atomic oxygen erosion,
ultraviolet irradiation, charged particle irradiation, etc.; On the other hand, it can be
expressed as the instantaneous effect of sudden damage to spacecraft surface materials
leading to failure, including micro debris impact, single particle effect and so on [6-8].

In recent years, the long-term synergistic damage mechanism of aerospace materials,
such as the synergistic effect of atomic oxygen and vacuum ultraviolet [9-11], and the
synergistic effect of atomic oxygen and electron irradiation [12], has been widely studied.
In view of the dynamic changes of long-term and instantaneous synergistic effects in time
and space, there are complex sequential and coupling relationships [13], so far, there are few
relevant studies. The physical impact and chemical erosion of long-term atomic oxygen will
degrade the mechanical properties. The weight loss of polymer materials will also reduce
the thermal, optical and mechanical properties [14]. The impact of instantaneous effect
small debris will lead to holes and cracks in polymer materials, reduce the performance of
spacecraft surface materials and reduce the service time of spacecraft surface polymers [15].
The long-term irradiation of atomic oxygen and the transient impact of small debris are
typical synergistic effects of long-term and instantaneous space environmental factors.
Previous studies have shown that the accelerated corrosion of polyimide materials is
mainly manifested in the generation of new radial holes induced by AO. Due to the
residual stress on the material surface caused by high-speed impact, the local free volume
of the polymer increases, which promotes the diffusion of oxygen atoms into the polymer,
thus accelerating the local degradation process [16]. The synergistic effect of atomic oxygen
and micro debris will greatly aggravate the erosion speed of space materials. It is pointed
out that the synergistic effect with space debris must be given when considering the erosion
effect of atomic oxygen [17,18]. However, these studies focus on the damage behavior of
polymer materials first impacted by debris and then eroded by atomic oxygen, and the
damage mechanism of materials in the case of different action sequences of AO and MD
has not been studied clearly. For the damage of materials caused by the synergistic effect of
the two effects and the different damage on materials under the action of a single factor,
this also needs to be further studied.

Polymers are often used as spacecraft surface materials for service [19]. For example,
polyimide is widely used in the fire compartment of spacecraft and the flexible substrate of
a solar panel, and silicone rubber is used as the condenser lens or binder of a spacecraft
solar cell array [20,21]. Therefore, it is necessary to conduct ground simulation evaluation
for polymers applied on the spacecraft surface. In this paper, the synergistic effect of
atomic oxygen and micro debris is studied on Kapton film, which has excellent mechanical
properties, insulation properties and thermal stability. The damage mechanism of Kapton
film caused by the asynchronous synergistic effect of atomic oxygen and micro debris with
different load spectra was explored. At the same time, the damage behavior of Kapton film
under the separate action of two environmental factors was also compared. This study will
provide a method reference and a reference for multi factor ground collaborative simulation
of space environment of spacecraft materials.

2. Experiment
2.1. Materials

The material used in this work is diphenylamine oxide pyromellitic dianhydride
(ODA-PMDA) polyimide (produced by DuPont, Wilmington, DE, USA), and the molecular
formula of ODA-PMDA polyimide is shown in Figure 1. The test sample was 25 um thick
and cut to 20 mm x 20 mm rectangle. Before use, the sample was washed with absolute
ethanol through an ultrasonic cleaner for ten minutes, and then dried naturally.
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Figure 1. Molecular formula of ODA-PMDA polyimide.

2.2. Ground Simulation Method of Atomic Oxygen and Micro Debris

The laser driven flyer (LDF) method was used to carry out the hypervelocity impact
test of space micro debris. The equipment diagram is shown in Figure 2a. The aluminum
film with thickness of 20 um (1060 Al with purity of 99.5%, Shanghai Yuanbao metal
materials Co., Ltd., Shanghai, China) was cut into 40 mm in diameter. Using 9307 ultraviolet
light curing adhesive as binder, Al film was pasted on quartz glass (Jiangsu Chengtai quartz
Co., Ltd., Lianyungang, China) with thickness of 1.5 mm and diameter of 40 mm as flyer
target. Quartz glass and Al film can be pasted and fixed by irradiation with 380 nm
ultraviolet for 3 min. Nimma 900 (Nd: YAG, Beijing LeiBao company, Beijing, China)
was used as the laser source. The single pulse energy of the laser was set to 826 m], the
frequency was 1 Hz and the pulse width was 7 ns. The peak power of the laser was
1.18 x 108 w. The laser beam was focused into a spot of about 1 mm by the focusing lens
and irradiated on the flyer target placed in the vacuum chamber with vacuum degree
of 1 x 1073 Pa. Laser ablation of flyer target resulted in rapid expansion of plasma with
extremely high pressure and temperature, resulting in tensile stress along the vertical
direction of aluminum film. When the tensile stress exceeds the tensile strength of the
aluminum film, the micro aluminum flyer was formed, and with the plasma expansion, the
flyer accelerated to a speed of about 2 km/s in a short distance and stroked the Kapton
film material. In this paper, the average velocity of flyer was measured by piezoelectric
method [22].

The atomic oxygen exposure test of Kapton film was carried out by using the ground
simulation device of microwave plasma source. The equipment diagram is shown in
Figure 2b. During the operation of the equipment, oxygen entered the atomic oxygen cavity.
At the same time, the microwave generated by the microwave source entered the atomic
oxygen cavity after being selected by the circulator. The gas was ionized by microwave
discharge to form plasma. Under the action of magnetic field, the plasma accelerated
to impact the metal target with negative bias, which made the plasma neutralize and
reduce to obtain the neutral atomic oxygen beam [23]. The metal molybdenum sheet (Baoji
Jiajun metal material Co., Ltd., Beijing, China) was used as the neutralization target with a
diameter of 12 cm. The negative bias voltage on the target was provided by a 36 V direct
current regulated power supply. The average energy of atomic oxygen was about 5 eV. The
equivalent flux at the sample location was 8.2 x 10'> O-atoms cm 25~ 1.

Molybdenum targe( Microwave source

Al flyer with negative bias
( I Vacuum
E—
Kapton
Nd:YAG Focusing / Coil for Oxygen source
lens . | controlling
Laser source Glass Al film magnetic field
v
Sample table
(a) (b)

Figure 2. Schematic diagram of ground environment simulation test: (a) Laser driven flyer; (b) Atomic
oxygen erosion.
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2.3. Development of Load Spectra

In order to facilitate the description of the types and sequence of atomic oxygen
and micro debris in the test scheme, the load spectrum method was used in this paper.
Four groups of different load spectrum tests of atomic oxygen and micro debris were
carried out. The test method is shown in Figure 3. Single factor load spectrum: (a) MD
load spectrum: micro debris hypervelocity impact test was carried out on Kapton film;
(b) AO load spectrum: atomic oxygen corrosion test was carried out on Kapton film,
and the samples were exposed to atomic oxygen for 5, 10, 15, 20 and 25 h, respectively.
Asynchronous cooperative load spectrum; (c) MD + AO load spectrum: five samples were
subjected to micro debris hypervelocity impact test, and then atomic oxygen exposure test
for 5, 10, 15, 20 and 25 h, respectively; (d) AO + MD load spectrum: Kapton films were
exposed to atomic oxygen for 5, 10, 15, 20 and 25 h, respectively, and then each sample was
subjected to micro debris hypervelocity impact test.

)

CX) AO+MD
Atomic oxygen Al flyer
°
) — 9% MD+AO
00
Al flyer Atomic oxygen
°
b o0 AO
I oo
Atomic oxygen

) MD
Al flyer

Effect

o

[

o Time

Figure 3. Schematic diagram of four load spectrum tests.

2.4. Material Performance Test and Characterization

The mass loss of Kapton film was measured by analytical balance (x-56, accuracy
0.1 mg, Mettler Toledo, Zurich, Switzerland). The atomic oxygen reaction coefficient of the
corresponding sample was calculated according to the following formula [24]:

Am 1
Re o oA (1)
where Am is the mass change of the sample before and after atomic oxygen exposure, g; @
is the atomic oxygen flux, atoms/cm?; p is the sample density, 1.4 g/cm?; A is the exposed
area of the sample, 4 cm?.

The optical properties of Kapton films were characterized by the average transmittance
in the range of ®20 mm in diameter. The optical property was characterized by ultraviolet,
visible near infrared spectrophotometer (Lambda 1050, PerkinElmer, Waltham, MA, USA).
The test wavelength ranged from 250 to 800 nm and the resolution was 0.5 nm. The surface
morphology of Kapton film after erosion and impact was observed by high resolution field
emission scanning electron microscope (SEM, JSM-7610F, JEOL, Tokyo, Japan) equipped
with an energy dispersive spectrometer (EDS). It had an acceleration voltage of 10 kV.
The sample surface was plated with gold (palladium alloy, particle size about 20 nm)
before observation. Fourier transform infrared spectrometer (vertex80v, Bruker, Karlsruhe,
Germany) was used for infrared spectrum test, and the spectral range was 2000-400 cm 1.
X-ray photoelectron spectrometer (Escalab 250xi, Thermo Fisher, Waltham, MA, USA)
was used to analyze the chemical bond states. The excitation source is Al K« radial. All
elements were corrected with Cls (about 284.8 eV) as a reference.
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3. Results and Discussion
3.1. Optical Performance Analysis

The macro comparison of the original Kapton film, after MD + AO load spectrum and
AO + MD load spectrum test Kapton film is shown in Figure 4. The atomic oxygen erosion
time of the sample in Figure 4b,d,e was 25 h. It can be seen from the Figure 4a, the surface
of the original Kapton film had luster. The film after atomic oxygen single factor loading
spectrum test is shown in Figure 4b, and the surface lost gloss. In Figure 4c, after MD single
factor load spectrum, there were many holes and cracks on the film surface, as well as Al
particles. The film still had luster outside the impact area. Compared with MD + AO load
spectrum, the surface holes of Kapton film under AO + MD load spectrum were larger and
the residual aluminum particles were less.

Figure 4. Macro images of Kapton film: (a, x2) original film; (b, x2) film after AO load spectrum
test; (¢, x2) film after MD load spectrum; (d, x2) film after MD + AO load spectrum test; (e, x2) film
after AO + MD load spectrum test.

The optical transmittance of Kapton film and the film after each load spectrum test
is shown in Figure 5. In the load spectrum involving atomic oxygen the Figure 5, the
exposure time of samples in atomic oxygen was 25 h. It can be seen from the figure that the
transmittance trend of the film under the original and various load spectrum test conditions
was the same as that in the literature [25-27]. In the ultraviolet region below 400 nm, the
optical transmittance was about 5%. In the wavelength range of 470-800 nm, the optical
transmittance of the film increased with the increase in wavelength. The transmittance
increased rapidly in the wavelength range of 500-550 nm. In the 550-650 nm band, the
increase in transmittance slowed down. The transmittance of 650-750 nm band increased
obviously, and tends to be flat again when the wavelength was close to 800 nm.

The original Kapton film had the highest transmittance as a whole. Under the condi-
tion of MD single factor loading spectrum, the transmittance of Kapton film decreased by
about 2% in the wavelength range of 600-800 nm. This can be attributed to the decrease in
transmittance caused by the residual Al particle pollution on the surface of Kapton film
after impact. After MD + AO loading spectrum test, the transmittance of the film was the
lowest, which was about 10% lower than that of the original film in the wavelength range
of 600-800 nm. The reason being, in addition to the Al particle pollution effect, the entire
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Kapton film surface was eroded by atomic oxygen, resulting in a significant decrease in
film transmittance.

After AO single factor load spectrum test and AO + MD load spectrum test, the
transmittance of the film was almost the same, which was about 8% lower than that of the
original film. This can be attributed to the larger holes on the surface of Kapton film and
less residual aluminum particles under the condition of AO + MD load spectrum, which
increased the transmittance of the film to a certain extent. This is also consistent with the
observation results of macro photo morphology in Figure 4.
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Figure 5. Optical transmittance of Kapton film before and after different load spectrum tests.

3.2. Quality Change of Kapton Film

The weight loss curve of Kapton film with atomic oxygen etching time after different
load spectrum tests is shown in Figure 6. It can be seen from Figure 6 that in the three load
spectrum conditions, the weight loss of Kapton film increased with the extension of atomic
oxygen exposure time. The three weight loss curves shown in the figure are approximately
parallel and linear, and the fitting slope is about —0.197, which shows that the weight loss
rate of Kapton film was almost the same under three different load spectrum test conditions.
The mass loss law of Kapton film in AO single factor load spectrum is consistent with that
in the literature [28,29].

It can be seen from the figure that under the same atomic oxygen exposure time,
the test conditions of weight loss of Kapton material from large to small are AO single
factor, AO + MD load spectrum and MD + AO load spectrum test. The average atomic
oxygen reaction coefficient of Kapton materials can be calculated according to Formula
(1) as 2.12 x 10724, 1.70 x 10~2* and 0.99 x 10~2* cm®/atom, respectively. The atomic
oxygen reaction coefficient of Kapton film under AO single factor condition is close to
3.0 x 1072* cm®/atom reported in the literature [30], while the atomic oxygen reaction
coefficient decreased to a certain extent under the conditions of AO + MD load spectrum
and MD + AO load spectrum.

Under the three loading spectrum conditions, the difference in atomic oxygen erosion
weight loss of Kapton films was mainly due to the impact of small Al flyers and the action
sequence. The process mechanism of Al flyer impacting Kapton film at high speed is shown
in Figure 7. When the Al flyer strikes the Kapton film, the integrity of the film is destroyed
and shock waves S; and S; are generated. They propagate in the flyer and film, respectively,
and sparse waves R; and R, propagate inward from the side. Under strong compression,
the strength of the flyer target decreases, and then it breaks under the action of sparse
wave, and some fragments splash back. When the incident shock wave reaches the free
surface of Kapton film, a sparse wave Rs is generated. When the tensile stress amplitude
exceeds the dynamic fracture strength of the material, the region where the film is impacted
breaks [31]. It can be seen that in addition to the cracks and holes formed by the impact of
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Al flyer through Kapton film, a certain amount of Al contaminated particles will remain on
the surface of Kapton film due to the reverse sputtering and redeposition of Al particles
formed during the impact process. This is the reason for the difference of atomic oxygen
erosion weight loss of Kapton film under three load spectrum test conditions. Without the
influence of residual Al particles, the weight loss of Kapton film was the most obvious
under the condition of AO single factor load spectrum. Compared with the MD + AO load
spectrum test condition, the weight loss of Kapton film under AO+ MD load spectrum
conditions was slightly more, which may be attributed to the reduction in material erosion
and aging strength of Kapton film after atomic oxygen erosion. Therefore, the reverse
sputtering and redeposition of Al particles formed during impact are relatively small.

—a— AQ+MD

5 10 15 20 25 30
AO erosion time (h)

Figure 6. Weight loss curve of Kapton film before and after different load spectrum tests.
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Figure 7. Schematic diagram of debris cloud formation process.

3.3. Microstructure Characterization

Figure 8a shows the SEM observation of the surface microstructure of Kapton film. In
the load spectrum involving atomic oxygen in Figure 8, the exposure time of samples in
atomic oxygen was 25 h. It can be seen that the original Kapton surface was smooth and
flat. The surface morphology of Kapton after AO single factor load spectrum test is shown
in Figure 8b. Due to the erosion of atomic oxygen, the film surface presented a classic rough
carpet shape with high roughness, which is consistent with the literature report [28,32,33].
The surface morphology of Kapton after MD single factor load spectrum test is shown in
Figure 8c. After aluminum flyer impacts Kapton film, pits, even cracks and holes appear
on the surface. Further observation shows that there were granular substances in the pits,
which are mainly aluminum by EDS energy spectrum analysis. This indicated that the
integrity of Al flyer was destroyed and a debris cloud was formed during the impact. The
formation of a debris cloud is an obvious feature of a hypervelocity collision [34]. When
the splashed secondary fragments fall back to the film surface, the momentum was small,
and then impact the film surface again to form pits and deposit.

After MD + AO load spectrum test, the surface microstructure of Kapton film is shown
in Figure 8d—f. Similar to the MD single factor load spectrum test results, pits, holes and
cracks on the film surface were clearly shown in Figure 8d. Figure 8e,f show the local
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enlargement of the crack area in Figure 8d. The crack showed a tearing state and belongs
to the characteristics of plastic deformation. After atomic oxygen erosion, the surface near
the crack was rough.

The surface microstructure of Kapton film after AO + MD load spectrum test is shown
in Figure 8g—i. In Figure 8g, it can be observed that the central area was an impact hole
with a diameter of 1.4 mm. The hole size was significantly larger than the hole size of
0.69 mm in Figure 8d, and the hole edge was straight without obvious depression and
tear characteristics. Kapton film was first eroded by atomic oxygen, and a rough carpet
shape was formed on the material surface, which became the crack source of subsequent
flyer impacts. At the same time, the atomic oxygen corrosion aging of the surface material
reduced the fracture strength, and the flyer showed brittle fracture when impacted at high
speed, forming holes with a larger diameter. It is worth noting that in Figure 8h,i, the thin
film away from the crack area was eroded by atomic oxygen to form a carpet shape, and
the morphology near the crack showed a certain directivity. The dilution wave and shock
heat effect produced in the hypervelocity impact of small debris make the original carpet
shape into an “impact like plain”.

Original Kapton

Figure 8. SEM surface morphology of Kapton film after different load spectrum tests: (a, x500)
original Kapton film; (b, x2000) film after AO single factor load spectrum test; (¢, x50) film after MD
single factor load spectrum test; (d, x30); (e, x200); (f, x1000) film after MD + AO load spectrum
test; (g, x50); (h, x1000); (i, x2000) film after AO + MD load spectrum test.

3.4. Infrared Spectrum Analysis

In order to study the changes of functional groups on the surface of Kapton films
before and after each load spectrum test, the test samples were analyzed by infrared
spectroscopy. Figure 9 is the infrared spectrum of each sample, in which the positions of
functional groups are given. In the load spectrum involving atomic oxygen in Figure 9, the
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exposure time of samples in atomic oxygen was 25 h. According to the infrared spectrum
of the original Kapton film, 1774 and 1704 cm~! absorption bands appear in the range of
1800-1680 cm !, corresponding to imide I band and II band, respectively, representing
the symmetrical and asymmetric stretching vibration of two carbonyls (C=0O) on the five
membered imine ring. Absorption bands of 1366 and 719 cm ! correspond to imide Il and
IV bands, respectively, which are C-N stretching vibration and C=O symmetric stretching
vibration in polyimide. These are the four amide bands of a typical Kapton film [35].
Absorption bands of 1596 and 1502 cm ! are the stretching vibration of benzene ring
carbon skeleton in aryl ether. An absorption band of 1232 cm ™! is the stretching vibration
of C-O in aryl ether, and shows wide and strong absorption. The 1163 cm ! and 1111 cm ™!
absorption bands can be attributed to the variable angle vibration in the =C-H plane on the
substituted benzene ring. The 1012 cm~! absorption band is the in-plane rocking vibration
of para substituted phenyl hydrogen atoms. The 880 and 813 cm ™! absorption bands are
out of plane deformation vibrations of isolated hydrogen atoms and ortho hydrogen atoms
of benzene ring, respectively [36,37]. These are the characteristic peaks of Kapton films.

