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Coatings are playing an important role in corrosion mitigation of magnesium alloys, and in this study, a facile and eco-friendly
chemical deposition process is proposed to improve the corrosion resistance of magnesium-neodymium alloys. The mixture of
1.5mol/L KH,PO, solution and 1.2 mol/L CaCl, solution is used for reaction solution, and ultrasound is introduced into the
process for assisting the chemical deposition. After 40 minutes of the surface treatment, the surface and cross-sectional
morphologies are observed by scanning electron microscope (SEM), which reveals that a layer of dense coating is formed on Mg
alloy. Energy-dispersive X-ray spectroscopy (EDS) and X-ray Diffraction (XRD) are further combined to analyze the coating,
and it is thereby confirmed that this coating mainly consists of CaHPO,-2H,0. Electrochemical tests and soaking experiments
are conducted to evaluate the corrosion resistance of the treated samples in simulated concrete pore solutions. Both the
untreated and treated samples have a good corrosion resistance in the Cl” free simulated concrete pore solution, but their
corrosion behavior is influenced by the introduction of Cl in this study. Fortunately, the coating can protect the substrate
effectively in the CI containing simulated concrete pore solution. In summary, it provides a possible way for magnesium alloys

to improve their corrosion resistance when they are used in building engineering.

1. Introduction

Magnesium alloys have received much attention in the aero-
space, automotive, electronic, and biomedical industries due
to their low density, high specific strength, and natural biode-
gradability. However, poor corrosion resistance is one of
their fatal disadvantages to hinder their further engineering
applications [1-7]. Usually, coating is an effective means to
improve the corrosion resistance of Mg alloys in aqueous
solutions and many kinds of techniques have ever been
attempted [8-11]. Compared to chemical methods, most
physical methods such as physical vapor deposition and ion
implantation are innocuous to environment [12-14]. But
the related equipment is always expensive and not suitable
for large-scale engineering. Therefore, it is very imperative
to develop new green chemical methods for the surface treat-
ment of magnesium alloys.

Lightweight construction has been gradually recognized
in modern civil engineering, and steel is expected to be
replaced with lighter structural materials. For example, alu-
minum alloy bars have been considered an alternative to steel
rebars in concrete structures. But, their native oxide coating
is not stable in acid (pH <4) or alkaline (pH >9) environ-
ments, and aluminum alloy bars are often susceptible to cor-
rosion in the alkaline environment of concrete structures
[15]. In fact, magnesium alloys are lighter and have higher
specific strength than aluminum alloys. Furthermore, mag-
nesium has good immune behavior in alkaline aqueous envi-
ronments [16, 17], which may make magnesium alloys adapt
the alkaline concrete environment. However, chloride ions
may appear in the concrete environment and affect the corro-
sion behavior of magnesium alloys. Therefore, it is essential
to develop a facile and eco-friendly surface treatment process
to protect magnesium alloys. Ultrasound has often been
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FIGURE 2: Surface morphology (a) and elemental distribution (b-e) of the treated Mg alloy. The inset in Figure 2(a) shows the surface

morphology observed at higher magnification.

introduced into the chemical reaction process and can assist
the formation of dense coating without using additional heat-
ing [18]. Calcium-phosphorus (Ca-P) coatings have been
paid more attentions due to their excellent corrosion resis-
tance [19]. For instance, Li et al. have applied the hydrother-
mal method to fabricate a glucose-induced phosphate
coating on pure magnesium [20]. But most of the processes
are complicated and time-consuming, which are not suitable
for civil engineering. In this study, a calcium-phosphorus
coating is prepared on the surface of Mg-3.3 wt. %Nd alloy

by ultrasound-assisted chemical deposition, and its corrosion
behavior is also investigated in simulated concrete pore
solutions.

2. Materials and Methods

As-cast Mg-3.3 wt. %Nd alloys were used for substrate mate-
rials and cut into 10mm x 10 mm X 5mm pieces in this
investigation. First, the samples were mechanically ground
with SiC paper up to # 1200 and then polished with Al,O,
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FIGURE 3: Cross-section of the treated sample: (a) SEM image and (b-f) its EDS elemental maps.
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FIGURE 4: GIXRD patterns of the treated sample.



|Z] (Q-cm?)

0.1 1 10 100 1000 10000 100000

Freqency (Hz)

s Treated/ALK
o Untreated/ ALK

(a)

® Treated/ ALK+CI-
© Untreated/ALK+Cl-

3x10% A

2x10% 1

-Z'" (Qrcm?)

1x10%

2x104 3x104 4x10% 5x10%4
Z' (Qrcm?)

® Treated/ ALK+CI-
o Untreated/ ALK+Cl~

s Treated/ALK
o Untreated/ ALK
— Fitting

(©

6x10%

Scanning

E:
<
L
)
5]
<
Q
=
=
o
0.1 1 10 100 1000 10000 100000
Freqency (Hz)
s Treated/ ALK ® Treated/ ALK+CI-
o Untreated/ALK o Untreated/ ALK+Cl~
(b)
0.2
0.0 1
~0.2 4
~ =044
8 ]
% -0.6 1
= -0.8
E -10-
§ -12]
3 ]
A~ 1.4
1.6 4
1.8 4
-2.0

T il il il il il il il
10-10 10-% 10-8 10-7 10-¢ 10> 10-% 10-3 102 10!
Current density (A/cm?2)

—— Treated/ ALK+Cl-
—-—- Untreated/ ALK+Cl-

—— Treated/ ALK
——— Untreated/ALK

(d)

FIGURE 5: (a) Bode plots of the samples: impedance versus frequency. (b) Bode plots of the samples: phase angle versus frequency. (c) Nyquist

plots of the samples. (d) Polarization curves of the samples.
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F1GURE 6: Equivalent circuit models for EIS data fitting: (a) Untreated samples [21] and (b) treated samples [22].

pastes. Second, they were rinsed with ethanol at room tem-
perature and rapidly dried with hot air. Third, 1.5mol/L
KH,PO, and 1.2mol/L CaCl, were prepared, respectively.
Here, a conventional ultrasonic cleaner was used for produc-
ing ultrasound, and a beaker with 30 mL of the mixture was
placed into the ultrasonic cleaner. After the Mg alloy samples

were treated in the beaker at a frequency of 40 kHz for 40
minutes, they were taken out, washed with deionized water
and ethanol in turns, and then naturally dried in air at room
temperature.

Field emission scanning electron microscope (FESEM)
was performed to observe the surface and cross-section
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TaBLE 1: Fitted results for the different samples in simulated concrete pore solution based on the corresponding equivalent circuit models.

Untreated/ALK Treated/ALK Untreated/ ALK+Cl® Treated/ ALK+CI”
Equivalent circuit model R(QR) R(Q(R(QR)(QR))) R(QR) R(Q(R(QR)(QR)))
Rg (Q cm?) 59.42 225.05 17.47 101.26
Y, (Q%em?s™) 1.473 x 1077 9.872x1077
ny 0.7224 0.646
R; (2 cm?) 1864 1542
Yy (@Q%cm™?s™) 1.069 x 10~° 4.94%10°° 1.016 x 10~ 3.866 x 107°
ny 0.9228 0.7278 0.9392 0.8604
R (Qcm?) 1.856 x 10* 6.17 x 10* 2177 5891
Yy (27 em?s™) 3.034x10°° 2.554x107°
Ngite 0.5772 0.3757
Ry (Q cm?®) 9167 2.812x 10*

morphology of the treated sample, and the elemental distri-
bution of the treated one was analyzed by energy-dispersive
X-ray spectrometer (EDS). Grazing incidence X-ray diffrac-
tion (GIXRD) was performed to characterize the surface
phase composition of the treated sample, and two different
angles of X-ray incidence a (« =1°and5°) were selected in
this investigation.

In order to simulate the alkaline environment in the con-
crete construction, a saturated Ca (OH), solution was used as
the simulated concrete pore solution. In addition, the satu-
rated Ca (OH), solution was further diluted by 3.5 wt.% NaCl
solution with a volume ratio of 1:1 to evaluate the effect of
chloride ions. Electrochemical test and soaking experiment
were applied to evaluate the corrosion behavior in the above
solutions. Electrochemical corrosion tests were conducted on
a CHI660E electrochemical workstation using the conven-
tional three-electrode technique. Here, the potential was ref-
erenced to a saturated calomel electrode (SCE), and the
counter electrode was a platinum sheet. The specimen with
an exposed surface area of 1x 1cm? was immersed in 200
mL simulated concrete pore solution. After immersion for
30 min, the electrochemical impedance spectra (EIS) were
collected from 100kHz to 100 mHz with a 5mV sinusoidal
perturbing signal at the open-circuit potential. After the test
of EIS, potentiodynamic polarization curves were recorded
from -1.8V to OV at a scanning rate of 1.0mV-s'. All the
electrochemical measurements were repeated three times to
ensure reproducibility. In the immersion test, both untreated
and treated samples were immersed in 20 mL ClI” containing
simulated concrete pore solutions for 24h. After that, the
samples were taken out, rinsed with water and ethanol, and
naturally dried in air. Then, their surface morphologies after
immersion were observed by scanning electron microscopy
(SEM).

3. Results and Discussion

Figure 1 shows the appearance of the Mg-Nd alloy samples
used in this study, indicating the surface of Mg alloy has been
obviously changed after chemical deposition. By comparison,
it is concluded that the ultrasound-assisted chemical deposi-

TaBLe 2: Corrosion potential and corrosion current density
determined from polarization curves.

E,,. (VISCE) (Aecm®)

Icor T

Untreated/ALK —1.481 +0.050 (3.46 £4.47) x 1077
Treated/ALK -1.667 £0.039 (3.74+0.11) x 1077
Untreated/ALK+ClI"  —1.531+0.023 (6.09+1.12) x 10°°
Treated/ ALK+Cl -1.545+0.019 (1.96 £2.51) x 107°

tion can obtain a smoother surface than that without using
ultrasound. Here, it should be pointed out that the chemical
deposition without ultrasound cannot meet the requirement
from the view of surface quality. Therefore, we abandon the
strategy of conventional chemical deposition in this study
and directly choose the process of ultrasound-assisted chem-
ical deposition. Figure 2 exhibits the microscale surface mor-
phologies of the treated sample observed by SEM. As shown
in Figure 2(a), the treated surface is evenly covered by a layer
of microflakes, and the inset acquired at high magnification
shows that those microflakes pile up tightly. Figures 2(b)-
2(e) further reveals the elemental distribution of elements
Mg, O, Ca, and P, which means that a Ca-P coating has been
formed on the surface.

Figure 3 exhibits the cross-section of the treated sample.
It can be clearly seen in Figure 3(a) that a layer of dense coat-
ing is well formed on the substrate. According to the EDS ele-
mental maps in Figures 3(b)-3(f), the layer mainly contains
Ca, P, and O. GIXRD is performed to further determine the
phase composition of the coating and the corresponding
results are shown in Figure 4. Due to the difference of the
investigated depths, those peaks on the curve of 1° (incident
angle) are weaker than those on the curve of 5° (incident
angle). But the positions of those peaks are the same, which
also match those of standard CaHPO,-2H,O diffraction
peaks very well. Thus, it can be easily confirmed by compar-
ison that this coating mainly consists of CaHPO,-2H, 0.

Figure 5 shows the results of those electrochemical tests
including  electrochemical impedance spectra and
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FiGUre 7: SEM images of the untreated and treated samples after immersion in Cl” containing simulated concrete pore solution for 24 h: (a, b)
surface morphology of the untreated sample and (c, d) surface morphology of the treated sample. The insets show the appearance of the

samples after immersion for 24 h.

polarization. Figure 5(a) gives the Bode plots of impedance
versus frequency, Figure 5(b) exhibits the Bode plots of phase
angle versus frequency, and Figure 5(c) draws their corre-
sponding Nyquist plots. Here, the saturated Ca (OH), solu-
tion is denoted as ALK, and the CI" containing solution is
named after ALK+CI". Both the untreated sample and treated
sample have a high impedance in the saturated Ca (OH),
solution, but in the saturated Ca (OH), solution diluted by
3.5wt.% NaCl solution, the impedance of the untreated sam-
ple becomes very low. Fortunately, the treated sample
changes this trend, and its impedance turns close to that of
the untreated one in the CI free saturated Ca (OH), solution,
indicating that the corrosion resistance is improved by
ultrasound-assisted chemical deposition. Two equivalent cir-
cuits, R, (QqR,) [21] and R (Qs(R;(QuR;)(QusrRair))) [22]
in Figure 6, are proposed to fit the impedance spectra of the
untreated samples and treated samples, respectively. Here,
R, is the solution resistance. Qg and R, represent the
double-layer capacitance and charge transfer resistance,
respectively. Qg represents the capacitance pertaining to
the diffusion, and Ry represents the relevant resistance. Q;
denotes the capacitance of the deposited film, and R; is the

total resistance of the pores in the film. The fitted data are
exhibited in Table 1. The polarization curves obtained in this
study are displayed in Figure 5(d), and the corrosion poten-
tial as well as corrosion current density is derived from
cathodic Tafel region extrapolation (shown in Table 2). Gen-
erally, higher corrosion current density corresponds to lower

corrosion resistance. In Cl" containing simulated concrete
pore solutions, the corrosion current density of the treated
sample has been reduced to about one-third of that of the
untreated sample. Therefore, it can be found based on the
data in Table 2 that the treated sample has a better corrosion
resistance than the untreated one in the Cl” containing simu-
lated concrete pore solution.

Figure 7 shows the surface morphology of the samples
after the immersion in Cl' containing simulated concrete
pore solutions for 24 h. It can be seen that the untreated sam-
ple suffers from severe aqueous corrosion whereas the treated
one still keeps its surface intact. Even in SEM images, it is
observed that those microflakes on the surface of the treated
sample are well preserved. Finally, it is confirmed that the
dense coating prepared by ultrasound-assisted chemical
deposition can act as an effective barrier to mitigate the cor-
rosion of Mg-Nd alloys in CI” containing simulated concrete
pore solutions.

If metallic magnesium is immersed in aqueous solutions,
the overall corrosion reaction can be described as follows:
Mg+2H,0 — Mg** +20H +H,1 [23]. Usually, the dissolu-
tion of Mg increases the OH™ concentration, and magnesium
hydroxide will precipitate once its solubility limit is exceeded
[24]. Therefore, it can be easily understood based on the
above chemical reaction that magnesium owns an immune
behavior in alkaline solutions. Unfortunately, OH" is prone
to be replaced by CI” to form soluble chloride which expedites
the dissolution of magnesium hydroxide [25]. Thus, the cor-
rosion resistance of magnesium and its alloys will decrease
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significantly when CI” occurs in the simulated concrete pore
solution.

A layer of dense coating is revealed in Figures 2 and 3,
and here, its formation mechanism is simply discussed as fol-
lows. Firstly, H,PO, ionizes in aqueous solutions to release
HPO,” and H* [26, 27]. Next, HPO,> preferentially bonds
with Ca®>* to form insoluble CaHPO,-2H,0O in this acidic
phosphate solution, whose related chemical reaction is
shown below: Ca®"+HPO,> +2 H,0— CaHPO,«2H,0
[28, 29]. In addition, OH" produced from the corrosion of
magnesium will react with H,PO, to facilitate the formation
of HPO42' [28, 29]. Finally, when the surface is uniformly
covered by CaHPO,-2H,0, the corrosion resistance of mag-
nesium alloys can be improved due to the protective effect
of CaHPO,-2H,0O. Nowadays, magnesium alloys have many
potential applications such as formwork and reinforcing
bar in building engineering due to the urgent requirement
of lightweight construction. On the heels of this trend, a facile
process is successfully developed in our study to enhance the
corrosion resistance of magnesium alloys in Cl" containing
simulated concrete pore solutions.

4., Conclusion

A layer of dense Ca-P coating is fabricated on Mg-3.3 wt.
%Nd alloy by ultrasound-assisted chemical deposition, which
mainly consists of CaHPO,-2H,0. Mg-Nd alloy has a good
corrosion resistance in the simulated concrete pore solution
because of the immune behavior of magnesium in alkaline
aqueous environments. However, it cannot resist the corro-
sion attack when chloride ions occur in the simulated con-
crete pore solution. Fortunately, this Ca-P coating can
protect the substrate effectively in the Cl” containing simu-
lated concrete pore solution. In summary, it offers an eco-
nomical and environmentally friendly means to produce a
barrier structure on Mg-Nd alloys and further paves a poten-
tial way to develop Mg alloys as civil engineering materials in
the future.
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The wide application of superhydrophobic materials is mainly hindered by the poor mechanical robustness and complicated
preparation method. To overcome these problems, we tried to make a combination of hierarchical and self-similar structure by
the means of a simple spraying method. By adding nanofiller (carbon nanotube) and microfiller (graphite powder and expanded
graphite), the hierarchical structure was constructed. By further doping the fillers in the commercial asphalt uniformly, the self-
similar structure was prepared. Based on the aforementioned work, the as-prepared sample could withstand the sandpaper
abrasion for 12.00 m under 4.90 kPa. Moreover, this superhydrophobic coating demonstrated good conductivity, superior self-
cleaning property, and excellent corrosion resistance. The integration of conductivity with the superhydrophobicity might open

new avenues for ground grid applications.

1. Introduction

The steel is widely used in our daily life and industry due to
its relatively low price, excellent mechanical strength, and
superior machinability [1-3]. However, most steel is prone
to be corroded, which results in massive economic losses.
Many methods have been developed to prohibit the corro-
sion [4-7]. Particularly, superhydrophobic materials, which
can be fabricated by the combination of micro/nanostructure
and low surface energy, are attracting more and more atten-
tion because the water droplets can maintain nearly spherical
shape on them and roll off easily [8-11]. Based on this
extreme repellency, many researches have tried to use the
superhydrophobic materials to protect corrosion [12-14].
For instance, Cao et al. fabricated a superhydrophobic film
which could protect the metal substrate for a long time
[15]. Zhang et al. prepared a superhydrophobic coating by
combining the epoxy resin with carbon nanotubes, which
can effectively protect the Q235 carbon steel [16].

However, the Achilles’ heel for superhydrophobic sur-
faces is the poor mechanical durability. Most superhydro-
phobic surfaces are prone to be damaged by a slight
scratch, or even finger contact [17, 18]. To overcome this
weakness, three different methods were developed. First, Lu
et al. introduced a “Paint+Adhesive” method which tried
bonding the hydrophobic particles using the adhesives [19].
Second, Verho et al. adapted hierarchical structure which
tried to utilize the relatively robust microstructure to protect
the fragile nanostructure [20]. Third, the self-similar struc-
ture is also a potential method which let the new exposed part
maintain superhydrophobicity because they are similar in
texture and functionality with the abrade parts [21].

The electrical conductivity is also a key consideration
because it is crucial in many practical applications. For
instance, Q235 steel is widely used as ground grid in the elec-
tricity substation due to its cheap price and relatively low elec-
trical resistance. Then, the excellent electrical conductivity
should be guaranteed when we tried to use superhydrophobic


https://orcid.org/0000-0001-5074-6167
https://orcid.org/0000-0002-5622-0788
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5642124

coating to protect the ground grid [22]. To achieve superhy-
drophobicity and excellent conductivity simultaneously,
scattering carbon-based fillers in the polymer matrix is the
main solution. For instance, Hejazi et al. fabricated hair-
like superhydrophobic carbon nanotube structure using a
template method, which achieved superhydrophobicity
without any modification [23]. Gu et al. prepared superhy-
drophobic surface by coating polystyrene onto the carbon
nanotube membrane [24]. Wang et al. constructed a super-
hydrophobic coating by mixing the graphene with the poly-
dimethylsiloxane [25]. Nevertheless, the aforementioned
conductive/superhydrophobic materials have the weakness
of mechanical robustness.

In our previous work, a superhydrophobic/conductive
material based on the mixture of epoxy and carbon nano-
tubes has been prepared [26]. The asphalt is widely used in
our daily life as the pavement due to its outstanding mechan-
ical strength [27]. Compared with the epoxy, the asphalt has
many different specialties, which lead to some special appli-
cations such as the pavement. Here, we tried to use the
asphalt as the basement to enhance the mechanical strength.
In order to obtain self-similar structure, the conductive fillers
were uniformly dispersed in the asphalt matrix. In order to
further obtain hierarchical structure, both microscale filler
(graphite powder and expanded graphite) and nanoscale
filler (multiwall carbon nanotube) were utilized. Thus, the
hierarchical and self-similar structures were combined which
endowed the superhydrophobic coating with outstanding
conductivity, excellent mechanical robustness, and superior
self-cleaning performance. Moreover, this superhydrophobic
coating was achieved by simply spraying, which has the
potential for large-scale production.

2. Materials and Methods

2.1. Materials. The 10# asphalt, 70# asphalt, Q235 steel plate,
and expanded graphite (EG) were purchased from a local
market. The multiwalled carbon nanotubes with a mean
diameter and length of 9.5nm and 1.5 ym were purchased
from Nanocyl Co. Ltd., Belgium (NC7000). 1H,1H,2H,2H-
per-fluorooctyltriethoxysilane (CgF,;H,Si(OCH,CHj;),, FAS)
were purchased from Aladdin Reagent Co., Ltd., Shanghai,
China. All other chemicals were bought from Sinopharm
Chemical Reagent Co., Ltd. (SCRC, China) and used as
received.

2.2. The Pretreatment of the Q235 Plate. The Q235 steel plates
with dimensions of 20 mm x 20 mm X 1.5 mm were utilized
as the substrates. Before using, the Q235 substrates were
abraded to be the 800# sandpaper and then ultrasonically
cleaned in deionized water.

2.3. Preparation of the Superhydrophobic Coating. The sche-
matic of the fabrication process can be found in Figure 1.
First, 1.6 g 10# asphalt and 0.4 g 70 # asphalt were mixed into
7.0 g tetrahydrofuran (THF) by mechanical stirring for 4h,
which was marked as solution A. Separately, 0.6 g graphite
powder, 0.15g MWCNTs, 0.03g EG, and 0.2g FAS were
sequentially dissolved into 8 g THF by means of mechanical
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FIGURE 1: The schematic of the fabrication process.

stirring, which was defined as solution B. It should be noted
that we further altered the amount of MWCNTs and EG
for the purpose of improving the electrical conductivity.
Then, the solution A was mixed with solution B. After stir-
ring for 4h, the mixture A was obtained. In the next step,
the mixture A was sprayed onto the Q235 steel with the help
of spray gun under the pressure of 0.4 MPa. Finally, the coat-
ing was cured at room temperature for 24 h. The thickness of
the as-prepared coating was ~0.45 mm.

2.4. Characterization. The surface microstructures of the
superhydrophobic coating were investigated by a scanning
electron microscope (SEM, TESCAN Vega3), and the ele-
ment compositions were assessed from the equipped
energy-dispersive spectroscopy (EDS). Before the SEM test,
a thin Au film (~2-3nm) was sputtered onto the samples.
The true color confocal microscope was employed to mea-
sure the surface roughness. The water contact angles (CAs)
were evaluated by a home-made contact angle meter. A
high-speed camera (Revealer 2F04) was utilized to assess
the sliding angles (SAs). The 5uL water droplets were
adapted in the aforementioned CA and SA tests.

For the resistivity test, the coating was sprayed on a glass
slide (76 mm x 26 mm x 2 mm). A DC bridge (QJ84, Shang-
hai Zhengyang Instrument Factory, China) was utilized to
investigate the volume resistivity according to Chinese stan-
dard GB/T 2439-2001. The volume resistivity (p) was calcu-
lated as follows:

S
:R —,
p=Rx < (1)

where R is the electrical resistance of the coating, S is the
cross-sectional area, and L is the length of the coating. The
conductivity (s) is the reciprocal of the volume resistivity.

The CHI760E electrochemical workstation (Shanghai
CH Instruments) was utilized to investigate the polarization
curves. We used the three-electrode system and set the scan-
ning rate at 1 mV/s. The specimen and a platinum electrode
were adapted as the working and counter electrode, respec-
tively. A saturated calomel electrode (SCE) was employed
as the reference electrode.

2.5. The Abrasion Test. In the abrasion test, the superhydro-
phobic coating was faced down to the rough surface of
200# SiC sandpaper. Then, a weight of 200 g (4.90kPa) was
put on the top of the Q235 substrate. With the help of
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(d)

F1GURE 2: The SEM image of the as-prepared superhydrophobic sample with (a) low and (b) high magnification. (c) 2D and (d) 3D true color

confocal microscope images of the as-prepared sample.

external force, the specimen was dragged along the ruler for
20 cm, which was defined as one abrasion cycle.

3. Results and Discussion

In this study, the hierarchical structure was prepared by
means of adding both microscale filler and nanoscale filler.
The SEM observation confirmed the existence of the hierar-
chical structure. Many microscale bulges (2-20 ym) could be
found from Figure 2(a), which came from the EG and
graphite. We further amplified the magnification of SEM
observation. Then, many MWCNTs could be found which
were on and between the microbulges (Figure 2(b)). We
further utilized the true color confocal microscope to evalu-
ate the surface morphology (Figures 2(c) and 2(d)). The
surface roughness was calculated to be ~6.55 ym, indicating
the microscale roughness of the as-prepared superhydro-
phobic sample.

To detect the chemical composition, the EDS measure-
ment was carried out at the area of Figure 2(b). The C, O,
F, and Si components could be detected from Figure 3(a).
We attributed the F component to the FAS, which played a
vital role in the low surface energy. The Au component came
from the Au sputtering prior to the SEM observation. There-
fore, this coating obtained superhydrophobicity by means of
the combination of hierarchical structure and the low surface
energy. It can be found that eight spherical shape water drop-
lets were randomly scattered on the surface (Figure 3(b)),
indicating the outstanding superhydrophobicity. We further
calculated the CAs and SAs to quantitatively evaluate the

wetting state, and this coating exhibited a high CA of 163°
and a low SA of 5°. Thus, it is reasonable to deduce that this
coating demonstrated stable Cassie-Baxter state where the
water droplets were suspended on the surface [28, 29].

XPS measurement was performed to further investigate
the surface chemical composition of the as-prepared super-
hydrophobic surface. Figure 4 shows the survey spectra of
the sample. It can be found that the Si 2p, Si 2s, C 1s, O s,
and F 1s peaks are detected from the surface. Figure 4(b)
shows curve-fitted F 1s core-level spectra of the sample. A
dominant peak appearing at 689.32 eV corresponds to fluo-
rine bonded as CF,, in the FAS chain indicating that F is pres-
ent in same bonding environment as that of FAS [30]. A
shoulder peak at higher binding energy of 689.75¢V could
be associated with Si-F, interaction [31]. This confirms the
presence of fluoride groups on the silica particles [32].
Curve-fitted Si 2p core-level spectra of the sample are showed
in Figure 4(c). Si 2p core-level spectra show a dominant peak
at 104.15eV, which corresponds to -Si-OH or Si-F, species.
Low-intense component peak around 102.64eV could be
due to SiO,-based network. Figure 4(d) shows the multiele-
ment spectra of C 1s; observed peaks at 284.50, 284.78,
285.60, 292.00, and 294.27 eV are ascribed to C-Si, C-C, C-
O, CF,, and CF;, respectively [30-32].

The universal utilization of superhydrophobic materials
is hindered by their poor robustness. In other words, the
micro/nanostructures which are indispensable for construct-
ing the superhydrophobicity are destructed easily. To solve
this problem, the asphalt was utilized as the binder which is
widely used in pavement for its excellent mechanical strength
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FIGURE 3: (a) EDS test of point 1 in Figure 2(b). (b) Photograph of water drops deposited on the superhydrophobic sample.
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FIGURE 4: XPS measurement of the graphene superhydrophobic composite. (a) Survey XPS spectrum of the as-prepared superhydrophobic
surface. (b) F 1s, (c) Si 2p, and (d) C 1s XPS spectrum of the sample.

and bonding force. At the same time, both micro- and nano-  widely utilized to evaluate the mechanical robustness [33-
fillers were doped in the asphalt matrix to guarantee the for- ~ 41]. Tian et al. further pointed out that the abrasion distance
mation of hierarchical structure which would enhance the  and applied pressure are two key factors to facilitate compar-
mechanical durability. The sandpaper abrasion test has been  ison among different researches [42].
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FIGURE 5: (a) Images of the processes and results of destruction by sandpaper abrasion. (b) The CAs and SAs on the as-prepared sample as a
function of abrasion cycle. (c) The schematic of antiabrasion mechanism.

Thus, the sandpaper abrasion test was performed in this
research. First, the sample was faced down to the rough
surface of SiC sandpaper (200#). Then, a weight of 200 g
(4.90kPa) was put on the top of the sample, as shown in
Figure 5(a) and Movie S1. By applying the external force,
the sample moved along the ruler for 20 cm as one abrasion
cycle. Although some powders could be found during the
abrasion process, the superhydrophobicity was retained by
watching the behavior of dropping waters. The quantitative
changes in CAs and SAs during the abrasion process could
be further found in Figure 5(b). Even after 60 abrasion
cycles, the CA was 159° and the SA was 6°, indicating the
outstanding mechanical robustness. Meanwhile, it was
found that the thickness of the coating reduced from
~0.45mm to ~0.10mm. We ascribe the retention of super-
hydrophobicity to the self-similar structure (Figure 5(c)),
which makes the undamaged layer of the superhydrophobic
coating similar to the exposed parts in functionality and
texture.

The conductivity of the materials has received more and
more attention recently. On the one hand, the conductive
coating could shed off the accumulated electrons and then
improve the reliability of the microelectronic device. On the
other hand, the excellent conductivity is indispensable for
some special application such as the ground grid. In this
research, we tried to optimize the electrical property by
means of altering the amount of the MWCNTSs and EGs.
The electrical conductivity and antiabrasion ability were
investigated simultaneously, and the results are summarized
in Table 1. The detailed test method of the electrical conduc-
tivity and antiabrasion ability can be found in the experiment

TaBLE 1: The experiment results of the superhydrophobicity with
different contents of the filler.

Experiment MWCNT (g) EG () Conductivity Antiabrasion

(S/m) (cycles)
1 0.10 0.00 1.96 600
2 0.15 0.03 4.26 300
3 0.20 0.04 8.53 80
4 0.30 0.05 42.46 60
5 0.35 0.06 138.14 5

section. With the addition of conductive fillers, the electrical
conductivity is increased, but the antiabrasion property
decreased simultaneously. Thus, how to make a balance
between the electrical conductivity and antiabrasion property
is a crucial challenge. After optimization, this coating could
exhibit a conductivity of 42.46 S/m, which could maintain
superhydrophobicity after 60 abrasion cycles.

Here, the soil was utilized as the model contaminant,
and the glass slide was used as the substrate. As shown
in Figure 6(a) and Movie S2, we first placed the superhy-
drophobic sample at a slope angle of ~15° and then spread
a layer of soil onto the sample. In the next step, the water
droplets were dribbled onto the sample. It can be found
that the water droplets rolled down easily (Figures 6(b)
and 6(c)). Once the water droplet contacted the soil parti-
cles, it would take the contaminant array due to the
extremely low water adhesion. Finally, a completely clean
sample was obtained (Figure 6(d)), suggesting the excellent
self-cleaning property.
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FIGURE 6: Self-cleaning process on the as-prepared superhydrophobic surface: (a) the surface contaminated by the soil powder; (b, ¢) the
contaminated surface dropped with water droplets; (d) the contaminated surface after the water dropping process.

Moreover, this superhydrophobic coating exhibited
excellent corrosion resistance [43-45]. The steel is univer-
sally utilized in our daily life due to their excellent mechanical
strength, easy processing, and cost efficiency. Corrosion is
regarded as the main failure mechanism for steel (especially
for Q235 steel). In this research, we tried to improve the anti-
corrosive performance by means of superhydrophobic coat-
ing. The polarization curves were utilized to evaluate the
corrosion resistance, as shown in Figure 7. Here, we
employed the 3.5 wt% NaCl aqueous solutions as the electro-
lyte. Before the electrochemical test, we immersed the sam-
ples into the electrolyte for 3h. Because the corrosion
potential (E_,,, vs. SCE) and the corrosion current density
(i.0pr) are two crucial for assessing the anticorrosive perfor-
mance, we further deduced them from the polarization
curves. The corrosion potentials for the bare Q235 steel,
Q235 steel with epoxy coating, and superhydrophobic coat-
ing were calculated to be -0.198, -0.413, and -0.547 v, respec-
tively. Furthermore, the corrosion current density for the
bare Q235 steel, Q235 steel with epoxy coating, and superhy-
drophobic coating was calculated to be 2.41 x 107°, 6.24 x
107%,and 6.91 x 1077 A/cm?, respectively. Thus, the superhy-
drophobic coating could reduce the corrosion current den-
sity 35 folds compared with the bare sample and reduce 9
folds compared with the epoxy coating. We ascribed the out-
standing corrosion resistance to superhydrophobicity. When
the superhydrophobic coating was immersed in a corrosive
solution, the micro/nanostructures of the coating tend to trap
the air, which will serve as a cushion and hold back the elec-
tron transfer between Q235 steel substrate and the corrosive
electrolyte [46, 47].
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FiGure 7: Tafel polarization curves of bare Q235 steel, epoxy
coating, and superhydrophobic coating.

4. Conclusion

In summary, we reported a simple and cost-effective method
to prepare superhydrophobic/conductive asphalt. The con-
ductivity of the asphalt can be controlled by adding conduc-
tive filler. When the filler was dispersed uniformly in the
asphalt matrix, the self-similar structure can be obtained.
Moreover, the hierarchical structure could be constructed
by adding nanoscale filler (carbon nanotube) and microscale
filler (graphite powder and expanded graphite). Due to the
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combination of self-similar and hierarchical structure, this
superhydrophobic asphalt demonstrated mechanical robust-
ness to the sandpaper abrasion. Moreover, this asphalt com-
posite exhibited good conductivity, superior self-cleaning
property, and excellent corrosion resistance.
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With the popularization of digital technology and the exposure of traditional technology’s defects, computer-aided design and
computer-aided manufacturing (CAD/CAM) has been widely used in the field of dentistry. And the accuracy of the scanning
system determines the ultimate accuracy of the prosthesis, which is a very important part of CAD/CAM, so we decided to
evaluate the accuracy of the intraoral and extraoral scanners. In this study, we selected the sphere model as the scanning object
and obtained the final result through data analysis and 3D fitting. In terms of trueness and precision, the scanner of SHINING
was significantly different from that of others; however, there was no significant difference between TRIOS and CEREC.
SHINING showed the lowest level of accuracy, with CEREC slightly lower than TRIOS. The sphere model has also been proven

to be scanned successfully.

1. Introduction

With the emergence of digitalization, CAD/CAM systems [1]
have found an increasingly wide utilization in the field of
prosthodontics on account of its considerable strengths [2].
Given the fact that the traditional prostheses gradually fail
to meet the needs of patients, the use of intraoral [3] and
extraoral scanners in dentistry is becoming more and more
common [4, 5].

By using the specific and intuitive model presented from
intraoral and extraoral scanners [6-9], we can immediately
obtain detailed information of the patient’s oral cavity and
its digital files. And the files will be imported into the com-
puter to complete the design and production [10]. The extra-
oral scanner scans the impression model, and the intraoral
scanner directly scans the patient’s oral cavity [7]. Compared
to the traditional technology, the scanning technology is
undoubtedly time-saving and efficient [11, 12].

There are many factors that affect the scanning results
and data collection. Recent studies have shown that different
scanning strategies can affect the accuracy of results [13]. It
has been reported that different scanning systems also con-
tribute to different experimental results [14]. In addition,
the selection of the impression materials and operation time
will affect the accuracy of extraoral scanners, while the scan-
ning range, light [15], and oral tissue will affect intraoral
scanners [16, 17].

Considering the above factors, it is of clinical significance
to evaluate the accuracy of intraoral and extraoral scanners
[9]. The early Fliigge’s study claimed that the extraoral scan-
ners performed better than intraoral scanners under the oral
environment [13]. However, as the algorithms and scanning
techniques evolve, Tomita et al. concluded that the intraoral
scanners had higher accuracy than extraoral scanners as they
were studying their self-manufactured denture model
in vitro [18]. Further, the performance of the intraoral
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F1GURE 1: Design drawings of the (a) sphere model, and (b) optical
image.

TABLE 1: Mean trueness/precision values + standard deviation (SD).

Test group Trueness (mm) Precision (mm)
SHINING 0.061 +0.018 0.059 +0.023
CEREC 0.010+0.010 0.014 +0.010
TRIOS 0.006 + 0.003 0.006 +0.003
True value 7.908

scanner is significantly influenced by the geometry of the
scanned object, for the fact that it accumulates the scanned
image and records the scanning path of the object to obtain
the complete image. Especially, the uniformity of the model
will also reduce the performance of the intraoral scanner.
Therefore, this study is based on an international standard
model to evaluate the accuracy of intraoral and extraoral scan-
ners [19, 20].

After looking up a lot of literature, we found that there
were few papers based on the sphere model [19], so this
experiment adopted the ISO standard sphere model [21].
According to the definition of accuracy regulated in ISO
5725 including trueness and precision, the trueness refers
to the degree of uniformity between a measurement result
and the reference value, while the latter one maintains the
uniformity between independent measurement results.
According to the standard in ISO 3290-2, we chose a
sphere with Grade 20 to conduct the experiment. And the
error of diameter and surface less than 0.001 mm can be
ignored in this grade [22].
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FIGURE 2: Boxplots of absolute mean trueness (a) and precision
values (b) of the sphere model. The horizontal line of each
Boxplot from top to bottom represents the upper edge, upper
quartile, median, lower quartile, and lower edge of the value,
respectively, in addition the round dots represent outliers, and the
crosses represent averages.

TABLE 2: Relative errors of the trueness and precision of the sphere
model (diameter).

Test group Trueness (mm) Precision (mm)
SHINING 0.008 0.008
CEREC 0.002 0.002
TRIOS 0.001 0.001

2. Materials and Methods

2.1. Fabrication of Models. According to the clinical practice,
the theoretical value of the diameter of the sphere model
based on the ISO 12836 [21] was set as 8 mm, as shown in
Figure 1(a). The 3D file of the model was drawn by
computer-aided design software (AutoCAD 2018, Autodesk,
USA), which was exported in stereolithography (STL)
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TaBLE 3: RMSE values for the 3D-fitting results.

Test group RMSE
SHINING 0.064
CEREC 0.017
TRIOS 0.007

format. The test model was made of stainless steel, and we
used computer numerical controlled (CNC) milling to fabri-
cate it. Moreover, the model was sandblasted with a powder
size of 80 ym as specified by the international standard.

2.2. Creation of Gold Standard Values. Thirty measurements
of the sphere model’s diameter were taken by Vernier Cali-
pers, the average of which was taken as the truth value in this
paper. One of the measurements was shown in Figure 1(b).
The true value was set as the gold standard for evaluation,
and the 3D file based on the value was created as the gold
standard file for 3D fitting.

2.3. Scanning Process. One extraoral scanner (SHINING
D200+, CHN) and two intraoral scanners (CEREC AC
D3492, Sirona, GER and TRIOS TI12A, 3Shape, DEN),
respectively, performed 30 scans of the sphere model and
saved them as STL files. The model was scanned by the same
skilled technician who followed the scanning method recom-
mended by the different instrument manufacturers to elimi-
nate interference and improve feasibility [7].

2.4. Data Acquisition and Image Matching. The scanned orig-
inal files were converted into STL files, which were then
imported into a reverse engineering software (Geomagic
Control X 2018, 3D SYSTEMS, USA). The test indicator
(diameter) was measured and recorded through the software,
and the 3D files of test groups were compared with the gold
standard files for 3D fitting. Meanwhile, root mean square
error (RMSE) values were recorded.

2.5. Mathematical Analysis. The formula for accuracy assess-
ment is as follows [23]:

Trueness = |(dg —dy,) |, (1)
Precision = |(d, — dy)|, (2)
Ady, = |(dg — dy)ldg|s (3)

AS(dy) = [S(dpr)/d,
dg :The standard reference value for the

diameter of the model,
d,; : Measured value for the diameter of the model,

d, : Average of the measured value for

the diameter of the model,
Ad,, : Relative error of trueness,
AS(dy;) : Relative error of precision,

S(dy) : Standard deviation of the measured

value for the diameter of the model.
(4)

Perform statistical analysis on scanned data using SPSS
v.20.0 (IBM, USA). The data conform to a normal distribu-
tion, but they are not conformable in the homogeneity of
the variance. The Nonparametric Kruskal-Wallis test ana-
lyzed the difference in parameters and the result of p < 0.01
attested statistically significant differences.

3. Results

3.1. Absolute Mean Trueness and Precision of the Sphere
Model. The value of absolute mean trueness and precision
of the sphere model is enumerated in Table 1. Figure 2(a)
shows boxplots of the absolute mean trueness values, and
Figure 2(b) shows boxplots of the absolute mean precision
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FIGURE 4: 3D-fitting comparison of digital impression files ((a) SHINING, (b) CEREC, and (c) TRIOS) with gold standard file. Within the
specified accuracy range, green represents the overlap between test groups and control group, yellow represents higher than the control
group, and blue represents lower than the control group. The greener areas mean the more accurate the scanned image.

values of the sphere model. Regarding diameter errors of the
sphere model, the TRIOS reveals the highest trueness and
precision, respectively. The comparison between the
intraoral scanners and the extraoral scanners shows that
compared to the CEREC and SHINING, the mean trueness
value of TRIOS is much lower. The mean precision value of
TRIOS is significantly lower than CEREC and SHINING.

3.2. Relative Errors of Sphere Model. Table 2 shows the rela-
tive errors of the trueness and precision of the sphere model.
The relative errors of the sphere model are less than
0.008 mm, respectively. This is an ideal result that when com-
paring the relative errors of trueness and precision between
these scanners, the trend is similar to that of the absolute
mean deviation of trueness and precision.

3.3. Broken Line Graph and RMSE. The broken line graph of
the original data of the sphere model diameter measured by
scanners is shown in Figure 3. The yellow line is the gold
standard. It is obvious that SHINING’s values are not con-
centrated and far from the yellow line. We found that the
values of CEREC and TRIOS were very close to the gold stan-
dard, also highly centralized and accurately combined with
RMSE in Table 3.

3.4. 3D-Fitting Measurement. Figure 4 shows a 3D-fitting
comparison of the digital impression between test groups
and the control group. The difference in colors other than
green represents the difference between the measured value
and the gold standard. More green areas mean the scanned
image more accurate. The results show that there is a larger
error of SHINING compared with other scanners, and a large
area is lower than the control group. The fitting result of
TRIOS is the best with the largest green area.

3.5. Analysis of Significant Difference. We find that there is no
significant difference between CEREC and TRIOS, but the
absolute mean precision values of the CEREC are signifi-
cantly lower than TRIOS through statistical analysis. And

SHINING is different from CEREC and TRIOS in terms of
precision and trueness obviously.

4. Discussion

In this study, the accuracy of intraoral and extraoral scanners
was evaluated by a sphere model described in ISO 12836 [21].
The sphere model is of positive geometry with a precision
limited to 0.0002 mm, made of dimensionally stable stainless
steel. There have been many studies evaluating the accuracy
of scanners by Inlay-cavity die and Grown-and-bridge die,
but few studies are based on the sphere model because it is
difficult to be identified by the intraoral scanner.

Arakida et al. assessed the influence of ambient light illu-
mination and color temperature on the authenticity and
accuracy of a digital signal and proved that the conditions
0f 3900 k and 500 lux are the most suitable conditions for dig-
ital scanning [24]. Sun et al. compared the reproducibility of
intraoral scanners in vivo and in vitro, respectively, and the
results showed that the reproducibility was comparable, so
different scanning environment will affect the scanning
results of intraoral scanners [25].

According to the scanning standard described in ISO
12836 [21], the scanning process of each scanner was exe-
cuted 30 times with room temperature of (23 +2)°C and
the change of temperature controlled within +1°C, which
we had followed to minimize the error caused by external
interference.

There are still many factors like equipment or manual
operations that can affect the accuracy of the scanner [26].
Therefore, we designed some schemes aimed at these prob-
lems to minimize their impact on accuracy. The scanning
principle and operation methods of intraoral and extraoral
scanners in this experiment are different. And we added a
base at the bottom of the sphere model for proper operation.
If the operator had touched the sphere directly by hand in the
experiment, the surface of the model would have changed
greatly and thus the final result would have been affected.



Scanning

Thus, it is necessary to add the base which can also fix the
sphere model to make scanning easier.

Reproducibility and repeatability are also important
components of the evaluation [27]. Reproducibility can be
defined as the consistency of the measured results of the same
object under different conditions, while repeatability is
affected by operating, timing, equipment, etc. Therefore, this
experiment was carried out by a skilled operator in strict
accordance with the methods specified by the scanner manu-
facturers to reduce the influence of operation.

There is no significant difference between values obtained
in the experiment and the standard values created from the
model, so it is feasible to scan the sphere model with these
three scanners.

There are limitations to our experiments as well. The long
operation of the scanner may result in the degradation of the
performance, which may affect the scanning results of the lat-
ter part. And the choice of a single model has some limita-
tions in the evaluation of scanners. In terms of the clinic,
due to the complex oral environment, like saliva, blood,
and soft tissue, there will be deviations in the actual operation
[28, 29]. Additionally, the level of analysis and measurement
software used also affects the results.

According to the study of Burzynski et al., with the prog-
ress of intraoral scanning technology, the shrinking of the
camera, and the acceleration of acquisition time, patients
may show a greater preference for digital impression [30].
Through investigation, Ahmed et al. found that with the
development of digitization and the improvement of scanner
accuracy, people’s acceptance of using CAD/CAM for oral
disease treatment has gradually increased [31]. Alghazzawi
argued that the coming trend for most practitioners would
be the use of an acquisition camera attached to a computer
that was equipped with appropriate software and the capabil-
ity of forwarding the image to the laboratory [32].

Our experiment compared one extraoral scanner (SHIN-
ING) with two intraoral scanners (CEREC, TRIOS), whose
results showed that the accuracy of CEREC was between
the other two. It indicated that the intraoral scanners were
better than the extraoral one. Since no controversy was
shown in the results of this experiment, the results of clinical
trials of the extraoral and intraoral scanners need further
discussion.

5. Conclusions

The accuracy of the intraoral scanners in this experiment
was greater than that of the extraoral scanner. The intraoral
scanner has certain reliability in practical application and is
worth to trial in clinics. The sphere model is achievable as a
scanning object, but it requires further research and
improvement.
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The application prospect of biodegradable materials is being studied extensively. However, the high corrosion rate and its alloys in
body fluids have been major limitations of the application of pure Mg (magnesium). To improve corrosion resistance of
biodegradable AZ31 Mg alloy, we adopted microarc fluorination within a voltage range of 100-300V in 46% hydrofluoric acid.
To obtain morphologies, chemical compositions, and structural characteristics, field-emission scanning electron microscopy
(FE-SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD) were performed, respectively. Results
showed that the coating was mainly composed of MgF,. Electrochemical corrosion and immersion tests proved that the
corrosion resistance of MAF-treated AZ31 Mg alloy was significantly improved compared with untreated AZ31 Mg alloy in
HBSS (Hank’s Balanced Salt Solution). Current densities of AZ31, MAF100, MAF150, MAF200, MAF250, and MAF300 were
3424, 0.295, 0.228, 0.177, 0.199, and 0.212 yA/cm?, respectively. The roughness test indicated that samples under MAF
treatment of 200V, 250V, and 300 V had large surface roughness. Meanwhile, the contact angle measurement and surface free
energy test suggested that those samples had smaller contact angle and higher SFE than Ti. Thus, MAF-treated AZ31 Mg alloy

might have promising application in various fields.

1. Introduction

In orthodontic treatment of oral cavity, microimplant nails are
often used in anchorage treatment. Screws must be removed
from patients after treatment. During the removal of screws,
there is a risk of screw breakage. The broken screw might
remain in a patient due to an operational error [1]. Removal
of the broken screw might cause secondary injury to the
patient. If the screw is made of biodegradable material, the
broken portion of the screw can naturally degrade in the
patient. Mg has been a research focus in recent years [2, 3].
Compared to other biodegradable materials, Mg and its alloys
have higher specific strength, better degradation ability, and
better seismic performance [4, 5]. For example, the elastic mod-

ulus of Mg or its alloy (45 GPa) is close to that of the human
bone (20 GPa), thus alleviating stress shielding effect between
the bone and implant. However, the elastic modulus is about
110 GPa for titanium alloy and about 200 GPa for stainless steel,
making it easier to cause the stress shielding effect. Besides, the
density of metallic magnesium is 1.7-2.0 g/cm’, similar to the
density (1.8-2.1 g/cm”) of a natural bone. These characteristics
indicate that Mg and its alloy are promising bone implant mate-
rials [6]. However, their degradation rate is too high to produce
microimplant nails. Therefore, Mg and its alloys need to have
an appropriate degradation rate to ensure their mechanical
properties and normal metabolism of hydrogen.

Our main research direction is to slow down the degrada-
tion rate of Mg in vivo. Currently, degradable membrane
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formed on the metal surface through metal passivation treat-
ment, metal plating [7, 8], or metal surface fluorination [9]
can delay the degradation of metal. These methods can main-
tain good mechanical properties [10, 11]. At present, electro-
chemical methods have been widely used for surface
treatment of Mg. These methods have been proven to be
extremely effective [12-14].

Microarc oxidation (MAO) is a surface treatment
method carried out under high voltage. The coating prepared
by MAO has advantages of short preparation time, uniform
surface characteristics similar to the bone, adjustable coating
thickness, and high biocompatibility. Properties of MAO
coatings are mainly determined by electrolytes used, includ-
ing borate [15], silicate [16], fluoride [13], potassium fluoro-
zirconate [17], phosphate [18], and aluminate [19]. Coating
surface morphology and thickness are main factors affecting
MAO coatings [20]. For example, the porosity of MAO
coating is decreased with an improvement of frequency, but
increased with an increase of the final voltage. Through pores
and microcracks in MAO coatings lead to electrochemical
corrosion of Mg alloys more easily than nonthrough pores
[21]. Sealing is an important method to improve the physical
barrier role of MAO coating. The coating can be sealed using
silicates, phosphates, sol gels, and alkaline materials with
additional polymer coatings [22, 23].

Fluorine (F) is an essential trace element. A proper
amount of fluorine is beneficial for the human health [24].
MgF, coating is formed by infiltrating Mg in hydrofluoric
acid for more than 24 hours. However, the biocompatibility
of the MgF, coating is poor [13]. That MgF, coating also
has disadvantages of long preparation time and environ-
mental pollution [9, 25]. A high F content in MAO coating
is toxic. A recent study has shown that MAO coating
containing high F content (higher than 19 at%) exhibits
high toxicity [26]. One study has shown that MAO coating
containing the F content of 62.12 at % can improve the
proliferation of cells [13].

To improve corrosion resistance of Mg, we adopted the
method of microarc fluorination (MAF), a combination of
MAO and fluorination. The coating prepared by MAF over-
comes disadvantages of MAO coating’s easy cracking and
smooth surface prepared by fluorination [13].

In this study, hydrofluoric acid was used as an electrolyte
to prepare coating at a voltage range of 100-300 V. Then, the
coatings were immersed in Hank’s Balanced Salt Solution
(HBSS) for corrosion experiment. After the corrosion exper-
iment, surface analysis was carried out using field-emission
scanning electron microscope (FE-SEM), energy-dispersive
X-ray spectroscopy (EDS), and X-ray diffraction (XRD).
Roughness, contact angle, and surface free energy (SFE) of
the corroded sample were measured. Corrosion resistances
of samples were analyzed.

Most experiments on the corrosion performance of Mg
are in vitro experiments [27-29]. Few experiments have
explained the corrosion behavior of Mg in vivo. We used
HBSS to conduct the immersion experiment to simulate an
in vivo experiment. Limited by ethical aspects and laboratory
conditions, it is impossible to use animal models to simulate
in vivo experiments.
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TasBLE 1: Elemental compositions of AZ31 Mg alloy.

Element Weight % Element Weight %
Al 2.85 Fe 0.003
Zn 0.75 Cu 0.00045
Mn 0.62 Ni 0.00052
Si 0.025 Mg In balance
2. Materials and Methods

2.1. Sample Preparations. AZ31 Mg alloy discs

(diameter = 16 mm; thickness = 2 mm) were laser cut from
the AZ31 sheet. Its compositions are shown in Table 1. Tita-
nium discs (diameter = 16 mm; thickness = 2 mm) were pre-
pared as references for surface free energy analysis. Samples
were polished with a 2000# SiC sandpaper in absolute ethyl
alcohol, washed with absolute ethyl alcohol, and blow-dried.

2.2. MAF Treatment. In the electrolyte of 100 mL hydrofluo-
ric acid (Sigma-Aldrich, 46%), AZ31 Mg alloy was used as an
anode, and a graphite rod was used as a cathode. After
numerous experiments, it was found that a large amount of
hydrofluoric acid gas was released during a violent reaction
of hydrofluoric acid at a high voltage, polluting the environ-
ment and harming health. Therefore, 100, 150, 200, 250, and
300V were chosen as experimental voltages in the present
study. Five sets of different voltages (100, 150, 200, 250, and
300) were applied at a DC constant voltage with a maximum
current of 2 A for 30 seconds. MAF-treated AZ31 Mg alloy
was then prepared and rinsed with deionized water three
times and blow-dried. A diagram of the MAF process is
shown in Figure 1. The code name and the process of prepar-
ing MAF-treated samples are shown in Table 2.

2.3. Surface Characterization. Surface morphology and basic
elements of samples were observed using an FE-SEM (JSM-
7001F; JEOL, Ltd, Tokyo, Japan) and EDS. Surface composi-
tions of samples were determined by XRD. At 40kV and
30 mA, the scan rate was 1°/min using a Cu-K« line.

Surface roughness was measured by the 3D optical
profilometry (ContourGT, Bruker, Tucson, AZ, USA). The
scattering angle was fixed at a smaller value of 1. According
to a single diffuse scattering scan, Ra, Rp, Rq, Rt, and Rv
values were measured based on ISO 4287 standard. The
sampling area was 0.17 x 0.2 mm?®.

2.4. Surface Free Energy Analysis. Deionized water and di-
iodomethane as test liquids were used for contact angle mea-
surements. A drop of test liquid (5 L droplet from a syringe)
was placed on the surface of each sample for 60s. The equi-
librium contact angle was then determined with an image
analyzer. The contact angle was recorded for both sides.
The SFE of each sample was calculated using Eq. (1) and
Eq. (2).

y=7"+y% (1)
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FIGURE 1: Diagram of the MAF treatment of AZ31 Mg alloy.

TaBLE 2: Sample code name and the process of preparing MAF treatment.

Code Surface treatment Processing time
AZ31 None None
MAF100 Immersed in 46% hydrofluoric acid at DC and constant voltage of 100 V 30s
MAF150 Immersed in 46% hydrofluoric acid at DC and constant voltage of 150 V 30s
MAF200 Immersed in 46% hydrofluoric acid at DC and constant voltage of 200 V 30s
MAF250 Immersed in 46% hydrofluoric acid at DC and constant voltage of 250 V 30s
MAF300 Immersed in 46% hydrofluoric acid at DC and constant voltage of 300 V 30s
12 erform its open circuit potential (OCP) mode. Then, a
(1+cos B)y, =2 (st)/ld) + 2(),517),1?)1/2, (2) gotential dyn;)mic polarizftion (PDI(’) tesi was performed.

where 0 is the mean equilibrium contact angle of H,O or
CH,1,, y, is the surface free energy of water, y,% and y? refer
to the hydrogen bonding and dispersion force components of
Y5 7, is the surface free energy of samples, and .4 and y/?
refer to the dipole-dipole interactions and dispersion force
components of y_.

2.5. Electrochemical Corrosion Tests. Corrosion resistances of
AZ31 and MAF-treated AZ31 Mg alloys were determined
with the open circuit potential and potentiodynamic polari-
zation test. An Ag/AgCl/Sat-KCl electrode was used as a
reference electrode. A pure graphite rod was used as a reac-
tion electrode. Each sample was exposed (1 cm?) as a working
electrode, and 1000mL of HBSS (Shanghai Yuanye Bio-
Technology Co, Ltd, China) was used as an electrolyte. The
temperature of the electrolyte was maintained at 37 + 1°C.
In this test, in order to stabilize the potential of the test
sample, the sample was first immersed in PBS for 1 hour to

Electrochemical tests were performed using a VersaSTAT3
potentiostat (Model 300, AMETEK, Inc, Berwyn, PA, USA)
coupled with a VersaStudio 2.43.3 software (AMETEK,
Inc.) for electrochemical control and data analyses.

2.6. Immersion Corrosion Tests. AZ31 and MAF-treated
AZ31 Mg alloys were vertically immersed in HBSS at 37°C
for one week and four weeks. Each group had three parallel
samples. The ratio of the HBSS volume to the sample area
was 20 mL/cm”. HBSS was refreshed weekly. After immer-
sion for one week or four weeks, samples were ultrasonically
cleaned with a chromium trioxide (CrO;) solution (Aladdin
Inc. China) for 3 minutes, rinsed with deionized water three
times, and blow-dried. The percentage of mass loss was
calculated using Eq. [3]:

Mass loss% = (MO — M1/MO0) x 100%, [3]where M, is
the mass of samples before immersion. M, is the mass of
the samples after the immersion. Three samples in each
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FIGURE 2: FE-SEM surface morphology of (a) AZ31, (b) MAF100, (c¢) MAF150, (d) MAF200, (e¢) MAF250, and (f) MAF300.

group were tested, and mass loss was expressed as mean
standard deviation (SD).

2.7. Statistical Analysis. All data are expressed as mean +
standard deviation. Data of the materials were subjected to
one-way analysis of variance (ANOVA) and post-hoc analy-
sis using Tukey’s test. Student’s test was used to compare
values before and after MAF treatment. All statistical analysis
was performed using IBM SPSS Statistics version 23.0 for
Windows (IBM Corporation, Armonk, New York, USA).
Statistical significance was defined at p < 0.01.