The infrared spectrum is shown in Figure 8. It can be observed that the position and
shape of the infrared absorption peak of the original Kapton were basically unchanged
compared with the samples after the MD single factor load spectrum test. There were
few functional groups affected, which was attributed to the area affected by micro debris
accounts for a small proportion. For the three samples eroded by atomic oxygen, it can be
seen that although the position of the absorption peak does not change significantly, the
strong absorption peaks were weakened. The obvious changes were 1704 cm ™! imide I
band, 1596, 1502 and 1232 cm™~! absorption band. This showed that atomic oxygen will
erode C=0 on the five membered imine ring and C—C and C-O of the benzene ring carbon
skeleton in the aryl ether.

Imide 1
Imide 11
Imide TIT

Intensity (a.u.)

\\\\\\
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Figure 9. Infrared spectra of Kapton film before and after different load spectrum tests.

3.5. XPS Analysis

Kapton could produce a series of changes such as mass loss and surface morphology
after MD + AO and AO + MD load spectrum tests. In order to further analyze the damage
mechanism of Kapton induced in the test, the changes of surface elements and valence
bonds of the sample were analyzed by X-ray photoelectron spectroscopy to explain the
interaction mechanism of atomic oxygen and micro debris. In MD + AO and AO + MD load
spectrum tests, the atomic oxygen erosion time is 25 h. The XPS full scan energy spectrum
is shown in Figure 10, and the surface composition of the sample is shown in Table 1. As
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shown in Figure 10, Kapton thin film is composed of three elements C, O and N, while it is
composed of four elements C, O, N and Al after atomic oxygen and micro debris impact
test, which is caused by the sputtering deposition of aluminum flyers on the film during
hypervelocity impact. It can be seen from Table 1 that the C element in Kapton film was
greatly reduced after MD + AO and AO + MD load spectrum tests. This may be attributed
to atomic oxygen that has a strong oxidation ability and has reacted with the polyimide
film, so that the surface C element was oxidized to CO, and CO volatilization [33,38]. The
increase in the proportion of O indicates that atomic oxygen was adsorbed on the surface
of the film and reacts with the film. The decrease in N indicates that it participates in
the chemical reaction. The reaction mechanism is further investigated by High-resolution
XPS spectra, as shown in Figure 11. And the reaction mechanism diagram of Kapton film
MD + AO and AO + MD load spectrum is shown in Figure 12.
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Figure 10. XPS full scan energy spectrum of original Kapton film and film after MD + AO and AO +
MD load spectrum test.
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Figure 12. Reaction mechanism diagram of Kapton film MD + AO and AO + MD load spectrum.

Table 1. Relative content of surface elements after original Kapton film and MD + AO, AO + MD
load spectrum test.

Surface Composition (%)

Material
C (0] N Al
Original Kapton 75.18 19.18 5.64 -
MD + AO Kapton 45.66 32.58 3.62 18.15
AO + MD Kapton 47.32 48.95 0.15 3.58

According to the Cls high-resolution spectrum shown in Figure 11a, there are four
states of C atoms in Kapton films. According to the peak fitting curve of XPSPEAK
software (version 4.1), the four carbon atoms of the original Kapton film are located at the
binding energy of 284.83 eV (corresponding to C-C bond in ODA benzene ring), 285.63 eV
(corresponding to C=C bond in PMDA benzene ring), 286.33 eV (C-O bond) and 288.63 eV
(C=0Obond). After MD + AO load spectrum test, the four peaks are located at the binding
energies of 284.8, 285.6, 286.6 and 288.7 eV, respectively. Compared to the original Kapton
film, the most obvious reduction in relative peak area is the C—O bond corresponding to
286.6 eV, indicating that this load spectrum made the C-O bond break. The fitting peak
area after AO + MD load spectrum test decreased significantly, including the C-O bond
corresponding to 286.3 eV and the C—C bond corresponding to 284.5 eV. AO + MD load
spectrum made the C—O bond and C-C fracture. It can be seen that in the MD + AO test,
due to the adhesion of Al after the impact of small debris, the subsequent atomic oxygen
erosion of the film was reduced, so the C—C bond was not seriously damaged. However,
after the AO + MD load spectrum test, the film was first eroded by atomic oxygen, resulting
in the reduction in the C-O bond and the C-C bond.

According to Figure 11b, the oxygen element energy spectrum of the original Kapton
film can be fitted to two peaks of 532.92 and 531.97 eV, with peak areas of 36.6% and 63.4%,
respectively, corresponding to the C-O bond and the C=O bond [39]. After MD + AO load
spectrum test, the peak positions were 532.42 eV (C-O) and 530.91 eV (C=0), the peak areas
were 33.2% and 66.8%, respectively, and the peak area of the C—O bond decreased slightly.
After AO + MD load spectrum test, the relative peak area of the C-O bond corresponded to
532.51 eV is 30.17%, which was 6.43% lower than that of the original film and indicated that
the C-O bond was seriously damaged by this load spectrum test. The results are the same
as those of C1’s fine spectrum analysis, which is attributed to the fact that the deposited Al
particles on the MD + AO load spectrum test film delayed the erosion of atomic oxygen, and
the atomic oxygen in the AO + MD load spectrum could directly destroy the C-O bond.

It can be seen from Figure 11¢, that the original Kapton film has only one characteristic
peak with binding energy of 400.5 eV, which is the C-N bond [40]. After the MD + AO
load spectrum test, the N-H bond corresponding to the characteristic peak with a binding
energy of 398.7 eV appeared in the sample [41]. Compared with the two characteristic
peaks in the sample after the AO + MD load spectrum test, it can be seen that micro debris
had a great impact on the C-N bond. Hypervelocity impact led to thermal decomposition
of the material, destruction of the C-N bond in the imide ring and the generation of the
N-H bond. After the AO + MD load spectrum test, the film also has two characteristic
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peaks in Figure 11c, although only a small amount of N-H bond, which showed that atomic
oxygen has little effect on the C-N bond, and the fracture of the C-N bond was caused by
high-temperature pyrolysis of materials caused by hypervelocity impact [42].

After the MD + AO load spectrum test, the peak fitting of Al element on the sample
surface is shown in Figure 11d. The three peaks are located at 74.65, 74 and 72 eV, respec-
tively, corresponding to Al-O bond, Al-N bond and Al-Al bond [43,44]. The relative peak
area of Al-O bond is 46.2%, indicating that after hypervelocity impact, a considerable part
of the residual aluminum flyer on the sample was oxidized to alumina by atomic oxygen.
The relative peak area of the AI-N bond is 34.5%, which may be due to the cross-linking
between Al debris and N in the sample. A small amount of Al has not been oxidized and
reacted. The peak fitting of the sample after AO + MD load spectrum test is shown in
Figure 11d. Only two peaks are located at 74.4 and 73.56 eV, respectively, corresponding
to the Al-O bond and AI-N bond, respectively. It can be seen from Figure 10 AO + MD
that the intensity of Al peak was very low, and the Al element content on the sample
surface in Table 1 was also very small. This is because the mechanical strength and impact
resistance of the sample were reduced after being corroded by atomic oxygen. The impact
of aluminum flyers on the film caused perforation and reduced residual al fragments. After
the AO + MD loading spectrum test, the Al element on the sample surface was oxidized,
and a small part was crosslinked with n to form an Al-N bond.

4. Conclusions

In this paper, the damage effects of a single factor of atomic oxygen (AO) and micro
debris (MD), and the asynchronous synergy of MD + AO and AO + MD load spectra on
Kapton films were studied. The results show that:

e  After the asynchronous synergistic action of atomic oxygen and small debris, the
Kapton film changed from brown yellow to light yellow; the gloss disappeared, and
the transmittance decreased in the wavelength range of 600-800 nm. Under the
condition of AO + MD load spectrum, the surface hole of Kapton film was larger than
that under the MD + AO load spectrum, the residual aluminum particles formed by
the reverse sputtering of Al particles produced during the impact process were less,
the average transmittance of the film decreased slightly, and the weight loss of Kapton
film was slightly more under the same atomic oxygen exposure time;

e  Under the condition of MD + AO load spectrum, plastic tearing cracks, pits and
holes appeared on the surface of Kapton film; under the condition of AO + MD load
spectrum, the hole edge on the surface of Kapton film was straight, without obvious
depression and tear characteristics. This is attributed to the fact that the film was
eroded by atomic oxygen first, and the rough carpet shape was formed on the material
surface, and the subsequent flyer impact became the crack source; at the same time,
the atomic oxygen corrosion aging fracture strength of the surface material decreases.

e  Under the condition of MD + AO load spectrum, due to the adhesion of Al after the
impact of micro debris, the subsequent atomic oxygen erosion of the film was reduced,
so the C—C bond was not seriously damaged, and a considerable part of the residual
aluminum flyer was oxidized to alumina by atomic oxygen. While the AO + MD
loading spectrum test made the film first eroded by atomic oxygen, resulting in the
reduction in the C-O bond and the C—C bond. The impact of micro debris had a great
impact on the C-N bond. Hypervelocity impact leads to the thermal decomposition of
the material, destroyed the C-N bond in the imide ring and generated N-H bond.
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Abstract: The objective of this work is to study for the first time the combination of electron beam (EB)
surface structuring and plasma electrolytic oxidation (PEO) with the aim of providing a multiscale
topography and bioactive surface to the Ti6Al4V alloy for biomedical applications. Ca and P-
containing coatings were produced via 45 s PEO treatments over multi-scale EB surface topographies.
The coatings morphology and composition were characterized by a means of scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The effect on the previous EB
topography was evaluated by means of a 3D optical profilometry and electrochemical response
via potentiodynamic polarization tests. In general, the PEO process, morphology, composition and
growth rate of the coatings were almost identical, irrespective of the topography treated. Minimal
local differences were found in terms of morphology, and the growth rate were related to specific
topographical features. Nevertheless, all the PEO-coated substrates presented essentially the same
corrosion resistance. Electrochemical tests revealed a localized crevice corrosion susceptibility of all
the bare EB topographies, which was successfully prevented after the PEO treatment.

Keywords: electron beam surface structuring; electron beam processing; plasma electrolytic oxida-
tion; flash-PEQO; titanium; crevice; corrosion

1. Introduction

The long-term success of orthodontic and orthopedic metallic devices depends upon
minimizing implant and host bone degradation as well as providing rapid osseointegration.
Titanium and its alloys offer a low toxicity, an excellent corrosion resistance in physiological
media (i.e., a low ion release rate due to the natural formation of a highly stable TiO,
layer) [1] and, in comparison to stainless steels and Co—Cr alloys (~200 GPa), an elastic
modulus (E ~ 110 GPa) that is closer to that of the cortical bone (10 < 40 GPa). Although
Ti alloys are known for osseointegration [2], their surface morphology and chemistry
can be tailored to promote further initial cellular interactions towards ultimately rapid
osseointegration [3].

Mechanical and chemical surface-roughening approaches (i.e., sandblasting and chem-
ical etching) have been shown to promote early cell-to-surface interactions such as adhesion,
proliferation and the metabolic activity of osteoblastic cells [4]. Further, it has been shown
that linear surface features such as microgrooves can further improve cell proliferation,
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differentiation and alignment [5]. This approach also provides an improved biomedical
interlocking with the host bone [6-9].

Electron beam (EB) surface structuring is capable of producing linear and complex
microscale topographies (i.e., hexagonal or circular) that are free from cracks, pores and
impurities, with a high degree of repeatability and control [10]. EB surface structuring
is based on the fast melting and solidification of the metallic surface by the action of
a high-speed, high-power focused electron beam. The focused EB leads to local melting
and evaporation. inducing the so-called “keyhole” effect where the high vapor pressure
displaces the molten material away from the center of the beam. A fast and precise de-
flection of the EB causes a material transport behind the beam and a subsequent fast
solidification, leading to the formation of microscale features. This technique was firstly
reported by Dance et al. [11] with the name Surfi-Sculpt® for a wide range of applica-
tions. Ramskogler et al. [10] used this technology to produce 2 mm wide hexagonal struc-
tures with a multiscale topography consisting of radial canal shapes 1.3-9 um deep and
68.6-119.7 um wide and, depending on the beam travel direction, either a central pin up to
a 305 pm height or a 452 um deep depression. The authors showed that all the structures im-
proved the MC3T3-E1 pre-osteoblast cells spreading area with respect to the unstructured
Ti6Al4V alloy for up to 24 h. Based on the same technique, microgrooves were performed
successfully in different titanium alloys to favor a contact guidance for fibroblast cells and
prevent a bacterial contamination at the material’s surface [12]. Grooves with a width of
10 pm and a roughness (Ra) close to 0.2 pm showed the ability to align the fibroblast cells.
An additional nano structuring provoked during the structuring reduces the bacterial
adhesion in the first 48 h without using active agents.

Other surface modification approaches to improve the osseointegration of Ti implants
rely on the formation of osteoconductive coatings by techniques such as plasma electrolytic
oxidation (PEO), which has shown clinical success in immediate loading orthodontic
procedures [13]. The PEO is an advanced high voltage anodizing technique that allows
the fabrication of porous and rough ceramic coatings with the aid of short-lived plasma
micro-discharges favoring the incorporation of the bioactive elements (i.e., Ca, P, Zn and
Mg) [14-16]. Compared with traditional anodizing, PEO coatings improve the corrosion
resistance and surface mechanical properties (i.e., the hardness and adhesion). Moreover,
the combination of the surface topography, microstructure and composition of PEO coat-
ings promotes early cell-to-surface interactions [17]. In the last few years, with the aim
being to reduce treatment costs and minimize the impact on the mechanical properties of
the substrate (i.e., fatigue), short PEO treatments (<120 s), termed flash-PEO, have been
developed [18].

Henceforth, the PEO treatment of a multiscale EB-structured Ti surface would combine
the composition (Ca- and P-containing), roughness (S, ~ 0.3-0.6 pm), porosity (pore size
0.5 up to 4 um) and corrosion protection of the PEO coating with micro-canals (width:
10-200 pm and depth: 1-20 um) and sub-millimeter structures (lateral and vertical dimen-
sions between 100 and 500 um). This combination is believed to be a powerful synergy
to enhance the osteoconductive, antibacterial, corrosion resistance and biomechanical in-
terlocking of the Ti6Al4V alloy. To the best knowledge of the authors, there is no study
regarding the PEO treatment of multiscale EB structures. Specifically, it is unknown what
role different structure scales might play during PEO, i.e., micro-meter and sub-millimeter
scales. Therefore, the present work aims to study the PEO treatment of multiscale EB struc-
tures on Ti6Al4V, together with their electrochemical behavior in a physiological media.
For this, it was decided to follow a bottom-to-top approach, treating the characteristic flat
surface separately after the EB, linear EB micro-grooves and linear multiscale EB.

2. Materials and Methods
2.1. Material and Electron Beam Surface Structuring

The material selected for this investigation was the « + (3 alloy Ti6Al4V provided in
a rectangular sheet shape with dimensions 200 x 100 x 2 mm. Prior to the EB processing,
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the surface contaminations were removed mechanically, generating a surface roughness
(Sa) of approximately 4 pm, and the surface was subsequently cleaned with isopropanol.

The surface structuring was performed using an electron beam machine (EB) model
Probeam EBG 45 = 150 K14 (Probeam GmbH & Co. KGaA, Gilching, Germany), with
a maximum acceleration voltage and power of 150 kV and 45 kW, respectively. The
structuring of a surface is driven by the melting of the material and its displacement as
the electron beam scans the surface. The melting is dependent on the energy input per
the unit of length (E, [J/m]), which is ultimately dependent on the acceleration voltage (U,
[V]), beam current (I, [A]) and deflection velocity (v, [m/s]): E = % Due to the “keyhole”
effect, the molten material is displaced behind the beam and subsequently solidifies. It
implies that controlling the deflection of the beam determines the accumulation of the
material and, ultimately, the surface structuring.

Since electrons serve as the energy source, the negatively charged subatomic particles
can be easily deflected by the magnetic lenses in the beam gun column to form geometric
patterns called beam figures. These beam figures can be designed independently and
implemented in the process, which then defines the trajectory of the electron beam. In the
present study, the beam figures were designed using MATLAB R2017a software (Math-
Works, Natick, MA, USA). In addition to the geometric dimensions (x and y coordinates),
each beam figure consists of a number of coordinates/elements.

In order to proceed with the electrochemical characterization and PEO treatment, it
was required that the beam figures/specimens had a square 20 x 20 mm area covered
by EB structures. Henceforth, the EB structure height was fixed at 20 mm. The follow-
ing EB structures/beam figures were designed to study the effect of the microstructure
(i.e., martensitic «” Ti) separately, multiple topography scales on the PEO treatment and
electrochemical corrosion behavior:

The plain EB surface (designated M): molten and solidified surface with o’ martensitic
microstructure, to form an identical microstructure compared to ii and iii (Figure 1).
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Figure 1. (a) Electron beam scan strategy followed to produce the molten surface (M). (b) detailed
view of (a).

The micro-grooves (designated G): 50 - 200 um groove/hatch spacing, 2 + 15 pm
deep and dimension (height x width) of 20 mm x 20 mm (Figure 2).
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Figure 2. (a) Electron beam scan strategy followed to produce the micro-grooves (G) over
20 mm x 20 mm area. (b) detail view of (a). (c) 3D reconstruction of beam figure.

The linear macrostructures in the center, termed “Bridge”, has perpendicular micro-
grooves (designated B): 50 < 200 um groove/hatch spacing, approx. a 800 um center height
and a dimension (height x width) of 20 mm x 5 mm (Figure 3). To achieve the required
dimensions (20 mm x 20 mm), four such unit cells (20 mm x 5 mm, Figure 3a) are lined up
(Figure 3c).

Figure 1 shows the designed beam figure for the melting of the surface without any
surface structuring. The beam figure consisted of 1000 elements, i.e., coordinates, arranged
in a vertical alignment over a length of 20 mm. In contrast to the surface structuring of
ii and iii, the machine table was not held stationary but moved in the x-direction at
a travelling speed of 5 mm/s, while the beam figure was traversed at 1000 Hz (i.e.,
1000 times per second). The required power/energy input was determined based on
the preliminary studies, and for the present study, the surface was melted locally with
a power input of 600 W. The parameters are summarized in Table 1.
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Figure 3. (a) Electron Beam scan strategy followed to produce the bridge structures (B). (b) detail
view of (a). (c) arrangement of four bridge structures covering a 20 mm x 20 mm area. (d) 3D

reconstruction of the single Bridge beam figure (a).

Table 1. Summary of input and beam oscillation parameters to achieve: M, plain EB molten and solidi-

fied surface with o martensitic microstructure; G1/G2, micro-grooves; B1/B2, bridge macrostructures.

Attribute M G1/G2 B1/B2 Unit
Acceleration Voltage Uace 120 120 120 kv
Beam Current Ibeam 5 2 2 mA
Power Ppeam 600 240 240 \%
Welding Speed Viray 5 - - mm/s
Beam Figure Figure 1 Figure 2 Figure 3
Focal Position Surface Surface Surface
Dimension (bop) 20 x 20 20 x 20 20 x5 mm
Hatch Spacing (bop) d - 100/200 100/200 pum
Elements (bop) e 1000 80,000/40,000 40,000/20,000
Frequency (bop) f 1000 20/10 20/10 kHz
Welding Time tweld 8 4 s
Number of Passes 1 2 2
Scan Speed (bop) Vscan 20,000 1000/500 500/250 mm/s
Energy Input E 240/480 480/960 J/m
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Figures 2 and 3 show the designed beam figures for the surface structuring to produce
(i) micro-grooves and (ii) bridge linear macrostructures, respectively. For the surface
structuring, the beam only was deflected, and the machine table was kept stationary. For
both beam figures, the scan was line-by-line with predefined hatch spacings (i.e., vertical
spacing between the beam trajectories, Figure 2b). While for the micro-grooves the beam
trajectory was unidirectional from one side to the other, the beam trajectory for the linear
macrostructures with perpendicular micro-grooves was multidirectional. Consequently, in
addition to the micro-grooves, the multidirectional beam trajectory leads to a high linear
macrostructure in the center (Figure 3d).

To determine the suitable process and beam oscillation parameters, preliminary studies
were performed and the parameters varied were: (1) the beam current (0.5-2 mA), (2) hatch
spacing (50-200 pm), (3) frequency (10-40 kHz) and (4) weld time, i.e., the number of
passes (1-4). The final parameters were selected based on the defect-free surfaces with
regular patterns and the desired feature dimensions. The selection of the specimens to
be PEO treated was carried out using a digital microscope (Keyence VHX-5000, Keyence,
Mechelen, Belgium), 3D analysis and scanning electron microscopy (SEM) observations
(TESCAN Mira 3, Tescan, Brno, Czech Republic).

The final parameters for the further characterization of the microgrooves and lin-
ear macrostructure with perpendicular micro-grooves are listed in Table 1, respectively.
A final power input of 240 W (i.e., beam current 2 mA), hatch spacing of 100 and 200 pm,
frequency of 10 and 20 kHz and two passes for each beam figure were applied. The
EB surface structured micro-grooves with a hatch-spacing of 100 and 200 um are desig-
nated as G1 and G2, and the linear macrostructure with perpendicular micro-grooves with
a hatch-spacing of 100 and 200 pm are designated as Bl and B2, respectively.

2.2. Flash Plasma Electrolytic Oxidation

The EB-structured samples were cleaned in ethanol in an ultrasonic bath for 5 min for
both the PEO treatment and the electrochemical corrosion tests. They were subsequently
attached to a copper wire as an electrical contact and electrically insulated with a commer-
cial stopping-off resin (Lacquer 45, MacDermid plc), maintaining an unmasked 1 or 3 cm?
working area (depending on the specimen size).

The electrolyte was a Ca and P-containing aqueous solution with the following com-
position: 0.05 M CgH;(CaO 5H,0; 0.055 M NaH,PO,4 2H,0; 0.025 M NaOH; and 0.15 M
Nay(EDTA) 2H,0. The PEO treatment was carried out in a double-wall electrochemical cell
with agitation and maintaining the temperature of the bath at ~23 °C. An AC square voltage
signal with a 490 V positive pulse and a 30 V negative pulse (Vrms = 347 V) at 300 Hz and
a 50% duty cycle was used for the treatment. The initial rise of the voltage was controlled
using a 60 s ramp. The current density was limited to a maximum of 300 mA-cm~2. The
total treatment time was 45 s to obtain thin PEO coatings (~2 <+ 4 um) in agreement with
the flash-PEO philosophy:.

2.3. Surface Metrology and Microstructural Characterization

The surfaces of the non-treated and PEO-treated samples were studied with high-
resolution 3D optical metrology (InfiniteFocusSL, Bruker, Alicona). A 3D reconstruction of
the surfaces provided quantitative information on the surface features. The surface and
cross-section morphology and composition of the PEO coatings were studied by SEM and
energy dispersive X-ray spectroscopy (EDS, Oxford X-Max 20, Gatan, Pleasanton, CA, USA)
in a JEOL JSM-6400 system at 20 kV and a working distance of 15 mm. The cross-section
of the specimens was prepared following the traditional metallographic preparation. The
thickness of the PEO coatings was measured from the SEM cross-section images using
Image] software.
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2.4. Electrochemical Characterization

The physiological medium selected for the present work was a modified x-MEM
solution containing only inorganic compounds: 6.8 g/L NaCl; 0.2 g/L CaCly; 0.098 g/L
MgSOy; 0.4 g/L KCl; 2.2 g/L NaHCO;3; and 0.122 g/L Na,HPO, (diluted in deionized
water). The pH was adjusted to 7.4 <+ 7.6 using HCl. The electrochemical tests were
carried out using a Gamry Interface 1010E Potentiostat/Galvanostat/ZRA (Gamry In-
struments, Warminster, PA, USA) and an Ag/AgCl reference electrode and graphite as
a counter electrode. A double-wall cell connected to a water thermostat was used to
maintain the electrolyte temperature at ~37 °C during the experiments. Two specimens
of each condition with a working area of ~2 cm? were tested to ensure the repeatability.
The specimens were immersed in the medium and the open circuit potential (OCP) was
continuously measured for 1 h. It was followed by potentiodynamic polarization tests
(PDP) in the voltage range between —0.5 V and 3.5 V, with respect to the OCP, with a scan
rate of 0.5 mV/s. The electrochemical tests were set up, controlled and recorded using the
Gamry Instruments Framework software (Gamry Instruments, USA). The Gamry Echem
Analyst and OriginPro 8 (version 8.1) were used to analyze and plot the OCP and PDP
resulting curves. The corrosion potential and current densities were obtained from the
Tafel extrapolation of the cathodic branch. The corrosion rates were calculated with the
following formula:

3.272-i- MWr;
Valri-dr @
Ti*Y%Ti

where MWr; stands for the molecular weight of Ti (47.87 g/mol), Valy; for the valence (4),
dr; for the density of Ti (4.51 g/cm?®) and i for the corrosion current density in mA/cm?.
The polarization resistance values were obtained from the linear region of the polarization
curves located within 10 mV from the Eqqpr.

CR (pum/year) =

3. Results and Discussion
3.1. EB Modified Surface Topography and Microstructure

Figure 4a,b show the 3D topographic images and profile analysis of the micro-grooves
(G; G1 hatch spacing 100 um, G2 hatch spacing 200 um) and the lined up unit cells of
the bridge structures (B; B1 hatch spacing 100 um, B2 hatch spacing 200 um), respectively.
Notice that the longitudinal, transversal and vertical directions were labelled (LD, TD and
VD, respectively), the LD direction being the main direction of the structures: parallel to
the micro-grooves in G1 and G2; and parallel to the central line of the bridges in B1 and
B2. The TD profiles taken for the G1 and G2 specimens (Figure 4a) are shown in Figure 4c.
It can be seen in both cases the 100 and 200 um spacing between the micro-grooves in
agreement with the design. A peak profile was found for the G1 specimen, while it had
an asymmetric wave-like shape in the G2 specimen with a total height of almost half of that
of the G1 profile. According to the literature [19-21], the main influence on the total height
of the protrusion is the beam current, i.e., an increase in the beam current directly leads to
an increase in the height of the protrusion, although the scan frequency also has an influence.
While Tandl and Enzinger [21] observed that a decrease in the scan frequency leads to
an increase in the height, Wang et al. [19] found that such a decrease does not necessarily
lead to an increase in the height and that there is a more complex relationship to the
formation of protrusions; i.e., if the parameter combination is chosen such that the liquid
metal reaches a certain high temperature with a low viscosity, the interaction of the surface
tension and vapor pressure no longer contributes much to the formation of the protrusions.
This may be the case in the present study because, although the scan frequency was lower
in G2 compared with G1, the local energy input (heat input) was twice as high. As a result
of the greater heat input, the molten metal downstream of the beam remained at a relatively
high temperature for an extended period of time, so that it did not have a sufficient amount
of time to cool and had not effectively piled up. The protrusions were wider rather than
taller as the increase in the heat input resulted in a wider single bead width, which is also
consistent with the literature [20]. Additionally, the lateral dimensions of the single-bead
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lines in G2 were larger than the spacing between the subsequent lines, thus displacing the
material from the previous lines, while the G1 strategy allowed for the accumulation of the
material more effectively, despite the lower input energy (Figure 4c).
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Figure 4. (a,b): 3D reconstruction of micro-canals and bridge structures. LD: longitudinal direction
along the main direction of the structures. TD: transversal direction perpendicular to the main
direction of the structures. VD: vertical direction. (c): TD profiles of G1 and G2 specimens. (d): TD
profiles of Bl and B2 samples. (e): LD profiles A and B of B1 and B2 samples. (f): LD profiles C of Bl
and B2 samples.

The surface descriptors obtained from the 3D optical metrology of the representative
areas for each structure are presented in Table 2. The G1 structure produced a rougher
surface than the G2 structure, with a larger 510z in correlation with the profiles shown
in Figure 4. The effective area of the G1 specimen was increased by 14%, while one of
the G2 surfaces was increased by only 2.2%. The Sy, parameter indicated the roundness
of both surfaces (S, < 3). On the other hand, the Sy parameter indicated that the G1
surface had an even distribution of the peaks and valleys (Sgx near 0) while the valleys
dominated the G2 surface, related to shape (Sg < 0). It could be concluded that the G1
surface structuring was optimal in terms of the line spacing and input energy to produce
a regular micro-groove topography with evenly distributed rounded peaks and valleys.

100



Coatings 2022, 12,1573

Table 2. Surface descriptors of the bare EB structures obtained by 3D metrology. S,: average surface
roughness. Sq: square root average surface roughness. Sig,: ten-point average height. Sg: skewness
parameter. Sy,: kurtosis parameter. Areas analyzed: G1 and G2 4.2 mm?. B1: (5.8 x 13) 75.4 mm?.
B2: (5.8 x 13) 86.54 mm?. B1-B, B1-C, B2-B and B2-C stand for the profiles B and C specified in
Figure 4b,e f. *: Ryg, values.

Specimen Area Ratio (%) Sa (um) Sq (um) S10z (um) Sqk Sku
Gl 14 5.7 6.43 18 £05 0.06 1.7
G2 22 2.3 3.46 10+£1 -0.3 1.9
Bl 5.3 58 68 218 £17 —0.6 22
B2 9.6 99 116 353 + 23 -0.5 22

B1-B - - - *5.6+05 - -
B1-C - - - *74+£08 - -
B2-B - - - *8.6+14 - -
B2-C - - - *23+£1.8 - -

Figure 4b shows the 3D topographic image of the B2 sample. The profile plots in
Figure 4d correspond to the TD profiles of both the B1 and B2 specimens. The LD profiles
for both B1 and B2 along the lines indicated as A and B in Figure 4d are shown in Figure 4e.
The LD profiles along line C in Figure 4e for both B1 and B2 are shown in Figure 4f. It could
be seen that both Bl and B2 consisted of a central structure, i.e., a bridge, with a total height
of ~220 pm and ~350 pm, respectively. The bridges were spaced by ~5 mm in agreement
with the design. It is worth noticing that the structures were not symmetrical in the TD,
having a sharp valley at one end of each bridge (indicated with the arrows in Figure 4d).
This was due to the overlap of the bridges, i.e., a consecutive bridge removed the material
from the previous one. It indicates that a further bridge width and spacing optimization
would be necessary.

The LD profiles (Figure 4e,f) revealed that micro-grooves in the TD were formed while
maintaining the 100 and 200 pm spacing distances. These were more regular at the sides of
the bridges (the B and C profiles) than at the top (the A profiles), where the surface was
irregular. It was also observed that their total height increased towards the edges of the
bridge (Table 2).

The roughness parameters of the B1 and B2 samples in Table 2 correspond primarily
to the bridge structures. There was an increase in the area ratio, Sy, Sq and Sy, in the
B2 specimen with respect to the Bl sample due to the larger amount of material which
accumulated at the top part of the bridge because of the higher input energy (Table 1,
Figure 4).

Considering the profiles shown in 4c (grooves) and 4e (bridge—position B), a similar
height of the grooves for G2 (scan speed 500 mm/s and energy input 480 J/m), B1 (scan
speed 500 mm/s, energy input 480 J/m) and B2 (scan speed 250 mm/s, energy input
960 ] /m) can be observed. This confirms previous indications which showed that with
a higher energy/heat input, the height of the grooves cannot be further increased. This is
unlike the low heat input G1 (scan speed 1000 mm/s, energy input 240 J/m), which has
a groove height twice as large. In addition to the formation of the microgrooves, there is
also a macroscopic displacement of material: (1) for the grooves from one side to the other
(Figure 2c¢), since the deflection of the beam is unidirectional, and (2) for the bridge in the
center (Figure 3d), since the beam travels alternately. The amount of locally melted material
can be related to the heat input, i.e., the higher the energy input, the more material which is
melted and macroscopically displaced. This is of particular interest for the bridge structure,
since the alternating beam travel causes the material in the centerline to be piled up from
both sides. Consequently, for the higher energy input B2, a more pronounced macroscopic
material displacement can be observed in the center (Figure 4d).

Figure 5 shows the SEM images of the bare EB specimens and cross-sections. Figure 5a,b
shows the surface and cross-section of the M sample where a typical «” martensitic mi-
crostructure was found within the prior (3 grains due to the rapid solidification that con-
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trasts, with respect to the initial equiaxed « + (3 microstructure of the Ti6Al4V alloy
(Figure 5c). The relief formed at the surface by the grain boundaries and o’ needles was due
to the solidification in a vacuum, as described by Ferraris et al. [12]. Figure 5d,g,jm demon-
strates that the EB structuring was successful in producing reproducible micro-grooves
with the hatch distance being set by the design in each case. These figures also shown that
while the micro-grooves in G1 and G2 had a linear shape, these were curved in the B1 and
B2 due to the different deflection and velocity of the beam. Images 5e, h, k and n show that
the relief on the surface observed in image 5a was also replicated in the structured samples.
Similarly, the o’ martensitic microstructure was seen in the cross-section of these samples
(Figure 5f,i,1,0).

Figure 5. Surface and cross-section SEM images of the bare EB structures: (a—c), M; (d—f), G1; (g-i), G2;
(j-1), B1; and (m-o), B2. (d,g,j,m) correspond to an overview of the structures. (e,h,k,n) correspond
to detail images of the EB surfaces. (f,i) TD cross-section of G1 and G2. (1,0) LD cross-section of B1
and B2 showing the cross-section of the micro-grooves.
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3.2. Flash-PEQO Coatings Fabrication

Figure 6 presents the RMS current density and voltage (irms and Vrus, respectively)
during the 45 s PEO treatment for all of the specimens. The initial stage of the process
(<15 s) consists of the growth of a TiO, anodic film on the surface of the samples at
a near-constant igyg (~50 mA-cm~2) while the Vrys increases at a constant ratio. Beyond
15 s of the process, the iryis increases rapidly up to 300 mA-cm 2 (maximum limit set).
The first visible sparks accompanied the current rise on the surface of the specimens. The
current surge’s initiation was the only significant difference between the molten material
and the structured samples. The iryis of the G1 specimen followed a nearly identical trend
to the M sample. The current rising was delayed by ~3 s for the G2 and B1 specimens and
around 5 s for the B2 surface, showing a slower rise. Nevertheless, the current density
reached the maximum in all of the samples for the same treatment time, and the process
continued without any other difference.
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Figure 6. Evolution of the RMS current density and voltage (irms and Vrys, respectively) during the
PEO treatments.

3.3. Microstructural Characterization of Flash-PEO Coatings
3.3.1. Flash-PEO Coatings on Flat Molten Surface

The PEO-treated molten material (herein M-PEO) showed the characteristic of a rough
and porous surface of this type of Ca- and P-containing PEO coatings (Figure 7a) and
a thickness of 3.2 £ 0.8 um [22,23]. The image analysis carried out on 3 areas (10,000 pm?
each) of the surface revealed that the M-PEO coating had a mean pore size of ~0.6 pm
and a surface porosity of about 5% (Table 3). The cross-section of the coating (Figure 7b)
presented a sub-micrometer inner nanoporous layer in intimate contact with the substrate
(black arrow in Figure 7b) and a compact outer layer that accounted for most of the coating
thickness. The porosity within the film was also found to be consisting of micro-cavities
and trapped gas bubbles (white arrows in Figure 7b).
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Figure 7. (a,b): SEM of the M-PEO specimen surface and cross-section, respectively. White and black
arrows indicate porosity remarks discussed in the text.

Table 3. Porosity values obtained by image analysis for the flash-PEO coatings on the EB-structured
samples. * G1-PEO-R1 and 2013R2 correspond to image analysis in regions marked in Figure 9a.

Specimen Population/1000 pm? Mean Size (um) Max Size (um) Porosity (%)
M-PEO 148 £+ 26 0.64 +=0.42 4.0 5
GI1-PEO 238 +£13 0.63 +0.41 4.6 6

G1-PEO-R1 * 239 0.67 £0.43 4.1 6
G1-PEO-R2 * 250 0.75 £ 0.53 5.1 7
G2-PEO 168 + 23 0.74 £ 0.50 5.0 5

A compositional analysis of the surface (Table 4) revealed the main presence of O
and Ti corresponding to the formation of TiO,. The substrate elements Al and V were
also found in a small amount (<2 at.%), indicating their incorporation in the coating. The
incorporation of the electrolyte-derived elements P and Ca was also confirmed, P being
predominant over Ca and with a Ca to P atomic ratio of 0.7.

Table 4. Energy dispersive X-ray spectroscopy (EDS) of PEO-treated specimens. Values given in at.%.

Specimen (0] Na Al P Ca Ti v Ca/P
M-PEO 64.3 0.6 1.7 7.6 5.5 19.6 0.6 0.7
G1-PEO 67.0 04 15 6.8 5.3 18.3 0.7 0.8
G2-PEO 65.8 0.7 1.8 7.5 57 17.8 0.7 0.8
B1-PEO 66.3 0.5 1.7 7.1 55 18.3 0.6 0.8
B2-PEO 68.1 0.6 2.4 6.7 5.2 16.5 0.6 0.8

3.3.2. Flash-PEO of EB Surface Structures

The TD profiles obtained from the 3D topographic images of the G1-PEO and G2-PEO
specimens are shown in Figure 8. It was found that the periodicity, shape and vertical
and lateral sizes of the micro-grooves (Figure 4c) were not altered during the flash-PEO
treatment. The surface descriptors presented in Table 5 were similar to those of the bare
structured samples (Table 2). These results indicated that the flash-PEO coatings did not
modify the EB structures which were produced.
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Figure 8. TD profiles of G1-PEO and G2-PEO specimens.