3. Results and Discussion

Figure 2 displays surface topographies of AZ31 and MAF-
treated AZ31 Mg alloy. The surface of MAF100 was not
smooth. There were several small holes and particles. The
coral-like structure appeared densely from 150 V but disap-
peared at 250 V. Diameters of crystal particles for MAF150,
MAF200, and MAF250 were approximately 0.5, 0.6, and
0.7 um, respectively. The coral-like structure was gradually
fused, forming micropores that could promote adhesion
and proliferation of osteoblasts [30]. However, MAF300
crystal particles were nonuniform in diameter.

Figure 3 demonstrates that surface elements are mainly
composed of F and Mg. Thus, it could be concluded that
magnesium fluoride coatings were formed on surfaces of the
samples through MAF. Based on chemical element composi-
tions on surfaces of AZ31, MAF100, MAF150, MAF200,
MAF250, and MAF300 based on EDS analysis, the percentage

of fluoride increased within increasing voltage. Compared
with MAF100, MAF150 exhibited a significant increase of
fluoride, achieving an increase of 43.39%. Fluoride percentages
on surface of MAF200, MAF250, and MAF300 were 71.11%,
71.61%, and 70.58%, respectively. At 150V, The AZ31 Mg
alloy surface appeared as an obvious spark discharge phenom-
enon. However, with further increase of voltage, the strong
spark discharge deposition in the anodic oxidation process
of AZ31 Mg alloy released a large amount of heat, resulting
in overheating of the surface of the AZ31 Mg alloy and a
significant increase of the temperature of local solution which
accelerated the dissolution rate of the oxide film. Therefore,
coating after 150 V caused little change in the fluorine content.

Figure 4 presents crystalline structures of samples by
XRD analysis. Referring to the standard JCPDS card, the
coating was mainly made up of tetragonal MgF, (JCPDS
No. 411443). Compared with untreated AZ31, patterns
observed for MAF-treated AZ31 Mg alloys clearly indicated
the presence of tetragonal MgF,. As shown in Figure 4,
MAF150, MAF200, MAF250, and MAF300 basically
displayed the same number of diffraction peaks, angular
position, relative intensity order, and shape of the diffraction
peak, whereas MAF100 showed a difference possibly due to
its thinner coating. X-ray projection requires tested
substance to have a certain thickness. Thus, there were no
peaks appearing in the relative diffraction angle for
MAF100. The formation of the MgF, phase in the coating
is through microarc oxidation reaction of the AZ31 Mg alloy
substrate and hydrofluoric acid solution in the discharging
channel produced by sparks. During sparks, Mg>" from
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substrate migrates outward. Meanwhile, F-inward migrates
into channels owing to the electrical field. MgF, coating
forms through the following reactions:

Mg — Mg** + 2¢7, 3

Mg** + 2F — MgF,.

In a high-voltage electrolyte, the discharge on the AZ31
Mg alloy surface generated many electric sparks, resulting
in a porous structure (Figure 2). A stable MgF, coating was

()
Figure 3: EDS analysis of (a) AZ31, (b) MAF100, (c) MAF150, (d) MAF200, (e) MAF250, and (f) MAF300.

formed on the surface. It is increased gradually, with little
or no sparks at a certain thickness of coating.

Figure 5 shows surface roughness of samples by 3D
optical profilometry. The image qualitatively analyzed
surface roughness and visually displayed sample surface
roughness. The formation of surface roughness is generally
related to the processing method and other factors [31].
Due to differences in processing methods and workpiece
materials, traces left on the processed surface are different
in depth, density, shape, and texture [32]. The main parame-
ter to evaluate surface roughness is contour arithmetic mean
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FiGcure 4: XRD patterns of (a) AZ31, (b) MAF100, (c) MAF150, (d) MAF200, (e) MAF250, and (f) MAF300.

deviation-Ra which refers to the arithmetic mean value of the
distance from each point on the measured contour to the
reference line within the sampling range as defined in ISO
4287. As shown in Table 3, Ra values of AZ31, MAF100,
MAF150, MAF250, and MAF300 were 0.182, 0.219, 0.294,
2.010, 3.235, and 6.689, respectively. Samples under treat-
ment of MAF200, MAF250 and MAF300 had a large surface
roughness. Moreover, those treated with MAF300 had signif-
icantly increased surface roughness. At a low voltage, the film
growth rate was slow. However, the resulting film was dense,
and the roughness was reduced. At a high voltage, the intense
spark discharge deposition in the anodic oxidation process of
AZ31 Mg alloy released a large amount of heat, and the
electrolyte temperature increased, resulting in an increase
of the dissolution rate of the film which led to an uneven film
and increased roughness. There are large troughs on the
surface of rough parts. They are sensitive to stress concentra-
tion such as sharp notch and cracks. Thus, surface roughness
affects fatigue strengths of parts [33]. Meanwhile, rough
surface can easily cause corrosive gases or liquids to penetrate
into the inner layer of metal through microscopic concave
valley of the surface, resulting in surface corrosion.

Figures 6(a) and 6(b) show SFE and contact angles of Ti,
AZ31, and MAF-treated AZ31 Mg alloy. In clinical practice,
titanium as an emerging material has been widely used in
fields of surgical instruments and implants in the world. It
has achieved great success. Thus, it was selected as a reference
object as in previous studies [34-36]. It was found that
MAF100 and MAF150 had lower SFE than other samples.
Simultaneously, it could be concluded that their hydrophilic-
ity and lipophilicity were poor as shown in Figure 6(c).

Values of contact angles and SFE of them are showed in
Table 4. One study has revealed that incremental SFE can
result in a faster colonization of the surface, indicating
excellent biocompatibility [37]. Therefore, we propose that
biocompatibility of MAF100 and MAF150 is less than Ti
and AZ31. Thus, MAF100 and MAF150 might be more suit-
able than Ti and AZ31 for fields such as bone plates that do
not require good tissue compatibility. However, MAF200,
MAF250, and MAF300 had higher SFE and better hydrophi-
licity and lipophilicity than other samples. Hence, they have
the potential to be biocompatible and are more likely to be
suitable than Ti for dental implants, anchorage nails, and so
on that need materials to possess good tissue compatibility.
FE-SEM revealed that microporous structures were formed
on surfaces of AZ31 treated under high voltages which might
result in an increase of the surface area. Due to capillary
principle, liquid can easily infiltrate [38]. Thus, hydrophilic-
ity and lipophilicity of MAF200, MAF250, and MAF300 were
inferable to be good.

Figure 7(a) shows OCP curves of AZ31 and MAF-treated
AZ31. At 60min, MAF200, MAF250, and MAF300
processed higher OCP values than other samples, suggesting
that they had lower corrosion potential. Overall, the OCP
curve tended to plateau in 60 min. In addition, the OCP
values of MAF-treated AZ31 Mg alloys were improved than
those of AZ31, indicating that the prepared coating had good
corrosion resistance.

Figure 7(b) shows the typical Tafel curve of AZ31 and
MAF-treated AZ31 Mg alloy. It was obtained by plotting E
and log | I |, where I was the current density and E was the
overpotential. The combination of a higher corrosion current
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TasLE 3: Surface roughness of AZ31, MAF100, MAF150, MAF200, density and a lower corrosion potential means a higher
MAF250, and MAF300. corrosion rate [39]. From Figure 7, we can infer that with
an increase in the treatment voltage of microarc fluorination,
the polarization curve of the sample showed a shift to lower

Code Ra (um) Rp(pm) Rq(ym) Rt(um) Rv(ym)

AZ31 0.182 1.670 0.229 2.800 -1.130 current density value. These results indicated that AZ31 Mg
MAF100 0219 1.346 0.286 4.538 -3.191 alloy exhibited a general corrosion behavior in electrolyte
MAF150 0294 2359 0.381 4.840 2481 while the corrosion of MAF-treated Mg alloys was hindered.
MAF200  2.010 8.409 2457 17213 -8.804 In addition, MAF200 had the highest corrosion potential

(-1.262V) and the lowest current density (0.177 uA/cm?).
Therefore, it is reasonable to assume that the corrosion
resistance of MAF200 is the best. The results of the potentio-
dynamic corrosion test on AZ31 and MAF-treated AZ31 are
showed in Table 5.

MAF250 3.235 7.090 4.490 30.260 -23.170
MAF300 6.689 30.095 8.608 53.162 -23.067




Scanning 11

Equilibrium contact angle (H,0)
90.0

80.0 A

70.0 1 -[

60.0
50.0 A
40.0
30.0 A I
20.0
10.0 A
0.0

Ti AZ31 MAF100 MAF150 MAF200 MAF250 MAF300
Surface

(@)
Equilibrium contact angle (CH,1,)

Contact angle (°)

180.0
160.0 -
140.0
& 1200
L)
2 100.0 -
<
§ 80.0
g
S 60.0
- T
40.0
20.0 - . -
0.0
Ti AZ31 MAF100 MAF150 MAF200 MAF250 MAF300
Surface
(b)
Surface energy
90.0
80.0

€ 700 -
& 60.0 -
g5 50.0 A
b}
2 40.0
o
8 30.0 4
el
5 20.0
w
10.0 A
0.0

AZ31 MAF100 MAF150 MAF200 MAF250 MAF300
Surface

(0

FiGUure 6: Contact angle and surface free energy of Ti, AZ31, MAF100, MAF150, MAF200, MAF250, and MAF300. Contact angle
measurement with (a) H,O, (b) CH,I, as probe reagent, and (c) values of surface free energy.

Figure 8 shows weight loss percentages of AZ31 and  The weight loss value of MAF200 was the lowest. The weight
MAF-treated AZ31 Mg alloy after immersion in HBSS. Ina  loss value of MAF250 and MAF300 was gradually increased
certain voltage of 100V and 200V, with an increase of the =~ compared with the weight loss value of MAF200, indicating
treatment voltage, the weight loss of AZ31 Mg alloy decreased. ~ that the degradation rate increased with increasing voltage. It
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TaBLE 4: Values (mean + SD) of contact angel and energy for Ti, AZ31, MAF100, MAF150, MAF200, MAF250, and MAF300.

Code Contact angle (°) . E (mJ/m?)
Deionized water Di-iodomethane e pPr SFE

Ti 64.5+12.9 51.1+3.8 33.67 £0.65 12.87 £ 6.09 46.55 +6.55
AZ31 24.4+2.4 33.0+4.4 42.85+1.68 29.80 +0.55 72.65+1.42
MAF100 244+24 147.0 £ 15.1 0.57£0.61 46.91 +£13.18 47.48 £12.58
MAF150 57.4+17.2 104.6 +44.1 12.56 + 15.00 39.31+27.14 51.87+£19.82
MAF200 32.9+14.5 46.4+1.8 36.27 £ 0.56 28.46 + 6.60 64.73 £ 6.74
MAF250 15.6 £8.7 24.5+6.5 46.29 +1.95 30.56+1.13 76.86 + 3.08
MAF300 20.7+13.5 46.4+10.3 36.03 +£5.26 34.26 £ 6.74 70.29 +6.20

*p¢, and y”_ refer to dipole-dipole interactions and dispersion force components, respectively.
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F1GURE 7: Electrochemical corrosion results. (a) OCP. (b) PDP curves of the AZ31, MAF100, MAF150, MAF200, MAF250, and MAF300.

TaBLE 5: Corrosion potential and current densities of AZ31,
MAF100, MAF150, MAF200, MAF250, and MAF300.

Code E, (V) Iow (A/cm?)
AZ31 -1.501 342.4
MAF100 -1.336 0.295
MAF150 -1.318 0.228
MAF200 -1.262 0.177
MAF250 -1.293 0.199
MAF300 -1.328 0.212

might be related to the increase of surface roughness for
MAF250 and MAF300. As confirmed in previous studies,
surface roughness had a significant impact on the corrosion
rate of AZ31 Mg alloy, leading to the accelerated corrosion
rate with an increase of roughness [40]. Weight loss values

of AZ31 and MAF-treated AZ31 exhibited basically identical
trend after one week and four weeks. We could infer that
corrosion resistance was increased with increasing surface
roughness in several cases. In addition to roughness, the pore
size simultaneously affects the protective ability of AZ31
substrate [21]. After microarc fluorination, coral-like fluorine
coating was formed on the surface of AZ31 Mg alloy. It played
a protective role on the surface [41]. Coating thickness and
pore size are crucial to improve corrosion resistance of a
sample.

4. Conclusions
In this study, we used MAF technology to treat and detect
AZ31 in 46% hydrofluoric acid electrolyte at different

voltages. We could draw the following conclusions:

(1) The coral-like structure was formed on the surface by
MAF
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of four weeks.

(2) MAF-treated AZ31, in comparison with untreated
AZ31, showed significantly improved surface
roughness

(3) Surface roughness increased with increasing MAF
treatment voltage

(4) The corrosion resistance of a sample was determined
by pore size, surface roughness of the coating, and so
on
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Inferior mechanical properties have always been a limitation of the bioresorbable membranes in GBR/GTR. This study is aimed at
fabricating a bioresorbable magnesium-reinforced polylactic acid- (PLA-) integrated membrane and investigating its mechanical
properties, degradation rate, and biocompatibility. The uncoated and fluoride-coated magnesium alloys, AZ91, were made into
strips. Then, magnesium-reinforced PLA-integrated membrane was made through integration. PLA strips were used in the
control group instead of magnesium strips. Specimens were cut into rectangular shape and immersed in Hank’s Balanced Salt
Solution (HBSS) at 37°C for 4, 8, and 12d. The weight loss of the AZ91 strips was measured. Three-point bending tests were
conducted before and after the immersion to determine the maximum load on specimens. Potentiodynamic polarization (PDP),
electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM), and energy-dispersive spectroscopy (EDS)
were conducted on coated and uncoated AZ91 plates to examine corrosion resistance. Murine fibroblast and osteoblast cells
were cultured on circular specimens and titanium disks for 1, 3, and 5 d. Thereafter, WST test was performed to examine cell
proliferation. As a result, the coated and uncoated groups showed higher maximum loads than the control group at all time
points. The weight loss of AZ91 strips used in the coated group was lower than that in the uncoated group. PDP, EIS, SEM, and
EDS showed that the coated AZ91 had a better corrosion resistance than the uncoated AZ91. The cell proliferation test showed
that the addition of AZ91 did not have an adverse effect on osteoblast cells. Conclusively, the magnesium-reinforced PLA-
integrated membrane has excellent load capacity, corrosion resistance, cell affinity, and proper degradation rate. Moreover, it
has great potential as a bioresorbable membrane in the GBR/GTR application.

1. Introduction

Periodontitis is a chronic inflaimmation of periodontal
attachment tissues caused by local factors, which causes a
destructive periodontal disease and alveolar bone loss [1, 2].
The regeneration of the periodontal tissue defect is a chal-
lenge for clinicians [3]. GBR/GTR is a radical treatment tech-
nique for the periodontal disease. The principle of the
periodontal regeneration surgery is to use a membrane as
the barrier material. The resistance of the surface to contact
with the gingival connective tissue occupies a particular

space. It guides the periodontal ligament cells to occupy the
root surface of the tooth to form a new cementum and
attachment [4].

Barrier membranes are fundamental for GTR/GBR. The
ISO selects an ideal biomaterial for GTR/GBR membranes,
which should fulfill the main design criteria, such as biocom-
patibility, space-making, cell occlusiveness, tissue integra-
tion, and clinical operability [2, 4]. These materials can be
classified into nonbioresorbable and bioresorbable mem-
branes, according to their degradation characteristics [4].
Bioresorbable membranes have the apparent advantage of
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degradation. However, its strength is too low to be used for
alveolar bone absorption in a large area of posterior teeth,
such as polylactic (PLA), collagen membrane [5], and chito-
san [6]. Collagen is currently the most popular GTR/GBR
membrane material that promotes bone regeneration [7].
However, two disadvantages of collagen membrane limit its
development. On the one hand, collagen membrane has
low mechanical strength and fast degradation rate in vivo.
Hence, it easily collapses and loses space support in the appli-
cation process. Postlethwaite et al. [8] discussed that collagen
can act as a barrier to promote cell/tissue regeneration, with
an average retention time of about 6 weeks and a relatively
short supporting time. On the other hand, the raw material
of collagen membrane comes from animal collagen, and the
extraction purity is low. Therefore, production cost is expen-
sive. In addition, because the collagen of animals may contain
infectious pathogens carried from the animals, the collagen
membrane can be infectious to some extent. Chitosan, also
called acetyl chitosan, is derived from crustaceans, such as
crabs, shrimps, and crayfish. It is a natural polymer material
that is bioresorbable [9]. However, owing to the poor
mechanical strength of chitosan membrane, it can only be
used to treat alveolar bone resorption and periodontal prob-
lems in small areas. Moreover, there are many methods for
making chitosan membranes, most of which are in the pri-
mary stage; therefore, further research is required. Rakhmatia
et al. believed that the absorption degree of bioresorbable
materials was unpredictable and could affect bone regenera-
tion. If the bioresorbable membrane material was absorbed
too quickly, it would lead to the formation of an incomplete
barrier membrane structure. It means that the strength of
the membrane material for surgeries was not enough to sup-
port the regeneration of periodontal tissues and bones [4, 10].
Chen et al. believed that the early exposure of nonbioresorb-
able GTR membranes to the mouth could lead to bacterial
infection, leading to a failure or the incomplete regeneration
of periodontal tissues or bones [6, 11]. Nonbioresorbable
membranes have prominent strength; however, they cannot
be absorbed in the body because they can easily cause sec-
ondary infection, such as titanium mesh and polytetrafluor-
oethylene (PTFE) [4, 6, 12]. In 1984, PTFE membranes
were firstly introduced into the field of oral cavity [13].
According to the structure, PTFE is divided into expanded
PTFE (e-PTFE) and high-density PTFE (d-PTFE). E-PTFE
has ideal mechanical properties and can better maintain
the growth space of periodontal tissues. E-PTFE membranes
and bioresorbable membranes are usually required to be
closed with sutures during the primary surgery to prevent
the growth of soft tissues, bacterial infection, membranes
location migration, and exposure of implants to the mouth.
Nonetheless, d-PTFE membranes have a small aperture
and high density, which can prevent various bacteria from
infiltrating the barrier membranes and reduce the chance
of infection.

Toygar et al. [14] reported that there was no significant
difference in the adhesion of dental plaque between the tita-
nium membrane and e-PTFE membrane in the treatment
of periodontal defects. The results showed that the titanium
membrane was equivalent to e-PTFE membrane for peri-
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odontal tissue regeneration and can be used for the treatment
of periodontal defects. Although the titanium mesh is exces-
sively hard, it can increase the exposure probability of the
barrier membrane and increase the stimulation to these soft
tissues [15]. The barrier membrane of a single material has
different defects, but a composite barrier membrane made
of various materials can achieve a mutually reinforcing effect,
such as Ti-PTFE [3, 12]. With the help of Ti, the strength of
the barrier membrane can be enhanced; however, Ti-PTFE is
not a bioresorbable membrane and requires a second opera-
tion to be removed. Therefore, it is particularly essential to
seek a composite barrier membrane with high strength and
bioabsorbability in the current field of GTR/GBR.

Polylactic (PLA) is an aliphatic polyester with better bio-
logical activity, deriving from fully renewable resources such
as corn and sugar beets [16, 17]. It has a relatively complete
manufacturing process that uses a two-step method. First,
lactide is obtained by the condensation reaction of lactic acid
and then prepared by ring-opening polymerization of lactide
[16]. A wide range of experimental studies have found that
PLA materials have superior bioabsorbability [18]. After
use, PLA can be completely degraded naturally by microor-
ganisms and eventually generate carbon dioxide and water
without polluting the environment, which is relatively favor-
able to environmental protection. As a surgical implant
material, its degradability in vivo and in vitro has also been
recognized [19]. This further confirms that PLA has excellent
biocompatibility, excellent processability, and controllable
permeability (for the access of nutrients into the bone defect).
In vitro, it performs well in the adhesion of epithelial connec-
tive tissues and alveolar bone regeneration, with satisfactory
periodontal tissue regeneration [20]. However, considering
the inferior mechanical properties of polymeric materials,
the individual application of polymers in several clinical situ-
ations, especially large bone defects, is limited. Nowadays,
PLA has been widely applied in GTR/GBR surgery, which
still has an objective prospect in medical biology.

Magnesium alloys as biodegradable implants have dis-
tinctive preponderances over Fe-based alloys and Zn-based
alloys [21]. In the human body, the degradation product
of magnesium alloys is Mg**. Mg®" is the coenzyme factor
of many metabolisms in the body, and Mg** significantly
promotes the formation of new bones [22]. Magnesium
alloys produce hydrogen gas during the metabolic process,
leading to a high rate of magnesium degradation, which
increases the concentrations of Mg** in body fluids. How-
ever, a significant increase in the concentration of Mg** will
inhibit the deposition of osteoblast mineral matrix, which
in turn will reduce the osteoblast activity, thus resulting in
osteomalacia-like performance [23]. The most effective way
to slow down the corrosion rate of magnesium alloys is to
perform surface modification, such as hydroxyapatite coating
[24] and hydrofluoric acid coating [25-27]. Owing to the
controlled permeability of PLA and the excellent mechanical
properties of magnesium alloy AZ91, bonding the two
together can complement each other. The magnesium alloy
serves as the reinforcing core to support the PLA membrane
and increase its strength. PLA, as a barrier, on the one hand,
can prevent direct contact between magnesium alloy and the



Scanning

TaBLE 1: Group codes and referred composition of samples.

Group Composition

Coated Fluoride-coated AZ91-reinforced
PLA-integrated membrane

Uncoated Uncoated AZ91-reinforced PLA membrane

Non-Mg Integrated membrane with PLA strip

Ti Titanium disk

surrounding bone tissue, and on the other hand, it can reduce
the leakage of Mg”".

Therefore, the preparation of a magnesium alloy (AZ91)-
reinforced PLA-integrated membrane has both degradability
and functional strength. Furthermore, the integrated mem-
brane can be better applied to guided tissue regeneration,
providing more and better time and space for the regenera-
tion of periodontal tissues and bones. This study verified
the feasibility of the design through mechanical experiments,
degradation experiments, electrical corrosion tests, surface
morphology, and elementary composition analysis for Mg
and in vitro cell proliferation experiments, aiming to explore
the effect of the application of the Mg-reinforced PLA com-
posite membrane in GTR/GBR.

2. Materials and Methods

2.1. Fabrication. PLA granules (Goodfellow, UK) were dis-
solved in a glass container containing 5% acetone, heated to
50°C, and stirred vigorously for approximately 4h. Mg alloy
AZ91 (9wt% Al, 1wt% Zn), both coated and bare, was
applied as a reinforcement core. Coated samples were made
as follows: AZ91 strips with specific size were rinsed in 35%
hydrochloric acid (OCI, Korea) to clean the surface and
immersed in 50% hydrofluoric acid (Duksan, Korea) for 8h
to form the fluoride coating. Then, AZ91 strips were washed
using deionized water and ethanol. Finally, AZ91 strips were
wholly blow-dried. Bare samples (uncoated) were treated in
the same way, except for being immersed in HF (Table 1).

The PLA solution was first laid in a metal mold, followed
by a Mg alloy AZ91 strip, and then a layer of PLA solution
was laid on the AZ91 strip. Next, the solvent was put in a dry-
ing oven at 100°C to evaporate for 6h and produce a Mg-
reinforced PLA-integrated membrane. The fabrication
method of the integrated membrane in the control group is
the same as above, except that the magnesium strip was
replaced by a PLA strip. The average thickness of the inte-
grated membranes was 120 ym. The integrated membranes
were cut into the desired dimensions (Figure 1).

2.2. Mechanical Test. The dimension of the sample was 40
% 20 x 0.12 mm?, and the reinforcement core in the middle
of the sample was 30x4x0.9mm? For experimental
groups, the coated and uncoated AZ91 were used as the rein-
forcement cores. For the control group, the PLA strip with
dimensions similar to that of the AZ91 strip was employed
to replace the AZ91 as the reinforcement core.

Through the three-point bending test, the bending
strength was determined as the maximum point of the

load-displacement curve; this test was performed in a stan-
dard laboratory atmosphere with a universal testing machine
(Instron, USA). The crosshead speed was set at 5 mm/min,
and the support span was set at 20 mm. At least five samples
in each group were tested.

2.3. Degradation Test for Membrane. The weight of magne-
sium strips (both coated and uncoated) used in this test was
first measured as W ,. After the fabrication procedure, coated,
uncoated, and non-Mg groups were placed in the closed
tubes containing 45ml of Hank’s Balanced Salt Solution
(HBSS, Welgene, Korea) and incubated in water baths at
37°C. At the end of each immersion period time of 4, 8, and
12d, five samples from coated and uncoated groups were
removed from the tube. Each magnesium strip was parted
from the integrated membrane. It was ultrasonically washed
in 20% chromium oxide (Sigma-Aldrich, USA) solution for
1 min to clean off the oxide precipitate on the surface, rinsed
with absolute ethanol (Duksan, Korea), and thoroughly
blow-dried. The weight was measured again as W,. The
weight loss percentage was calculated as follows:

Weightloss (%) = (W, - W,)/W, x 100, (1)

where W, is the initial weight, and W, is the final weight.

Five samples from each group were removed from the
tube and dabbed dry with the tissue, and a three-point bend-
ing test was performed on them immediately.

2.4. Electrochemical Corrosion Test for Mg Coated and
uncoated magnesium plates were tested by PDP and EIS
tests. First, PDP test was performed on these magnesium
plates; thereafter, the experimental results were analyzed
using a potentiostat (VersaSTAT 3:300) with commercial
software (VersaStudio 2.44.4). The electrochemical cell com-
posed of a classical three-electrode cell included a particular
working electrode examining sample. Pure graphite was
applied as the counterelectrode and Ag/AgCl/Sat-KCl
(+197 mV vs. the standard hydrogen electrode) as the refer-
ence electrode. Each magnesium plate was placed in a sealed
PTFE clamp with an exposed surface area of 1cm? as the
working electrode. HBSS (1000 ml) was put in a double-
wall beaker as the electrolyte, and the temperature of the elec-
trolyte was maintained at 37+ 1°C by a circulating water
heater. In this experiment, samples were immersed in the
HBSS for 1h to conduct their open circuit potential (OCP)
mode. After the OCP, the PDP was done. They scanned the
samples from the cathodic area to the anodic area at a rate
of 1mV/s, with a reference electrode value in the range of
—2V to —1V. Thereafter, the corrosion potential (E_,), cur-
rent density (I.,,), and corrosion rate (CR) were precisely
measured by the software. EIS was performed at an OCP,
employing a sinusoidal potential of 5mV in the frequency
range from 10° to 107> Hz.

2.5. Surface Morphology and Elementary Composition
Analysis. The uncoated and fluoride-coated magnesium alloy
AZ91 soaked in HBSS (Welgene, Korea) were taken out; and
then, the magnesium alloys were separated from the
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FIGURE 1: (a) Model diagram of magnesium-reinforced PLA-integrated membrane and (b) optical image of magnesium-reinforced PLA-

integrated membrane after fabrication.

integrated membranes. Scanning electron microscopy (SEM,
JSM-5600; JEOL, Japan) was applied to analyze the surface
microstructure and morphology of these two alloys. The con-
centration analysis (quantitative analysis) of the corroded
surfaces and corrosion products of these two magnesium
alloys was performed using EDS (Hitachi S-4800, Hitachi,
Ltd., Tokyo, Japan) connected to the scanner.

2.6. Cell Proliferation Test. The diameter of circular speci-
mens was 16 mm. The coated magnesium alloy-reinforced
PLA-integrated membrane (4 x 4 mm) and uncoated magne-
sium alloy-reinforced PLA-integrated membrane were used
as experimental groups. The titanium disk and PLA-
integrated membrane without Mg were used as control
groups. These membranes were irradiated under UV for
1 h. Then, the membrane was individually placed in one 12-
well culture plate. Murine-derived preosteoblast (MC3T3-
El) and murine-derived fibroblasts (L929) cell lines were
chosen. Two types of culture medium were prepared. The
MC3T3-EL1 cell line was cultured in a culture media consist-
ing of Dulbecco’s modified Eagle’s medium (Welgene,
Korea) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% antibiotic/antimycotic (Gibco, USA).
The 1929 cell line was cultured in a culture media consisting
of RPMI 1640 medium (Welgene, Korea) supplemented with
10% FBS and 1% antibiotic/antimycotic (Gibco, USA).
MC3T3-El and L929 cells were carefully seeded on each
specimen with a concentration of 1x 10° cells in 200 ul of
the medium and incubated in 5% CO, at 37°C and 95% rela-
tive humidity for 1 h. Then, 2 ml of the medium was added to
each well. Five samples in each group were cultured for 1, 3,
and 5d. The medium and plate were replaced on days 1, 3,
and 5 before the WST test. At each time point, cells were
assayed by WST test. 200 ul of the WST assay (DoGenBio,
Korea) was added to each well and incubated in a 37°C envi-
ronment with 5% CO, and 95% relative humidity for 3 h.
Then, 100 ul of the solution was transferred to a 96-well plate.
The absorbance values were measured at 450 nm using the

ELISA Reader. The results were expressed as the averaged
absorbance levels of five replicates.