Table 5. Surface descriptors of the flash-PEO-treated specimens obtained via 3D metrology. Sa:
average surface roughness. Sq: square root average surface roughness. S10z: ten-point average height.
Sek: skewness parameter. Sy,,: kurtosis parameter.

Specimen Area Ratio (%) S, (um) Sq (um) S10z (um) Ssk Sku
GI1-PEO 11 6.8 7.6 25+ 05 0.1 1.6
G2-PEO 1.2 3.2 3.7 15+ 1.0 —-04 1.9
B1-PEO 2.6 66 74 204 + 14 —-0.7 2.2
B2-PEO 9.7 107 123 347 +£ 21 —04 2.0

Flash-PEO Coatings on the Micro-Grooves Structures

The SEM images of the G1-PEO and G2-PEO coatings are shown in Figure 9. Figure 9a,c
were taken over the top part of the micro-canals, which was seen as a brighter line in the
image. The adjacent areas descended to the valleys of the beam figure (regions R1 and R2).
Both the G1-PEO and G-PEO samples presented a comparable surface morphology to the
one of the M-PEO (Figure 9b,d). Nevertheless, the surface of the G1-PEO coating seemed
to have a larger number of fine pores at the bottom of the micro-canals. The image analysis
carried out on the G2-PEO coating (Figure 9d) revealed porosity values similar to those of
the M-PEO coating (Table 3). The image analysis of the G1-PEO was carried out over the
side surfaces and (Figure 9b) valleys (regions R1 and R2 in Figure 9a). These three analyses
revealed that the mean and maximum pore sizes were close to the M-PEO coating, but
there were a higher pore population and a slightly higher porosity (Table 3).

The EDS area measurements (Table 4) of the G1-PEO and G2-PEO specimens show the
Ca and P contents in agreement with those of the M-PEO coating. Figure 10 presents the
cross-section of the G1-PEO and G2-PEO specimens, which revealed a similar morphology
and thickness (Table 6) to the M-PEO coating.
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Figure 9. SEM surface of G1-PEO (a,b) and G2-PEO (c,d) samples. Dashed regions R1 and R2 in
image a mark the regions analyzed for porosity in Table 3.

Figure 10. Cross-section SEM of G1-PEO (a—c) and G2-PEO (d—f) coatings. Notice that cross-sections
corresponded to the VD-TD plane across the micro-grooves.
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Table 6. Thickness measurements of the flash-PEO coatings on the EB-structured samples. Values
obtained from cross-section images in Figure 7, Figure 10 and Figure 12, respectively.

Specimens Location Thickness (um)
M-PEO - 32+08
- 29+06
G1-PEO Top—Figure 10b 2.7+04
Bottom—Figure 10c 31408
G2-PEO - 28+08
B1-PEO-TD Overlap—Figure 12a 32£06
B1-PEO-LD Profile B—Figure 12c 35409
Overlap—Figure 12a 33+0.6
B2-PEO-TD Overlap—Figure 12a 23 £0.6
Overlap—Figure 12a 45+09
B2-PEO-LD Profile B—Figure 12f 31+£07

To summarize, the most remarkable finding was the greater pore population of the
G1-PEO. The agreement in pore size, thickness and composition between the three samples
indicated a similar PEO growth rate. Henceforth, it is suggested that the higher pore
density in G1-PEO was related to a greater heat diffusion during the PEO, steaming from
a larger surface area, promoting a faster solidification of molten oxide and preventing finer
pores from clogging [24]. On the other hand, a lower heat diffusion allowed for the flow of
molten oxide in M-PEO and G2-PEO, producing a smoother surface near the larger pores.

Flash-PEO Coatings on the Bridge Structures

Figure 11 shows the SEM images of the B1-PEO (a—d) and B2-PEO (e-h) specimens.
Figure 11a,b,e,f were taken where the bridges overlap. Figure 11c,g shows the top part of
the bridges (profile A in Figure 4b), while d and h correspond to the areas over the micro-
canals formed on these structures (approximately profile B in Figure 4b). It could be seen
that the coating grew over the sharp edges and perpendicular surfaces of both structures
without any apparent discontinuities, and it maintained the morphology observed for the
rest of the samples (Figure 11a,b,e,f). The coating formed at the top part of the structures
and over the micro-canals also showed the same morphology and no defects whatsoever.
The EDS area measurements of these samples (Table 4) were taken over the bridge overlaps
since it was expected that any deviations from the M-PEO were most likely to appear in
this region. Nevertheless, no changes in composition were observed.

Figure 12 present the cross-section of the B1-PEO (a—) and B2-PEO (d—f). Figure 12a,b,d,e
corresponds to the cross-sections in the VD-TD plane at the bridges overlap. Figure 12¢,f
corresponds to the cross-sections in the VD-LD plane along Profile B, indicated in Figure 4,
approximately. In general, the cross-section morphology of these samples was similar to
that of the PEO on the molten surface. The thickness measurements revealed no significant
difference with respect to the M-PEO specimen (Table 6), except at the overlap area in the
B2-PEO specimen (Figure 12d,e). It is evident that the coating at the bottom of the overlap
area (Figure 12e) was noticeably thinner than the coating at the adjacent region: 2.3 pm
and 3.3 pm, respectively. Additionally, at the top part of the overlap, the coating thickened
significantly (4.5 pm).

This suggested a lower growth rate at the bottom part of the bridge overlap, which
could be linked to the delay in the current density surge of the B2-PEO specimen, as
observed in Figure 6. It is believed that a lower current density passed through this region
due to a poor orientation, with respect to the cathode. It may be also considered that the
gas bubbles arising from the process were not easily detached, further shielding the region.
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Figure 11. SEM of B1-PEO (a-d) and B2-PEO (e-h) specimens: (a,b,e,f) were taken at the overlapping
area; (c,g) at the top part of the bridges; and (d,h) at over micro-canals formed.
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Figure 12. Cross-section SEM of B1-PEO (a—c) and B2-PEO (d-f) coatings. Images (a,b,d,e) correspond
to the VD-TD plane (across the bridge macrostructure) at the bridge overlap region. Images (c,f)
correspond to the VD-LD plane across the micro-grooves of the macrostructures along the profile B
(marked in Figure 4) approximately.

The PEO coatings at the micro-canals on the outer part of the bridge structures
(Figure 12¢,f, approximately the B profiles) were also similar in thickness to the coatings
on the G1 and G2 structures and the molten surface, indicating that these surfaces did
not produce a significant loss of efficiency during the process. Henceforth, these results
suggested that beyond a 50 um depth, careful consideration should be taken during the
design of EB surface structures to avoid the electrical occlusion of the material.

3.4. Electrochemical Response

Figure 13 presents the OCP evolution during 1 h of immersion time before the
potentiodynamic polarization of the non-treated and PEO-treated specimens. The non-
treated samples had negative OCP values, while the PEO-treated samples showed higher
values. Among the non-treated specimens, the EB-structured surfaces presented more

negative OCPs.
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Figure 13. Evolution of the open circuit potential (OCP) over 1 h of immersion in modified
«-MEM solution.
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Figure 14 presents the polarization curves of the non-treated and PEO-treated speci-
mens. The corrosion potentials and current densities (Ecorr and icorr, respectively, obtained
by Tafel extrapolation) as well as the initial potentials and currents of the passive segments
(Epass and ipass) are given in Table 7. The non-treated specimens showed a negative Ecorr
close to those shown during the OCP measurements, making the M specimen the noblest.
The icorr was one order of magnitude higher in the structured samples, with respect to
the molten surface. In turn, the corrosion rates of the bare structured specimens were
found to be one order of magnitude higher (1.1-3.4 um/year), with respect to the molten
surface (0.1 um/year). At the same time, the polarization resistance decreased one order of
magnitude for the groove and bridge structures. Ico;r and CR were greater and the Ry, was
lower for the bare bridge structures than for the groove structures, indicating a correlation
with larger surface features. These effects may be assigned to defects within the natural
passive oxide layer. It may be assumed that this layer was homogeneous and compact on
the flat molten surface while it became more defective due to tensile stresses at the top of
the convex features, such as peaks in the grooves’ specimens and the top and the sharp
edges of the bridge structures. Nevertheless, it is worth recalling that all the specimens
presented a passive behavior.
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Figure 14. Potential vs. current density (E and i, respectively) during potentiodynamic polarization
experiments of bare and PEO-treated samples in modified x-MEM solution.

Table 7. Electrochemical parameters of non-treated and PEO-treated specimens. CR stands for
corrosion rate and Rp for polarization resistance. * ipass values correspond to the density current

at Bpass-

Specimen OCP (V) Ecorr (V) icorr (A-cm~2) CR (um/year) Rp (Q-cm?) Epass (V) ipass (A-cm—2) * Eo (V)
M —0.12 —0.13 1.34 x 107° 0.1 4.69 x 107 0.60 4.81 x 1077 >3
Gl —0.31 —0.30 1.23 x 1078 11 4.95 x 10° 0.18 1.06 x 10~° -
G2 —0.32 —0.40 1.29 x 108 1.1 5.39 x 10° 0.13 2.05 x 107 -
Bl —0.4 —0.36 3.88 x 1078 3.4 213 x 10° 0.09 216 x 107 -
B2 -0.27 —0.35 257 x 1078 2.2 3.05 x 10° 0.14 1.85 x 107° -

M-PEO 0.48 0.13 3.18 x 1078 2.8 1.37 x 10° 0.25 8.83 x 1078 1.31
G1-PEO 0.47 0.11 248 x 1078 22 1.75 x 10° 0.25 8.83 x 1078 1.31
G2-PEO 0.46 0.09 246 x 1078 21 2.16 x 10° 0.25 8.83 x 1078 1.31
B1-PEO 0.4 0.08 3.02 x 1078 2.6 1.87 x 10° 0.25 8.83 x 1078 1.31
B2-PEO 0.28 0.003 425 x 1078 3.7 1.53 x 10° 0.25 1.5 x 1077 1.31

110



Coatings 2022, 12,1573

The molten surface presented a passive region at 4.81 x 1077 A-cm~2 above 0.6 V.
A second passivation region beyond 1.3 V at about 1.5 x 107® A-cm~2 was observed,
which extended above 3 V. The bare structured specimens had similar passivation regions
(1 +2 x 107% A-cm~2) above ~0.1 V. All the EB-structured samples presented a sudden
increase in current density beyond 107> A-cm~2, which was related to localized crevice
corrosion, as demonstrated by the post-mortem analysis of the tested samples.

The 3D optical topographic images of the micro-canal specimens presented in Figure 15
show that the initiation of the localized crevice corrosion started under the resin mask and
spread laterally underneath it, reaching the nearby canals and advancing along the micro-
canals (Figure 15a, image taken on a sample right after the initiation of the current density
increase). For longer immersion times, the corrosion region spread laterally to several
micro-canals at the initiation point and at the exposed surface near the resin (Figure 15b).
At the same time, the corrosion advanced further along the micro-canals (Figure 15c¢). In
the case of the bridge structures (Figure 16), crevice corrosion initiated at the overlapping
areas beneath the resin. In this case, the corrosion spread laterally towards the outer parts
of the bridge only at the initiation point (Figure 16a), while within the exposed area of
the surface, the corrosion advanced exclusively along the overlapping area (Figure 16b).
The formation of a loosely adherent light-brown gel on the surface accompanied the
crevice corrosion.

a

Bédii naznBH3

Figure 15. Representative 3D reconstructions of localized crevice corrosion on samples G2 (a,c)
and G1 (b). Image (a) shows the initiation of crevice corrosion on sample G2. Image (b) shows
the corrosion pits at the initiation point of corrosion at the end of the test of sample G1. Image (c)
corresponds to the whole area of G2 samples after the completion of the PDP tests.

The crevice corrosion takes place within the restricted volumes where oxidizing
species, such as dissolved O, are consumed faster than what is replenished from the bulk
solution, preventing the formation of new oxide. This situation also involves low pH levels
with the hydrolysis of titanium chlorides that form hydrochloric acid and Ti hydroxides
(Ti(OH),#), among other products [25-27], and the generation of an electrochemical
microcell between the crevice becomes the anode and the outer exposed surface becomes
the cathode.
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Figure 16. Representative 3D reconstructions of localized crevice corrosion on sample B2 after the
PDP test: (a) initiation point; and (b) whole surface.

Such a localized corrosion has been reported previously in the literature which dealt
with the electrochemical behavior of the DMLS Ti6Al4V pins, where the crevice corrosion
appeared at the superficial porosity and imperfections [25]. The Ti6Al4V alloys man-
ufactured by laser-based powder bed fusion are characterized by an «’/a martensitic
microstructure similar to the one formed in EB structures. Additionally, the formation
of a light-brown gel was also reported and assigned to TiO,-H,O and TiO3-H,O, which
presents a higher solubility and a worse adherence than TiO;. The remnants of these oxides
were observed to be adhered to the specimens shown in Figures 15 and 16. It might be
hypothesized that such products and oxides formed within the crevice extended outside
the crevice and along the micro-canals and overlapping area, occluding these valleys and
leading to under deposit corrosion.

Additional PDP tests were carried out on M specimens at the pH values of 7.5, 3.6
and 2 (Figure 17). Localized corrosion, or any other type of corrosion whatsoever, was
not observed in these specimens. This indicates that the consumption of the oxidizing
species (i.e., dissolved O,) within the restricted volume played a more dominant role in the
localized crevice corrosion of EB-treated specimens than low pH levels.

Finally, a crevice appeared between 1 and 2 V for the G1 and B1 specimens and
between 2.5 and 3 V for the G2 and B2 samples, indicating a correlation between the crevice
potential and the hatch spacing. It is believed that is related to a greater number of possible
crevice locations in G1 and B1, hence increasing the chances for localized corrosion.

All the PEO-treated specimens presented an identical electrochemical behavior with
positive Ecorr (~0.1 V) values, slightly lower than those of the OCP recorded. This shift
is commonly observed for titanium and is related to the charging process of the elec-
trode/solution interface capacitance. Despite the relatively slow scan rate used in this
study (0.5 mV/s), which is a well-known strategy for minimizing this artefact [28], PEO-
treated specimens, unlike bare substrates, showed a sufficiently high charging current to
shift the Ecorr to significantly lower values than the OCP. The icorr values were found in
the range between 2.5 and 4.5 x 1078 A-cm~2, which are in agreement with the values
reported for the PEO coatings on the AM Ti6A4V alloys in the biological media [29]. The
icorr of the PEO-treated specimens was one order of magnitude higher than that of the bare
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molten surface and of the same order in comparison to the groove and bridge structures.
This can be assigned to the microstructure of the inner barrier-like layer of the PEO coatings
that is in intimate contact with the substrate. Such a layer is known to contain nano-pores
that might explain the higher icorr and CR and lower Rp with respect to the molten surface.
Nevertheless, these specimens presented a strong passive behavior and passive current
densities lower than those of the un-treated specimens. All the samples reached a passive
region at about 0.25 V (Epass) and a passive current (ipass) of ~8.83 x 1078 A-cm 2. Up to
1.3 V, the current density decreased to 3.18 x 1078 A.cm~2. Finally, the current density of
the PEO-treated specimens increased rapidly beyond 1.5 V due to the oxygen evolution.
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Figure 17. Potential vs. current density (E and i, respectively) during potentiodynamic polarization
experiments of bare molten surface at pH 7.5, 3.6 and 2. PDP curve of M-PEO at pH 7.5 is also given

for comparison.

As a concluding remark, unlike the untreated structured surfaces, the PEO-treated
samples did not reveal any sign of crevice corrosion. It would therefore be recommended
that EB-structured Ti surfaces were treated via PEO to avoid this issue while enhancing the

osteoconductivity of the surface.

4. Conclusions

The PEO treatment of EB surface structures was carried out successfully with only
minimal differences at the onset of sparking. The coating morphology, thickness, composi-
tion and electrochemical properties were identical for all of the coatings. At the same time
the EB structures were unchanged by the PEO process. The following remarks were drawn
as the conclusions from this study:

+  The coating could reproduce the topography carried out with the EB process. The
submicrometer topographical features were only affected by the flash process.

+  The PEO coatings provided a surface with a sub-micrometric roughness and a maximum
thickness of ~3 um, containing biocompatible elements in the composition (Ca/P atomic
ratio of 0.8). The pore density was estimated to contain about 150 = 240 pores/1000 pm?
and with a pore mean size of ~0.7 um.

+  For the groove structures, a higher pore density of the fine pores was found at the
bottom of the valleys in the G1 EB structure which was assigned to a higher cooling
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rate of the topography, leading to a faster solidification of the molten oxide, preventing
the clogging of the pores.

+ For the bridge structures, structures with a hatch-spacing of 200 pm (B2) lead to
a slightly less efficient process, delaying the onset of sparking by about 5 s. The only
morphological difference was found at the bottom of the overlapping areas where the
coating was thinner.

+  The topography of the PEO-coating did not incur in any significant differences in the
electrochemical behavior, showing a passive behavior with passive current densities
at approximately 9 x 1078 A/cm 2.

+  The PEO-coatings prevented, effectively, the crevice corrosion in the structured sur-
faces. In future, it is recommended that titanium implants in contact with other
surfaces or with a designed topography are subjected to PEO treatments to prevent
a localized crevice corrosion.

+  From the point of view of the EB structuring design and fabrication, the results on this
work showed that deep topographies might hinder the PEO efficiency and growth,
compromising the functionality and electrochemical performance of the coating.

The combination of both techniques may be of great interest for orthodontic and
orthopedic applications. For that, further investigations may need to address, to improve
the functionalization of the surface, (a) the bonding strength between the PEO-treated
EB surface structures and the bone, (b) a higher Ca/P ratio closer to the hydroxyapatite
keeping the topography of the substrate and (c) the application of PEO treatments to finer
EB structures.
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Abstract: Ti-Ni films with various Ni contents (16.5, 22.0, 33.5 at. %) were deposited on Al alloy
substrates using DC magnetron co-sputtering. The effects of Ni target power and substrate bias (—10,
—70, —110 V) on morphologies, crystallography, nanomechanical properties and scratch behavior of
films were studied. All the deposited Ti-Ni films exhibited a BCC structure of g-Ti (Ni). The Ti-Ni
films grew with a normal columnar structure with good bonding to substrates. When increasing
the Ni target power and substrate bias, the grain size grew larger and the surface became denser.
The as-deposited Ti-Ni films significantly improved the hardness (>4 GPa) of the Al alloy substrate.
With the increase of bias voltage, the hardness and modulus of the film increased. The hardness and
modulus of the Ti-22.0Ni film prepared at —70 V bias were 5.17 GPa and 97.6 GPa, respectively, and
it had good adhesion to the substrate.

Keywords: magnetron sputtering; Ti-Ni film; microstructures; mechanical properties

1. Introduction

Titanium and its alloys have excellent properties including low density, high specific
strength, and strong corrosion resistance, and are widely used in aerospace, automobile,
biomedical applications and other fields [1-6]. Moreover, Ti-based metal films prepared
using magnetron sputtering have also attracted interest. Several works have reported the
microstructure of pure Ti film (#-Ti, hcp), which is related to the sputtering parameters
including target power, bias and deposition temperature [7-12]. In recent years, B-Ti alloys
(bcc) have gained increasing attention due to their excellent strength and rigid combinations.
Notably, the lower elastic modulus of B-Ti makes it more compatible with bone, showing
great prospects in biomedical fields [13-15]. Microstructural features such as morphology,
grain size, density and texture strongly affect structural and functional properties of Ti
films [16-18]. Thus, it is important to understand the microstructure and performance of
B-Ti films for potential applications.

It is known that a solid solution is vital to strengthen the mechanical properties of
Ti alloys. The addition of S-stabilizing elements (e.g., Mo, V, Nb, Ni, Cr, Fe, Ta) could
shift the B-transition into lower temperatures. The content of alloying elements greatly
affects the phase composition and mechanical properties. Both g and « + p alloys exhibit
excellent biocompatibility and are widely used in medical applications [19]. The addition
of B-stabilizing elements such as Zr and Mo to titanium alloys improves their mechanical
properties and biocompatibility, resulting in a good combination of ductility, strength, and
strain hardening rate. As for casted Ti-Cr and Ti-Mo alloys, only 10 wt% Cr or Mo addition
is required to form the p phase [20,21]. In the spark plasma sintered Ti-Mo alloy, the
highest hardness (592 HV 3), highest flexural strength (~2 GPa) and maximum ultimate
tensile strength (852 MPa) are achieved for Ti-16Mo, Ti-12Mo and Ti-8Mo alloys (wt.%),
respectively [22]. According to Lee et. al., the hcp phase («) is dominated in Ti-Nb alloys
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with 15 wt.% or less Nb, while the bcc phase (p) is retained with more than 27.5 wt.%
Nb [23]. In view of the powerful B-stabilizing ability of Mo elements, the equivalent
percentage of Mo could be established with other betagenic elements [24]. Studies have
shown that adding Ni to Ti-based alloys can enhance the stability of the § phase, thereby
improving the overall mechanical properties of the material. The addition of Ni can also
adjust the phase transition temperature of Ti-Ni alloys, which is crucial for shape memory
applications. However, there still exist many unclear issues between p-stabilizing elements
and microstructure features of Ti alloys.

In the mass production of B-Ti alloys, a rapid cooling process is often necessary
after a high-temperature heating treatment or rapid sintering, as stated in Reference [25].
Nevertheless, magnetron sputtering of Ti-Me films can be easily achieved with a large series
of composition just by regulating the power of co-deposited Ti and Me targets. This would
be convincing for optimizing the chemical composition of bulk Ti alloys. Photiou et al. [26]
revealed the structure-property relationships for magnetron-sputtered Ti-Nb films covering
a broad Nb range. The B-Ti phase can be stabilized with Nb content beyond 20 at%. The
Ti-15at%Nb film exhibited the lowest elastic modulus of ~85 GPa. In our previous study
of Ti-Cr film (Cr, 0~40 at. %) [27], only 10% Cr could stabilize the  phase. Note that the
increasing Cr content has little change in the modulus of Ti-Cr films, retaining the values
at ~95 GPa. Liu et al. [28] revealed the phase formation and morphology evolution of
sputtered Ti-Mo films under different substrate temperatures. The Ti-15Mo film could
retain the B phase at 50~100 °C, while the Ti-30Mo film could maintain the B phase at
higher temperatures up to 300 °C. Researchers have also explored other Ti alloy films, such
as Ti-Al, Ti-Ag and Ti-Cu films, for potential biomedical applications [29-32].

The shape memory effects of Ti-Ni-based alloys or films have been the focus of many
studies [33-37], but the structure—property relationship of Ti-Ni alloys in the Ti-rich region
(<40 at%) has been rarely reported. In view of the complex processes and cost of cast Ti-Ni
bulks, this study employed magnetron sputtering to deposit Ti-Ni films with a series of
Ni content by adjusting the Ni target power. The effect of deposition parameters on the
phase composition and mechanical properties were also investigated. Through the thin
film technique, the Ni composition—structure—property relationships in Ti-Ni alloys are
conveniently revealed. This might provide useful guides to tailor compositions in bulk
Ti-Ni alloys. The B-phase of Ti-Ni-based alloys is an important research area, and studying
the formation mechanism and phase transformation behavior of the S-phase is crucial for
understanding B-Ti(Ni) alloys. Considering the need for good bonding between Ti-Ni films
and substrate, metallic Al instead of glass or silicon pieces is used as a substrate. The good
mutual solubility and property matching between the Ti-Ni film and Al produce good
adhesion without flaking. Meanwhile, Ti-Ni films can enhance the surface hardness and
corrosion resistance of the relatively soft Al substrate. In addition, post-annealing could
stimulate the surface alloying of Ti and Ni on the Al substrate, thus enhancing its surface
properties and prolonging the service life of the aluminum alloy.

2. Materials and Methods

Commercial 2024-Al alloy disks (¥ 20 mm x 4 mm) were used as substrate. The
substrate was ground with sandpaper and polished into a mirror-like surface, then ultra-
sonically cleaned with acetone solution for about 30 min.

Using a magnetron sputtering technique with pure Ti and pure Ni targets (Omat Ad-
vanced Materials Co., Ltd., Dongguan, China), Ti-Ni alloy films were created on substrates.
The parameters are shown in Table 1. Firstly, the bias voltage of the workpiece was first
fixed at —70 V. Meanwhile, the Ti target power was fixed at 1.5 kW as basic composition
and we changed the Ni target power to 0.1 kW, 0.15 kW and 0.25 kW to obtain different
Ni contents. The corresponding Ti-Ni films were denoted as DTN-1, DTN-2 and DTN-3.
Consequently, the Ti target power and Ni target power were fixed and we changed the
substrate bias at —10 V and —110 V. The corresponding samples were recorded as DTN-4
and DTN-5.
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Table 1. Parameters of magnetron sputtering deposition of Ti-Ni films.

Process Parameter Unit Value
Background pressure Pa 4 %1073
Argon flux sccm 16
Ti target power kW 15
Ni target power kW 0.1,0.15,0.25
Bias voltage A\ —10, —70, —110
Sputtering time min 120
Sputtering pressure Pa 0.2-0.3
Target-substrate distance mm 70

The phase structure of the films was detected using an X-ray diffractometer (XRD)
(Rigaku D/max 2500, Tokyo, Japan) with a Cu Ka source (A = 1.542 A), The parameters
were shown as scanning angle range of 20 = 10°-90°, and scanning speed of 4° min~!. The
morphologies of the films were characterized by scanning electron microscope (JSM7100F,
JEOL, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS). The particle
size of the film was measured by Nano Measure software using surface SEM images. The
element distribution was determined by JXA-8530 electron probe micro analyzer (EPMA,
JEOL, Tokyo, Japan).

A dynamic ultra-micro hardness tester (DUH-211S, SHIMADZU, Kyoto, Japan) was
used to evaluate the mechanical properties of Ti-Ni films. The test force was 30 mN,
the loading speed was 1 mN/s and dwell time was 10 s. The hardness and Young’s
modulus were obtained by the obtained load-displacement curves. The scratch test (WS-
2005, Lanzhou institute of chemical physics, Lanzhou, China) of the films was carried out
using a diamond tip, and the fracture resistance and adhesion strength data of the film
were obtained. The maximum load was 80 N, the loading rate was 80 N/min and scratch
distance was 2 mm.

3. Results and Discussions
3.1. Phase Analysis of Ti-Ni Films

Figure 1 shows the XRD patterns of the Ti-Ni films deposited at different Ni target
powers and different bias pressures. It is apparent that all the Ti-Ni films were crystallized
in a B-Ti(Ni) structure with a preferred orientation along the (110) plane. The broad
peaks of (110) suggest the presence of nanocrystals in the Ti-Ni films. The XRD peak
width between 34~46° becomes broader with the increase of Ni target power, implying
the grain refinement in Ti-Ni films. However, the increasing substrate bias results in a
slight shrinking of the (110) peak, indicating improved crystallinity. The higher target
power generates more Ni atoms with higher energy, facilitating the nucleation of Ti-Ni
films. In addition, the higher bias provides more kinetic energy of atoms to bombard the
substrate, thus accelerating the surface diffusion of atoms and grain growth. Typically, the
B-Ti phase forms at high temperatures. However, during magnetron sputtering, the high
kinetic energy of particles dissipates rapidly, creating extremely rapid cooling and freezing
conditions for the formation of the B phase. Moreover, the co-sputtering with Ni elements
stabilizes the (3 phase in Ti-Ni films. It is also consistent with the finding that the addition
of alloying elements (e.g., Cr, Nb, Mo, etc.) promotes the stabilization of the S-phase in the
Ti-based alloy films [26-28]. According to a previous study of Ti-Cr films, with the addition
of ~10 at. % Cr, the hcp pure Ti (a-Ti) is converted to a bec structure (B-Ti) for the Ti-Cr
alloy film [27]. In the study of Ti-Nb films, D. Photiou et al. [26] also found that when the
Nb content is 20% or more, the stable 3 phase structure is promoted.
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Figure 1. XRD patterns of Ti-Ni film deposited with different Ni target power and bias.

3.2. Surface Morphology and Chemical Composition of Ti-Ni Films

Figure 2 displays the surface morphologies of Ti-Ni films deposited at different Ni
target power and substrate bias. The corresponding compositions are summarized in
Table 2. The average Ni content of DTN-1, DTN-2 and DTN-3 films were 16.5%, 22.0% and
33.5% (at. %), respectively. Thus, we can refer to the three samples as Ti-16.5Ni, Ti-22Ni,
and Ti-33.5Ni films. It should be noted that the substrate bias did not significantly alter the
chemical composition of the Ti-16.5Ni film.

Table 2. EDS results of Ti-Ni films deposited at different Ni target power and substrate bias.

Films/Elements Ti (at. %) Ni (at. %)
DTN-1 83.5 16.5
DTN-2 78.0 22.0
DTN-3 66.5 33.5
DTN-4 83.4 16.6
DTN-5 83.7 16.3

As seen from Figure 2a—e, all the S-Ti(Ni) films show spherical aggregate morphology
with some abnormal large grains. The high magnified images (Figure 2f—j) show that the
spherical domains are constituted of nanoscale particles (20~50 nm). However, voids are
also visible between adjacent domains. The continuous bombardment of energic particles
on the previous films generates more nucleation sites, thus forming fine grains in the
domains. As described in Figure 3, the average size of the spherical domains is 269, 311,
327, 231 and 326 nm for DTN-1, DTN-2, DTN-3, DTN-4 and DTN-5 films, respectively.
Interestingly, with increasing Ni target power, the size of the spherical particles increases.
The surface of domain (Figure 2h) becomes much smoother. However, in the study of
D. Photiou et al. [26], the increase in Nb target power resulted in smaller particle size of
the films. Higher target power generates more energic atoms, and thus might result in a
sputtering-depositing effect on the as-deposited surface. Meanwhile, the surface migration
of Ti, Ni atoms is enhanced. These two factors are ascribed to the smooth feature of the
Ti-33.5Ni film. As seen from Figure 2f-j, the substrate bias has a slight effect on the growth
feature of the Ti-16.5Ni film. However, the film becomes denser and the internal particles
grow larger with the increasing bias. As reported in [27], the a-Ti film grows cauliflower-
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like features with a loose structure, while the 5-Ti(Cr) films grow with globular particles.
The Nb addition also leads to the formation of a  phase with round particles in Ti-Nb
films (20~44 at. %) [26]. These indicate that B-stabilizing elements (Cr, Nb and Ni) generate
a similar sphere domain growth in B-Ti films.

Ni 0.1kW-70V Ni 0.25kW -70V

Ni0.1kW -10V

Ni 0.1kW -70V 0.5 pm Ni 0.25kW -70V 0.5 pm

Ni-0.AkW -10V

Figure 2. Surface morphology of Ti-Ni films deposited at different Ni target powers and substrate
bias. (a,f) DTN-1; (b,g) DTN-2; (c,h) DTN-3; (d,i) DTN-4; (e j) DTN-5.
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Figure 3. Particle size of Ti-Ni films deposited under different Ni target power and bias.

The elemental distribution of the films was analyzed using EPMA. Figure 4 shows the
surface elemental distribution of DTN-1, DTN-3 and DTN-5 films. The Ti and Ni elements
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are uniformly dispersed without segregation. As the Ni target power increases, the Ni
content on the surface of DTN-3 rises more than that on the surface of DTN-1, which is
consistent with the results in Table 2. In addition, the Ti and Ni maps hardly change with
the increase of substrate bias from —70 V to —110 V. These results imply that co-sputtering
is a favorable method to produce homogeneous alloys and as such could provide guidelines
for bulk alloy design.

Figure 4. Element distribution of Ti-Ni films deposited at different Ni target power and bias pressures:
(a) DTN-1, (b) DTN-3, (c) DTN-5.

3.3. Cross-Sectional and Fracture Morphology of Ti-Ni Films

Figure 5 displays the cross-sectional morphology of the Ti-Ni films. It is clear that
there are no voids or cracks at the interface between the Ti-Ni films and the Al substrates,
implying good bonding state. The thickness of the Ti-16.5Ni, Ti-22Ni and Ti-33.5N1 films
is 3.46, 3.82, and 4.09 um, respectively. Obviously, the increasing Ni target power leads
to thicker films. As seen from Figure 5a,d e, the thickness of the Ti-16.5Ni film at the bias
of —10V, =70 V and —110 V is 3.47, 3.46 and 3.36 um, respectively. The decrease in film
thickness at high bias pressure was attributed to the back-sputtering effect of Ar ions. The
thickness of Ti-Ni films increased with increasing Ni target power at the same Ti target
power. Under the same Ni target power condition, the bias has little effect on the film
thickness. The results demonstrate that the thickness of Ti-Ni films can be controlled by
varying the Ni target power during co-sputtering. These results provide valuable guidance
for the design of bulk alloys and demonstrate the potential of co-sputtering for producing
homogeneous alloys with controlled thickness.
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Ni 0.1kW -70V 2 pm Ni 0.15kW -70V 2 pm Ni 0.25kW -70V

Ni 0.1kW -10V 2pm Ni 0.1kW -110V 2pm

Figure 5. Cross-sectional morphology of Ti-Ni films deposited at different Ni target powers and bias:
(a) DTN-1; (b) DTN-2; (c) DTN-3; (d) DTN-4; (e) DTN-5.

From the fracture morphology in Figure 6, all the Ti-Ni films exhibit a typical columnar
structure, which is a typical morphology of the ion sputter-deposited film [7,11]. As the
film thickness increases, the columnar clusters become refined at the bottom. Notably, the
columnar clusters in the Ti-33.5Ni film show fiber-like characteristics. At lower substrate
bias, the columnar structure is coarse and there are large gaps. With the increasing bias,
the columnar morphology is not apparent, the gaps decrease, and the film becomes denser.
This can be attributed to the fact that an increase in bias results in an increase in the kinetic
energy of atoms, thereby enhancing their migration ability in the plane direction, which in
turn inhibits the perpendicular growth of columnar crystals.

Ni 0.1kW -70V

Figure 6. Fracture morphology of Ti-Ni films deposited at different Ni target power and bias:
(a) DTN-1; (b) DTN-2; (c) DTN-3; (d) DTN-4; (e) DTN-5.

3.4. Nano-Indentation Test of Ti-Ni Films

Figure 7 shows the nanoindentation hardness and elastic modulus of Ti-Ni films and
the load-displacement curves. The elastic-plastic deformation ability of films is calculated
according to the curves, and the corresponding values are summarized in Table 3. The
hardness of the Ti-16.5Ni, Ti-22Ni and Ti-33.5Ni films is 4.45, 5.17 and 4.18 GPa. The
corresponding modulus is 87, 97.6 and 90.5 Gpa, respectively. As seen from the XRD results
in Figure 1, the relatively sharp peak of the (110) plane indicates the better crystallinity
of the Ti-22Ni film, which explains its high hardness. The hardness of the Ti-16.5Ni film
at —10 V and —110V is 4.71 and 4.89 GPa, and the elastic modulus is 94.5 and 96 GPa,
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respectively. With the increasing bias, the DTN-5 film also has a sharper (110) peak and
denser surface, thus leading to the improved hardness. The modulus of the present Ti-Ni
films (87~86 GPa) is close to that of our previous B-Ti(Cr) films (~95 GPa). It has been
reported [38] that the hardness of Ti-Ni alloys prepared by selective laser melting (SLM)
fluctuates around 255 & 10 HV 5. The Ti-Ni films deposited in this study show significantly
improved hardness compared to that of SLM-TiNi alloys. In addition, the hardness and
modulus of the Ti-Ni films are significantly higher than that of the 2024 Al alloy substrate
(1.57 and 82 GPa).
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Figure 7. Nanoindentation results of Ti-Ni films deposited at different Ni target powers and bias.
(a) Hardness and modulus, (b) load-displacement curves.

Table 3. Calculated nanoindentation results of Ti-Ni films.

HI/E HB3/E?

Sample H (GPa) E (GPa) (x10-2) (x10-2) Wt (n]) W, (n]) fp

2024A1 1.57 82 191 0.05 10.65 9.3 0.87
DTN-1 4.45 87 5.12 1.17 6.17 4.59 0.69
DTN-2 5.17 97.6 5.29 1.14 6.4 5.03 0.79
DTN-3 4.18 90.5 4.62 0.89 7.47 5.59 0.75
DTN-4 4.71 94.5 4.98 1.17 7.09 5.37 0.76
DTN-5 4.89 96 5.10 1.27 6.11 4.69 0.77

In conditions of elastic-plastic behavior, the ability of a material to withstand elastic
strain before failure can be described by the ratio of hardness (H) to Young’s modulus (E),
and materials with a higher H/E usually exhibit lower wear rates; resistance to plastic
deformation to failure can be described by H*/E?, and materials with high hardness and
low modulus have a lower tendency towards plastic deformation [39]. As shown in Table 3,
the Ti-22Ni film has the maximum H/E value. However, the H/E value decreases at higher
Ni content. As for the Ti-16.5Ni film, the substrate bias has little change in the H/E value.
The trend of the effect of different deposition conditions on H3/E? is similar to that of H/E.