2.7. Statistical Analysis. Statistical analysis of the data was
implemented by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc analysis, and a p < 0.05 was
considered meaningful.

3. Results

3.1. Mechanical Test. Figure 2 shows the maximum load
recorded in the three-point bending test of coated, uncoated,
and non-Mg groups after each immersion time point and the
linear fit of each group. Maximum loads of coated and
uncoated groups were higher than those of non-Mg group
at all time points. Differences between coated and uncoated
groups in the whole period were not significant. The trends
of decreasing maximum load were similar for all groups.

3.2. Corrosion Tests. Figure 3(a) shows the weight loss per-
centage of magnesium cores used in coated and uncoated
groups after immersion for 4, 8, and 12d. The weight loss
percentage of the uncoated magnesium core was high, as it
reached 5.7% at day 12, while that of the coated magnesium
core was much lower and was only 2.0% at day 12.
Figure 3(b) shows PDP curves for coated and uncoated mag-
nesium plates in the PDP test. The curve of the samples
showed an excursion to lower current density values when
fluoride coating was applied. Figure 3(c) shows Nyquist plots
of coated and uncoated magnesium plates in EIS test. The EIS
behavior of the coated magnesium alloy was distinctly differ-
ent from that of the uncoated magnesium alloy. For the
coated magnesium alloy, a larger capacitive loop was shown
in the figure, indicating that the corrosion resistance of the
coated Mg alloy was much higher than that of the untreated
one. Figure 3(d) shows EIS Bode plots obtained for the coated
and uncoated magnesium plates. Under the measurement of
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FIGURE 2: Maximum load recorded in three-point bending test after each immersion time point.

0.01 Hz, the resistance modulus value of the coated magne-
sium alloy is higher than that of the uncoated alloy.

3.3. Surface Morphology and Elementary Composition
Analysis for Mg. Figure 4(a) shows the corroded surface mor-
phology and surface composition of the uncoated magne-
sium alloy. Through morphological scanning, it can be
observed that the surface of the uncoated magnesium alloy
was uneven, with prominent crevice corrosion and large-
area corrosion. Moreover, a small part of the corrosion parti-
cles adheres to the surface of the alloy. From the analysis
results of EDS, it can be seen that after corrosion of the
uncoated magnesium alloy, from the mass fraction, O>
Mg>C, and in terms of the atomic fraction, O >C>Mg.
Figure 4(b) shows the corroded surface morphology and sur-
face composition of the coated magnesium alloy. It can be
seen from the picture scanned by the SEM that the corrosion
surface of the fluoride-coated magnesium alloy was flatter
than that of the uncoated magnesium alloy, and a small
amount of hole-type corrosion occurred. Through the EDS,
the element composition of the surface of the coated magne-
sium alloy after 12 d of immersion can be obtained. In terms
of the mass fraction, F>Mg>C> O, and as for the atomic
fraction, F>Mg>C> O.

3.4. In Vitro Cell Proliferation Test. Figure 5(a) shows OD
value of cell proliferation test of murine fibroblast cell L929
on membrane materials by the WST test. On day 1, non-
Mg group showed significantly higher OD value than those
of uncoated and Ti groups. On day 3, the uncoated group
exhibited fairly lower OD value than those of coated and Ti
groups. On day 5, no apparent difference was shown.
Figure 5(b) shows OD value of cell proliferation test of
murine osteoblast cell (MC3T3-E1) on membrane materials
by the WST test. Day 1 showed no apparent difference. On
day 3, the Ti group showed prominently higher OD value

than that of non-Mg group. On day 5, Ti group showed rel-
atively higher OD value than those of all other groups.

4. Discussions

Chen et al. [28] reported that the Young’s modulus of Mg
alloy was a lot closer to human bones than that of bioinert
medical metals, such as Ti and stainless steel. Furthermore,
the strength of Mg alloy is higher than that of bioabsorbable
polymers, such as polylactic acid. Therefore, the magnesium
alloy as a reinforcing core will enhance the mechanical prop-
erties of PLA and provide an excellent barrier for the regen-
eration of periodontal tissues. Coated groups and uncoated
groups had a higher maximum load than non-Mg groups at
all time points in Figure 2, indicating that the reinforcement
of the magnesium core vastly increased the load capacity of
the integrated membrane. Although coated groups showed
close maximum loads as uncoated groups, the visual inspec-
tion after the immersion found that the corrosion was gener-
ally more severe on the magnesium cores of uncoated groups,
indicating that the existence of the fluoride coating can slow
down the CR of the magnesium core, and the fluoride coating
is significantly necessary for this application. Since the exper-
imental period was only 12 d, it may not be quite enough for
the degradation to show the apparent influence on the
strength reduction of the membranes. Thence, as shown in
Figure 2, as the immersion time increased, the trends of the
decrease of the maximum load were not drastic in all groups
according to the linear fit. Yan et al. [29] investigated the dif-
ferences between fluoride-coated and blank AZ31B after
immersion in SBF. They found that both the bending
strength and morphology of bare AZ31B changed even
within two weeks, while fluoride-coated AZ31B had little
effect. This result agreed with ours to a certain extent. Conse-
quently, coating technique is vital for slowing down the
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FIGURE 3: (a) Weight loss percentage of magnesium cores used in coated and uncoated groups in degradation test. (b) Potentiodynamic
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magnesium plates in EIS test. (d) EIS Bode plots obtained for the coated and uncoated magnesium plates.

degradation rate and mechanical property deterioration of
Mg alloys when applied in vivo.

Metal has unique mechanical advantages, which polymer
and ceramic cannot compare to. In GBR, for treating large
bone defect, Ti mesh is usually required along with the sup-
port of grafting materials. The application of polymeric
membranes, especially bioabsorbable ones, is considered to
result in the formation of an incomplete bone structure.
The degradation process of the bioabsorbable membranes
may cause the inflammation and affect the healing of bone
tissues, which will destroy the integrity of the reconstructed
bone [30]. In the composite material of magnesium alloy
and polylactic acid, when the volume fraction of magnesium
alloy reached 40%, the bending strength of the composite
material reached 198 MPa. However, the bending strength
of pure PLA is only 88 MPa [31]. Therefore, it is undoubted
that the use of AZ91 as a reinforcement core can strengthen

the polymeric membrane. Besides AZ91, Mg and its other
alloys also have the potential as reinforcement cores. Gu
et al. [32] concluded that the fatigue strength of Mg alloys
is in the range 20-100 MPa, whereas that of the polymer
ranges from 15 to 58 MPa. The application of different Mg
alloys may depend on their specific mechanical properties
and biological safety.

The GTR/GBR membranes must not only have excellent
mechanical properties but also have an appropriate degrada-
tion rate [30]. However, the degradation rate of the magne-
sium alloy is too fast [33]; hence, it is particularly vital to
modify the surface of the magnesium alloy. Tian and Liu
studied that hydrofluoric acid coating can reduce the CR of
magnesium alloys, delaying the corrosion process in cell cul-
ture medium for at least one week [25]. As shown in
Figure 3(a), since day 4, the degradation rate of uncoated
magnesium cores was approximately two to three times more
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FIGURE 4: Surface morphologies (SEM) and elemental compositions (EDS) of magnesium alloys soaked for 12 days. (a) Uncoated Mg. (b)
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than that of the coated ones. Even with the coverage of PLA,
the weight loss of the uncoated magnesium core reached
approximately 6% at the end of the 12-day immersion test.
Although the influence on the mechanical resistance of the
membrane was not significant in this study, it can be inferred

that the degradation of the magnesium core can still be a sig-
nificant issue when it is implanted in the human body. Polar-
ization testing is the most common approach to analyze
corrosion performance, detecting metal corrosion potential

(E,,y;) and the corrosion current density (I,,,) in SBF. I,



is closely related to CR. Its value is inversely correlated with
corrosion resistance, while the value of E_ . is in direct pro-
portion to the tendency of corrosion resistance. With the
same potential, the coated magnesium alloy had lower cur-
rent density than that of the uncoated magnesium alloy, indi-
cating that the corrosion resistance of the magnesium alloy
was enhanced by the fluoride coating in Figure 3(b). The bare
Mg alloy showed weak corrosion resistance in SBF, but the
corrosion was hindered after coating. The elevated corrosion
resistance of coated magnesium alloy was confirmed by
larger capacitive loop in Nyquist plots in Figure 3(c) and
larger modulus of impedance at 0.01 Hz in EIS Bode plots
in Figure 3(d). Through the comparative observation of the
surface morphology shown in Figures 4(a) and 4(b), it can
be found that the existence of the fluoride coating has hin-
dered the CR of the magnesium alloy and significantly
reduced the corrosion efficiency of the magnesium alloy. This
experimental result proved that the fluoride coating played a
crucial role in decreasing the CR of the magnesium alloy, and
this result was consistent with that of previous studies [34,
35]. The energy spectrum analysis charts in Figures 4(a)
and 4(b) showed that the corrosion products of magnesium
alloys soaked for 12d were mainly oxygen-containing com-
pounds. It can be seen that the deposition of corrosion prod-
ucts of the coated magnesium alloy was significantly less than
that of the uncoated magnesium alloy. On the surface of the
uncoated magnesium alloy, the reaction acted as follows:

Mg+ H,0 — Mg(OH), (2)

Mg(OH), — MgO + H,0 (3)

The surface of the coated magnesium alloy was mainly
composed of MgF,, which is not easily soluble in water due
to the presence of the fluorine. Consequently, there were
few corrosion products on the surface of the coated magne-
sium alloy AZ91, and the degree of the corrosion was lighter.
These experimental results in Figures 3 and 4 demonstrated
the importance of fluoride coatings for magnesium alloys as
implants in vivo.

The superior biocompatibility was one of the vital char-
acteristics of implants in vivo [36]. As shown in Figure 5(a),
fibroblast cells retained steady growth on the coated groups,
which can be compared to that on the Ti groups. Although
there was some fluctuation in non-Mg and uncoated groups
on days 1 and 3, all groups showed similar cell proliferation
on day 5. The cell affinity of fibroblast cells to membrane
materials can infer the materials’ biocompatibility when
membranes were implanted into the human body. Further-
more, the cytocompatibility of PLA and magnesium had
excellent cell compatibility. In Figure 5(b), osteoblast cells
grew better on the titanium, especially on day 5. As is well
known, titanium has the feature of osseointegration, which
can well explain its better affinity to osteoblast cells. Except
for the Ti groups, osteoblast cells had similar proliferation
rate on all PLA-integrated membranes with or without the
reinforcement of magnesium. These results indicate that the
addition of the magnesium core does not harm osteoblast
cells in the early stage. Although it cannot be compared to
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titanium, the cell affinity of PLA has been proven to be suffi-
cient for medical applications and as the GBR membrane.
Therefore, this magnesium-reinforced PLA-integrated mem-
brane has passed the trial on both fibroblast and osteoblast. It
is going to need an in vivo test to confirm the integrated
membrane in the future [37].

5. Conclusion

In this study, a GBR/GTR-integrated membrane made of
PLA and reinforced by an Mg alloy core was fabricated.
The integrated membrane had better load capacity compared
to those without the Mg reinforcement. When fluoride-
coated magnesium alloy was used, it showed an appropriate
degradation rate and better corrosion resistance. Osteoblast
and fibroblast cells both grew well on it. Consequently, this
bioresorbable magnesium-reinforced PLA-integrated mem-
brane has a potential application in the GBR/GTR technique.
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A comprehensive corrosion investigation of pure Fe in an environment of solid sodium salt deposit (i.e., NaCl or Na,SO,) with
mixtures of H,O and O, at 500°C was conducted by mass gain measurement, X-ray diffraction (XRD), scanning electron
microscope (SEM), potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS). The results showed that
corrosion rates were accelerated with solid NaCl or Na,SO, deposit due to their reaction with the formed protective scale of
Fe,O, and subsequently resulted in its breakdown. The corrosion rate of pure Fe with solid NaCl is higher than that with solid
Na,SO, because of the lower activation energy (E,) for chemical reaction of Fe in solid NaCl+H,0+0, (i.e., 140.5k]J/mol) than
that in solid Na,SO,+H,0+0, (i.e., 200.9Kk]J/mol). Notably, the electrochemical corrosion rate of pure Fe with solid NaCl

deposit, 1.16 x 107* A/cm?, was a little lower than that with solid Na,SO, deposit.

1. Introduction

Corrosion of metal materials is severe in the environment
with solid salt deposit and dry or wet O, at medium and high
temperatures [1-18], especially for turbine blades in planes
or ships and power boilers. Due to their excellent mechanical
properties, low cost, and ease of machining, pure Fe and its
alloys are the popular materials that were investigated in
solid alkali chloride deposit in dry or wet O, [1-7]. Most
researchers [2, 5, 6] thought that the solid NaCl could react
with Fe,O; to generate Cl, via the reaction, 2NaCl + Fe, O,
+1/20, = Na,Fe,0, + Cl,. Then, Cl, could react with Fe to
form FeCl(s), ie., Cl,+Fe=FeCly(s). As such, FeCl,(s)
would continuously evaporate under low vapor pressure
at high temperature. The FeCl, vapor would diffuse out-
ward through cracks and pores of the scale. Finally, the
FeCl, vapor would react with O, to form Fe;O, and/or
Fe,O; when they met during the process. Apparently, the
solid NaCl could react with the oxidation scale that
formed in dry or wet air at medium and high tempera-

tures and lead to the breakdown of the protective scale
to accelerate the corrosion rate of materials. Folkenson et al.
[7] proposed a new mechanism as follows. Solid KCI reacts
with O, and H,O to generate chloride ions (i.e., 2KCl + 1/2
0, + H,0 + 2e” — 2KOH (ads) + 2Cl (ads)) and subse-
quently react with iron ions to form FeCl,(s). Cao et al. [3]
postulated a hypothesis of “dynamic water film” in which
H,O molecules were continuously being absorbed on and
evaporated from the surface of the material. The electro-
chemical corrosion might occur in the dynamic water film,
which accelerates the corrosion of metal [3]. Shu et al. [10]
used impedance spectroscopy to investigate the corrosion
mechanisms of pure Fe and pure Cr with solid NaCl
deposit in water vapor at 600°C. According to the analysis
of the resistance and capacitance of corrosion scale, the
electrochemical corrosion was proved to occur in the corro-
sion environments. After that, Tang et al. [1] investigated
the interaction between chemical reactions and electro-
chemical reactions of pure Fe in this corrosion environ-
ment. The chemical reactions and electrochemical
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reactions follow “ce mechanism,” in which Fe and Fe,O,
first react chemically with NaCl, water vapor, and oxygen
to generate HCl (g). Then, the HCl (g) reacts with pure
Fe electrochemically via a one-electron electrochemical
reduction to form H,.

Compared to the alkali chlorides, the corrosion mecha-
nisms of metal/alloys with solid sulfate are lacking. However,
the corrosion mechanisms are focused on molten sulfate.
Recently, many studies have been carried out on the corro-
sion behavior of metals/alloys in a molten Na,SO, environ-
ment [19-25] and many corrosion mechanisms have been
proposed. One of the well-known mechanisms is the sulfida-
tion model [19, 20], in which the formation of sulfides accel-
erates the corrosion. The other one is the acidic-basic fluxing
[19, 21-24] mechanism, in which dissolution of the protec-
tive oxide scales, due to formation of basic Na,O, was consid-
ered the reason for the accelerated corrosion. Moreover,
based on the electrochemical mechanism [25], corrosion
was considered an electrochemical reaction in which the
transfer of electrons accelerated the corrosion. Tang et al.
[26] investigated the corrosion behavior of pure Fe under
solid Na,SO, deposit in wet oxygen flow at 500°C. The results
showed that the corrosion of Fe includes chemical corrosion
and electrochemical corrosion. The chemical reaction and
electrochemical reaction follows the “ce mechanism.” Fe
and Fe,0j first react chemically with Na,SO,, water vapor,
and oxygen to generate H,SO, (g). And then, the H,SO,
(g) reacts with pure Fe electrochemically via a one-electron
electrochemical reduction to form H,. The coeffect between
deposited solid Na,SO, and H,0+0, certainly exists and sig-
nificantly accelerates the corrosion of pure Fe.

NaCl and Na,SO, are normal corrosive mediums. The
corrosion of materials in solid salt environment depends on
the anion of the salt [18, 27]. However, the effects of the dif-
ferent solid deposits (NaCl and Na,SO,) on the corrosion
behavior of pure Fe in water vapor are still unclear. In this
paper, the corrosion differences of pure Fe with solid NaCl
and solid Na,SO, deposit in water vapor were comparatively
studied to cognize the corrosion behaviors of materials in the
corrosion profoundly.

2. Experimental

The pure Fe (99.9%) was used as experimental specimen. The
metallography of the specimen is shown in Figure 1. The
microstructure of pure Fe is ferrite. The maximum grain size
is about 100 ym. Before the experiment, the sample was
ground using silicon-carbide abrasive papers down to 1000
grit, degreased in acetone then ethanol, and dried in air
before use. The NaCl and Na,SO, are of analytical purity
(=99.5%). The solid salt was deposited on the preheated Fe
sample surface by repeatedly brushing and drying a salt-
saturated solution. The mass of salt was about 4 mg/cm?,
The temperature of the furnace was controlled at 500°C.
H,O came from an 80°C water bath. Pure O, was passed
through the glass bubbler with a flux of 200 ml/min.

The corrosion test was carried out in a thermal balance
[2]. To prevent the H,O from condensing in the upper part
of the thermal balance, a counterflow of N, was passed

Scanning

FIGURE 1: Metallograph of pure Fe.

through the apparatus at 150 ml/min. After the furnace was
heated to the desired temperature and the gas flow was stabi-
lized, the specimen was quickly suspended into the furnace
tube, and the test was started. All the measurements were car-
ried out at ambient pressure. After the tests, the specimens
were further examined by XRD and SEM.

A special three-electrode system was built for the electro-
chemical measurements in this particular environment [1].
To decrease the resistance of the solution and obtain a uni-
form electric field, the reference electrodes consisted of four
platinum wires, each with a diameter 0.4 mm, and the coun-
ter electrode was a circular strip of platinum foil about 2 mm
wide. All potential values in this paper were reported versus
this platinum reference electrode. The Fe working electrode
was a rod 10mm long and 5mm diameter. The three elec-
trodes were placed in quartz tubes, which acted as insulators.
All the gaps were sealed by high-temperature inorganic glue.
The three-electrode system after solid NaCl and solid
Na,SO, deposition was directly put into the furnace at the
desired temperature and with water vapor for electrochemi-
cal measurements.

A PAR2273 Electrochemical Measurement System man-
ufactured by EG&G was used for all electrochemical mea-
surements, which also has the function to compensate the
resistance between reference electrode and working elec-
trode. In the galvanic corrosion measurement, the ratio of
anodic area to cathodic area is 1:2. In the potentiodynamic
polarization measurements, the measurements were carried
out after 1000s in the corrosion environment for obtaining
an electrochemical stability and the scan rate was 1 mV/s.
The resistance between reference and working electrodes
was compensated during measurements according to the
design of electrochemical system and testing work station.
All measurements were repeated more than three times.

3. Results and Discussion

Figure 2 shows the mass gain of pure Fe as a function of time
at 500°C with and without solid NaCl or Na,SO, [26] in O,
containing water vapor. As is seen from Figure 2, the corro-
sion of pure Fe is accelerated with solid NaCl or Na,SO,
deposit. Compared to the case with solid Na,SO, deposit,
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FIGURE 2: Mass gain plots of pure Fe with and without solid NaCl or
Na,SO, deposit in O, containing water vapor at 500°C.

the corrosion rate of pure Fe with solid NaCl deposit is
slightly higher at all-time duration.

In our previous studies [1, 13], it is found that the
corrosion of pure Fe in both corrosion environments
includes a chemical corrosion process and an electro-
chemical corrosion process, while the overall corrosion
is dominated by the chemical corrosion process with a
percentage of over 90%. Herein, we investigated the dif-
ferences of chemical corrosion that is influenced by NaCl
and Na,SO,.

To affect the chemical corrosion rate, there are two
aspects: (a) the protection of scale on the surface of pure
Fe. The compact and integrated scale can restrain the cor-
rosion of substrate. (b) The activity of corrosion reactants.
As it is known, the corrosion rate would increase with a
decreasing active energy. The details of the effects are dis-
cussed as follows.

The scale includes solid salt deposition scale (NaCl or
Na,SO,) and corrosion scale on the surface of pure Fe.
Figures 3(a) and 3(b) show the surface morphologies of
solid NaCl and Na,SO,, respectively, before corrosion test.
The results showed that both salt scales are loose and
porous. However, the solid NaCl film was much looser
and more porous than solid Na,SO, film, which led to
an easy transport of H,O and O, to the interface of pure
Fe and solid NaCl film, promoting the chemical corrosion
process of pure Fe.

The corrosion of materials with solid salt deposit in
water vapor is different with that in aqueous solution.
The corrosion scale would stay on the surface of substrate,
which should restrain the corrosion of substrate. Figure 4
shows the cross-sectional morphologies of pure Fe after
10h corrosion at 500°C in NaCl+H,O + O, (Figure 4(a))
and Na,SO, + H,0 + O, (Figure 4(b)) [26]. It indicated
that the corrosion scale formed on the surface of pure
Fe was loose and porous in both corrosion environments.
A number of volatile species are formed in the corrosion
process, which could contribute to the formation of the

loose and porous corrosion scale [6]. As a matter of fact,
some green deposits were observed on the tube inner sur-
face of the furnace after many hours of experiments, con-
firming the formation of volatile species. However, the
scale formed in solid NaCl+H,O0+O, is looser and
higher porosity than that formed in solid Na,SO, + H,O
+ 0, [26]. This indicated that the reactants (H,O and
0O,) could be easier to transport through the corrosion
scale formed in the environment with NaCl. Eventually,
it promotes the chemical corrosion process of pure Fe.

The components of the corrosion scale formed on the
surface of pure Fe in solid NaCl+H,O + O, or Na,SO, +
H,0 + O, [26] after 10h corrosion are shown in Figure 5.
The components of the scales in the two corrosion environ-
ments are remarkably different. The component of the scale
on the surface of pure Fe formed in solid NaCl + H,O + O,
is hematite that mainly consists of Fe,O,, while the compo-
nent of the scale on the surface of pure Fe formed in solid
Na,SO, + H,0 + O, mainly consists of Fe;O, with a little
of Fe,0,. According to the published research [27], the
generation of Fe,O, or Fe,O, is closely relative to oxygen
pressure. Fe,O, would be generated at a relatively high
oxygen pressure, while Fe;O, would be generated at a rel-
atively low oxygen pressure. From Figures 3 and 4, the
NaCl scale is looser with higher porosity than Na,SO,
scale; meanwhile, the corrosion scale formed in the case
of NaCl+ H,O + O, was also looser with higher porosity
than that formed in the case of Na,SO, + H,O + O,. The
oxygen could transport inward through the corrosion scale
and solid NaCl scale easily. The oxygen pressure in the
corrosion scale that formed in NaCl+ H,O + O, is higher
than that formed in Na,SO, + H,O + O,. This is the rea-
son why the components of the corrosion scales in the
two corrosion environments were different.

The corrosion mechanism of pure Fe in the two corrosion
environments could be understood on the basis of the
components, morphologies of the corrosion scales, and
published research.

For the case of solid NaCl, firstly, NaCl reacts with Fe,O,
and H,O to generate Na,Fe,0, and HCI [4].

2NaCl(s) + Fe,O; + H,0 = Na,Fe, 0, + HCL. (1)

The generated HCl could react with Fe to form FeCl, [4],
meanwhile, HCI could also react with O, to form CI, [27].

2HCI + Fe = FeCl,(s) + H,

(2)
4HCI + O, = 2Cl, + 2H,0
The Cl, could react with Fe to form FeCl, [28].
Fe + Cl, = FeCl,(s) (3)

The vapor pressure for FeCl,(s) is 4 x 107> Pa at 500°C. A
continuous evaporation will take place [6].

FeCl, (s) = FeCl,(g) (4)
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FIGURE 4: Cross-sectional morphologies of pure Fe with NaCl or Na,SO, deposit in O, flow with water vapor for 10 h: (a) solid NaCl and (b)
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FiGurg 5: XRD results of the corrosion scale of pure Fe in water
vapor with solid NaCl or Na,SO, deposits at 500°C.

The FeCl,(g) diffuse outward through the scale and react
with O, and H,O to form a loose and porous Fe,O, scale (see
Figure 4(a)) [4].

2FeCl, + 1/2 0, + 2H,0 = Fe, 0, + 4HCl (5)

For the case of solid Na,SO,, firstly, Na,SO, reacts with
Fe,0, and H,O to generate Na,Fe,O, and H,SO, [26].

Na,SO, + Fe,0, + H,0 = Na,Fe,0, + H,S0,  (6)
The generated H,SO, could react with Fe to form FeSO,.
H,SO, + Fe = FeSO, + H, (7)

According to the XRD results, the FeSO, could react with
0, and H,O0 to form Fe;O, and Fe,0,.

5FeSO, + 5H,0 + O, = Fe,0, + Fe,0, + 5H,50,  (8)

The generation of H,SO, and H, led to the formation of
many holes and cracks in the scale (see Figure 4(b)).

According to the morphologies shown in Figures 3 and 4,
the more porous NaCl scale and corrosion scale formed in
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the NaCl+H,0+ O, promoted the chemical corrosion
process. However, this did not fully explain why the corro-
sion rate of pure Fe in NaCl + H,O + O, was higher than
that in Na,SO, + H,O + O,. The activation energy is a
key parameter to estimate the chemical reaction rate.
The lower the activation energy, the more atoms, ions,
or molecules of substances are activated to transition state.
Therefore, the rate of chemical reaction increases with
decreases in chemical reaction activation energy.

Both corrosion mechanisms of pure Fe in solid NaCl +
H,O + O, and solid Na,SO, + H,O + O, corrosion environ-
ments follow the ce mechanism [1, 26]. For the ce mecha-
nism, the relationship between phase angle and frequency
could be given as Equation (9) [28].

((20)212) + (1/(1 +€)){(1/(1 +K))[((l +g%)" +g)/(1 +g2)]1/2+ (KI(1+K)) +¢}

cot$= 72
W+ e[ +K)[((1+8)=g) 1+ 97|+ (KI1+K) + e}

©)

ki +k

g= lw , (10)
khf —aj j

A:W(C ]+6B]), (11)
ky

K=—-, 12
@ (12)

B=1-a, (13)
nF

j= e (Bae ~ Eip), (14)
where @ is used for representing for phase angle, k; and k,
for chemical reaction rate constants, w for angular frequency,
D for diftusion coefficient, k;, for apparent heterogeneous rate
constant, f for activity coeflicient, « for charge transfer coeffi-
cient, n for number of electrons transferred, E; . for applied
d. c. potential, E7, for reversible half-wave potential, and F, R
,and T for their conventional electrochemical meanings. The
value of k, can be calculated using Equation (9). Figure 6 shows
the relationship between frequency and phase angles of pure Fe

in solid NaCl + H,O + O, at 500°C. The plots have a maxi-
mum. It suggests that the corrosion mechanism of pure Fe in
the two corrosion environments involves the interaction of
the chemical and the electrochemical reactions, which is similar
with pure Fe in solid Na,SO, + H,O + O, [26]. The calculated
values of k; for pure Fe in solid NaCl + H,O + O, and solid
Na,SO, + H,0 + O, corrosion environments are 0.230sec™
and 0.031 sec”', respectively. Therefore, the chemical corrosion
rate of pure Fe in solid NaCl + H,O + O, is higher than that in
solid Na, SO, + H,O + O, because of its higher chemical reac-
tion rate constant in the case with solid NaCl.

Chemical reaction rate is closely related with the activation
energy. The lower the activation energy is, the higher the
chemical reaction rate is. According to the logarithmic Arrhe-
nius equation, the rate constant (k) dependence of tempera-
ture (T) is given by the relationship (g) [29]:

E
In k=In A— -2
ne=n AT pr

(15)
where k is used for representing for the rate constant, A for
a temperature-independent constant (often called the fre-
quency factor), T for the absolute temperature, R for the
universal gas constant, and E, for the activation energy.
According to Equation (15), a plot of In k vs. 1/T gives a
straight line with slope of - E,/R. The values of E, for Fe
in solid Na,SO, + H,O + O, corrosion environments can be
obtained from the slope of Figures 7. The value is 200.9 kJ/mol.
The value of E, for Fe in solid NaCl + H,O + O, corrosion
environments is 140.5kJ/mol [13]. The lower activation
energy of Fe in solid NaCl + H,O + O, accounts for its higher
chemical reaction and the higher overall corrosion rate.