Figure 7b displays the load-displacement curves of Ti-Ni alloy films; the total deformation
work W; is defined by the area under the loading curve (Agpici) and the plastic deformation
work W, is defined by the area of the closed area of the loading and unloading curves (Aop;g;),
both of which are used to assess the elastic and plastic deformation behavior of the material,
respectively. The plasticity factor (17, = W,/ W;) is used to assess the material’s resistance
to plastic deformation, and a larger value indicates a stronger plastic deformation ability of
the material. As can be seen from Table 3, the 77, value of the 2024 aluminum alloy is 0.87,
indicating its strong plastic deformation ability; the 7, values of DTN-1, DTN-2 and DTN-3
films are 0.69, 0.79 and 0.75, respectively, and the 7, values of DTN-4 and DTN-5 films are
0.76 and 0.77, respectively, showing good plastic deformation ability.
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3.5. Scratch Test of Ti-Ni Films

Scratch tests were used to assess the adhesion behavior of Ti-Ni films. The acous-
tic emission (AE) signal profile can determine the critical normal load (LC). The coat-
ing/substrate system’s binding strength can be reliably assessed using the critical normal
load (LC) [40,41]. The abrupt increase in AE signal typically denotes that the substrate
exposure is a factor in coating failure [42,43]. The scratch acoustic signals and critical loads
are shown in Figure 8 and Table 4. The results demonstrate that the film adhesion decreases
from 26.1 N to 20.5 N as the Ni target power increases. This demonstrates that a lower Ni
target power is advantageous for enhancing film-to-substrate adhesion. With the increase
of substrate bias, the adhesion force of the film increases from 25.5 N to 26.1 N and then
decreases to 14.4 N. The increase of substrate bias generates internal stresses in the film,
and the more minor internal stresses are helpful in reducing the number of defects in the
films, while the larger internal stress is likely to cause film peeling.

{$1UN0D) BOISSIWD INSNODY

) o W e P
Normal load (N)
Figure 8. Schematic diagram of the acoustic signals of Ti-Ni films deposited with different Ni target

power and bias.

Table 4. Critical loads of Ti-Ni films deposited at different Ni target powers and bias pressures.

Sample Critical Load (N)
DTN-1 26.1
DTN-2 22.2
DTN-3 20.5
DTN-4 25.5
DTN-5 144

Figure 9 shows the SEM morphologies of Ti-Ni alloy films after scratch tests. Specifi-
cally, the scratch morphology of the Ti-16.5Ni film is selected for detailed analysis. As seen
from Figure 9a—e, the width of the scratch becomes wider with the increase of the load. In
the load application process, cracks and “jaggedness” appear on both sides of the scratch
at the initial stage. The load continues to increase until the substrate is exposed, the central
crack of the scratch becomes dense, and the cracks on both sides become loose. The film at
the end of the scratch shows adhesive wear with the direction of indenter movement and
the film peels off with the indenter.

As seen in Figure 9a, the DTN-1 film starts to fail furthest from the initial position,
indicating the best adhesion between it and the substrate, which is consistent with the data
in Table 4. At the middle end of the scratch (Figure 9f,g), dense cracking along the scratch
direction can be observed due to increasing load, creating cohesion and slight adhesion
breakdown in the film. At the end of the scratch (Figure 9h,i), partial peeling of the film
surface occurs due to compressive and radial tensile stresses, producing severe adhesive
failure. When the load reaches the upper critical load, a large area of peeling occurs in
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both the center and edge of the scratch, thus exposing the substrate. This emphasizes
the importance of controlling the scratch load in order to avoid catastrophic failure and
improve the adhesion strength of Ti-Ni films. Overall, the SEM images provide valuable
insights into the failure mechanism of Ti-Ni films during scratch tests and can help guide
future film development.

Ni 0.1kW -70V

Ni 0.15kW -70V

Ni 0.25kW -70V

NiQIKW-10V 50

NiO.IKW-110V

Figure 9. Scratch morphology of Ti-Ni films deposited with different Ni target powers and bias:
(a) DTN-1, (b) DTN-2, (c) DTN-3, (d) DTN-4, (e) DTN-5, (f,g) DTN-1 mid-scratch, (h,i) DTN-1
end-scratch.

4. Conclusions

This work deposited a series of Ti-Ni alloy films on the surface of a 2024 Al alloy
using magnetron sputtering. Under different deposition conditions, the films all exhibited
a stable BCC structure, mainly composed of B-Ti(Ni). The deposited films showed typical
cauliflower-like features on the surface and apparent columnar growth morphology in the
cross sections. The particle size increased with the increase of Ni content. The thickness of
the film increased and became denser and flatter, and the bias had little effect on the phase
composition and thickness of the film. With the increase of Ni target power and bias, the
ability of the films to resist plastic deformation decreases after the Ni content exceeds 22%,
and the Ti-22.0Ni film layer with bias of —70 V has excellent comprehensive mechanical
properties with hardness and modulus of 5.76 GPa and 97.6 GPa, respectively. The overall
trend of adhesion strength between Ti-Ni film and substrate decreases with increasing Ni
target power and decreasing substrate bias.

In conclusion, thin film deposition provides a practical approach to study the
composition—structure—property relationship of Ti-Ni alloys. The adjustment of Ni content
by magnetron sputtering allows the study of its effect on phase composition and mechan-
ical properties. This work may provide a reference for guiding the composition design
of bulk Ti-Ni alloys, exploring more suitable alloys for medical applications. In future,
post-annealing could be employed to stimulate the diffusion between Ti-Ni and Al, thus
strengthening the surface of Al alloys.
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Abstract: The organic coating of bridge steel girders is subjected to physical scratches, corrosion,
and aging in natural weathering. The breakdown of the coating may cause serviceability and safety
problems if left unnoticed. Conventional coating inspection is time-consuming and lacks information
about the coating’s chemical integrity. A hyperspectral imaging method is proposed to detect the
condition of steel coatings based on coating-responsive features in reflectance spectra. A field test was
conducted on the real-world bridge, which shows obvious signs of degradation. The hyperspectral
signature enables an assessment of the coating’s health and defect severity. The results indicated that
the coating scratch can be effectively located in the domain of a hyperspectral image and the scratch
depth can be determined by mapping a scratch depth indicator (SDI = R532 nm/R641 nm). Rust
sources and products in steel girders can be identified by the unique spectral signatures in the VNIR
range, and the rust stains (and thus stain areas) scattered on the coating can be pinpointed at pixel
level by the chloride rust (CR) indicators >1.11 (CR = R733 nm/R841 nm). The chemical integrity
of a topcoat is demonstrated by the short-wave infrared spectroscopy and the topcoat degradation
can be evaluated by the decreased absorption at 8000 cm~! and 5850 cm~!. Hyperspectral imaging
enables faster and more reliable coating condition detection by the spectral features and provides an
alternative for multi-object coating detection.

Keywords: steel girder; nondestructive inspection; corrosion; coating degradation; spectroscopic
analysis; hyperspectral imaging

1. Introduction

Steel has been a candidate in civil engineering, especially bridges, because of its high
strength and light weight. There are many uses of steel components in suspension, cable-
stay, and girder bridges to overcome the self-weight problem [1,2]. It can also be used as a
superstructure for arch bridges to facilitate the construction of the deck and carry loads.
For example, the Sydney Harbor Bay bridge [3]. In addition, steel is also widely used
for girders in highway bridge networks (>30%) to provide more clearance for traffic [4].
However, steel components that are exposed to the natural weathering environment will be
severely impaired by corrosive media, thus introducing safety and serviceability issues [4,5].
According to the Federal Highway Administration (FHWA) [6], statistics show that around
45% of steel bridges are structurally deficient, with 19% being almost structurally obsolete.
Corrosion is currently the biggest concern for the structural integrity of steel components
because corrosion can significantly (almost 40%) reduce fatigue strength [7-9]. For example,
corrosion is illustrated as the reason for the sudden collapse of the I-35W steel deck
truss bridge in Minneapolis, USA [10]. The deteriorated coating increased the chances of
corrosion on the steel substrate [4]. Therefore, regular inspection is necessitated for coating,
and its conditions should be assessed to ensure acceptable serviceability and protect the
substrate from direct contact with corrosive factors [9].

Coatings 2023, 13, 1008. https:/ /doi.org/10.3390/ coatings13061008 128 https://www.mdpi.com/journal/coatings



Coatings 2023, 13, 1008

Coatings are required to have protection against various degradations, whether physi-
cal or chemical [11]. The coating should be able to withstand physical impairments such
as scratches and abrasions, as well as some aggressive species such as chlorides, acids,
and water [4,11-13]. Coating defects are thus different depending on degradation expo-
sures [13]. Many aspects of the coatings can be monitored to assess their condition, such as
delamination, chalking, checking, and rust staining [13,14]. Visual inspection has long been
practiced for bridge coating due to its reliable inspection quality. However, this method re-
quires experienced practitioners, and the evaluation of coating condition assessment might
be subjected to objective and quantifiable issues. Visual inspection is also time-consuming
and labor-intensive, which makes it impossible in terms of regular inspection [15]. The
electrochemical impedance spectroscopy (EIS) technique has been studied to detect coating
integrity as well as substrate corrosion occurrence. Impedance values can effectively reflect
the coating status before the presence of macroscopic degradations, but EIS does not give
local information and thus a vague location of the impaired coating spots [16,17]. Spec-
troscopic techniques, including Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, and Mossbauer spectroscopy, have been performed to evaluate the coat-
ing conditions but are generally limited to lab experiments [11,18-20]. The image-based
method has been implemented together with machine learning techniques over the last
two decades to achieve fast inspection [21,22]. The pixel-level imagery features in conjunc-
tion with the artificial intelligence (AI) algorithm significantly improved efficiency and
reliability, which might be a substitute for human inspection [21,23]. However, an apparent
drawback is that red, green, and blue (RGB) images are unable to provide information
about the coating chemicals, thus preventing a thorough assessment before the occurrence
of the obvious defects [24]. In addition, it may confront some confusion in the detection if
the defects are dominantly featured by color and the computer vision method is sensitive
to the nonuniform illuminations on the detected surfaces [21].

Hyperspectral imaging (HSI) is emerging as a compromised tool for simultaneous
spatial and spectral inspection because hyperspectral imaging possesses the RGB infor-
mation and the surface composition information according to the response at different
wavelengths [8,25]. Therefore, both spatial dysconnectivity and compositional inhomo-
geneity can be plotted in the context of hyperspectral imaging [25]. The technique has been
utilized to quantitatively assess the coating thickness of the paint on the steel according
to the spectral signature as well as the discrimination of different chemical binders and
polymers in the coating composition for automatic coating condition detection [26-28].
Likewise, near-infrared (NIR) spectroscopy was used to evaluate the conversion of white
pigment of the acrylate coatings exposed to ultraviolet (UV) radiation [28]. Hyperspectral
imaging has also been tested to identify pinholes in the coating by introducing a matching
filter at the pixel level [24]. To differentiate the colors from different objects in the girder
coatings, Dayakar established a support vector machine (SVM) model, and the color yellow
from corrosion rust in different environments, acid or sulfate, can be discriminated against
with 94% accuracy [3]. Hyperspectral imaging was also practiced in an arch bridge truss
coating assessment. The proposed multi-class SVM can generate highly accurate coating
assessment results by integrating information from only 21 bands in the range of the visible
spectrum [29]. However, the application of hyperspectral imaging is mainly focused on the
characterization of coating degradation in the lab. It is noted that the established method
based on HSI for coating defect identification and condition assessment in real structures is
not sufficient.

In this study, hyperspectral imaging is proposed to inspect the coatings on the steel
girder of a real bridge. Some typical coating defects under natural weathering exposures
are preselected for hyperspectral scanning to demonstrate their capability. The hyperspec-
tral results are validated with ground-truth lab characterizations, FTIR, scanning electron
microscope (SEM), and energy-dispersive X-ray spectroscopy (EDS), to illustrate the appli-
cability of hyperspectral imaging techniques in coating condition detection and assessment.
It is found that the coating scratch profiles can be detected, and the scratch depth is char-
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acterized by the spectral signatures of the coating layers and substrate. The chemically
degraded coating can be distinguished from the sound coating by hyperspectral reflectance
features in short-wave infrared (SWIR). In addition, the rust stains can be identified without
color bias by hyperspectral imaging, and the rust medium can be recognized according to
the unique spectral signatures of rust products.

2. Materials and Methods

The proposed hyperspectral imaging technique for coating condition detection is
demonstrated on a continuous girder bridge on the main road of 10th Street
(37.951454, —91.769034), Rolla, Missouri, USA. The bridge is an eight-span steel girder
bridge with a span configuration of 15.79 m, 15.54 m, 16.46 m, 18.59 m, 18.89 m, 12.49 m,
16.15 m, and 11.85 m (totaling 125.5 m) from west to east as shown in Figure 1. The steel
used in the bridge girder is fabricated structural carbon with a nominal yield strength of
20,000 psi. W30 and W33 steel girders were used for the continuous-span bridge to provide

more clearance for the railway.
®
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Figure 1. (a) the original drawing of the bridge design; (b) a view of the real test bridge; (c) steel

girder dimension.

The bridge was constructed in 1974, and the steel girders were originally coated with
brown lead silicochromate. The coating was removed in 2002 due to health concerns in
terms of lead and was replaced by the current calcium sulfonate pigmented alkyd coating
coupled with epoxy primer, as shown in Figure 2. Calcium sulfonate alkyd paint is designed
for replacement due to its significant corrosion-inhabitation effect. The substitution of
calcium sulfonate alkyd is due to its continuous release of corrosion inhibitors. Moreover,
the multilayer coating system can significantly prevent the ingress of corrosive ions due to
the more compact interface between alkyd and epoxy, as demonstrated by the scanning
Kelvin probe (SKP) [30]. This bridge was selected as the research object because of the
presence of various typical coating detects on the girders. In addition, an alkyd topcoat is
also one of the most widely used paints in current bridge protection [4].

Figure 2. Coating system demonstration for the steel girder.

To characterize the coating defects with hyperspectral imaging, the preselected spots
of interest (SOI) on the girder coating were scanned with a Headwall dual-lens hyperspec-
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tral (Headwall phonetic, Boston, MA, USA) camera as shown in Figure 3. The camera has
a 1.2 m standoff from the SOIs. Under natural light radiation, the exposure time was set
to 45 ms accordingly to prevent overexposure in the hyperspectral image. The hyperspec-
tral camera in this study enables the spectral range of visible and near-infrared (VNIR,
400-100 nm) and short-wave infrared (SWIR, 1000-2500 nm) with a spectral resolution
of 2.21 nm in VNIR and 6.02 nm in SWIR. Prior to every HSI collection, the dark was
captured with the cap on to reduce the internal current noise in the image. Likewise, white
reference was also collected for the conversion of the raw digital numbers to radiance and
finally reflectance. In this test, the camera was supported by a tripod because the SOIs are
accessible; otherwise, the camera can be integrated into an unmanned aerial vehicle for
coating inspection.

(b) Preselect coating defects

Setup hyperspectral
camera scanning

Set 1.2m standoff between
camera and objects

Adjust exposure time and frame
time by natural radiation

v

Tune scanning speed with
exposure time to avoid distortion

v

Dark reference and white
reference collection

Input the scanning range
in angle

Collect hyperspectral image

¥

Convert the raw hyperspectral
data into reflectance

Figure 3. (a) Setup for hyperspectral imaging collection in the field; (b) data collection configuration.

Hyperspectral imaging is indeed a subset of the spectroscopic technique for poly-
mer characterization in this study. As the hyperspectral imaging in this study enables
wavenumbers from 4000 cm ! to 10,000 cm ™}, it is characterized by band combinations,
coupling, and overtones [28]. Therefore, FTIR is used to validate the hyperspectral results.
Some coating samples are retrieved from the bridge for analysis. The FTIR spectra were
recorded with a Nicolet™ iS50 FTIR Spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) in the spectral range between 400 cm ! and 4000 cm ! with a resolution of
4 cm~!. For each sample, 16 runs were performed to enhance the spectra and reduce
the noise. The FTIR spectra are presented in transmittance for easy comparison in this
study. In addition, scanning electron microscopy (SEM) was performed on coating (rust-
stained, healthy, and degraded) samples using a Helios Hydra CX (Thermo Fisher Scientific,
Waltham, MA, USA) with an accelerating voltage of 15 kV and a beam current of 0.8 nA
under high vacuum pressure (<5.0 x 10~* Pa). The working distance between the lens
and the sample was set to 4 mm. To determine the atomic distribution on the topcoat, EDS
energy-dispersive X-ray spectroscopy (EDS) was performed with a Thermo Noran Ultra
Dry 60 mm? detector (Thermo Fisher Scientific, Waltham, MA, USA) by mapping in the
Pathfinder X-ray Microanalysis Software-2022 (Thermo Fisher Scientific, Waltham, MA,
USA). As the organic coating in this study is nonconductive, all samples were coated with
a thin film of gold/palladium (Au/Pd) by sputtering for 45 s to prevent charging.
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3. Results and Discussion
3.1. Coating Scratch

Figure 4 presents a view of the coating scratch on the bridge steel girder. It is observed
that the scratch depth varies along the trace as the scratch even reaches the undercoat in
some areas. The coating thickness is reduced, though the color difference from the original
view is not significant. In addition, it is not known whether the substrate steel is exposed
due to scratches. A coating is used to protect the steel from corrosive media. Corrosion can
initiate at a bare steel spot, and the effect gradually propagates concentrically to the local
area, which progressively damages the health coatings. Figure 4b shows the comparison
of the spectral signatures in the range of 400-1000 nm (visible and near-infrared, VNIR)
from different objects, topcoat (pigmented alkyd), undercoat (epoxy), and girder steel, in
the domain of scratches from the hyperspectral imaging. In view of hyperspectral imaging,
those three objects are spectrally different, especially for the topcoat and undercoat, though
both are organic polymers that are characterized by aromatic rings and side chains. As for
the substrate, steel does not yield any absorption features in the range of VNIR because
it is composed of metal ions, which do not absorb photons in the current wavelength
domain [29].

steel substrate
undercoat
topcoat r20

)
F-Value (ANOVA)

- v T T T 4 -5
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4. Coating scratch on the steel girder. (a) Original view; (b) spectral signatures of different
coating layers and the corresponding F—values from ANOVA analysis of spectra.

To differentiate different layers of coating, a scratch depth indicator (SDI) is de-
veloped by comparing the ratio between two bands, 536 nm and 641 nm. Figure 4b
displays the F-value results derived from the one-way ANOVA analysis based on the
spectra from the three objects. There are two local maxima at 426 nm and 641 nm and
one local minimum at 536 nm. According to the ANOVA F-value, spectra at wavelength
536 nm yield the least variation (p < 0.05) in the range of 400-750 nm. For comparison,
426 nm and 641 nm are more sensitive to the differences between different coating layers
because higher close F-values are observed, which are around 21 (p < 0.05). To establish
a robust indicator, 641 nm is selected as the most sensitive band in this study because
426 nm is located at the beginning of the spectrum, which is usually subjected to severe
mechanical noises [8]. Figure 5a demonstrates the mapping of SDI (536 nm/641 nm)
in hyperspectral imaging. The scratch profile can be easily identified, and the exposed
undercoat can be located by the black spots. For the RGB method, the color feature of the
scratch is used to identify the scratch profile, and the result is easily subjected to false
detection if objects with similar colors are present [31]. In order to assess the scratch
condition, different layers of the coating are retrieved from the mapping by thresholds
to demonstrate the scratch depth. The corresponding SDI threshold for undercoat and
steel is obtained from the distribution of the SDI values, as illustrated in Figure 5c,f.
For undercoat epoxy, the critical SDI of 1.33 isolates the exposed undercoat, though
some scattered misidentifications can be observed. Most of the misclassifications of
the undercoat are located in the shades of the white reference board. This is because
the shade can distort the spectra and thus produce incorrect information, which can be
eliminated by the additional external light source in real practice [26]. It is noted that
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several pixels are distinguished from the undercoat in the heart of scratch “M”, which is
the substrate steel. As hyperspectral imaging also enables a high spatial resolution of
0.56 mm in this study, the exposed steel can be spotted by the critical SDI of 0.95. The
selection of the critical SDI in this study is because 95% of the calculated SDI from the
pixels on the steel substrate are between 0.95 and 1.02. There are in total 5 pixels (pixel
dimension: 0.56 x 0.56 mm) that can be identified, which makes a 1.57 mm? exposure. It
is worth noting that hyperspectral imaging can perform a much more accurate inspection
by using spectral information compared to RGB inspection because the resolution is not
high enough to identify such small defects [21,22].
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Figure 5. Different layers of the girder coating with scratches. (a) Mapping of SDI (536 nm/641 nm)
in hyperspectral imaging; (b) scratch of undercoat (SDI > 1.33); (¢) derivation of the critical SDI for
undercoat; (d) topcoat; (e) scratch of substrate steel (0.95 < SDI < 1.02); (f) derivation of the critical
SDI for steel.

3.2. Steel Rust Stains

The steel rust percentage has been used as an indicator to assess the coating conditions
according to ASTM D610-08 for timely remedies [23,31]. Figure 6 presents the coating
surface with steel rust stains as well as the corroded steel girder top flange. Many corrosive
media cause rust in the atmospheric environment, and the corrosion products may vary.
Acidic exposures are prone to producing magnetite (Fe304), ferrous chloride (FeCl,), and
iron oxide-hydroxide (FeOOH) [31]. For chloride salt ions attack, akageneite (3-FeOOH)
and goethite («-FeOOH) are the main corrosion products [31,32]. Two steel plates treated
with sodium chloride and water, respectively, are prepared and placed in the scanning view.
Figure 6b shows the spectral signatures in the VNIR range derived from corrosion spots on
two plates. It is noted that the rust products with different exposures differ spectrally. Rust
obtained from sodium chloride solution yields three absorption features at 612 nm, 733 nm,
and 841 nm, and water-based corrosion products have features at 708 nm and 950 nm,
which are characterized by water [8]. The spectra for the corrosion rust from different
sources are consistent with the previous study [33].
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Figure 6. Girder coating with rust stain. (a) The view of the rust spot; (b) spectral signatures of the
different rust products in VNIR; (c) rust stain demonstration by CR indicator (>1.11); (d) critical CR
for rust stain on topcoat.

As chloride corrosion is more aggressive, it is worth emphasizing its corrosion effect
before the pervasive attack on both substrate and organic coatings [14]. The chloride rust
(CR) indicator, 733 nm/841 nm, is constructed to demonstrate the corrosion products.
Figure 6¢c demonstrates the mapping of CR in the domain of hyperspectral imaging with a
threshold of 1.11. This critical CR is obtained from the stain pixels in the diaphragm with
the same method as illustrated in SDI. The severely rusted steel flanges can be identified in
CR mapping as indicated by the dark red areas. Moreover, the rust stain on the coating
in the diaphragm is also detected by the CR, though the CR values are smaller compared
to the rust spots. It is because rust products intermingle with the topcoat in the domain
of a pixel. The hyperspectral spectrum is representative of the overall composition of
the chemicals in that pixel [8]. As for the rust spot inspection, the hyperspectral imaging
technique greatly reduced the false detection as opposed to the RGB method [33].

The coating samples with rust stains are analyzed by energy-dispersive X-ray spec-
troscopy (EDS) as opposed to the normal coating on this girder. Figure 7 shows the
comparison of the element mapping results. The EDS spectrum as shown in Figure 7a
demonstrates detectable peaks in terms of chloride (Cl) for the rust-stained coating, while
the rust-free coating is dominated by the topcoat polymer compositional elements, carbon
(C) and oxygen (O). The presence of Cl is also reflected by the element mapping result,
as illustrated in Figure 7b. For elements related to steel rust, Fe and Cl show significant
differences in distribution. Oxygen (O) is not considered here to distinguish rust because
of its massive existence in alkyd resins and thus cannot be easily impacted [34]. As seen
from Figure 7b, Fe is more visible on the coating with rust stains, though Fe is also spotted
in the rust-free coating samples. For CI, the contrast is more significant because it almost
disappears in rust-free samples. Table 1 shows the element ratio of each detectable element
present on the coating surface. C and O occupy, in total, about 90% of the coating topol-
ogy, and nitrogen (N) is the third prevailing element that makes up around 7.5% of the
coating topology. The elemental dominance agrees well with the composition of alkyd.
The rust-stained coating has Fe of 1.78%, which is higher than the 0.56% in the rust-free
coating. As for Cl, it occupies 0.51% of the total detectable elements for the topcoat with
rust stains in comparison with 0% Cl in the stain-free topcoat. Element Cl distinguishes the
rust-contaminated coatings from the rust-free sample, which shows negligible presence.

134



Coatings 2023, 13, 1008

The result is consistent with the hyperspectral imaging result, which shows the rust stain
distribution as well as the corrosion source as Cl-related media.
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Figure 7. Comparison of the element distribution on the coating with and without rust stains by
(a) EDS spectra, (b-1) element distribution of rust-free topcoat from EDS mapping, (b-2) element
distribution of rust-stained topcoat from EDS mapping.

Table 1. Percent of the detachable elements on the coating with and without rust stain.

Element C (0] N Fe Cl Al Zn
Rust-free coating 54.34 36.00 7.31 0.56 0 0.48 1.31
Rust-stained coating 53.15 34.98 7.43 1.78 0.51 0.38 1.53

3.3. Degraded Topcoat

A degraded topcoat can expose the undercoat and thus increase the corrosion proba-
bility of the substrate. Early detection can potentially enhance the serviceability of steel
girders. Figure 8 shows the deteriorated topcoat on the bottom flange of the steel girders in
the proposed field bridge. Those deteriorated topcoats have lost their cling to the undercoat
and thus cannot effectively protect the undercoat and substrate. As the degradation is
generally characterized by chain breakage due to oxidation, Figure 9 displays the compari-
son between healthy and degraded topcoats by both FTIR and SWIR spectroscopy from
hyperspectral imaging. FTIR provides complementary information for SWIR spectroscopy
to interpret the topcoat degradation in view of the binder’s chemical connections.
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Figure 8. Demonstration of the degraded topcoat on the bottom flange of the steel girder.
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Figure 9. Comparison of the healthy and degraded topcoat in the range of (a) 400—4000 cm ! (FTIR),
(b) 4000~10,000 cm ! (SWIR).

Considering the natural aging and atmospheric exposure effects on the topcoat, the
stretching vibrations of the C=0 at 1726 cm~! and C-O-C at 1528 cm ™! are featured by
the bond cleavage in the polyester of the girder topcoat, alkyd resin [35,36]. Table 2 sum-
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marizes the band assignment of the alkyd resin. It can be seen that the narrow absorption
bands at 1726 cm~! and 1528 cm~! both significantly decrease for the degraded topcoat
in comparison to the healthy, which indicates the chains shortening in the polymer [36].
The chain scission in polyester is also observed by the decreasing absorption at 2920 cm ™!
and 2850 cm~! for degraded topcoat, which illustrates the reduced presence of the side
chains [37]. In addition, the O-C-O featured band at 1410 cm~! almost disappears to
demonstrate the reduction side chain [38]. On the contrary, it is noted that 1635 cm~!
is boosted due to the degradation effect on the topcoat [36,39]. It is because of the au-
tooxidation of the polymer crosslink. In this process, the degraded alkyd resin releases
alcohol and carbonyl species, which thus reduces the molecular weight of the original
topcoat component [37]. The decreasing weight of alkyd resin can also be implied by the
diminished bands at 1100 cm~! and 1252 cm~!. The breakage of C-O-C produces volatile
species, for example, phthalic acid due to the Norrish Type I reaction [39]. Figure 10 shows
the microstructure of the healthy and deteriorated topcoats by SEM. In comparison, the
degraded topcoat yields a messier topology, and the topcoat has been degraded into more
pieces. Table 3 illustrates the presence of detectable elements on the topcoat derived from
the EDS mapping results. C is significantly reduced from the healthy to the degraded
topcoat due to the oxidation effect, which conforms to the FTIR results.

Table 2. Major bands of alkyd resin in FTIR and its band assignment.

Wavenumber (cm—1) Assignment
741-705 Aromatic out-of-plane bending
<1000 Ring vibrations and C-X (with X=CI or CHj3) coupling

1070 Aromatic in-plane bending

1119 C-O-C stretching

1258 C-O-C stretching
1340-1300 Vibrations involving the aromatic rings

1429 O-C-O bending

1528 C-O-C bending

1590 Aromatic in-plane bending
1650-1500 C=N, C=0

1635 C=C stretching

1726 C=0 stretching vibration carboxylic acids and esters

2850 (C-H)-CH, symmetric stretching

2921 (C-H)-CH; asymmetric stretching
3440/3314 OH stretching

Figure 10. Topology by SEM of (a) healthy topcoat; (b) degraded topcoat.

Table 3. Percentage of the detachable elements on the coating with and without rust stains.

Element (@) N Fe Cl Al Zn
Healthy topcoat 37.53 7.43 0.43 0 0.52 1.37
Degraded topcoat 48.47 7.58 0.25 0 0 1.50
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Figure 9b presents the spectra derived from the healthy and the degraded topcoat in
the range of 4000~10,000 cm ! after continuum removal processing to facilitate quantitative
comparison [28,39]. As illustrated in the FTIR, the main and side chains were greatly
shortened due to the degradation effect. The reduction of the C=0O in the degraded topcoat
can also be detected in SWIR spectroscopy by the carbonyl stretching characterized bands
at 5850 cm ! [40]. This band should be the overtones of the fundamental vibration of the
carbonyl groups illustrated in 400-2000 cm~!. A similar decreasing trend at 5850 cm ! is
also observed on the alkyd resins under ultra-violate exposure [41]. Another significant dif-
ference is located around 6820 cm ™!, characterized by the second overtone of the hydroxyl
group [8,41]. The absorption feature is almost gone due to the deterioration of the topcoat.
The deletion of hydroxyl groups is also observed by the absorption at 3440 cm ™ [36,37].
However, band 3440 cm~! remains significant, though it has decreased. It is because 3440
is characterized by not only the bending vibration of hydroxyl but also water [8]. The third
recognizable spectral zone that differentiates healthy and degraded topcoats is around
8000 cm~!. This absorption intensity of this broadband shrinks due to the degradation
of the topcoat, which is attributed to the loss of the oxygenated products, singly doubly
bonded oxygen, due to photooxidation [40].

4. Conclusions

The manuscript presents a study that uses hyperspectral imaging to detect coating
defects in bridge steel girders. Coating scratch, substrate rust, and topcoat degradation are
evaluated. The major findings can be summarized as follows:

i.  Scratch profiles can be effectively depicted by scratch depth indicators by applying a
critical threshold for each coating layer. The epoxy undercoat can be discriminated
against by SDI > 1.33, and the exposed substrate is identified by 0.95 < SDI < 1.02.

ii.  The source of the corrosion products can be evaluated by the absorption features at
612,708, 733, 841, and 950 nm in the VNIR range. Water-based corrosion products
yield features at 708 and 950 nm, while chloride-based rust features absorption at
612,733, and 841 nm.

iii. The rust-stained coating can be estimated by the corrosion rust indicators
(CR (R733/R841) > 1.11), and the total area of the corrosion spot can then be cal-
culated by the pixel dimensions.

iv.  As for the degraded topcoat, SWIR spectra show significant reduction at 8000 cm 1,
5850 cm ! as well as hydroxyl absorption at 6820 cm .

For a more robust inspection of the girder coatings, further work should focus on
the quantitative study of how the SWIR spectra can evaluate the severity of the coating
degradations. And more types of industrial coatings need to be tested with hyperspectral
imaging to determine the corresponding indicator to differentiate their presence from
other layers, which can greatly expand the application of hyperspectral imaging in fast
nondestructive inspection of the girder coating conditions.
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Abstract: A CaO-MgO-Al,03-5i0; glass—ceramic coating was prepared by the slurry method and
subsequent sintering to improve the corrosion resistance of 316L steel in liquid lead-bismuth eu-
tectic alloy at high temperatures. The glass—ceramic coating, sintered at 884 °C, was dense and
demonstrated strong adhesion to the substrate. It was composed of the crystalline phases diopside
(CaMgSi;Og) and anorthite (CaAl,Si;Og) and had an average Vickers hardness of 595 HV, which
was over three times that of 316L steel. After corrosion in an oxygen-saturated, static lead-bismuth
eutectic alloy at 500 °C for 1000 h, the uncoated 316L experienced significant mass gain (0.04 g) due
to severe oxidative corrosion, resulting in the formation of Fe3O4 and Pb,O on its surface. In contrast,
the glass—ceramic-coated specimens showed a very small mass gain (0.0012 g) after corrosion. The
coating maintained good thermal stability; its crystalline phase composition remained largely un-
changed after the corrosion test. The glass—ceramic coating still exhibited dense microstructure and
tightly adhered to the substrate after corrosion. There was no evident penetration of lead-bismuth
into the coating, and no dissolution of the coating’s elements into the lead-bismuth alloy was detected.
These observations confirm that the glass—ceramic coating possessed superior corrosion resistance in
liquid lead-bismuth eutectic environments.

Keywords: glass—ceramic coating; LBE corrosion; protection; 316L steel

1. Introduction

Lead-cooled fast reactors (LFRs) have become one of the most promising reactors
for Generation IV nuclear systems, renowned for their favorable neutronics, thermal-
hydraulics, and inherent safety features [1]. However, despite these benefits, material
challenges continue to pose a significant barrier to the progress of LFR technology [2].
Unlike the structural materials used in the commercially established Generation II and III
nuclear systems, the materials used in LFRs face a more rigorous service environment [3].
Notably, corrosion caused by liquid lead, or the lead-bismuth eutectic (LBE) alloy, is
a critical factor in the deterioration of structural materials within LFRs over extended
periods of service [4-9].

So far, there are three types of reference reactors in the world: SSTAR (Small, Secure
Transportable Autonomous Reactor, 20 MWe) in the United States [10], ELFR (European
Lead-cooled Fast Reactor, 300 MWe) in the European Union [11], and BREST-OD-300
(Bystriy Reaktor Estestrennoy Bezopasnosti, 600 MWe) in Russia [1]. Furthermore, other
LFRs have been conceptualized, including the MYRRHA (Multi-purpose hybrid research
reactor for high-tech applications) in the European Union [1] and CLEAR (China LEAd-
based Reactor) in China [12]. Candidate structural materials for these reactors encompass
a range of options such as ferritic/martensitic steels (e.g., T91), austenitic stainless steels
(e.g., 15-15Ti, 316L), ODS steels, FeCrAl alloys, and refractory metals [13-17]. Notably, 316L
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steel or its equivalents are considered for cladding in MYRRHA and as a potential material
for pump impellers in ELFR [11]. However, studies have indicated that 316L steel in LBE
was subject to more severe oxidative corrosion at high oxygen concentrations or dissolution
corrosion at low oxygen concentrations between 480 and 550 °C, which are the typical
design temperatures of LFRs [18,19]. These corrosion issues could significantly compromise
the service life of 316L as a structural material in LFR applications. Consequently, there is
a pressing need to develop corrosion-resistant coatings for 316L to protect it against lead or
LBE corrosion.

Previous studies have developed a variety of coating materials for steels against lead or
LBE corrosion, such as ceramic coatings (e.g., Al,O3, SiC, Al,O3-TiO,) [5,20], alloy coatings
containing aluminum (e.g., FeCrAl, FeCrAlY) [14], high-entropy alloy coatings [21], and
ternary MAX cermet coatings [22]. In addition to the above-mentioned types of coatings,
glass and glass—ceramic materials, known for their excellent thermal stability, wear resis-
tance, corrosion resistance, and oxidation resistance, are emerging as promising coating
materials for steels against high-temperature oxidation and LBE corrosion [23,24]. For
instance, Liu et al. developed a glass and ceramic composite coating on 304 stainless steel,
which consisted of a SiO,-Al;,O5 glass matrix reinforced with Cr,Os particles, demon-
strating good corrosion resistance in LBE [23]. However, compared to composite coatings
made by simply mixing a glass matrix with ceramic particles, glass—ceramic coatings that
contain a significant amount of microcrystalline and glassy phases produced by controlled
crystallization of a specific base glass during heating or sintering exhibit superior high-
temperature stability, mechanical properties, and corrosion resistance [25-28]. Despite these
advantages, there have been relatively few studies on the preparation of glass—ceramic
coatings for structural materials considered for use in LFRs.

In this study, a CaO-MgO-Al,03-5i0, (CMAS) glass—ceramic coating was prepared
on 316L steel by the slurry method and subsequent sintering. Additionally, the corrosion
behavior of the 316L steel and the glass—ceramic coatings in LBE at 500 °C for 1000 h was
also studied. The findings of this study not only broaden the potential applications of
glass—ceramic coatings but also provide significant guidance for the development of coating
materials suitable for advanced nuclear energy systems.

2. Experimental
2.1. Specimen Preparation

A 316L stainless steel sheet was machined into 10 mm x 10 mm x 3 mm (length X
width x height) specimens by the wire electrical discharge machining method. A 1 mm
diameter circular hole was drilled in the upper right corner of each specimen’s surface so
that the specimens could be suspended on the specimen holder for the high-temperature
LBE corrosion test. Before the glass—ceramic coating was prepared, the surfaces of the
316L specimens were mechanically ground using a sequence of #600 to #1500 SiC abrasive
papers. Subsequently, the specimens were cleaned by anhydrous ethanol and dried in
a drying oven. The chemical compositions of 316L steel are shown in Table 1.

Table 1. Chemical compositions of 316L stainless steel before corrosion.

Element C Cr Ni Mo Mn Si Fe
Content (wt%) 0.02 16.20 10.03 2.06 1.48 0.48 Bal.

2.2. Glass Powder Preparation

CMAS glass was prepared using the conventional quenching method. All the starting
raw materials CaCO3, Mg(HCO3),, Al,O3, SiO,, and KO were of reagent grade and
were purchased from Sinopharm Chemical Reagent Co., Ltd. in Shanghai, China. After
thoroughly mixing, the batches were placed in an alundum crucible and then heated to
1600 °C in the electrical furnace. It was held at this temperature for 2 h, and then the molten
glass was poured into water to produce glass particles. Then, the water-quenched glass
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particles, the grinding balls, and the ethanol were put into the tank for ball milling. In the
process of ball milling, the mass ratio of glass particle to ball was 1:3, and the mass of glass
particle was the same as that of anhydrous ethanol. After milling for 36 h, the glass powder
could be obtained by drying and sieving (200 mesh). The chemical compositions of the
CMAS glass are listed in Table 2, which shows experimental starting compositions.