The electrochemical corrosion of pure Fe in solid Na,S
0O, + H,0 + O, corrosion environments has been shown in
our earlier studies [1, 26]. The potentiodynamic polarization
plot of pure Fe in solid NaCl + H,O + O, at 500°C is shown
in Figure 8. The anodic current densities of pure Fe in both
two corrosion environments increase linearly with anodic
potential increasing in the active polarization zone, which
can be attributed to active dissolution in the aqueous envi-
ronment, because the loose and porous corrosion scale could
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not inhibit the electrochemical corrosion. The cathodic reac-
tion rate of pure Fe in solid Na,SO + H,O + O, is higher than
that in NaCl+ H,0 + O,. The electrochemical corrosion
rates (i) were calculated by fitting the potentiodynamic
polarization curves in the active polarization zones. The elec-
trochemical corrosion current density (i) obtained was
1.16 x 10* A/cm? and 1.30 x 10~* A/cm? for pure Fe in solid
NaCl+H,0+0, and solid Na,SO,+H,0+0, [26],
respectively. The amount of Fe corroded by electrochemical
reaction was obtained using Faraday’s rule. After the calcula-
tion, the chemical reaction rates of pure Fe in the two corro-
sion environments within 1h are 0.036g/h/cm”® and
0.041 g/h/cm?, respectively. It must illustrate that the calcula-
tion time herein is in one hour, because the potentiodynamic
polarization measurements were carried out within one hour,
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and there is no significantly variety of the electrochem-
ical corrosion rate in one hour. This was proved by
presented authors used an electrochemical instrument
named CMB 1510B (based on weak polarization theory)
manufactured by State Key Laboratory for Corrosion
and Protection, to measure the electrochemical corro-
sion rate every 4 minutes during the whole corrosion
reaction. The electrochemical corrosion rate of pure Fe
in solid NaCl+H,0 + O, is slightly lower than that in
solid Na,SO, + H,0 + O,.

As is well-known, charge transfer is the fundamental
characteristic of the electrochemical reaction [30, 31]. The
corrosion scale and solid salt scale are the key influence fac-
tors for electrochemical reaction rate. The corrosion scale
of pure Fe formed in solid NaCl + H,O + O, is looser and
more porous than those formed in solid Na,SO, + H,O +
O, (see Figure 4), and the solid NaCl scale is also looser
and more porous than solid Na,SO, scale (see Figure 3).
The HCI could volatilize and diffuse through the looser and
more porous corrosion scale and NaCl scale easily. Thus,
the cathodic reaction rate of pure Fe in solid Na,SO, + H,
O + O, is higher than that in solid NaCl+ H,O + O,. As a
consequence, the electrochemical corrosion rate of pure Fe
in solid Na,SO, + H,O + O, is higher than that in solid
NaCl + H,0 + O,.

As a consequence, the electrochemical corrosion rate of
pure Fe in solid Na,SO, + H,O + O, is higher than that of
it in solid NaCl + H,O + O,. In addition, the components
of the corrosion scales formed on the surface of pure
Fe in solid NaCl+H,0 + O, and solid Na,SO, + H,0 +
O, after 10h corrosion are shown in Figure 5. The com-
ponent of the scales on the surface of pure Fe formed in
solid NaCl + H,O + O, is hematite that mainly consists of
Fe,O,, while the component of the scales on the surface
of pure Fe formed in solid Na,SO, + H,O + O, is Magne-
tite that mainly consists of Fe;O,. The protection of
Fe,0; is well than that of Fe;O, [32], which also inhibit
the electrochemical corrosion rate of pure Fe in solid
NaCl + H,0 + O, corrosion environment.

4. Conclusion

The corrosion rate of the pure Fe is significantly acceler-
ated under a NaCl or Na,SO, deposit in an atmosphere
of H,O + O, at 500°C. Both the salts of NaCl and Na,SO,
could react with Fe,O; to result in a breakdown of the
protective scale and subsequently accelerate the corrosion
rate of pure Fe.

Compared to the case in solid Na,SO, + H,O + O,, the
corrosion rate of pure Fe is much higher in solid NaCl + H,
O + O,. The activation energy (E,) for chemical reaction of
pure Fe in solid Na,SO, + H,O + O, is 200.9 k]J/mol, which
is higher than that of pure Fe in solid NaCl + H,O + O,.

The percentage contribution of the electrochemical reac-
tions in total corrosion is insignificant. It was also found that
the electrochemical corrosion rate of pure Fe with solid NaCl
deposit was 1.16 x 10~* A/cm?, which was a little lower than
that with solid Na,SO, deposit.
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Magnesium alloys are considered for building materials in this study due to their natural immunity to corrosion in alkaline concrete
pore solution. But, chloride ions attack often hinders the application of most metals. Therefore, it is necessary to conduct a
preliminary corrosion evaluation and attempt to find an effective way to resist the attack of chloride ions in concrete pore
solution. In our study, hydrothermal treatment is carried out to modify Mg-9.3 wt. % Al alloy. After the treatment in NaOH
solution for 10h, scanning electron microscopy (SEM) reveals that a layer of dense coating with a thickness of about 5um is
formed on Mg alloy. Energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and X-ray
Diffraction (XRD) are combined to analyze the coating, and it is thereby confirmed that the coating is mainly composed of
Mg(OH),. As expected, both immersion test and electrochemical corrosion test show that the coated magnesium alloy has a
better corrosion resistance than the uncoated one in simulated concrete pore solution with and without chloride ions. In
summary, it indicates that hydrothermal treatment is a feasible method to improve the corrosion resistance of Mg alloys used
for building engineering from the perspective of corrosion science.

1. Introduction

Rapid corrosion in aqueous solutions always hampers the
applications of magnesium alloys in the automotive, aero-
space, electronics industry, and biomedical field [1-6].
Nowadays, the concept of lightweight construction and
equipment has been proposed for overcoming the energy
and resources shortage in the development of our society
[7-9]. Therefore, magnesium alloys as one of the lightest
structural materials are still very promising in the future
industries. Concrete is one of the most important building
materials in civil engineering, and usually, it is always
strengthened by steel bars for improving its poor tensile
strength [10]. Although steel has many advantages over
other metals, it is always anticipated based on the consider-
ation of energy-saving that there will be a lighter reinforce-
ment bar for fully or partly replacing steel bars. Bamboo has

a much lower density than steel, which has already been
attempted in civil engineering in recent years. But, insect
and fungus attacks, shrinking, and swelling are big disad-
vantages [11, 12]. Aluminum alloys are also regarded as an
alternative to steels in reinforced concretes due to their
low density and noncorrosive characteristics, but their
native oxide coating will become unstable at acid or alkaline
environments, inducing aluminum alloy bars susceptible to
corrosion in the alkaline environment of concrete construc-
tions [13]. The density of magnesium is only two-thirds that
of aluminum and one-fourth that of iron and the specific
strength of magnesium is higher than that of iron or alumi-
num [14]. Obviously, it may attempt to select magnesium
alloys for reinforcement bars in some low-load bearing
constructions according to the strengthening rule of
reinforced concrete. Furthermore, Mg-H,O diagram tells
that magnesium has a good immune behavior in alkaline
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aqueous environments [15, 16]. Thus, it may predict that
magnesium and its alloys can survive in those alkaline
concrete pore solutions. In addition, magnesium is one of
the most abundant elements in the earth’s crust and oceans
[17, 18]. Therefore, it seems significant to conduct a prelim-
inary investigation on the corrosion behavior of magnesium
alloys in construction environments.

It is well known that the chloride-induced corrosion of
reinforcing steel is one of the most common damage
phenomena of steel-reinforced concrete structures, particu-
larly in the coastal marine environment [19, 20]. Therefore,
it must be carefully considered when magnesium alloys are
proposed for these new applications in building engineering.
Now, alloying and surface treatment are two main ways to
improve the corrosion resistance of magnesium alloys, and
the latter is more economical [14, 21]. Usually, a surface
barrier layer can isolate the bulk materials from the external
environment to avoid corrosion. However, magnesium is a
very active metal in the galvanic series inducing galvanic
corrosion when it is in electrical contact with many other
conductive materials in the same electrolyte [22, 23]. Accord-
ing to the theory of galvanic corrosion, if defects such as
pores and cracks occur in those electroconductive coatings,
galvanic corrosion will happen when the electrolyte reaches
the interface between the coating and substrate via these
defects [22, 23]. In general, insulating materials are favorite
in those coatings on Mg alloys from the perspective of
corrosion protection.

In recent years, hydrothermal treatment has been
attempted to prepare Mg(OH), or layered double hydroxide
(LDH) coatings on Mg alloys for improving the corrosion
resistance in sodium chloride solutions [24-27]. In our
study, this method was selected for the surface treatment
of Mg-Al alloys, and the corrosion behavior after the treat-
ment was investigated in simulated concrete pore solutions
with chloride ions.

2. Materials and Methods

As-cast Mg-9.3 wt. % alloys were used for substrate materials
in this investigation, and the samples were cut into 10 mm
x 10 mm x 5mm pieces. The samples were mechanically
ground by up to #1200 emery paper and then polished with
Al,O, paste. Next, they were ultrasonically washed in ethanol
for 5min and dried prior to hydrothermal treatment. Each
sample was laid at the bottom of 25 ml Teflon-lined autoclave
that had 10ml of 1 M NaOH solution. After the autoclaves
were sealed, they were heated to 120°C for 10h in an oven.
Finally, the samples were taken out, washed with deionized
water and ethanol in turns, and then naturally dried in air
at room temperature.

Field emission scanning electron microscope (FESEM,
MAIA 3 GMU, TESCAN, Czech) was performed to observe
the microstructure of the alloy, the surface morphology,
and the cross-section morphology of the treated samples.
Energy dispersive X-ray spectrometer (EDS, Oxford Instru-
ments, UK) was used to analyze the elemental distribution
of the treated samples. X-ray photoelectron spectroscopy
(XPS, PHI-5000 Versa Probe III, ULVAC-PH]I, Japan) was
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FIGURE 1: Microstructure of Mg alloys used in this study.

also conducted to obtain the chemical composition of the
samples after surface treatment. X-ray diffraction (XRD, D8
ADVANCE, Bruker, Germany) was performed to character-
ize the phase composition of the treated and untreated
samples. Here, an incident angle of 1° was adopted in the
XRD experiment for the treated sample.

A saturated Ca(OH), solution was used to simulate the
concrete pore solution in this study, and in order to investi-
gate the effect of chloride ions on the corrosion resistance,
the saturated Ca(OH), solution was further diluted by
3.5wt.% NaCl solution with a volume ratio of 1: 1. Electro-
chemical corrosion tests were conducted on a CHI660E
electrochemical workstation, and the specimen with a surface
area of 1 x 1 cm? was exposed to 200 ml of simulated concrete
pore solution. Here, the potential was referenced to a
saturated calomel electrode (SCE) and the counter electrode
was a platinum sheet. After immersion for 30min, the
electrochemical impedance spectra (EIS) were collected from
100kHz to 100mHz with a 5mV sinusoidal perturbing
signal at the open-circuit potential. Potentiodynamic polari-
zation curves following the EIS test were recorded from
-1.8V to 0V at a scanning rate of 1.0mV-s™". All the electro-
chemical measurements were repeated three times to ensure
reproducibility. In addition, an immersion test was also
carried out to further evaluate the corrosion behavior in the
simulated concrete pore solution. After immersion for 24 h,
the samples were taken out, rinsed with water and ethanol,
and naturally dried in air. Then, their surface morphologies
were observed by scanning electron microscopy (SEM).

3. Results and Discussion

Mg-9.3wt. % alloy consists of the Mg matrix and second
phase, and Figure 1 shows its microstructure. Figure 2
exhibits the macroscale and microscale surface morphologies
of the treated sample. The inset in Figure 2(a) tells the
appearance difference between the untreated and treated
Mg alloys. It is noted that the surface of the sample turns
brown after the treatment, which means that the hydrother-
mal process has already changed the surface of Mg alloy. As
shown in Figure 2(a), the surface seems smooth when it is
observed by SEM under lower magnification. Interestingly,
it is further revealed under higher magnification that the
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is clearly shown in Figure 3(a), whose thickness is about
5um. Figures 3(b)-3(d) gives the EDS elemental maps of

hydrothermally-modified surface is covered by microsheets,
the corresponding site in the cross-section. Combined the

which is clearly shown in Figure 2(b). Figure 3 shows the
cross-section of the treated sample. A layer of dense coating
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FIGURE 4: XPS survey spectra of the hydrothermal coating.

SEM image and its EDS elemental maps, it is identified that
the coating is mainly composed of element O and Mg.

Figure 4 shows the XPS survey spectra of the top of the
hydrothermal coating. In the spectra, it can be found that it
is mainly composed of elements Mg and O, which is consistent
with the result of EDS analysis. According to the spectra, it can
be further obtained that the atomic ratio of O to Mg is about
2.58. Here, the presence of the oxygen on metals and alloys
may be due to the surface oxidation and the unavoidable
presence of adventitious contamination [28, 29]. Figure 5
presents the XRD pattern of the hydrothermally-treated Mg
alloy, and the pattern of the untreated sample is provided here
for reference. On the curve of the untreated sample, it exhibits
the peaks corresponding to the Mg matrix and the second
phase (Al;,Mg,). Thus, it can be easily confirmed by compar-
ison that the coating mainly consists of Mg(OH),.

Figure 6 shows the Nyquist plots of the samples in differ-
ent solutions, and the inset gives the enlarged curves of the
samples immersed in Cl'-containing solutions. Based on the
EIS theory, the polarization resistance can be derived from
the following formula: R, = R, - R,. Here, R, is the polar-
ization resistance, R,,_,, denotes the zero-frequency imped-
ance, and R, represents the solution resistance [30]. In
order to perform a rapid evaluation of corrosion resistance,
a simplified way is adopted that the resistance at the lowest
frequency in our investigation is used to substitute the polar-
ization resistance. As shown in Figure 6, it can be found that
the corrosion resistance in the saturated Ca(OH), solution is
higher than that in the Ca(OH), solution diluted by 3.5 wt.%
NaCl solution. After the hydrothermal treatment, the corro-
sion resistance is significantly improved in both kinds of test
solutions. Figure 7 presents the polarization curves of the
samples in their corresponding solutions. The corrosion
potential and corrosion current density are derived from
cathodic Tafel region extrapolation, and their data are as
shown in Table 1. For the uncoated Mg alloy, it has a higher
corrosion current density in the simulated concrete pore
solution with CI than that in the simulated concrete pore
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solution without CI'. It is known that higher corrosion
current density means lower corrosion resistance. After
coating, the corrosion resistance of Mg alloy has been signif-
icantly improved in either the solution with CI” or the one
without CI". In the solution with CI’, the coated alloy’s corro-
sion resistance is close to that of the uncoated one in the
simulated concrete pore solution without Cl'. In addition,
compared to the uncoated sample, the coated one does not
have an obvious transition potential in the investigated
anodic polarization region in the solution with CI'. In all,
the results show that the hydrothermal coating on magne-
sium alloy has a protective effect as manifested by the lower
corrosion current density and higher transition potential.

Figure 8 shows the surface morphologies of the samples
after the immersion in simulated concrete pore solutions
with the addition of sodium chlorides for 24 h. As mentioned
above, the solution is prepared by the mixture of saturated
Ca(OH), solution and 3.5 wt. % NaCl solution with a volume
ratio of 1:1. From the SEM images, it can be clearly seen that
the surface of the uncoated sample is corroded, whereas that
of the coated one still keeps intact even under the observation
of higher magnification. Obviously, the result of the immer-
sion test is in accordance with that of the electrochemical
corrosion test, indicating that the hydrothermal coating can
protect the Mg alloy substrate well in Cl” containing simu-
lated concrete pore solutions.

Magnesium alloys are considered for building materials
in this study, and the corrosion resistance in simulated
concrete pore solutions has been investigated preliminarily.
To the best of our knowledge, there have been few studies
on the corrosion behavior of magnesium alloys in simulated
concrete pore solutions. As expected, Mg alloys used in this
study have a good corrosion resistance in simulated concrete
pore solutions due to the alkalinity of the solutions. But,
when chloride ions are added into the simulated concrete
pore solutions, the corrosion behavior of Mg alloys is signif-
icantly altered. Fortunately, the hydrothermal process can
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TasLE 1: Corrosion potential and corrosion current density determined from polarization curves.

E,,. (VISCE) Ly (Aecm™)
Uncoated/[Ca(OH), (Sat.)] —1.343 +£0.021 (4.06 £0.24) x 107°
Coated/[Ca(OH), (Sat.)] ~0.839 +0.131 (2.71+£1.23) x 1078
Uncoated/[Ca(OH), (Sat.)+3.5 wt.% NaCl] —1.417 +£0.009 (1.01 £0.16) x 107
Coated/[Ca(OH), (Sat.)+3.5 wt.% NaCl] ~1.371+0.015 (3.95+3.79) x 1076
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FIGURE 8: (a) SEM image of the uncoated sample after immersion for 24 h. (b) SEM image of the coated sample after immersion for 24 h.

produce a layer of dense coating on Mg alloys for the retarda-
tion of the attack of chloride ions. It is known that defects will
be formed more or less in the coatings at the stage of coating
preparation or service, and the occurrence of galvanic
corrosion will be fatal to the coating/substrate system if the
coating is electroconductive. Here, the hydrothermal coating
is mainly composed of Mg(OH),, and compared to other
metallic or conductive ceramic coatings, it can avoid the
galvanic corrosion effectively. Furthermore, the hydrother-
mal solution used in this study is very simple, which make
it a facile and economical processing for the applications of
magnesium alloys in building engineering.

4. Conclusion

In this study, a layer of dense coating is successfully prepared
on Mg-9.3wt. % Al alloy by hydrothermal treatment. SEM
discloses that the coating has a thickness of about 5um,
and the top of the coating is covered by microsheets. It is
determined by the results of XRD, EDS, and XPS that the
coating is mainly composed of Mg(OH),. Due to the
compact microstructure of the hydrothermal coating, the
corrosion resistance of Mg alloy after the hydrothermal treat-
ment is significantly improved in simulated concrete pore
solution with and without the addition of chloride ions. In
summary, this facile method provides a feasible way to
improve the corrosion resistance of magnesium alloys for
building engineering in the future.
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The Ni-65wt%WC cladding layers were prepared on the surface of Q235 using laser cladding technology, in which the effect of heat
treatment on microstructure and tribocorrosion performance was investigated. The results showed that the coating is mainly
consisted of Ni, WC, and W,C, and a significant diffusion phenomenon is formed between the interfaces of WC/Ni matrix,
benefited for the improvement of bonding layer between WC/Ni-based matrixes. Meanwhile, the crystallization of WC particles
after heat treatment was more obvious than untreatment; the Ni matrix grain size was also grown remarkable, leading to the
lower hardness and weaker plastic deformation resistance of Ni-65wt%WC coating. And the erosion results showed that the
wear rate of coating gradually decreased with heat treatment temperature increasing, while brittle WC was not suitable for
high impact wear conditions. Furthermore, with the increase of heat treatment temperature, the reciprocating wear
performance showed that the friction coefficient and wear rate of Ni-65wt%WC coating decreased. And the friction
coefficient and wear rate of the coating (700°C) in 3.5% NaCl solution were 0.15 and 4.82 x 10 mm>N".m™, respectively.
Therefore, the comprehensive comparison showed that Ni-65WC coating had better performance in low impact
reciprocating testing under corrosion environment, and heat treatment was helpful to further improve the tribocorrosion

performance of laser cladding Ni-65wt%WC coating.

1. Introduction

Q235 steel is the most commonly used metal material, which
is widely used in the automobile industry, machinery
manufacturing, and chemical industry [1-3]. However, low
hardness and poor wear resistance limit its application in
key friction movement parts. To solve these problems,
researchers have prepared high hardness, antiwear, and
corrosion-resistant coating on the surface of Q235 steel by
laser cladding technology. And the composite coating has
better development potential in the future due to saving a
lot of precious metal materials and reducing production cost
and energy consumption [4-7].

Laser cladding is a rapid melting and solidification
process. Therefore, cracks caused by high thermal stress
and microstructure stress in the preparation of the coating
limit the application of the coating in engineering [8-11].
Heat treatment after cladding can not only effectively

reduce the residual stress of the coating but also improve
its mechanical properties [1, 12]. Lu et al. prepared a
Ni60/H-BN coating on the surface of 304 stainless steel
and heat-treated the coating at 600°C. The results show
that the formation of carbides can effectively increase the
hardness and wear resistance of the coating [13]. Li
reported that the Ni-65WC coating heat-treated at 500°C
could reduce the friction coefficient and improve the frac-
ture toughness and wear resistance of the coating, obvi-
ously [14]. However, studying on the effect of postheat
treatment to the microstructure, friction and wear proper-
ties of laser cladding composite coatings were less. Nickel-
based alloys have been widely used in surface engineering
because of their excellent corrosion resistance, good wetta-
bility, and relatively moderate price. Tungsten carbide has
attracted much attention due to good chemical stability,
thermal stability, and high hardness in the laser cladding

wear-resistant composite coating in recent years.
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FIGURE 1: Macroscopic morphology (a) and cross-section microstructure (b) of Ni-65wt%WC coating.

In this paper, laser cladding technology is used to
prepare Ni-65WC composite wear-resistant coating on
the surface of Q235 steel, and the coating is postheat
treated to reduce residual stress. The microstructure, fric-
tion and wear, and erosion-corrosion performance of the
composite under the state of heat treatment are studied.
This study provides a reference for improving the practi-
cal application of laser cladding to prepare composite
wear-resistant coatings.

2. Experimental

2.1. Materials and Processing. In this study, the origin mate-
rial was Q235 steel with dimensions of 100 mm x 60 mm X
20mm. The raw Ni-based alloy powder had 10wt% Cu,
0.95wt% Si, 0.5wt% B, 0.2 wt% Fe, and 88.35wt% Ni. Then,
the mixed powders (Ni-65wt% WC) of Ni-based alloy pow-
ders (50-100 ym) and WC powders (45-105 ym) were used
as the cladding material. The transition layer (Ni-Cr-B-Si)
with a thickness of 1mm was first evenly coated on the
Q235 steel substrate. Then, the Ni-65WC powders were
evenly spread through a preset powder process, and the
thickness was approximately 1.5mm. And they were next
dried at 150°C for 6 h.

The multitrack-joined laser cladding processing was
carried out by LSC-3000 laser heat treatment equipment.
The optimum processing parameters are as follows:
power—2500 W, spot diameter—6 mm, scanning
speed—9 mm/s, and overlapping rate—50%. Next, the sam-
ples were cut into the size of 20 mm x10 mm x5mm and
treatment was at 500°C, 700°C, and 900°C (destress anneal-
ing, nitrogen protection) for 1h, followed by furnace cooling.

2.2. Testing Detection Equipment and Methods. The micro-
structures of the cladding layers are observed by a scanning
electron microscope (FE-SEM, JSM-6390A), and the crystal
structure of the as-synthesized samples was detected by X-
ray diffraction (XRD, Bruker) using Cu-Ka radiation

(A=1.54178 A) in the range of 20-90° with a scanning rate
of 4*min"". The hardness of the cladding layers is tested by
Vickers hardness tester (HV-1000) with a loading force
about 1000 g for 15s.

Furthermore, erosion performance of Ni-65wt%WC
coating was tested by a self-assembled jet erosion testing
machine. Quartz sand particles with a size of 400 mesh were
mixed with water in a weight ratio of 1:4, and the erosion
velocity, angle, and time were 5m/s, 90°, and 30 min, respec-
tively. The erosion-corrosion mass loss rate was calculated by
the changes in weight.

The friction and wear performance of the cladding
layers are detected by the friction and wear experiment
(MFT-R4000) using Si;N, ball (diameter 6 mm) as grind-
ing materials. The testing parameters are as follows: wear
time—120 min, load—50N, the reciprocating frequen-
cy—20mm/s, wear scar length—10mm, and condi-
tion—3.5% NaCl solution. The wear rate was calculated
by Equation (1), where V is the wear volume, measured
by a 3D laser confocal microscope, F represents the load,
and S represents the sliding distance. All tests were per-
formed at least three times, and the average values of the
friction coefficient and wear rate were recorded.

v

Wloss = TCo (1)

3. Results and Discussions

3.1. Microstructure and Mechanical Properties of Ni-
65wt%WC Coating. The macroscopic morphology and
cross-sectional morphology of Ni-65WC coating are shown
in Figure 1. Figure 1(a) shows that the cladding coating had
no defects such as porosity and the white spherical WC par-
ticles which were relatively uniformly distributed in gray Ni
base (Figure 1(b)). Furthermore, it also can be seen that the
content of WC particles was higher under the cladding coat-
ing, which was attributed to the fact that the density of WC
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FiGure 2: XRD pattern of Ni-65wt%WC coating after heat
treatment at different temperatures.

was much higher than that of Ni matrix. Meanwhile, the
buckling or delamination was not observed on both the inter-
face of the coating/bonding layer and the bonding layer/ma-
trix. And the interface with a smooth sharp can be attributed
to the low dilution or dissolution of alloying elements into
the different layers.

XRD spectra of the Ni-65WC coating after heat treat-
ment at different temperatures are shown in Figure 2. It can
be seen that the sharp diffraction peaks in Ni-65wt%WC
coating were found to be for Ni (04-0850), WC (51-0939),
and W,C (20-1315). Due to the high-energy density laser
and high cooling rate of laser cladding, the formation of
intermetallic phases was beneficial to improve microhard-
ness of the coating. Furthermore, XRD results of Ni-
65wt%WC coating indicated that there were no new phases
formed after heat treatment; only the diffraction peaks
became narrower with the increase of temperature.

SEM images of Ni-65wt%WC coating after heat treat-
ment at different temperatures are shown in Figure 3. The
average grain size of Ni matrix and the width of the diffusion
layer between WC particles and Ni alloy were calculated by
image measure software, as shown in Figure 3(e). First,
Figure 3(a) shows that the irregular globular grains of clad-
ding Ni matrix were fine, dense, and uniform, and the aver-
age grain size of Ni-based coating was 5.64 ym. After heat

treatment, it can be seen that the average grain size of Ni
matrix coating increased from 7.12 um (700°C) to 9.66 ym
(900°C). Meanwhile, the grain boundary of the spherical par-
ticles (Ni matrix) was fused during the heat treatment, which
became almost oval particles. It was well known that the pres-
ence of Ni element will promote the decomposition of WC at
high temperature. EDS results confirmed that the edge of
WC particles dissolve, and the Ni content in the Ni/W inter-
face diffusion layer continued to increase with the tempera-
ture increasing, indicating that the W and Ni elements at
the Ni/W interface can diffuse with each other to form a
bone-like diffusion layer during the heat treatment process.
Figure 4 shows the microhardness of Ni-65WC coating
after heat treatment. The hardness of the Q235 substrate
was about 200HV, and the average hardness of Ni-
65wt%WC coating was 700 HV, which was attributed to the
higher WC contents and the dissolved of WC particles in
Ni-based alloy matrix. However, the average microhardness
of Ni-65wt%WC coating after heat treatment significantly
decreased from 600 HV at 500°C to 450 HV at 700°C. It can
be seen that with the increased heat treatment temperature,
the Ni-based grains of the coating grown (Figure 3(e)), and
the resistance to dislocation motion decreased, resistance to
deformation by external forces appeared to be reduced. Thus,
the decrease of surface hardness was attributed to micro-
structure variation and the decomposition of WC particles.

3.2. Erosion Performance of Ni-65wt%WC Coating. Figure 5
shows the erosion performance of Ni-65wt%WC coating.
With the increase of heat treatment temperature, the results
showed that the erosion-corrosion mass loss rate of the
untreatment coating decreased from 0.35mgg’ to
0.15mg-g" (900°C). However, the erosion-corrosion mass
loss rate of Ni-65wt%WC coating was higher than that of
the Q235 matrix, indicating that the coating had poor erosion
resistance.

SEM images of the coating after erosion testing are shown
in Figure 6. It could be seen that the surface of the Q235
matrix mainly consisted of chisel pit, confirming that the
toughness Q235 was hard to resist the destructive effect of
quartz sand particles. However, the damage of Ni-
65wt%WC coating was more serious than that of the Q235
matrix, and the SEM image showed that almost all the spher-
ical WC particles turn into irregular spherical particles.
Meanwhile, many cracks, breaking, and peeling appeared
on the surface of tungsten carbide, resulting in a large num-
ber of WC particles being broken [15-17]. Combined with
the microstructure and erosion performance of Ni-
65wt% W C coating, it could be concluded that the toughness
phase was easier to resist the erosion of quartz sand particles
by plastic deformation, while the brittle ceramic phase was
smashed by quartz sand particles. After heat treatment, the
width of the diffusion layer between WC/Ni-based alloys
increased, which benefited from the combination of the coat-
ing. In this situation, the partially dissolved WC and Ni
matrix formed a dense diffusion layer, which made it hard
to be spall from the surface, and the residual WC particles
played a role of erosion resistance with a metal matrix.
Therefore, the erosion resistance of Ni-65wt%WC coating
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improved by heat treatment, especially at high tempera-
tures with the width diffusion layer between WC/Ni
matrixes. Furthermore, to further study the erosion mech-
anism of Ni-65wt%WC coating, EDS analysis was carried
out on the erosion area of coating, as shown in
Figure 6(f). The results showed that the erosion induced
the decreases of W and C contents and increase of Ni,
Si, and Cu on the erosion area of coating with the heat
temperature, which can be owned by the strong combina-
tion between WC and Ni matrixes.

The damage mechanism of Ni-65wt%WC composite
coating under erosion is shown in Figure 7. Although WC
particles and nickel matrix formed a good metallurgical com-
bination in Ni-65wt%WC coating, the hard coating also

showed poor erosion resistance under the high-speed erosion
on 90°. During the erosion process, the cracks were easier to
initiate and expand on brittle WC particles, and then, severe
brittle fracture and spall appeared on WC particles, as shown
in Figures 7(a) and 7(b). The Ni matrix damaged rapidly in
the form of ductile fracture and then induced the lack of sup-
port of WC particles (Figure 7(c)). Figure 7(d) indicates the
schematic image of the damage mechanism of Ni-
65wt%WC composite coating during the erosion process. It
is well known that the interface of the WC/matrix was weaker
than that of the Ni matrix; thus, crack initiation and propaga-
tion were easier to appear between the interfaces of WC par-
ticles and WC/matrix. Surface fatigue occurred on WC
particles during erosion when a high-energy quartz sand
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FIGURE 7: Section morphology (a—c) and schematic image of erosion mechanism (d) of Ni-65wt%WC coating under erosion wear condition.

particles were impacted on the surface, which was the first
step under erosion. Subsequently, a crack initiated on the
interfaces of WC particles or WC/matrix, and then, the crack
gradually propagated with continuous erosion, resulting in
serious spalling. Finally, it can be deduced that this kind of
fatigue was likely to occur on Ni-65wt%WC coating with a
weaker interface of WC/matrix and WC particles, such as
cladding coating without heat treatment. Therefore, as the
current results demonstrate, Ni-65wt%WC coating with brit-
tle WC particles was hard to use in erosion resistance at 90°  friction coefficient Ni-65wt%WC
impact. In the future, it will be important to design applica-
tion special functional materials integrated of strength and
toughness in this condition.

3.3. Friction and Wear Performance of Ni-65 WC Coating
under Reciprocating Tribocorrosion. After reciprocating
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tribocorrosion testing, Figure 8 shows the friction coefficient
and wear rate of Ni-65wt%WC coating under the atmo-
spheric environment and 3.5% NaCl environment, respec-
tively. It can be seen that the friction coeflicient of Ni-
65wt% W C coating (0.436) was about 50% lower than Q235
steel substrate (0.804) under an atmospheric environment.
Meanwhile, the wear rate of Ni-65WC coating (5.04 x 1078
mm>N'm™) was about 60% lower than Q235 steel sub-
strate (12.6 x 10°® mm>N"-m™). After heat treatment, the

coating  gradually
decreased and the lowest wear rate was obtained for Ni-
65wt%WC coating (4.82x 107 mm*>N"'.m™) at 700°C.
Additionally, the friction coefficients and wear rates of Ni-
65wt%WC coating at the 3.5% NaCl environment were sig-
nificantly lower than the atmospheric environment. It can
be seen that the Ni-65wt%WC coating after heat treatment
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at 700°C showed the lowest friction coefficient and wear rate;
therefore, the results suggested that heat treatment reduces
the friction coefficient and wear rate of Ni-65wt%WC coating
under the atmospheric environment and 3.5% NaCl
environment.

Worn surface morphologies of Q235 steel and Ni-
65wt%WC coating tested under the atmospheric environ-
ment are shown in Figure 9. The wear scar width
(1220 um) of Ni-65wt%WC coating was significantly lower
than that of the substrate (1527 ym), and the wear scar width
decreased with increasing temperature, and the minimum

value (960 ym) was obtained at 700°C. To study the wear
mechanism of Q235 substrate and Ni-65wt%WC coating,
the wear scar depth after wear testing under the atmospheric
environment is also shown in Figure 9. According to the
graph, the wear depth of the substrate (60.328 ym) was about
5 times the coating (11.632 ym), which proved that the Ni-
65wt%WC coating had good wear resistance. Meanwhile,
the wear depth of the coating was inversely proportional to
the heat treatment temperature and the lowest was
6.679 ym at 700°C. And it was found that the worn surface
Q235 substrate was covered with tearing, microgroove,
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environments.

fracture, and spalling, proving the wear mechanism was
dominated by abrasive and adhesive wear. Then, the worn
surface of Ni-65wt%WC coating was covered with a micro-
groove, proving that the wear mechanism was dominated
by abrasive wear. Additionally, it can be seen that the worn
surface of Ni-65wt%WC coating consisted of gray Ni matrix
and white WC particles, and the existence of WC was
benefited for the wear resistance of Ni-based composition
coating. Furthermore, the worn surface of Ni-65WC coating
after heat treatment was different from cladding coating, it
can be seen that the contents of WC particles on a worn sur-
face were much higher than the cladding coating. Therefore,
the wear resistance of the coating was improved by the
increase of WC content, which was owing to the improve-
ment of interface force between WC/Ni bases.

Worn surface morphologies of Q235 steel and Ni-
65wt%WC coating tested under a 3.5% NaCl environment
are shown in Figure 10. The relationship between the width
and depth of the wear scars with the increased heat treatment
temperature was the same as the atmospheric environment.
Meanwhile, the worn surface Q235 substrate was covered
with microgroove and wear debris, indicating that the wear
mechanism was abrasive wear. And the worn surface of the
coating was smooth and accompanied by microgroove, con-
firming that the main wear mechanism was also dominated
by abrasive wear. The width of the worn surface became nar-
rower with heat treatment temperature, while being the low-
est (800 um) at 700°C. Therefore, it can be concluded that
heat treatment was benefited for improving the wear resis-
tance of the Ni-65wt%WC coating.

The chemical composition of wear scar of Ni-65wt%WC
coating under the atmospheric environment and 3.5% NaCl
environment was tested by EDS, as shown in Figure 11.
Under the atmospheric environment, the results indicated

that the contents of Ni, Cu, and Si decreased and the contents
of the W and O element increased on the worn surface of Ni-
65wt%WC coating before and after heat treatment. Thus, it
can be deduced that the contents of WC and oxide were
higher on the worn surface of Ni-65wt%WC coating after
heat treatment, which was beneficial for antifriction and
wears resistance. Under the 3.5% NaCl environment, the
contents of the W element on the worn surface of Ni-
65wt%WC coating after heat treatment were significantly
higher than those of the cladding state. Meanwhile, the
contents of the W element on Ni-65wt%WC coating after
heat treatment increased first and then decreased at the
higher temperature, confirming that the contents of Ni
and O elements increased continuously with temperature.
According to the results of Wang Xiang [18], it can be
deduced that Ni and O meant the existence of Nickel
hydroxide. Hence, the increase of Nickel hydroxide and
the decrease of WC deteriorated the tribological properties
of Ni-65wt%WC coating.

To study the wear mechanism of Ni-65wt%WC coat-
ing under reciprocating tribocorrosion condition, the
cross-section morphology and schematic diagram of worn
surface of Ni-65wt%WC coating after heat treatment at
700°C are shown in Figures 12(a)-12(c). During the recip-
rocating wear process, the coating surface was continu-
ously removed by applying a repeated load, resulting in
partial spalling of tungsten carbide. Secondly, the soft
nickel base was adhered to the surface of tungsten carbide
under the repeated driving of grinding ball, preventing the
spalling of WC. Therefore, WC particles remained in the
subsurface had a significant antiwear effect. Compared
with erosion Ni-65wt%WC coating, the damage of WC
was much higher during erosion wear, indicating that
brittle WC particles were suitable for antiwear under
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low impact conditions. Therefore, it can be deduced that WC
particles only play effectively supporting and strengthening
the role of Ni-based compositions coating under recipro-
cating wear conditions, and the performance of Ni-based
composition coating under severe erosion condition was
deteriorated.

4. Conclusions

(1) The Ni-65wt%WC coating is prepared on Q235 steel
by laser cladding technology, which mainly consisted
of Ni, WC, and W, C. After heat treatment, the inter-
action dendrite structure is formed between the inter-
faces of WC/Ni matrix. Meanwhile, the grain size of
Ni matrix grown leads to the lower hardness and
weaker plastic deformation resistance of Ni-
65wt%WC coating

(2) With the increase of heat treatment temperature, the
erosion rate of Ni-65wt%WC coating tested with
quartz sand particle is lower at a higher temperature,
which is enhanced by the stronger interface adhesion
between WC/Ni matrixes

(3) The Ni-65wt%WC coating shows excellent perfor-
mance on reciprocating tribocorrosion under 3.5%
sodium chloride condition, owning to the higher
antiwear effect of hard WC under low impact
condition
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The effect of diamond surface pretreatment and content on the microstructure and mechanical properties of NiAl/Fe-x diamond
(x=0,5,10, 15, and 20 wt.%) alloys was investigated after mechanical alloying with subsequent hot-pressing sintering. The results
showed that after the surface pretreatment, a complete transition layer containing W existed on the outer surface of the diamond
grains, which improved the interfacial bonding strength of the diamond grains and NiAl/Fe matrix to an excellent level. As the
diamond content increased, the compressive strength of the NiAl/Fe-based alloys declined, but the alloy with 10 wt.% diamond
had a higher value than that of the other NiAl/Fe-based alloys. Short cracks and transgranular fracture were observed in the
fracture surface of all materials. For the material with 20 wt.% diamond, intergranular fracture was obvious, and many diamond
particles appeared along the fracture direction, which caused the compressive strength to be the lowest of the samples
considered in this study. After the addition of diamond, the oxidation resistance of NiAl/Fe-based alloys decreased due to a
loose oxidation layer and diamond graphitization. The thermal conductivity of the alloy first increased and then decreased with
increasing diamond content. A NiAl/Fe-based alloy with 15wt.% diamond demonstrated the maximum thermal conductivity of

53.2 W/(m-k) at 600°C among the samples in this study.

1. Introduction

It is generally known that the cylinder head of a diesel engine
often contacts high-temperature and high-pressure gas, and
it therefore bears substantial heat and mechanical loads [1-
4]. Materials in severe working conditions must possess not
only high strength and creep resistance but also excellent
thermal conductivity and corrosion resistance [5-9]. Cast
iron (7.6g/cm’), as the present cylinder head material, is
not readily fulfilling the requirements of engines with
increasing power. In particular, the mechanical properties
of cast iron deteriorate sharply when the environment tem-
perature increases to 400°C [10, 11]. Therefore, iron-based
materials with low density, excellent mechanical properties,
and thermal conductivity should be developed.

In 2015, scientists at the Pohang University of Science
and Technology in South Korea found that during the
annealing process, nickel can react with aluminium to pro-

duce nanoscale B2-ordered NiAl crystals. The B2 crystals
have excellent shear resistance, so steel containing B2-
ordered NiAl crystals can demonstrate high strength and
high ductility [12]. Thus, the B2-ordered NiAl phase, as a
particle reinforcement, is a good choice for improving the
mechanical properties of iron-based alloys. In addition, it is
known that the cost of synthetic diamond is low. It has not
only high hardness and chemical stability but also excellent
thermal conductivity (600-2000 W/m-K) and thermal stabil-
ity, so it is now widely used for polishing, as a particle rein-
forcement and as a composite coating, for example [13-15].
The interface bonding strength between the matrix and dia-
mond may be primarily due to mechanical mixing without
a transition layer [16]. The interface between the Fe matrix
and diamond particles is the major determinant of the
Fe/diamond composite properties. Therefore, pretreatment
of the diamond powders is very important for ensuring adhe-
sion between the diamond and matrix. In recent years,
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FiGure 1: XRD patterns of NiAl powders and NiAl/Fe-based alloys with different diamond contents: (a) as-milled NiAl powders; (b) sintered

NiAl/Fe-based alloys.

FIGURE 2: Micromorphology and line scanning results of diamond before and after pretreatment: (a) before pretreatment; (b) after

pretreatment.

research has focused on surface pretreatments of the dia-
mond to solve such problems [16-18]. Scholars found that
tungsten layers can be coated on diamond by a microvacuum
evaporation diffusion method and then, diamond/copper
composites can be prepared by vacuum pressureless infiltra-
tion. The resulting full uniform plating layer on the dia-
mond/copper interface has high thermal conductivity [16].

Therefore, B2-ordered NiAl/Fe-based alloys with differ-
ent contents of diamond powders before/after pickling treat-
ment are prepared by mechanical alloying with subsequent
hot-pressing sintering based on previous research in our lab-
oratory and are discussed herein. Then, the microstructure,
mechanical properties, oxidation resistance, and thermal
conductivity at RT ~600°C are studied. The study results
can provide theoretical and technical support for future
cylinder head materials.

2. Experimental Procedures

2.1. Material Preparation. The B2-ordered NiAl powders
were prepared by the following ball milling process. The Ni

powder and Al powder with a 1: 1 atomic ratio were homog-
enized by ball milling under an argon gas protective
atmosphere by a Pulverisette P5-type (Germany) variable-
frequency planetary ball mill. The test parameters were as
follows: the ball material ratio was 10:1, the speed was
250 r/min, and the process was on for 30min and then
stopped for 30 min for a total of 70 h.
Diamond-/NiAl-reinforced iron-based alloys were pre-
pared by hot-pressing sintering after the surface pretreat-
ment of the diamond powders. The diamond exhibited
excellent properties, such as high hardness, low density, and
high thermal conductivity, but it had poor interface bonding
with the Fe-based alloys. Therefore, surface pretreatment of
the diamond powders must be carried out first. The surface
pretreatment of the diamond powders was as follows. The
diamond powder, Cu powder, and W powder were mixed
according to a mass ratio of 75%:20% :5%. Due to the good
thermal conductivity of copper powder, the heat in the alloy
powder can be evenly diffused without heat accumulation at
high temperature. Then, the powders were treated as follows.
They were pickled in acid (in 10wt.% hydrochloric acid at
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F1GURE 4: SEM images of NiAl/Fe-based alloys with different diamond contents: (a) 0 wt.%; (b) 5 wt.%; (c) 10 wt.%; (d) 15 wt.%; (e) 20 wt.%.

TaBLE 1: EDS results of the points marked in Figures 4(a) and 4(b).

Points Fe (wt.%) Ni (wt.%) Al (wt.%) C (wt.%) O (wt.%)
1 96.73 0.86 1.58 0.83 —

2 6.47 68.66 23.79 1.08 —

3 58.74 — — 3.64 37.62
4 1.92 2.11 2.50 89.66 3.81

60°C for 30min) — cleaned with acetone for 20 min —
cleaned with alcohol for 20 min — cleaned with acetone for
20 min — dried. Then, the mixed powders were vacuum heat
treated at 1000°C for 60 min. The redundant tungsten pow-
ders were removed by sieving the powder in 300-mesh,
400-mesh, and then 600-mesh sieves successively. Finally,
the tungsten-coated diamond powder was obtained.

The NiAl powders and iron powders with 0 wt.%, 5wt.%,
10 wt.%, 15wt.%, and 20 wt.% diamond powder were mixed
with a YXQM-type planetary mill at a ball : material ratio of
3:1 at a speed of 100 r/min for 5h.

Thirty grams of the milled powders was packed in a
graphite mould (inner size @30 mm x 50 mm) under a con-
tinuous pressure of 20 MPa using a hot-pressing sintering
apparatus (ZT-40-20Y, Shanghai Chen Hua Electric Furnace
Co., Ltd., China) that operated under a vacuum of 7 x 1072
Pa, heated at a rate of 10°C/min, and then consolidated the
material at 1050°C for 60 min.

2.2. Microstructure and Performance Test. The densities were
measured by the Archimedes method. The phase analysis
was evaluated by X-ray diffraction (XRD) using an X-ray dif-
fractometer (Rigaku D/Max-RB) with Cu Ka radiation
(wavelength =0.15418nm) at 40kV and 100mA. The
microstructure and interface bonding were characterized
by scanning electron microscopy (SEM) on an instrument
equipped with an energy dispersive spectroscopy (EDS)
and also transmission electron microscopy (TEM). Sam-
ples with a size of 5mm x 5mm were cut from the alloys
by an electrical discharge wire-cutting machine for hard-
ness testing. The bulk hardness was measured on an
HRS-150 Digital Rockwell Hardness Machine with an
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FIGURE 5: Line scanning results of NiAl/Fe-based alloys with 15wt.% diamond shown in Figure 4(d).
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FIGURE 6: Transmission electron micrographs and selected area electron diffraction patterns of NiAl/Fe-based alloys with 10 wt.% diamond:

(a) graphite structure; (b) diamond structure.

applied load of 1470N. Specimens with a size of 4 mm x
4mm x 7mm were cut from the sintered bulk samples
by electrodischarge machining for compression tests.
Before the compression tests, the six surfaces of the spec-
imens were polished first. The room temperature compres-
sion performance was tested with an electronic universal
tensile test machine (D2-0200-1) with a strain rate of 5
x 107%/s. The oxidation behaviour of the composites was
tested on a HENVEN-HJ integrated thermal analyser at
600°C for 25h and 250 h. The nominal sample dimension
was 20 mm X 20 mm X 1.5mm, and the introduced air flo-

wed at 50 ml per minute during the oxidation experiment.
Before the oxidation test, the specimens were predried to a
constant weight. The thermal conductivity of the alloy
with @12.5x2.5mm was measured by a NETZSCH-
LFA457 laser thermal conductor at room temperature,
100°C, 200°C, 300°C, 400°C, 500°C, and 600°C.

3. Results and Discussion

3.1. Phase Composition and Microstructure. The XRD diffrac-
tion patterns of the as-milled NiAl powder and NiAl/Fe-
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based alloys with different diamond contents after the
sintering process are presented in Figures 1(a) and 1(b),
respectively. From Figure 1(a), it can be observed that the dif-
fraction peaks from the (100), (110), and (211) planes are
present in the XRD pattern of the NiAl powders, especially
the (110) diffraction peak, which is the strongest. It can be
concluded from the XRD data that NiAl powder with a B2
structure is successfully obtained. Figure 1(b) indicates that
superlattice reflection peaks of NiAl are still present in all
the sintered samples. In addition, a small amount of B2-
ordered NiAl phase transforms to Ni Al at the high tem-
perature during the sintering process, so the Ni Al phase
diffraction peak also appears in the XRD pattern of the
bulk sample. The WC diffraction peaks obviously increase
with increasing diamond content, which infers that a WC
coating layer is formed on the diamond surface. In addi-
tion, during the sintering process under a low-vacuum
environment, some Fe and Al elements are oxidized to
FeO and ALO,, respectively.

Figure 2 shows the micromorphology and line scanning
results of the diamond before and after the surface pretreat-
ment. After the pretreatment, the diamond surface becomes
rough, and the results of the line scanning analysis show that
there is a WC layer on the surface, which is in accordance
with the results of the XRD test shown in Figure 1(b). The
increased surface roughness and WC formation are beneficial
to the bonding with the matrix phase during the sintering
process.

Figure 3 shows SEM images (secondary electron images)
of NiAl/Fe-based alloys with 20 wt.% diamond before and
after pretreatment. From the secondary electron images
(SE) of NiAl/Fe-based alloys with untreated/pretreated
20wt.% diamond, there is an obvious gap between the
untreated diamond and the NiAl/Fe matrix material
shown in Figure 3(a); however, the interface between the
pretreated diamond powder and the matrix is very close
shown as the Figure 3(b), which indicates that the bonding
strength of the pretreated diamond and the matrix is
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improved. All these indicate that the addition of tungsten
can prevent the graphitization of diamond at high temper-
ature and can improve the bonding strength between dia-
mond and alloy matrix.

Figure 4 shows SEM images (backscattered electron
images) of the NiAl/Fe-based alloys with 0wt.%, 5wt.%,
10wt.%, 15wt.%, and 20wt.% diamond. The correspond-
ing point EDS analysis is shown in Table 1. The line scan
result in Figure 4(d) is shown in Figure 5. Combined with
Figure 4(a) and the EDS results, it can be concluded that
the white areas (point 1) are iron matrix, the grey areas
(point 2) are mainly NiAl phase, and the black particles
(point 3) are FeO phase with a grain size of approximately
10 ym. With the addition of diamond particles, homoge-
neous granular black particles appear in the microstruc-
ture, but when the diamond content increased to 20%,
the diamond forms a substantial amount of agglomerates.
From Figure 5, a relatively complete WC transition layer
can be seen between the diamond and matrix. These data
are enough to prove that after the diamond surface
pretreatment, a complete WC layer forms on its outer sur-
face. All the analyses are consistent with the XRD results
shown in Figure 1.

The bonded area between the diamond and matrix was
further magnified by transmission electron microscopy
(TEM), as shown in the micrograph of the NiAl/Fe alloy
with 10wt.% diamond in Figure 6. In Figures 6(a) and
6(b), it can be seen that the diamond and matrix forms
a good interface bond with no obvious gap. Further
analysis proves that there are two forms of C present: a
strip-like grey-white phase in Figure 6(a) and pure grey
plate-like phase in Figure 6(b). The calibration results of
the diffraction patterns indicate that the grey-white strip-
like material is a graphite phase and that the pure grey
plate-like material is a diamond phase. All these results
indicate that diamond graphitization occurs during hot-
pressing sintering, which also confirms that the black
worm-like substance in the scanning photograph of
Figure 4(d)is graphite.

3.2. Mechanical and Thermal Physical Properties. Figure 7
shows the compressive stress-strain curve of the NiAl/Fe-
based alloys with different diamond contents at room tem-
perature. Figure 8 shows the fracture surfaces of the
NiAl/Fe-based alloys with different diamond contents.
From Figure 7, it can be seen that the compression ratio
of the NiAl/Fe-based alloys is larger than that of the
NiAl/Fe-based alloys with the diamond addition at the
same temperature. These results are due to the second
phase addition acting as a crack source, as shown in
Figure 8(b). From Figure 8(d), it is clear that cracks extend
along the diamond boundary, and intergranular fracture is
obvious, and many diamond particles appear along the
crack. However, the fracture is nearly smooth without
obvious diamond particle spalling, as shown in
Figure 8(c). Therefore, NiAl/Fe-based alloys with 10wt.%
diamond have high compressive strength and excellent
compression deformation.
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F1Gure 10: SEM images of NiAl/Fe-based alloy surface morphologies after oxidation for 25 h and 250 h: (a) NiAl/Fe-based alloys with 0 wt.%
diamond—25 h; (b) NiAl/Fe-based alloys with 10 wt.% diamond—25 h; (c) NiAl/Fe-based alloys with 0 wt.% diamond—250 h; (d) NiAl/Fe-

based alloys with 10 wt.% diamond—250 h.

Figure 9 shows the oxidation weight gain-oxidation
time curve of NiAl/Fe-based alloys with Owt% and
10wt.% diamond after treatment at 600°C for 250h. The
oxidative weight gain of the NijAl/Fe-based alloys with
10wt.% diamond becomes steady during the last oxidation
stage (after 25h). It can also be seen that the oxidation
weight gain of NiAl/Fe-based alloys increases after
10wt.% diamond addition. This is because graphitization
of the diamond surface occurs during the oxidation test.
According to the research results by Guo et al, both the
shell of the iron atoms and the electrons of the diamond
atoms can attract diamond atoms and gradually form
graphite structures; therefore, it is concluded that iron
accelerates the process of diamond graphitization [19].
This explanation is consistent with the XRD results shown
in Figure 1.

Figure 10 shows SEM images of NiAl/Fe-based alloy
surface morphologies after oxidation for 25h and 250h.
From Figure 10(a), it is clear that the NiAl/Fe alloy surface

oxide layer is basically formed after oxidation for 25h, and
cracks from oxidation spalling occurred in the area where
the oxide layer is thick. During oxidation for 250h, the
nonoxidized areas are continuously oxidized, and the
thicker areas continuously peel off, so a uniform oxide film
on the sample surface is formed. The oxidation areas on
the surface of the NiAl/Fe alloy are reduced with a
10wt.% diamond addition, and a thick oxidation film
around the diamond particles cannot be seen (as shown
in Figure 10(b)). Obviously, the diamond addition reduces
the oxidation degree of the alloy surface. From
Figure 10(d), it can be seen that oxide spalling is present
on the surface of the NiAl/Fe-based alloy with 10 wt.% dia-
mond after the 250 h oxidation test. Compared with that of
the NiAl/Fe-based alloy shown in Figure 10(c), the surface
oxide layer of the NiAl/Fe-based alloy with 10wt.% dia-
mond is clearly looser.

Figure 11 shows the SEM image of the cross section of
the iron-based alloys after the 25h oxidation test. The
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FiGure 11: Cross-section image of the oxide film of the NiAl/Fe-based alloy after oxidation for 25h: (a) NiAl/Fe-based alloys with 0 wt.%

diamond; (b) NiAl/Fe-based alloys with 10 wt.% diamond.

TaBLE 2: Point analysis of the cross section of the oxide film of the
NiAl/Fe-based alloy shown in Figure 11.

Points Fe (wt.%) Ni (wt.%) Al (wt.%) O (wt.%)
1 23.87 4.14 9.57 64.42
2 33.55 — 0.52 65.93

oxidation of the NiAl/Fe-based alloys with 0 wt.% diamond
mainly occurs on the sample surface, while the internal
oxidation of the sample is slight. When 10% diamond is
added, both the sample surface and interior parts have dif-
ferent oxidation degrees, but the internal oxidation of the
sample is particularly substantial. EDS analysis of the sur-
face oxidation region was completed, and the results are
shown in Table 2. The oxide film contains Fe, Ni, Al,
and O when diamond addition is 0wt.%. However, after
adding 10wt.% diamond, the Al content in the oxide layer
is only 0.52%, the Ni element completely disappears, and
the oxide film is almost entirely Fe oxides. The Ni-based
oxides and Al-based oxides on the surface of NiAl/Fe-
based alloys with Owt.% diamond can densify the oxide
film on the surface of the alloy, which can hinder further
oxidation. However, the oxidation of Al and Ni in the
alloy is reduced or even eliminated after diamond is
added. In addition, diamond also destroys the integrity
of the oxide layer on the alloy surface. All these factors
increase the oxidation inside the alloy.

Figures 12 and 13 show the element distribution of the
cross section of the oxide film of the NiAl/Fe-based alloy
with Owt.% diamond after oxidation for 250h. Figure 12
shows that the oxides are mainly iron oxides. Further
observation indicates that there is a small amount of alu-
mina and iron oxides exist in alloy matrix. For the oxide
film on the NiAl/Fe-based alloy with 10wt.% diamond,
the surface oxide layer is somewhat loose. It can be

inferred from the element distribution in the cross section
of the oxide film shown in Figure 13 that a substantial
amount of Si is distributed in the oxide film because sili-
cone phenolic plastics are the metallographic mosaic pow-
der. Tt also shows a minor amount of iron oxides, and
aluminium oxides appear in the surface layer. These
results indicate that the oxide layer is relatively loose. This
can explain why the NiAl/Fe-based alloy with 10 wt.% dia-
mond has a higher oxidation weight gain.

The thermal conductivity of the NiAl/Fe alloy with dif-
ferent diamond contents with increasing temperature is
shown in Figure 14. The thermal conductivity of the mate-
rial increases substantially after diamond is added. As the
diamond amount increases, the thermal conductivity of
the material first increases and then decreases. When the
content of diamond is 15wt.%, the thermal conductivity
of the material reaches its peak at each temperature, and
the thermal conductivity is 53.2 W/(m-K) at 600°C. It is
generally known that diamond is a natural material with
the highest thermal conductivity among known materials
(600-2200 W/m-K). Adding diamond to the matrix
material can effectively improve the overall thermal con-
ductivity of the material. However, with an increasing
amount of diamond, the number of interface and sintering
voids increases, so the electronic movement between
crystals is hindered and the thermal conductivity of the
material is reduced.

The addition of surface-pretreated diamond to NiAl/Fe-
based alloys reduces the density and improves the thermal
conductivity, but it slightly degrades the mechanical proper-
ties. Therefore, the densification of the material is further
improved by hot isostatic pressing (HIP), and the overall
mechanical properties and oxidation resistance of the mate-
rial are further improved. Thus, low-density iron-based
alloys with excellent mechanical properties, oxidation revsis-
tance, and thermophysical properties can be obtained with
this approach.
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4. Conclusions ment of the diamond powders, which improved the
interface bonding of the diamond grains and NiAl/Fe
NiAl/Fe-based alloys with 0, 5, 10, 15, and 20 wt.% diamond- matrix to an acceptable level

reinforced particles were prepared by hot-pressing sintering
after the surface pretreatment of the diamond powders. From
the microstructure, mechanical properties, oxidation resis-
tance, and thermal conductivity analysis, the following con-
clusions can be summarized:

(2) The compressive strength of NiAl/Fe-based alloys
decreased after adding the pretreated diamond, but
as the diamond addition increased, the alloy with
10wt.% diamond obtained a higher compressive
strength than that of other diamond contents

(1) A complete transition layer containing W' existing (3) After diamond addition, the corresponding oxidation
outside diamond was gained after surface pretreat- resistance decreased because of the loose oxide layer
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FIGURE 14: Thermal conductivity of NiAl/Fe alloy at different
temperatures with diamond addition.

and diamond graphitization of the NiAl/Fe-based
alloys

(4) The thermal conductivity of the alloy increased first
and then decreased as the diamond content
increased. When the diamond content was 15 wt.%,
the thermal conductivity of the alloy reached the
maximum value of 53.2W/m-K at 600°C obtained
in this study
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In this paper, multilayer coatings consisted of amorphous AICrYN layers and TiBN layers were deposited by the cosputtering
technique. The influence of the modulation period of the multilayer coatings on the structure, mechanical properties, and
oxidation behavior of the coatings was studied carefully by using scanning electron microscope, X-ray diffraction,
nanoindentation, scratch tester, and thermogravimetric analyzer. The results show that the TiBN/AICrYN multilayer coatings
exhibit an amorphous structure without any feature. Decreasing the modulation period could significantly improve the coating
hardness and elastic modulus. In addition, the adhesion of the multilayer coatings could be enhanced as the modulation period
decreases. At relative low oxidation temperature (<900°C), a dense aluminum oxide layer formed on the coating surface can
effectively hinder the inward diffusion of O and the outward diffusion of metal elements. The oxidation behaviors of the
TiBN/AICrYN multilayer coatings obeyed the diffusion control law. The oxidation resistance of the coatings was increasing with
decreasing the modulation period since the interfaces of multilayer structures would block the diffusion of elements. At relative
high oxidation temperature (1000°C), however, the coating surface was rapidly oxidized into the porous TiO, whiskers rather
than the dense Al,O; layer, resulting in the inward diffusion of O and thus causing the serious oxidation of the coatings.