Table 2. Chemical compositions of CMAS glass.

Oxide CaO MgO AL, O3 SiO, K,O
Content (wt%) 27.3 9.2 13.3 49.7 0.5

2.3. Coating Preparation

The CMAS glass—ceramic coating was prepared using the slurry method followed
by a sintering process. Initially, CMAS glass powder, a binder (methyl cellulose solution),
and distilled water were mixed in a mass ratio of 0.75:0.75:1 to form a slurry. This slurry
was then air-sprayed onto the surfaces of spare 316L specimens and subsequently dried
in an oven at 80 °C for 24 h. The dried specimens were then subjected to a three-stage
high-temperature heating process in a muffle furnace. This process included heating the
samples to 500 °C and maintaining them for 1 h, followed by 1 h at 735 °C, and finally 1 h
at 884 °C for sintering. This meticulous sintering regimen ensured the coating’s optimal
density and adherence to the substrate.

2.4. LBE Corrosion Tests

The study of material corrosion behavior in liquids mainly includes two methods. The
first method is the immersion method, which involves directly immersing the samples in
the corrosive medium. By studying the mass changes in samples before and after corrosion,
as well as the morphology and phase of the corrosion products, the material corrosion
behavior and mechanism can be determined. This paper adopts this method, which is
also a commonly used method for studying the corrosion behavior of materials in liquid
metal. The second method for material corrosion research is the electrochemical method.
However, this method requires the presence of an electrolyte in the corrosive medium
(such as water, water containing mixed liquids, molten salts, etc.). However, there are no
electrolytes in liquid metal, and materials do not undergo electrochemical corrosion in
liquid metals.

The liquid LBE alloy served as the corrosive medium in our corrosion tests, with
a composition of 44.5 wt% lead (Pb) and 55.5 wt% bismuth (Bi).

To evaluate the LBE corrosion resistance of the CMAS glass—ceramic coating, the high-
temperature static LBE corrosion test was carried out using the LBE corrosion test device,
as shown in Figure 1. The test device, as shown in Figure 1a, comprised a stainless-steel
tank, a thermocouple for temperature monitoring, and a heating and insulation system.
For the corrosion tests, LBE and the specimens were introduced into the steel tank, with
the specimens suspended from a stainless-steel specimen holder, as illustrated in Figure 1b,
using molybdenum wire. Throughout the corrosion process, the dissolved oxygen content
in the liquid LBE was not actively controlled, and it was assumed to be in a state of
oxygen saturation.

The corrosion tests were conducted at a temperature of 500 °C with a total duration
of 1000 h. This duration could simulate the long-term corrosion behavior of materials
in practical applications (such as in lead-cooled fast reactors), as well as evaluate the
durability of materials in the LBE environment. Furthermore, previous studies show that a
1000 h corrosion test duration is long enough to observe the corrosion characteristics and
trends in materials in the LBE environment, thereby providing a scientific basis for material
selection and application. During corrosion, specimens were extracted from the liquid LBE
at intervals of 250 h, 500 h, 750 h, and 1000 h for analysis. The temperature of corrosion
tests was set at 500 °C because the current design temperature for the cladding of CLEAR
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(China LEAd-based Reactor) is 500 °C. The glass—ceramic coating designed in this paper is
also intended for potential application in CLEAR in the future.

heating and
thermocouple insulation system

@ [ / ®
/

steel tank

specimen holder

Figure 1. Schematic diagram of LBE corrosion test device (a) and physical diagram of specimen
holder (b).

Post-corrosion, half of the specimens were subjected to surface and mass gain analysis.
These were immersed in glycerol at 200 °C to remove any adhering LBE. The other half,
designated for cross-sectional analysis, were embedded in resin and then ground and
polished to prepare them for further examination.

2.5. Analytical Characterization

The thermal properties of CMAS glasses, such as the glass transition (Tg) and crys-
tallized peak (T.) temperatures, were determined by differential scanning calorimetry
(DSC, NETZSCH in Selb, Genmany) in an inert gas atmosphere (Ar) with a heating rate
of 10 °C/min. The surface and cross-sectional morphology and element distribution of
specimens were analyzed with a scanning electron microscope (SEM, ZEISS in Oberkochen,
Germany) with an EDS spectrometer (Oxford Instruments in Oxford, United Kingdom).
The phase composition of specimens was observed by an X-ray diffraction instrument
(XRD, PANalytical in Malvern, United Kingdom).

3. Results
3.1. Determination of Coating Sintering Temperature

The DSC curve of CMAS glass powder revealed three distinct exothermic peaks:
the glass transition temperature (Tg) at 558.09 °C and two crystallization temperatures
(Tc) at 789.14 °C and 951.52 °C. To achieve the desired crystalline phases, the sintering
temperature range of CMAS glass—ceramic coating was chosen to be between 789.14 °C
and 951.52 °C. We referred to the sintering temperatures of glass ceramics with similar
compositions. During sintering, we set the sintering temperatures at 844 °C, 864 °C, 884 °C,
904 °C, and 924 °C, respectively. Eventually, we found that only when the sintering tem-
perature was 884 °C could we achieve a complete coating. Meanwhile, coatings obtained
at other sintering temperatures peeled off. However, the reasons for the peeling are not yet
clear and require further research. So, after careful consideration of the sintering process,
the optimal sintering temperature was set at 884 °C to ensure the coating’s adherence
without peeling.

3.2. Microstructure of the As-Prepared CMAS Glass—Ceramic Coating

Figure 2 shows the surface and cross-sectional morphology of the CMAS glass—ceramic
coating prepared at 884 °C. The surface morphology (Figure 2a) shows that the coating
was dense and exhibited a high level of smoothness. However, minor protrusions were
observed on the surface, potentially due to the uncontrolled crystal growth during the
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sintering process. The cross-sectional morphology reveals strong adhesion between the
coating and the substrate with no signs of cracking and peeling (Figure 2b). Notably, there
was no distinct interface layer visible at the boundary between the coating and the substrate.
Some pores within the coating were also observed.
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Figure 2. The surface and cross-sectional morphology of the as-prepared CMAS glass—ceramic
coating: (a) surface morphology; (b) cross-sectional morphology.

The XRD pattern of the as-prepared CMAS glass—ceramic coating (Figure 3) confirmed
that the main crystalline phases of the coating were diopside (CaMgSi;Og) and anorthite
(CaAl,Si;0g), which was consistent with the design objective of this study.
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Figure 3. XRD pattern of the CMAS glass—ceramic coating before and after corrosion for 1000 h.

3.3. LBE Corrosion
3.3.1. Mass Gain of Corrosion Specimens

Figure 4 illustrates the mass gain of the 316L and CMAS glass—ceramic-coated spec-
imens after different corrosion times. In our corrosion experiments, the corrosion mass
gain at each corrosion time point was derived from the average mass gain of three parallel
samples. During the corrosion experiments, we have taken strict control measures to
ensure that the initial state of each sample and the corrosion environment remain consistent.
Error bars were not added in the diagram of mass gain because we found that the degree
of dispersion in the corrosion mass gain data at each time point was very small, within
an acceptable range, and will not affect the scientific nature and reliability of this study.
Figure 4 shows that the mass of 316L substrate increased with prolonged corrosion time,
although the increase rate gradually slowed down. Specifically, after 1000 h of corrosion,
the uncoated 316L experienced a mass gain of 0.04 g. In contrast, the CMAS glass—ceramic
coating demonstrated minimal mass change throughout the corrosion periods. After 1000 h
of corrosion, the coated specimens registered a very small mass gain (0.0012 g). These
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findings suggest that the CMAS glass—ceramic coating provided effective protection to
the substrate.
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Figure 4. Mass gain of 316L and glass—ceramic coatings after different corrosion times.

3.3.2. Microstructure of Oxide Scales on Bare 316L Steel

Figure 5 presents the surface morphology of 316L steel subjected to varying durations
of corrosion (ranging from 250 to 1000 h). Initially, after 250 h of corrosion, numerous
corrosion pits were observed on the steel’s surface, accompanied by the presence of many
protruding substances. Over time, the quantity of these protrusions increased, and their
distribution evolved from being scattered to forming continuous patches after 1000 h
of corrosion, suggesting a progressive escalation in the severity of corrosion. The EDS
scanning analysis depicted in Figure 6 reveals that the predominant elements on the
corroded surface after 1000 h were Fe, Cr, Ni, Pb, and O. Notably, the protruding substances
exhibited a significant enrichment in O and a marked depletion in Cr and Ni, indicating
a change in the surface composition due to the corrosion process. To delve deeper into
the composition of the protruding substances, point scanning analysis was conducted on
specimens that had been subjected to 1000 h of corrosion. The analysis reveals that the
primary constituents of these surface protrusions were Fe at 45.4 wt%, Pb at 19.6 wt%, and
O at 23.7wt%, with trace amounts of Ni at 2.3 wt% and Cr at 7.9 wt%. Corroborating these
findings with the XRD analysis presented in Figure 7, it was concluded that the surface
protrusions on the 316L steel were predominantly composed of Fe304 and Pb,O.

Figure 5. The surface morphology of 316L steel after different corrosion times: (a) before corrosion;
(b) 250 h; (c) 500 h; (d) 750 h; (e) 1000 h.
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Figure 6. Localized enlarged image of surface morphology of 316L specimens after corrosion for
1000 h and corresponding EDS area scanning results.
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Figure 7. The XRD pattern of the 316L steel before and after corrosion for 250 h, 500 h, 750 h, and
1000 h.

The results of XRD and SEM show that the 316L substrate’s surface was predominantly
exposed during the early stages of corrosion, with evident oxidation corrosion occurring.
As corrosion time increased, the oxide film on the substrate seemed to mitigate further
material corrosion to some extent, which was reflected in the decrease in the corrosion rate
corresponding to the mass gain data. This suggests that while the initial corrosion was
rapid, the formation of the oxide layer helped to slow down the rate of material degradation
over time.

3.3.3. Microstructure of the CMAS Glass—Ceramic Coating on 316L Steel After Corrosion

Figure 8 displays the surface and cross-sectional morphology of CMAS glass—ceramic
coating after being exposed to liquid LBE for 1000 h. The surface morphology, as depicted
in Figure 8a, maintained a dense microstructure post-corrosion, suggesting that the coating
remained intact in the high-temperature LBE environment. A comparative examination
with pre-corrosion specimens indicates an increase in both the quantity and size of the
crystals within the glass—ceramic coating following the corrosion test.

The XRD patterns, as shown in Figure 3, confirm that the crystalline phases of the
coating after 1000 h of corrosion were still dominated by diopside (CaMgSi,Og) and
anorthite (CaAl,Si;Og), matching the composition of the specimens prior to corrosion.
This consistency demonstrates that the CMAS glass—ceramic coating possessed excellent
chemical stability against LBE corrosion, retaining its structural integrity and compositional
uniformity even after prolonged exposure.
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Figure 8. The surface and cross-sectional morphology of the CMAS glass—ceramic coating after
corrosion for 1000 h: (a) surface morphology; (b) cross-sectional morphology.

The cross-sectional morphology of the coating presented in Figure 8b demonstrates
that the coating remains firmly bonded to the substrate even after corrosion, with no signs
of delamination. Additionally, there was no evident infiltration of lead and bismuth into the
coating, suggesting that the coating effectively resisted penetration by these elements. The
EDS line scanning analysis, as shown in Figure 9, reveals that lead (Pb) and bismuth (Bi)
elements were predominantly localized on the coating’s surface, with no indication of them
permeating into the coating’s bulk. Furthermore, there was no evidence of the coating’s
constituents dissolving into the lead-bismuth alloy. These observations underscore the
CMAS glass—ceramic coating’s robust resistance to LBE corrosion, highlighting its potential
as a protective barrier in such environments.
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Figure 9. EDS line scan results of the CMAS glass—ceramic coating after corrosion for 1000 h.

4. Discussion

So far, the literature on the development of glass—ceramic coatings for structural
materials in LFR is relatively sparse. This paper makes a commendable contribution to
the field. The CMAS glass—ceramic coating, characterized by its high hardness, superior
thermal stability, and outstanding resistance to LBE, stands out as an ideal candidate for
applications like cladding or pump impeller coatings in LFR settings. Its unique combina-
tion of properties positions it as a promising material for enhancing the performance and
durability of components in such demanding environments.

The CMAS glass—ceramic coating we developed exhibited density and a high level
of surface smoothness, which are highly beneficial for enhancing the material’s corrosion
resistance. Nonetheless, some pores within the coating were observed. These pores are
likely attributable to two main factors: first, the pores might come from bubbles within the
coating slurry, and second, the bubbles produced in the process of sintering densification of
the coating could not be discharged in time, which can also result in pore formation [29,30].
To optimize the density of the glass—ceramic coating and reduce porosity to a minimum,
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the coating samples must be subjected to a two-stage heat treatment in a muffle furnace
before the sintering temperature (884 °C). This involves holding the samples at 500 °C for
one hour, followed by a further hour at 735 °C. This procedure was designed to ensure
the coating achieves its maximum density and minimizes the presence of pores, thereby
enhancing its overall performance and durability.

Previous research yielded a variety of ceramic coating materials for steel protection
against lead or LBE corrosion, including coatings of Al,Oj3, SiC, and Al,O3-TiO; [5,20].
These ceramic coatings have demonstrated effective corrosion resistance. Traditional meth-
ods for preparing these coatings include thermal spraying, physical vapor deposition,
or chemical vapor deposition. In contrast to these methods, our approach to preparing
glass—ceramic coatings is relatively simple. It involves air spraying or brush coating fol-
lowed by high-temperature sintering processes. More importantly, the preparation process
of glass—ceramics is very suitable for the preparation of surface coatings on complex com-
ponents such as pump impellers, which provides a great opportunity for the widespread
application of glass—ceramic coatings in nuclear reactors.

The CMAS glass—ceramic coating we developed is primarily composed of diopside
(CaMgSiOg) and anorthite (CaAl,SipOg) crystal phases, which are consistent with the
design objective of this study. The literature reviews indicate that CMAS glass—ceramic
coatings can crystallize into various phases, such as forsterite, diopside, anhydrite, and
anorthite. The diopside phase is particularly noted for its excellent wear and corrosion
resistance, whereas the anorthite phase is known for its superior corrosion resistance and
thermal stability. Research has indicated that a well-balanced ratio of diopside to anorthite
can significantly enhance the corrosion and wear resistance of CMAS glass—glass—ceramic
coatings [31]. Given that coating materials in lead-fast reactors (LFRs), especially those
used for cladding and pump impellers, are subjected to the erosive effects of high-velocity
LBE, it is imperative that the coatings exhibit excellent high-temperature stability, resistance
to LBE corrosion, and robust wear resistance. Our CMAS glass—ceramic coating, with its
specific crystalline composition, is well-suited to meet these demanding requirements.

The formulation of glass—ceramic components is pivotal in creating coatings with
the desired crystalline phases. To achieve this, we initially consulted the phase diagram
of the CaO-Al,03-5i0, system with an addition of 10% MgO to establish a preliminary
composition range for the glass—ceramic coating [32]. As shown in Table 2, the CMAS
glass—ceramic coating was characterized by a high SiO, content, which typically serves as
the network-forming component in glass—ceramic coatings. The precipitation of anorthite
phase (CaAl,Si;Og) requires a certain amount of Al,O3;. The proportions of CaO and
MgO in the CMAS glass—ceramic coatings can be fine-tuned to lower the crystallization
temperature, encourage the precipitation of diopside and anorthite phases, and enhance
the surface hardness and corrosion resistance of the glass—ceramic coatings. Studies have
indicated that maintaining a mass ratio of CaO to MgO close to 3 in CMAS glass—ceramic
coatings broadens the crystallization temperature range, thereby improving the crystal-
lization capability and promoting the coexistence of anorthite and diopside phases [33].
Furthermore, to address the limited crystallization propensity of CMAS glass—ceramic
coatings, a minor amount of nucleating agent K,O was incorporated into the composition.
This addition aims to reduce the crystallization temperature and facilitate densification
post-crystallization, thereby optimizing the overall properties of the glass—ceramic coating.

The corrosion mechanism of coatings in lead-bismuth eutectic (LBE) can be attributed
to three primary processes: the dissolution of the coating material by LBE, the oxidation of
the coating material by dissolved oxygen in LBE, and the corrosion of the substrate steel
material by dissolved oxygen in LBE that permeates through the coating. For metallic coat-
ings like Al-based coating (FeCrAlY, AlTiN) [14,34] and Al-containing high-entropy alloy
coatings (FeCrAlTiNb, AICrMoNbZr) [21,35], when the dissolved oxygen concentration in
LBE is controlled within a suitable range, it can diffuse into the coating and react with it
to form a protective layer of Al,O3, which mitigates the coating’s corrosion. Conversely,
when the dissolved oxygen concentration in LBE is minimal or too high, the coating ma-
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terial is more susceptible to dissolution or excessive oxidation by LBE, leading to coating
corrosion. For our CMAS glass—ceramic coatings, neither dissolution nor oxidation occurs.
Our previous research has demonstrated that even at 800 °C, the diffusion rate of oxygen in
glass—ceramic coatings was remarkably low [27]. Given that the experimental temperature
in this study was 500 °C, the diffusion rate of oxygen through the coating was even lower,
making it difficult for dissolved oxygen in LBE to penetrate the glass—ceramic coating and
oxidize the 316L substrate. Therefore, the CMAS glass—ceramic coating exhibited good
resistance to LBE corrosion.

Looking ahead, our research will delve deeper into the coating’s irradiation resistance.
This critical assessment will provide further insights into the coating’s potential and overall
value for use in the demanding conditions of LFR.

5. Conclusions

In this research, we successfully applied a CMAS glass—ceramic coating onto 316L
steel to protect it against corrosion by liquid lead—bismuth eutectic (LBE). The as-prepared
coating predominantly constituted of diopside (CaMgSi;Og) and anorthite (CaAl,Si;Og)
crystal phases. We investigated the corrosion resistance of both the glass—ceramic coatings
and the 316L steel when exposed to static LBE at 500 °C for a duration of up to 1000 h.
Post-corrosion analysis revealed that the uncoated 316L experienced significant mass
gain (0.04 g) due to severe oxidative corrosion with the formation of Fe3;O4 and Pb,O
on its surface. In contrast, the glass—ceramic coated specimens showed a very small
mass gain (0.0012 g) after corrosion. Furthermore, the phase composition of the CMAS
glass—ceramic coating remained largely unaffected after the corrosion test, which is a
testament to the coating’s excellent high-temperature stability. There was no significant
evidence of lead-bismuth penetration through the coating, and no dissolution of the
coating’s elements into the LBE was detected. These findings suggest that the CMAS
glass—ceramic coating provides outstanding resistance to LBE corrosion.
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