1. Introduction

Hard nitride coatings deposited by physical vapor deposition
(PVD) are widely used as protective coatings in many appli-
cations, such as the protection of cutting tools and molds due
to their high hardness and wear resistance [1-3]. However,
the thermal stability, toughness, and adhesion of the hard
nitride coatings are still strong challenges for the increasing
industrial applications especially under extreme conditions,
e.g., high temperature [4]. Unfortunately, the PVD hard
nitride coatings usually present columnar growth structures
where oxygen is able to diffuse into the coatings while metal
elements diffuse towards the coating surface through the
columnar grain boundary, resulting in serious oxidation of
the PVD coatings [5]. In addition, some unavoidable
“through-thickness defects” like micropits and micropores
in the PVD coatings can also provide channel for the diffu-
sion of oxygen and thus enhance the oxidation of the
coatings [5]. On the other hand, the hard coatings prepared
by PVD process usually have high residual stress, causing

the poor adhesion to the substrate. Now, therefore, it is
highly desirable to improve the oxidation resistance and
adhesion of the PVD coatings.

Amorphous phase usually possesses the smooth dense
structure without grain boundaries, which would effectively
avoid boundary diffusion. On the other hand, multilayered
architectural structures have been demonstrated to signifi-
cantly enhance the mechanical properties and oxidation
resistance of the PVD coatings [6, 7]. The interfaces among
heterolayers can effectively restrain the crack growth and
block the diffusion of oxygen and other media corrosion
across the PVD coatings and thus improve the oxidation
resistance, corrosion resistance, and mechanical properties
of PVD coatings [7]. Accordingly, it is supposed that com-
bining the multilayered architectural structure with the
amorphous phase structure can significantly improve the
oxidation resistance of the hard PVD coatings.

Previous literature reports that AICrYN coatings exhibit
high oxidation resistance at high temperature due to the for-
mation of compact oxide layer on the surface [8]. In this


https://orcid.org/0000-0002-3840-1091
https://orcid.org/0000-0002-4462-1920
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3758209

paper, multilayer coatings consisted of amorphous AICrYN
layers and TiBN layers were deposited by the cosputtering
technique. The influence of the modulation period of the
multilayer coatings on the structure, mechanical properties,
and oxidation behavior was studied carefully. Furthermore,
the relationships between the deposition process, microstruc-
ture, and properties of the coatings were discussed carefully.

2. Experimental Details

A direct current magnetron cosputtering deposition system
composed of two independent magnetron sputtering units
was employed to prepare the TiBN/AICrYN multilayer coat-
ings. Pure TiB, (99.95%, Ti: B=33:67at.%) and AICrY
(99.97%, Al:Cr:Y=67:30:3at.%) rectangular planar
with the length of 50 mm and width of 480 mm were used
as the sputtering targets. Polished cemented carbide (WC
with 6 wt.% Co, mirror polish) and polycrystalline alumina
wafers were used as the substrates for the characterization
of mechanical properties and the high temperature oxidation
test, respectively. All the substrates were cleaned each
sequentially by using ultrasonic baths of acetone and alcohol
for 20 minutes. The based pressure in the vacuum chamber
was below 5x 107 Pa. Ar glow discharge cleaning with
-650V applied on the substrate holder was taken for 3
minutes to remove the impurities and oxide on the substrate
surface before deposition. During coating process, a gas mix-
ture of Ar and N, (Ar/N, =1 : 1) with 100sccm was input
into the chamber. The deposition pressure was kept around
0.6 Pa. The sputtering powers of the TiB, target and AICrY
target were maintained at 2kW. The bias voltage of -100 V
was applied on the substrate. The deposition temperature
was about 350°C. The total deposition duration was 4 hours,
and the thicknesses of all coatings were kept around 1.2 ym.
The distances are approximately 50 mm between the sputter-
ing targets and the substrate holder. The substrate holders
were placed on a central rotary table. The modulation period
of the multilayered TiBN/AICrYN coatings was adjusted by
varying the rotation speed of the central rotary table from
0.5rpm to 3rpm.

The growth morphologies of the coatings were observed
by scanning electron microscopy (SEM, FEI, Nano430) with
an operating voltage of 10kV. The phase structure of the as-
deposited coatings was characterized by X-ray diffraction
(XRD, Bruker D8 Advance diffractometer, CuKa). The scan-
ning angle of the 26 ranged from 20° to 80° with a step width
0.02° at a speed of 2°/min. The coating hardness and elastic
modulus were measured using a nanoindentation tester
(CSM, TTX-NHT) with a Berkovich diamond indenter
under the constant load of 5mN. The indentation depth
was controlled to about 10% of the coating thickness to min-
imize the effect of the substrate. The scratch test was per-
formed by a Nano Scratch Tester (CSM, Revetest scratch
tester) using Rockwell C diamond styli with a radius
200 um to evaluate the adhesion strength of the coatings.
The scratch length was 3 mm, along with the normal load
increased from 1N to 100N with a scratch speed of
6 mm/min. The scratch morphologies of the scratch tracks
were performed by an optical microscope. A thermal gravi-
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metric (TG) analyzer (Setsys TMA, France) was used to
investigate the oxidation behavior of the as-deposited coat-
ings which were heated up to 800°C, 900°C, and 1000°C in
oxygen atmosphere with a heating rate of 10°C/min for two
hours. The samples for the TG test were deposited on the
polycrystalline alumina substrates. The surface morphology
and composition of the coatings after the oxidation test were
investigated by SEM and energy-dispersive X-ray detector
(EDS, FEI, Nano430) with an operating voltage of 20kV
and emission current of 10 yA.

3. Results and Discussion

Figure 1(a) shows the typical cross-sectional morphology of
the TiBN/AICrYN multilayer coating deposited with the
rotation speed of 2 rpm. It can be seen that the coating shows
dense and smooth glass-like morphology without any fea-
ture. The corresponding XRD diffractogram (Figure 1(b))
illustrates that there are no diffraction peaks attributed to
the coating, which also confirm the amorphous structure of
the coating. The formation of the amorphous structure might
be related to the low modulation period of the coatings. The
coating modulation period calculated through dividing the
total coating thickness by the rotation numbers of the central
rotary table decreases from 12nm to 2nm as the rotation
speed of table increases from 0.5rpm to 3 rpm. This means
that the individual layers (both TiBN layers and AICrYN
layers) are very thin and hard to crystallize since the multilay-
ered structure would inhibit the growth of the crystalline
grains.

Figure 2 exhibits the hardness and elastic modulus of the
coatings deposited with various the rotation speeds of the
substrate holder table. It can be seen that the hardness of
the coatings increases from 16 GPa to 22 GPa as the rotation
speed of table increases from 0.5 rpm to 3 rpm. It is reported
that decreasing the thicknesses of the individual layers in the
multilayered structure system would enhance the coating
hardness due to the complex effects of interface structures
among heterolayers [9]. Additionally, decreasing the modu-
lation period could effectively refine the microstructure of
the coating components and thus improve significantly the
coating mechanical properties.

Figure 3 exhibits the typical scratch morphologies of the
TiBN/AICrYN multilayer coating deposited with different
rotation speeds of table. The coating deposited with 0.5 rpm
shows a relatively low critical load of about 31.4 N. It should
be noted that cracking and fragmentation occur prior to the
onset of substrate exposure. The appearances of cracking
and fragmentation might be attributed to the severe plastic
deformation of the substrate under high load. The brittle
hard coating cannot adapt to the deformation and thus tends
to crack when being depressed into the substrate. Meanwhile,
the fragmentations would peel off due to low adhesive
strength of the coating/substrate. As the modulation period
of the coatings decreases (the rotation speed of table
increases), however, the critical load increases significantly.
The critical load of the TiBN/AICrYN multilayer coating
increases to 72.1 N when the rotation speed of table increases
to 3rpm. Although the cracks also appeared before the onset
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of substrate exposure, they became very small and no frag-
mentation was observed to peel from the substrate, implying
the good scratch resistance and high adhesion strength of the
coatings.

The enhancement of the scratch resistance of the coatings
might be ascribed to the multilayered structure where the
interfaces between TiBN/AICrYN layers can -effectively
prevent the propagation and extension of cracks and thus
greatly improve the toughness of the TiBN/AICrYN multi-
layer coatings [10]. Additionally, according to the results of
nanoindention (Figure 2), the hardness/elastic modulus ratio
(H/E) of the coatings increases from 0.07 to 0.09 as the rota-
tion speed of table increases from 0.5 rpm to 3 rpm. Usually,
the H/E is expected to correlate with the elastic resilience and
a high H/E implies that the coating has a high elastic strain
prior to the plastic deformation [11]. It is clear that the high
H/E value is beneficial to the scratch resistance. As a result,
the scratch resistance of the TiBN/AICrYN multilayer
coatings increases as the modulation period decreases (the
rotation speed of table increases). Furthermore, the multilay-

ered structure is also believed to effectively reduce residual
stress and then enhance the coating adhesion.

The oxidation behaviors of the coatings were performed
by TG as shown in Figure 4. Figure 4(a) presents the typical
TG curve of the coating deposited with 0.5rpm. The mass
gain of the coating increases slightly with the temperature
at initial stage of heating (200°C~800°C), followed by a signif-
icant increase of the mass gain at the temperatures of about
800°C. However, the mass gain of the coating shows a signif-
icant decrease when the temperature exceeds 1000°C. In
order to insight into the oxidation behaviors of the coatings,
isothermal TG of the TiBN/AICrYN multilayer coatings with
different modulation periods was taken at temperatures of
800°C, 900°C, and 1000°C. Figures 4(b)-4(d) exhibit the mass
grains of the coatings as a function of the oxidation time. It
can be seen that the mass grains of all the samples increase
with the oxidation time at all temperatures, but the shapes
of the curves are different. Under the oxidation temperatures
of 800°C (Figure 4(b)) and 900°C (Figure 4(c)), the mass
gains of the coatings increase slowly and exhibit parabolic
oxidation curves. However, the mass gain curves of the coat-
ings could be divided into two different parts when the oxida-
tion temperature increases to 1000°C (Figure 4(d)). At initial
stage (<20 min), the mass gain of the coating increases rap-
idly and occurs linearly. Subsequently, the mass gains of the
coatings exhibit parabolic rate. It should be noted that the
mass gains of the coatings decrease as the modulation period
of the coatings decreases (the rotation speed of table
increases) at certain oxidation time.

The parabolic oxidation rate has been expected to follow
diffusion control law which can be expressed by the equation

of (Am/A)* =kt + ¢, where the Am s the mass change, ¢ is
time, A is the surface area of the sample, and k and c are
the parabolic rate constant and constant, respectively [12].
Figure 5 presents the curves of (Am/A)?* versus t and the
fitted straight lines for the date points. The coefficient values
of determination (R*) which indicate the goodness of fit and
k values are also included in the figures. It can be seen that the
R® values of all the samples are almost higher than 0.99 at
800°C and 900°C, indicating that all curves accord with the
parabolic law. This illustrates that the oxidation reaction of
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the TiBN/AICrYN multilayer coatings was controlled by dif-
fusion process at relatively low temperature (<900°C). It
should be noted that k values at 900°C are higher than that

at 800°C, since the oxidation rate increases with temperature.
Furthermore, the k value decreases significantly as the rota-
tion speed of table increases. In addition, the activation
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energy for oxidation of the coatings calculated according to ~ ulation period of the coatings would enhance the coating
the Arrhenius equation increases from about 125kJmol™  oxidation resistance. However, it can be seen that the oxida-
to 185k mol ' [12]. This indicates that decreasing the mod- tion behavior does not follow the parabolic law and the
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coating exhibits the high oxidation rate when the oxidation
temperature is 1000°C.

The typical surface topographies and cross-sectional
morphologies of the coatings deposited with 0.5rpm and
2rpm after oxidation at 900°C are shown in Figure 6. It can
be seen that the coating deposited with 0.5rpm
(Figure 6(a)) shows numerous granular and rod-like features
on the surface. The corresponding cross-sectional SEM
image reveals that a dense oxidation layer with a thickness
of about 500 nm appears on the surface of the coating. As
the rotation speed of table increases to 2rpm, the coating
shows a significant decrease on the size and quantity of the
granular features on the surface. And the thickness of the oxi-
dation layer decreases to about 200 nm. This also proves that
the coating with the relative low modulation period shows a
high oxidation resistance. It is supposed that the interfaces
of multilayer structure would block the diffusions and thus
enhance the oxidation resistance of the coatings. The EDS
line-scanning profiles along with the coating thickness (red
arrows in Figures 6(c) and 6(d)) are presented in Figure 7.
It can be seen that the oxide layers on the coating surfaces
mainly contain Al and O, implying that the oxide layer is
consisted of aluminum oxides. The dense aluminum oxide
layer could effectively hinder the inward diffusion of O and
the outward diffusion of metal elements [13]. Accordingly,
the oxidation behavior of coatings obeys the diffusion control
law at the oxidation temperature of 900°C.

Figure 8 gives the oxidation morphologies of the coating
deposited with 0.5rpm at the oxidation temperature of
1000°C. It can be seen that numerous sharp whiskers that
can be ascribed to TiO, are observed on the coating surface,
implying oxidizing quickly of the coating in the initial stage
of oxidation. The EDS line-scanning profiles (Figure 8(d))
along with the coating thickness (red arrow in Figure 8(c))
illustrate that oxygen exists throughout the coating, indicat-
ing that the coating was almost completely oxidized. The

coating thickness after oxidation also increased greatly due
to the volume expansion of oxide. The cross-sectional image
of the coating reveals that the oxide layer is consisted of two
layers (Figure 8(c)). The layer on the top is the porous whis-
kers, followed by a dense oxide layer. According to the results
above, the mass gain curve of the coating at the oxidation
temperature of 1000°C (Figure 4(d)) can be divided into
two different parts. In the initial stage of oxidation, the sur-
face layer was oxidized rapidly into the porous TiO, whiskers
due to the high oxidation temperature (1000°C). The TiO,
porous whiskers hinder the formation of the dense oxide
layer and allow the inward diffusion of O. As a result, the
coatings showed a high oxidation rate at initial stage
(<20 min) of the isothermal oxidation test (as shown in
Figure 4(d)). Subsequently, the dense oxide layer was formed
in the coatings, which could act as a barrier layer and block
the element diffusion. Accordingly, the mass gains of the
coatings exhibit parabolic rate after the initial stage.

4. Conclusions

Amorphous TiBN/AICrYN multilayer coatings with differ-
ent modulation periods were deposited by the cosputtering
technique through varying the rotation speed of table. The
effect of the modulation period on the structure, mechanical
properties, and oxidation behavior of the coatings was stud-
ied carefully. It is found that the amorphous TiBN/AICrYN
multilayer coatings exhibit the glass-like morphology with-
out any feature. The hardness and adhesion of the coatings
could be greatly improved via decreasing the modulation
period. The multilayer coatings show the high oxidation
resistances at relative low oxidation temperature (<900°C).
The enhancement of the oxidation resistance could be attrib-
uted to the formation of the dense aluminum oxide layer
which can effectively hinder the diffusion of elements, caus-
ing the oxidation behavior of coatings to follow the diffusion
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control law. However, as the oxidation temperature increases
further (1000°C), the coating surface would be rapidly oxi-
dized into the porous TiO, whiskers, which prevented the
formation of the dense oxide layer and allowed the inward

diffusion of O, resulting in a serious oxidation of the coatings.
Decreasing the modulation period could be conducive to
improving the coating oxidation resistance since the inter-
faces of multilayer structure would block the diffusions.
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The microstructure design based on the development of heterostructure provides a new way for high strength and ductility Mg
alloys. However, the wear property, as an important service performance, of Mg alloys with heterostructure is scarcely
investigated. In this work, a high strength and ductility AZ91 Mg alloy with multiheterostructure was prepared via a processing
route combined industrial-scale equal channel angular pressing (ECAP) and aging. The multiheterostructure consists of the
heterogeneous grain structure and heterogeneous precipitates. The dry sliding wear behavior of this multiheterostructured (MH)
alloy is investigated compared to the as-cast alloy. The impacts of the applied load and duration time on the wear volume and
coefficient of friction (COF) are analyzed, and the wear mechanism is further discussed. The result indicates that although the
MH alloy exhibits high-desirable strength-ductility synergy, it shows a poorer wear resistance but a relatively lower COF
compared to the as-cast alloy at the present condition. The wear mechanism of both alloys mainly involves abrasive wear, as
well as mild adhesion, delamination, and oxidation. In comparison, the MH alloy shows relatively severe adhesion,
delamination, and oxidation. The poor wear resistance of the MH alloy at the present dry sliding wear condition is linked to the
abundant grain boundaries and fine precipitates. Therefore, one should reasonably use the MH Mg alloy considering the service
conditions to seek advantages and avoid disadvantages.

1. Introduction

According to the need for lightweight of the structural mate-
rials, magnesium (Mg) alloys, as the lightest structural metallic
materials, are widely applied in the automobile, aerospace,
biomedicine application, and electronics industries [1-5].
Moreover, profiting from all kinds of processing methods,
numerous high strength Mg alloys have been produced in
the laboratory and even some Mg alloys have been commer-
cialized, such as Mg-Al-Zn (AZ)-typed alloys and Mg-Zn-Zr
(ZK)-typed alloys [6-9]. However, the absolute strength and
ductility of Mg alloys at room temperature are still much lower
than that of Al alloys, Ti alloys, and steels, which restrict their
widespread commercial applications. Therefore, great effort

has been made to enhance the mechanical properties of the
Mg alloys in the last few decades [10-13].

Due to the well-known Hall-Petch law, the ultrafine/nano-
grained Mg alloys are intensely pursued to address the issues
of poor strength and ductility [14-19]. In recent years, the
microstructure design based on the development of the het-
erostructure provides a new way for the high-performance
materials [20-23]. Many studies indicate that the heterostruc-
ture brings into much higher strength and ductility in several
Mg alloys than the generally developed ultrafine grain
structure [24, 25]. For example, Ramezani et al. [26] developed
a GWZ Mg-8.1Gd-4.3Y-1.6Zn-0.4Zr (wt. %) alloy with fine-
grained bimodal microstructures via multiaxial forging. The
forged alloy exhibited an excellent ultimate tensile strength
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(UTS) and ductility of 581 MPa and 15.9%, respectively. Jiang
etal. [27] processed a heterogeneous Mg-1Gd/Mg-13Gd alloy
laminate via accumulative extrusion bonding (AEB), whose
strength and ductility were much superior to that of the
individual component material. Wu et al. [28] demonstrated
that the bimodal structure brought into high strength in the
Mg-15Gd-1Zn-0.4Zr (wt. %) alloys. Xu et al. [29] prepared a
bimodal-structured Mg-8.2Gd-3.8Y-1Zn-0.4Zr (wt. %) alloy
using hot extrusion and aging, which had a superior
strength—ductility balance. In our previous work, the labora-
tory scale and industrial-scale multiheterostructured AZ91
alloys were prepared via the combined processing route of
ECAP and aging [30-32]. The multiheterostructured AZ91
alloy exceeded the known strength and ductility limits of the
AZ91 alloy.

Compared to the abundant investigation on the mechan-
ical properties, the wear behavior of Mg alloys is scarcely
investigated, so that we still cannot confirm whether these
high-performance Mg alloys with heterostructure have excel-
lent wear resistance. The present work aims to investigate the
dry sliding wear behavior of a multiheterostructured AZ91
alloy produced by a processing route combined industrial-
scale ECAP with aging. The impacts of the applied load and
duration time on the wear volume and coefficient of friction
(COF) were investigated, and the wear mechanism was
further discussed.

2. Experimental Procedure

A commercial as-cast AZ91 alloy ingot with a nominal chem-
ical composition of 9wt. % Al, 1 wt. % Zn, and 0.5 wt. % Mn
was used in this work. A combined processing route of
industrial-scale ECAP with aging was used to prepare the
multiheterostructure AZ91 alloy. The received AZ91 alloy
was referred to as “AC alloy.” The AC alloy was firstly
homogenized at 420°C for 24 h followed by water quenching.
Next, a homemade upscaled rotary die equal channel angular
pressing (RD-ECAP) with four equal square channels
(50 mm x 50 mm x 100 mm) was continually performed for
16 passes with a ram speed of 3.5 mm/s at a constant temper-
ature of 350°C, followed by rapidly water cooling. Finally, the
ECAPed samples were isothermally aged at 200°C for 15h,
where the peak hardness was obtained. More details on the
processing route can be found in our previous work [30],
and the resultant sample was designated as “MH alloy.”
The wear test was performed by a ball-on-disc facility
(MFT-3001 type-Lanzhou Huahui Instrument Technology
Co., LTD., China), as illustrated in Figure 1. Before wear test-
ing, the samples were ground to 800 grit SiC sandpapers and
cleaned with ethanol. The roughness of the samples is Ra
0.31 ym. The Si;N, ball with a diameter of 6 mm was used.
All the tests were performed at a velocity of 300 r/min with a
revolution radius of 2.5cm. Since duration time (T) and
applied load (L) have a great influence on wear behavior,
different duration times (7 =10 min, 30 min, and 90 min)
and applied loads (L =4.9N, 9.8 N, and 14.7 N) were chosen
to reveal their effect on the wear behavior of the AC and
MH alloys. When the duration time was varied, the constant
applied load was 4.9N. When the applied load was varied,
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FIGURE 1: Schematic illustration of the ball-on-disc facility for the
wear test.

the constant duration time was 30 min. For each state, at least
two specimens were tested. After wear testing, the samples
were ultrasonically cleaned with ethanol for 5-10 min and then
stored in kerosene. The wear track was characterized by the
surface profile meter (TIME3222 Beijing Time High Technol-
ogy LTD, China). The wear volume was calculated according
to the measured cross-section profiles, which was expressed
as the product of the cross-sectional area and the length of
the wear track. The micro-hardness of the samples was mea-
sured by an HXD-1000TC microhardness-testing instrument
with a load of 49N and a dwelling time of 15s.

The microstructures were characterized by scanning elec-
tron microscopy with the secondary electron detector (SEM)
equipped with an energy dispersive spectrometer (EDS) and
electron backscattered diffraction (EBSD). For SEM observa-
tion, the samples were ground to 2000 grit SiC sandpaper
successively, mechanically polished by a 1.5um diamond
suspension, and then etched by a mixture solution of acetic
acid, picric acid, ethanol, and distilled water. Whereas, the
EBSD samples were ground, polished, and then ion milled.

3. Results and Discussions

3.1. Microstructure and Mechanical Properties. Figure 2
shows the SEM micrographs of the AC alloy. This alloy is
featured with a typical dendritic structure which consists of
a coarse «&-Mg matrix with an average grain size of
180 um, y-phase precipitates (Mg,,Al,,), and interdendritic
eutectic phase.

The present used combined processing route brings into
a multiheterostructured (MH) AZ91 alloy, which was
investigated in detail in our previous work [30]. The micro-
structure of the MH alloy is characterized by a heterogeneous
grain structure and a heterogeneous precipitate structure, as
shown in Figure 3. The SEM indicates that the fine lamellar
y-phase precipitates cover most of the grains, but some
grains are still precipitate-sparse/free, indicating a heteroge-
neous precipitate structure, as shown in Figures 3(a) and
3(b). Here, the lamellar precipitates are formed during aging
in a discontinuous mode. Besides, some cobblestone-like y-
phase particles can be found on the grain boundaries, which
are dynamically precipitated during ECAP processing. The
EBSD observation shows that the heterogeneous grain
structure is comprised of coarse grains with an average size
of 44.2 ym and fine grains with an average size of 18.7 um,
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as artificial critical grain size of 35 um is chosen, as shown in
Figures 3(c) and 3(d). The volume fraction of the fine grains
reaches 84.8%.

The AC alloy has poor mechanical properties, as shown in
Figure 4(a). The multiheterostructure brings a superior com-
bination of high strength and good ductility to the AZ91 alloy.
The tensile yield strength (TYS), ultimate tensile strength
(UTS), and elongation (EL) of the MH alloy are improved
by 240.5%, 175.0%, and 80.3%, respectively, compared to the
AC alloy (Figure 4(a)). Moreover, the microhardness incre-
ment of the MH alloy is over 40%, as shown in Figure 4(b).

3.2. Wear Behavior. Figure 5(a) shows the time evolution of
the wear volume. The wear volume almost linearly increases
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FIGURE 3: SEM micrographs (a, b), EBSD inverse pole figure mapping (c), and grain size statistics (d) of the MH alloy.

with increasing duration time both for the AC alloy (from
0234mm’ to 1.915mm°) and the MH alloy (from
0.247mm’ to 2.622mm’). The MH alloy exhibits a more
rapidly increasing trend of the wear volume than the AC
alloy, indicating a larger wear rate. Therefore, the MH alloy
has a larger wear volume than the AC alloy under all duration
time, although the difference is hard to be perceived under a
short duration time. Figure 5(b) presents the wear volume as
a function of the applied load. The wear volume of both
alloys increases gradually with increasing the applied load
and its growth trend of both alloys is similar. Apparently,
the wear volume of the MH alloy (from 0.826 mm’ to
1.908 mm®) is larger than that of the AC alloy (from
0.701 mm® to 1.690 mm”) at all the applied loads. The present
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results demonstrate that the MH alloy exhibits a poorer wear
resistance than the AC alloy, although it has better mechan-
ical properties.

Figure 6 shows the wear track cross-section profiles of the
AC and MH alloys. Under short duration time or small
applied load, the wear track of two alloys is similar, while it
is slightly deeper for the MH alloy, as shown in Figures 6(a)
and 6(c). Increasing duration time, both the wear track depth
and width of the MH alloy are growing faster than that of the
AC alloy, as shown in Figure 6(b), indicating rapidly
increased wear volume. Increasing the applied load, the dis-
crepancy of the wear track depth between the AC alloy and
the MH alloy dramatically grows, but the wear track widths
of two alloys are similar.

Figure 7 shows the evolution of the COF for the AC and
MH alloys under the applied load of 4.9 N and 14.7 N. After a
rapid increase, the COF tends to be steady for all the samples,
although the fluctuation is still visible. It is evident that the
AC alloy shows more drastic COF fluctuation than the MH
alloy. Furthermore, the COF fluctuation is influenced by
the applied load, as shown in Figure 7. To be specific, the
lower applied load, the more fluctuant COF.

The average COF of the AC and MH alloys during the
steady wear stage was calculated, and the result is shown in
Figure 8. As the duration time increases, the COF of these
two alloys increases first and then decreases. The COF of
the AC alloy is higher than that of the MH alloy under differ-
ent duration times (Figure 8(a)). The highest COF is 0.341 for
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FI1GURE 6: The wear track cross-section profiles of the AC and MH alloys under the applied load L of 4.9N (a, b) and the duration time T of

30 min (c, d).

FiGure 7: The fluctuation of the COF values of the AC (a, ¢) and MH (b, d) alloys under the applied load L of 4.9N (a, b) and 14.7 N (c, d).
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F1GURE 9: The SEM images of the typical wear surfaces of the AC alloy: (a) T =10 min, L=4.9N; (b) T =30 min, L=4.9N; (c) T =90 min,
L=49N;(d) T=30 min, L=9.8N.

the AC alloy, while it is decreased to 0.302 for the MH alloy.  to 0.296) rapidly decreases, followed by a relatively gentle
Nevertheless, under different applied loads, the variation descent. In contrast, the COF of the MH alloy first increases
trend of COF of the AC and MH alloys is quite different, as  and then decreases with increasing the applied load. There-
shown in Figure 8(b). The COF of the AC alloy (from 0.341 fore, the MH alloy exhibits a low COF at an applied load of
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F1GURE 10: The SEM images of the typical wear surfaces of the MH alloy: (a) T = 10 min, L =4.9N; (b) T =30 min, L =4.9N;(c) T =90 min

,L=49N;(d) T=30 min, L=9.8N.

49N (0.262) and 14.7N (0.286). As a whole, the MH alloy
shows the relatively lower COF compared to the AC alloy
under different duration times and applied loads.

3.3. Wear Mechanism. The morphologies of the wear sur-
face were further characterized using SEM combined with
EDS to reveal wear mechanism. Figures 9 and 10 present
the SEM images of the typical wear surfaces of the AC
and MH alloys. Along the sliding direction, numerous
grooves, ridges, and debris can be observed on the wear
surface of both alloys at all conditions, representing the
typical morphologies of abrasive wear. Therefore, the abra-
sive wear is the primary wear mechanism for both alloys.
Besides, some adhesion marks and delamination are visible
for both alloys, indicating the occurrence of adhesion wear
and delamination wear. Some black stains can be found in

both alloys. The EDS analysis demonstrates that these stains
contain high-concentration O element, giving rise to the
occurrence of oxidation wear, as shown in Figure 11. In com-
parison, the MH alloy shows relatively severer adhesion,
delamination, and oxidation. As the duration time and
applied load increase, the wear track width of both alloys
increase, but it is hard to tell the difference in the wear mech-
anism. The present result is consistent with these previous
researches that the dominant wear mechanism of the AZ91
alloy at low load and sliding is abrasive wear [33, 34], and
confirms that the MH alloy has almost same wear mecha-
nism to the AC alloy.

The MH alloy exhibits finer grains compared to the AC
alloy. The fine grains benefit to the improvement in strength
and ductility due to the well-known Hall-Petch law. In con-
trast, fine grain is a sword with double blades for the wear
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FIGURE 11: Large-magnification SEM images and EDS elemental mappings of the typical worn surfaces of the MH alloy under the applied

load L of 4.9 N and the duration time T of 30 min.

behavior, which not only can hinder wear due to the
improved hardness but also can accelerate wear due to the
abundant unstable grain boundaries. During the dry sliding
wear process, the high friction heat will deteriorate the insta-
bility of the grain boundaries, which is confirmed by the
observed relatively severe oxidation. Also, the modification
of the precipitate microstructure impacts the wear behavior.
The fine lamellar y-phase precipitates in the MH alloy may
be obstructive to improve wear resistance, because the small
precipitates are easy to be dug out when the abrasive wear
prevails. Therefore, the MH alloy exhibits larger wear volume
than the AC alloy during the present dry sliding wear condi-
tion, although it has significantly improved strength, ductil-
ity, and hardness. Indeed, the decreased and improved wear
resistance are both frequently reported for the ECAP metals
in literature. For example, Patil et al. [35] indicated that the
ECAP processed samples displayed a poorer wear resistance
as compared to the as-cast sample at 20N and 30N loads,
but a decreased wear resistance at 10N. On contrast, Xu
et al. [36] reported that the wear volume of ECAP-
processed AZ31 is smaller than for the as-received unpro-
cessed alloy. Therefore, the wear resistance of the MH alloy
prepared by ECAP is not only related to its physical proper-
ties but also significantly related to the wear condition. One
should reasonably use the MH alloy considering the service
conditions to seek advantages and avoid disadvantages.

4. Conclusion

In this work, the dry sliding wear behavior of the MH AZ91
alloy with multiheterostructure was investigated, which was
prepared via the combined processing route of industrial-
scale ECAP and aging. Although the MH AZ91 alloy exhibits
high-desirable strength-ductility synergy due to its special
multiheterostructure, it shows a poorer wear resistance com-
pared to the AC alloy at the present condition. As a whole,

the MH alloy shows the relatively lower COF compared to
the AC alloy. The difference in wear volume between two
alloys is hard to be perceived under a short duration time,
while the MH alloy has a much larger wear volume than
the AC alloy under a long duration time. The wear volume
of both alloys is almost linearly increased with the increase
in the applied load. The wear mechanism of both alloys
mainly involves abrasive wear, as well as mild adhesion,
delamination, and oxidation. In comparison, the MH alloy
shows relatively severer adhesion, delamination, and oxida-
tion. The poor wear resistance of the MH alloy at the present
dry sliding wear condition is linked to the abundant grain
boundaries and small and fine precipitates.
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In order to improve the forming quality of the Inconel 625 cladding layer and make it to be more widely used. This paper addresses
an experimental investigation on the influence of major process parameters like laser power, scanning speed, powder feed rate, and
overlapping rate along with their interactions on surface roughness and width error of laser additive manufacturing process for
forming Inconel 625 samples. Taguchi method and grey relational analysis were used to optimize the selected parameters, and
the verification tests were carried out. The change of microhardness and microstructure in the overlapping zone and
nonoverlapping zone of the cladding layer were studied by microhardness tester and scanning electron microscopy (SEM). The
results show that the most significant effect in processing parameters on surface roughness and width error are both overlapping
rate, and the optimal levels of laser power, scanning speed, powder feeder rate, and overlapping rate are 1800 W, 8 mm/s,
10 g/min, and 30%, respectively. Analysis of microstructure and composition showed that the content of Cr was high both in the
Laves phase and matrix, the content of Nb in the Laves phase increased significantly and reached up to 24.48 wt%, and the Laves

in the nonoverlapping zone was more compact than the overlapping zone.

1. Introduction

Inconel 625 is a solid-solution strengthened Ni-Cr-Mo alloy
with a face-centered cubic structure [1]. Because of its excel-
lent mechanical strength and resistance to creep and corro-
sion in harsh environments, Inconel 625 has been widely
used in aerospace, chemical, petrochemical, and marine
applications. However, many of the Inconel 625 components
are highly complex shapes that are very expensive to produce
due to extensive machining [2-6].

Laser additive manufacturing (LAM) is a new technol-
ogy, which is widely used in aerospace, medical, military,
and many other fields [7]. It integrates the latest achieve-
ments in the field of mechanical engineering, CAD/CAM,
CNC or robot technology, laser technology, and materials
science. And it can quickly transform the design idea into a
prototype with a certain structure and function or manufac-
ture parts directly, reducing the processing costs significantly
[8-10]. In the LAM process, lots of different parameters such
as laser power, scanning speed, and powder feed rate can be

coupled together to influence the quality of the parts. Hence,
optimizing the process parameters to obtain a quality part
becomes a focus problem for many experts [11-18].
Nevertheless, most scholars only study the influence of
multiple parameters on a single response target. Few experts
have studied the influence of multiple parameters on multi-
ple response targets in laser additive manufacturing of
Inconel 625 alloy. In addition, the overlapping rate is a
parameter that has an important influence on forming
quality. The area of the overlapping zone will be increased
when the overlapping rate is too high, the microstructure
and microhardness of the cladding layer will be affected.
However, the surface of the cladding layer will be uneven
when the overlapping rate is too small. But many scholars
often neglect its influence when they study the optimization
of process parameters. In this paper, the comprehensive
influence of parameters of laser power, scanning speed,
power feed rate, and overlapping rate on the surface rough-
ness and width error of the LAM process of Inconel 625
has been studied. And the microstructure and microhardness
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FI1GURE 1: Schematic diagram of LAM.

TaBLE 1: Powder composition of Inconel 625.

Cr Mo Nb Fe Si C Al Ti Mn Co Ni
213 858 3.73 0.11 0.09 0.053 0.18 0.16 0.04 0.025 Bal.

of overlapping zone and nonoverlapping zone have been
explored. The Taguchi method and grey relational analysis
have been used to analyse the influence of multiple parame-
ters on multiple response targets, and the LAM parameters
have been optimized.

2. Experimental Method

2.1. Experimental Equipment and Material. The experiments
were carried out with the LAM setup shown in Figure 1. The
setup system includes a fiber laser with a 2000 W maximum
output power, a robot with six-axis, a powder feeder system,
and other auxiliary equipment. The base material used in the
experiment was Inconel 625 alloy, and the Inconel 625 alloy
was selected as alloy powder; the chemical composition of
the powder was shown in Table 1. Before the experiment,
the substrate was polished to remove the surface oxidation
layer and improve its surface finish. Then, the substrate was
cleaned with acetone to remove the oil on the surface. The
Inconel 625 alloy powder was placed at 120°C vacuum envi-
ronment for drying treatment.

2.2. The Taguchi Method. The Taguchi method is an opti-
mized design technology founded by Genichi Taguchi PhD,
a Japanese quality engineer. The method is mainly used for
technology development, product development, and process
development. The Taguchi method is divided into three pro-
cedures [19]: (1) Select factors and their levels according to
experimental analysis; in this paper, laser power, scanning
speed, powder feeding speed, and overlapping speed are
selected as experimental factors, each of which are three
levels. Factors and levels are shown in Table 2. Other factors
are kept at their fixed level as mentioned in Table 2. (2) Select
orthogonal array (OA) to conduct the experiments, the Ly3*
Taguchi OA is selected to perform experiments. (3) Calculate
the signal to noise (S/N) ratio and statistical analysis of
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variance (ANOVA), and then obtain the optimal process
parameters.

2.3. DLF Experiments and Measurements. In the LAM
experiment, the overlapping rate (OR) was computed by
the following equation [20]:

p=— (1)

where w is the width of a single-track formation as shown in
Figure 2, and A is the offset distance between adjacent tracks
as shown in Figure 3.

In the experiment, the overlapping rate is decided by the
offset distance between adjacent tracks. According to Eq.
(1), the distance between adjacent tracks can be expressed
as follows:

A=(1-p)-w. @)

It is obvious that in addition to the overlapping rate, the
value of A is decided by the width of one single track. There-
fore, the single-track experiment needs to be made at first,
measure the width of the single-track, and calculate the
offset distance between adjacent tracks. Using Ly3* Taguchi
OA to perform the single-track single layer LAM experi-
ments, 9 samples with a length of 50mm were formed
(Figure 4). The width of each sample was measured, three
different locations have been selected, and their averages
were considered. The measured results are shown in
Table 3.

Calculate the offset distance between adjacent tracks
according to the results of single-track formation, and then
using the Ly3* Taguchi OA to perform the multitrack single
layer LAM experiments; the number of the track is 10;
the length of every track is 50 mm; three experimental
replicates were performed for better accuracy, thence the
total number of samples was 27, Figure 5 shows a group
of samples among them.

The quality characteristics LAM is determined by mea-
suring surface roughness (6) (Figure 3) and the width error
(w,). The surface roughness refers to the difference height
of the highest and lowest points of the sample surface. The
width error refers to the difference between the theoretical
calculation width (Eq. (3)) and the actual measurement
width (Eq. (4)).

w=w+(t-1)-A, (3)

w, = |w,, —w,, (4)

where t is the number of tracks (in our case ¢ = 10), w, is the
calculated value of the sample width, and w,,, is the measured
value of the sample width. The measurement and calculation
results of samples in each group were given in Table 4.

2.4. Microhardness and Microstructure Experiments. The
microstructure of the overlapping zone and the nonoverlap-
ping zone of the cladding layer were analyzed by SEM.
Microhardness tester was used to measure the transverse
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TaBLE 2: Factors and levels used in Taguchi design.

. . Level .
Fixed factors Value Unit Control factors Symbol ] ) 3 Unit
Standoft distance 17 mm Laser power LP 1600 1800 2000 w
Laser spot diameter 3 mm Scanning speed SS 4 6 8 mm/s
Carrier gas flow rate 450 ml/h Powder feed rate PFR 10 20 30 g/min
Shielding gas flow rate 300 ml/min Overlapping rate OR 30 35 40 %

FIGURE 2: Geometry of section of single-track formation.
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FIGURE 3: Schematic diagram of cross section of multitrack
formation.

FIGURE 4: Single track samples.

TaBLE 3: The results of single-track formation.

Fact d
actors an Measured values (mm)

Expt. No. levels
LP S§S PFR 1 2 3 Average

1 1 1 1 256 260 246 2.54
2 1 2 2 222 226 212 2.20
3 1 3 3 178 158 158 1.65
4 2 1 2 312 298 3.10 3.07
5 2 2 3 2,66 256 246 2.56
6 2 3 1 228 212 202 2.14
7 3 1 3 322 332 320 3.25
8 3 2 1 276 288 278 2.81
9 3 3 2 278 252 244 2.58

microhardness of the section of the cladding layer. Under the
load of 4.903 N, the load was maintained for 10s, the micro-
hardness was measured from 0.1 mm to the left of the coat-
ing, and the measured interval was about 0.1 mm, and the
microhardness variation law of the overlapping zone and

nonoverlapping zone of the cladding layer was obtained.
The indentation morphology of measurement points was
shown in Figure 6.

3. Results and Discussion

3.1. Microhardness and Microstructure Analysis. Through
the analysis of the transverse microhardness of the cross
section of the cladding layer under different process
parameters, the change rule of the microhardness between
overlapping zone and nonoverlapping zone was basically
the same. The sample of S, was taken as an example;
SEM and EDS analysis were carried out on the overlap-
ping zone and nonoverlapping zone. The transverse
microhardness of cross section of the substrate and clad-
ding layer is shown in Figure 7. The figure showed that
the microhardness of the overlapping zone was lower than
that of the nonoverlapping zone.

The SEM images were shown in Figure 8, and the energy
spectrum analysis results of A, B, A, B’ were shown in
Table 5. The SEM image of the nonoverlapping zone of the
simple was shown in Figure 8(a), while the SEM image of
the overlapping zone was shown in Figure 8(b). The figure
shows that the coating was mainly composed of light grey
matrix A and Laves phase B, and the Laves in the nonover-
lapping region is dense, while Laves in the overlapping region
is dispersed. This is because part of the heat input into the lap
zone is absorbed by the remelting zone of the cladding layer,
and the Laves phase in the lap zone is not completely precip-
itated due to the insufficient heat absorbed by the alloy pow-
der, so the Laves phase content in the lap zone is lower.
According to the results of energy spectrum analysis, the light
gray matrix A is the solid solution of the first precipitated
nickel, which is mainly composed of Ni, Cr, Mo, Nb, Fe, Si,
Al, Mn, Co, and other elements. Its mass fraction is similar
to that of nickel base alloy powder, which can be seen that
the dilution ratio of the coating near the surface was relatively
low. Both Laves phase B and matrix have high Cr content, but
compared with the matrix, the content of Nb in the Laves
phase significantly increased, in which Nb content was up
to 24.48 wt%, and the content of Ni decreased significantly.
It follows that, at this time, the Laves phase in the coating is
enriched with the Nb element, and the formation of the Ni
element is limited at the same time. This is because that the
niobium intergranular segregation produces the Laves phase.

The SEM and partial enlarged images of the overlapping
zone and nonoverlapping zone were shown in Figure 9.
Figure 9(a) shows that there are many fine cracks in the sub-
strate of the overlapping zone compared with the substrate of
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FIGURE 5: Multitrack samples.

4
TABLE 4: Mean of three replicates and the S/N ratio.

Expt. No. Factors and levels Mizglii:}el:ee S/N ratio

LP SS PFR OR § (mm) w, (mm) 1) w,
1 1 1 1 1 0157 0.036  16.097 28.256
2 1 2 2 2 0223 0.164 13.146 13.948
3 1 3 3 3 0280 0.122  11.053 17.988
4 2 1 2 3 0.241 0.130  12.391 15.872
5 2 2 3 1 0.110 0.058  19.148 22.298
6 2 3 1 2 0.120 0.083  18.396 19.900
7 31 3 2 0.167 0.137  15.539 15.421
8 32 1 3 0210 0.214 13.549 11.658
9 33 2 1 0153 0.033  16.283 26.446

FIGURE 6: Indentation morphology.

the nonoverlapping zone (Figure 9(b)). It is because that the
overlapping zone is subjected to the action of the double
high-energy laser beam, which results in the increase of heat
accumulation and temperature gradient of the substrate, the
cooling shrinkage of the substrate results in a larger tensile
stress, which leads to more micro cracks.

3.2. Signal to Noise Ratio. The change in the quality charac-
teristics of a product under investigation, in response to the
factor introduced in the experimental design, is the “signal”
of the desired effect. However, when an experiment is con-
ducted, there are numerous external factors not designed into
the experiment which influence the outcome. These external
factors are called the noise factors, and their effect on the out-
come of the quality characteristic under test is termed “the
noise”. The signal to noise ratio (S/N ratio) measures the sen-

350

325 A

300 4 -_*__\./-/\
275 /‘\/’4\‘

250 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Distance from left side of coating (mm)

Microhardness (HV)

—sa— Non-overlapping zone
—e— Overlapping zone

FIGURE 7: Variation of microhardness in overlapping zone and
nonoverlapping zone of the cladding layer.

sitivity of the quality characteristic being investigated in a
controlled manner, to those external influencing factors
(noise factors) not under control. The aim of any experiment
is always to determine the highest possible S/N ratio for the
result. A high value of S/N implies that the signal is much
higher than the random effects of the noise factors. Product
design or process operation consistent with the highest S/N
always yields the optimum quality with minimum variance.
From the quality point of view, there are three possible cate-
gories of quality characteristics. They are (1) smaller is better,
(2) nominal is best, and (3) bigger is better. The conversion of
a set of observations into the S/N ratio is performed in two
steps. First, the Mean Squared Deviation (MSD) of the set
is calculated. Second, the S/N ratio is computed from the
MSD by the equation [21, 22]:

n=-10log,,(MSD). (5)

The smaller is better quality characteristic:

1 n
MSD = 2 ) 2.
D=2, (6)
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F1GURE 8: SEM images of non-overlapping zone (a) and overlapping zone (b) of coating.

TaBLE 5: Results of energy dispersive spectrometer (%).

ffj;ﬁzi Ct Mo Nb Fe Si Al Mn Co
A 38.14 1629 1559 2448 221 226 0.11 055 0.36
B 6533 2175 7.86 226 0.89 0.57 0.00 0.84 0.09
Al 4171 1647 1203 19.46 071 2.30 0.00 0.54 0.21
B’ 62.07 2124 557 128 461 049 0.11 0.18 0.00

The nominal is the best quality characteristic:

1 n
MSD = ;Z i =20 (7)
i=1
The bigger is better quality characteristic:

1&1
MSD=-Y—, (8)
”;y?

where # is number of observations, y, is nominal or target
value.

In our case, S/N ratio was calculated for both § and we
considering smaller is a better criterion for both the
responses by using Eq. (6). The calculated S/N ratio is shown
in Table 4.

Table 6 shows the significance of parameters for surface
roughness and width error. According to rang analysis, the
affect order of each factor on surface roughness and width
error are OR>LP>PFR>SS and OR>SS>LP>PFR,
respectively.

3.3. Influences of Factors on Responses. Figure 10 shows the
effect of factors and their levels on the mean S/N ratio of sur-
face roughness and width error. The highest values of S/N
ratios show the levels of the factors which correspond to min-
imum surface roughness and width error. Figure 10(a) shows
that minimum surface roughness can be achieved at 1800 W
laser power, 6 mm/s scanning speed, 10 g/min powder feed
rate, and 30% overlapping rate. Figure 10(b) shows that min-
imum width error can be achieved at 1600 W laser power,
8mm/s scanning speed, 10g/min powder feed rate, and
30% overlapping rate. Obviously, the effect of factors on sur-
face roughness and width error is different.

3.4. ANOVA Analysis. Analysis of Variance (ANOVA) is
routinely used to provide a measure of confidence. The tech-
nique does not directly analyze the data, but rather deter-
mines the variance of the data. By understanding the source
and magnitude of variance, robust operating conditions can
be predicted. Parameters used in ANOVA are calculated by
the following equations [23, 24]:

(3 ©)

(10)

ST= Z”?_Sm’ (11)

Se = ST_ é SA) (12)
SA

Vi=—+, 13

A fA ( )
VA

F,=—, 14

= (14)

where S, is the average of the squares of the sums, S, is the
sum of squares of the control factor A (laser power, scanning
speed, powder feed rate, and overlapping rate), Sy is the sum
of squares of the variance, S, is the sum of squares of the
errors, N is the number of samples in each group (here
N =3), V, is the variance of the control factor A, f, is
the degree of freedom of factor A, and F, is F-ratio of
factor A.

Table 7 shows the ANOVA for S/N ratio for surface
roughness and width error. Comparing the calculated
F-values with standard F-values, which can be seen that laser
power, powder feeder rate, and overlapping rate have a
significant effect on surface roughness at 95%, 90%, and
95% confidence levels, respectively. And for width error,
it is revealed that scanning speed and overlapping rate
have a significant effect at 95% and 99% confidence levels,
respectively.

3.5. Grey Relation Analysis. Taguchi method only can be used
to perform single-objective optimization, but in the present
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Cladding zone Cladding zone
Binding zone Binding zone
Substrate zone Substrate zone
(a) (b)
FIGURE 9: SEM images of a substrate in the overlapping zone (a) and nonoverlapping zone (b).
TABLE 6: Significance of factors for surface roughness and width error.
Mean S/N ratio
Response factor Factors Level 1 Level 2 Level 3 Range Rank
LP 13.432 16.645 15.124 3.213 2
SS 14.676 15.281 15.244 0.605 4
Surface roughness (§)
PFR 16.014 13.940 15.247 2.074 3
OR 17.176 15.694 12.331 4.845 1
LP 20.064 19.357 17.842 2.222 3
. SS 19.850 15.968 21.445 5.477 2
Width error (w,)
PFR 19.938 18.755 18.569 1.369 4
OR 25.667 16.423 15.173 10.494 1
20 27
26 -
19 55 ] *
181 24
Z 174 231
) .\ Z 224
f“j 16 2 211
= 15- A § 20 .
= 19 AN
144 18
13 17 ]
123123123123 1 23123123123
Factors and levels Factors and levels
—-a— LP —a— PFR
el S8 e OR —a- LP -a- PFR
-e— SS —x— OR

(a)

(d)

F1GURE 10: Effect of factors and their levels on mean S/N ratio of (a) surface roughness and (b) width error.

study, there are two response characteristics (surface rough-
ness and width error) that should be considered. The present
paper used Grey relation analysis (GRA) for carrying out
multiobjective optimization [25, 26].

3.5.1. Grey Relational Generating. In the grey relation analy-
sis, the first step is called grey relational generating, which is
to perform the normalization of measurement data to make
the range between 0 and 1. According to the type of response,
there are three expressions of the normalized value.

If the expectancy is higher-the-better, then the normal-

ized value x;; can be expressed as

_ Yy mmyy
i~ nax v. — min v..
maxyl] mlnyij

(15)

If the expectancy is smaller-the-better, then the normal-

ized value x;; can be expressed as
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TaBLE 7: ANOVA for S/N ratio for surface roughness and width error.

Response Factors S fa Vu F, % contribution
LP 15.5 2 7.75 22.464 25.934
SS 0.69 2 Pooled — —
PFR 6.597 2 3.299 9.562 11.038
Surface roughness (§)
OR 36.98 2 18.49 53.594 61.874
Error (0.69) 2) (0.345) (1.154)
Total 59.767 8 100
LP 7.735 2 Pooled — —
SS 47.605 2 23.803 8.624 18.612
. PFR 3.308 2 Pooled — —
Width error (w,)
OR 197.125 2 98.563 35.711 77.07
Error (11.043) (4) (2.76) (4.318)
Total 255.773 8 100

Fy15(2,2) =3.005 Fy (2, 2) =9.005 Fy 5(2,2) = 19.005 Fy o (2, 2) = 99.005 Fy 55(2,4) = 2.00; Fy 10(2,4) = 4.32; Fy (2, 4) = 6.94; Fy 4, (2,4) = 18.00.

TaBLE 8: Grey relational generating, grey relational coefficient, grey relational grade, and rank for each experiment.

Expt. No Surface rco;fleg};l;eel:st IE)SI;al ge\r/ifi?ttlllnfrror (w,)  Surface rf);lieg}}llflzlsasn(%l;al Co\iff?dctlﬁltrror (w,) Grey relational grade  Rank
1 0.724 0.983 0.644 0.967 0.789 3
2 0.335 0.276 0.429 0.408 0.420 7
3 0.000 0.508 0.333 0.504 0.410 8
4 0.229 0.464 0.393 0.485 0.434 6
5 1.000 0.862 1.000 0.784 0.903 1
6 0.941 0.724 0.894 0.644 0.782 4
7 0.665 0.425 0.599 0.465 0.539 5
8 0.412 0.000 0.460 0.333 0.403 9
9 0.747 1.000 0.664 1.000 0.815 2
TaBLE 9: Influence of factors on grey relational grade. 1.0
R e L
LP 0.540  0.706" 0.586  0.166 2 %o 0.6 B
ss 0587 0575  0.669° 0094 4 2
PER 0.658* 055 0617 0102 3 s o
OR 0836" 0580 0416 0420 1 S o2
* Optimized level of parameters. 00 %’ %gg %gi ==
123123123123
X5 = m . (16) Factors and levels
max y;; — min y,;
LP SS

If the expectancy is nominal-the-better, then the normal- B PR = Or

ized value x;; can be expressed as FiGure 11: Effect of factors and their levels on grey relational grade.
k=1 Vij yo‘ (17) ié
max (maxyij_yO’yO_minyij) &
In the present research, both the surface roughness and Fi1GURE 12: Multitrack sample of predicted parameters.

width error are smaller-the-better type. Thence, the data in
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TaBLE 10: Comparison between initial parameters and optimal parametric combinations.
Initial parameters Optimal parametric combinations
P Prediction Experiment
Setting level LP,SS,PFR,OR, LP,SS,PFR,OR, LP,SS,PFR,OR,
Surface roughness (§/mm) 0.157 0.102 0.110
Width error (w,/mm) 0.036 0.041 0.058
Grey relational grade 0.789 0.903
Table 4 are normalized using Eq. (16), and the normalized 20
values are shown in Table 7. 187
» 161
3.5.2. Grey Relational Coefficient. The grey relational coeffi- g‘) 1.4 A
cient can be calculated as follows: T 121
£ 1.0 -
Amin + EAmax g 0.8 1
)) xo.)x.. = — (18) >~ i
( J 1]) Aij + fAmaX éa 0.6
0.4
fori=1,2,3,,m,j=1,2,3,-,n. 021
0.0 T T T T T T T T T

where A = |x,; — x|, x,; is the reference data or best
data, here, xo; = 1.000. A,;, =min A, A, =maxA;. & is
the distinguishing coefficient, & € (0, 1).

The grey relational coeflicient is calculated by Eq. (18),
and the results are shown in Table 7. The distinguishing coef-
ficient is assumed at 0.5.

3.5.3. Grey Relational Grade. After calculating the grey rela-
tional coefficient, the grey relational grade can be calculated
by Eq. (19).

I(x x;) = ijY(x0j>xij)’ (19)
j=1

fori=1,2,3, -, m. w; is the weight of attribute j and usually
depends on the maker’s judgment or the structure of the
problem, and Z;':le =1. In the present study, the weights

for the percentage change in surface roughness and width
error are taken as 0.55 and 0.45, respectively. The calculated
results are shown in Table 8.

3.5.4. Analysis of the Grey Relational Grade. According to
Table 8, the best multiple performance is achieved by exper-
iment no. 5. That is to say, the multiobjective optimum pro-
cess parametric combination is 1800 W laser power, 6 mm/s
scanning speed, 30 g/min powder feeder rate, and 30% over-
lapping rate. Table 9 shows the mean of grey relational grade,
which indicates that the affect order of each factor on grey
relational grade is OR > LP > PFR > SS.

Figure 11 shows the effect of factors and their levels on
grey relational grade, it can be seen; the optimal levels of laser
power, scanning speed, powder feeder rate, and overlapping
rate are 1800 W, 8 mm/s, 10g/min, and 30%, respectively.
Figure 12 shows the multitrack sample with the optimum
combination of parameters. The measurement results were
shown in Table 10. Obviously, both the surface roughness
and width error are smaller in the prediction levels than
experiment no.5.

1 2 3 4 5 6 7 8 9

Experiment number

—s— Experimental
—e— Predicted

F1GURE 13: Comparison of experimental and predicted.

3.6. Regression Analysis. In the regression analysis, a mathe-
matical model (Eq. (20)) was developed to predict the grey
relational grade. Figure 13 shows the comparison of experi-
mental and predicted, the trends of the two curves roughly
consistent.

GRG =1.797122 + 0.000115LP + 0.020417SS — 0.00203PFR
—0.0420R

(20)

4. Conclusions

In this paper, Inconel 625 cladding layer was prepared by
LAM. The influence of major process parameters such as
laser power, scanning speed, powder feed rate, and overlap-
ping rate along with their interactions on surface roughness
and width error were investigated. Taguchi method and grey
relational analysis were used to optimize the selected param-
eters. In addition, the change of microhardness and micro-
structure in the overlapping zone and nonoverlapping zone
of the cladding layer were explored. Through analysis, the
conclusions of this study are as follows:

(1) The effect of factors on surface roughness and width
error is different, whereas the Taguchi method is only
suitable for the optimization of a single performance
characteristic. The grey relational analysis combined
the entire objectives into a single value that can be
used as the single characteristic in optimization issues
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(2) The content of Cr was high both in the Laves phase
and matrix, the content of Nb in the Laves phase
increases significantly and reaches up to 24.48 wt%,
and the Laves in the nonoverlapping zone is more
compact than overlapping zone. The microhardness
of the overlapping zone of the cladding layer is lower
than that of the nonoverlapping zone

(3) The most significant effect in processing parameters
on surface roughness and width error are both over-
lapping rate. The optimal levels of laser power, scan-
ning speed, powder feeder rate, and overlapping rate
are 1800 W, 8 mm/s, 10 g/min, and 30%, respectively
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