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Abstract: Ultimate aluminum ash (UAA) was used as the key raw material to prepare ultimate spray
powder (USP) via water hydrolysis and ball milling, after which the coating was prepared by
atmospheric plasma spray. The flowability of the USP was evaluated by the angle of repose; the
process parameters of the coating were determined by orthogonal experiment, and the
microstructure and properties of the coating were characterized. The results show that the ultimate
spray powder after granulation has an angle of repose less than 40°, which meets the requirements
of plasma spray. When the spray current is 600 A, the spray voltage is 55 V, the powder flow rate is
22 g/min, and the main air flow is 33 Ispm, the prepared ultimate coating has the best comprehensive
performance. The microhardness of the coating is 512 HV, which is about 1.5 times the hardness of
the substrate; the abrasion rate is 18.53 x 10-* g/min; the porosity is 0.17% and the average adhesive
strength is 8.78 Mpa, which confirms the feasibility of using aluminum ash as a spray powder to
prepare a coating.
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1. Introduction

Aluminum ash, also known as aluminum slag, is a by-product of aluminum electrolysis and
aluminum smelting. Owing to technical limitations, there is currently no efficacious way to recycle
large quantities of aluminum. According to data released by China Aluminum Network, in 2016, the
output of primary aluminum was about 32.17 million tons, and the output of alumina was about
60.91 million tons. By preliminary statistics, one ton of aluminum will produce 180-290 kg of
aluminum ash [1-3] during the entire technological process. It is the most common disposal method
for recycling the metal aluminum from the ash. After the metal aluminum is extracted, most of the
residual ash is directly landfilled, which not only occupies a mass of land, but also generates serious
environment pollution [4-5].

With the strengthening of environmental protection, enterprises gradually began to pay
attention to this abandoned resource, and some recycling application technology of aluminum ash
came into being. For example, in Italy, Anchitec’s related technology in the field of aluminum ash
recycling is advanced, and the quality of recycled aluminum is high, thus it can be used in aerospace
and automotive fields. A representative enterprise in China is Shandong Zibo Haihui Company,
which has developed a comprehensive treatment and utilization method for aluminum ash. The
aluminum metals are recovered, and the alumina is returned to the electrolytic cell. This technology
properly disposes of harmful gases such as fluoride, chloride, and nitride generated during the
treatment of aluminum ash, and theoretically achieves “0” emission of aluminum ash [6]. Other
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scholars have also achieved certain achievements in the comprehensive utilization of aluminum ash.
For example, the aluminum ash is used to prepare refractory materials [7-8], steelmaking deoxidizer
[9-10], inorganic flocculants [11-13], chemical raw materials [14-16], and building materials [17-18].
However, most of the above applications are in the theoretical and laboratory stages with high
production cost and the possibility of causing secondary pollution. These methods cannot be
promoted on a large scale, while the accumulation of aluminum ash is still increasing year by year.
Therefore, the research for a new application of aluminum ash is urgent and important.

Plasma spraying is a method of heating a powdered material such as ceramics, alloys, and metals
into a molten or semi-molten state, and spraying it at a high speed on the surface of the pretreated
workpiece to form a firm surface layer [19-21]. At present, in the field of plasma spraying, the price
of commonly used spray powder ranges from a few to several hundred dollars per kilogram. Among
them, high-purity alumina powder is one of the commonly used spray powders [22], and the key
component of aluminum ash is alumina. In some applications, replacing the alumina ceramic coating
with an aluminum ash coating not only reduces production costs and turns waste into treasure, but
also protects the ecological environment. However, the aluminum ash was intricate in source and
contained a lot of impurities, and thus cannot be directly used for plasma spraying. For example,
during the aluminum smelting process, the N2 was passed as a protective gas, which resulted from
the fact that aluminum ash comprised a large amount of AIN. The AIN could react with H20O at room
temperature to produce NHs, which reduced the quality of the aluminum ash coating. Secondly, the
aluminum ash used in the experiment came from disparate factory waste, so it contained a mass of
large particle impurities, such as broken glass, stone, and plastic. If sprayed directly, it will generate
harm to plasma spray equipment. Besides, as a new type of powder prepared in this study, there are
no existing spray process parameters available for reference. These are the difficulties that need to be
addressed.

In this research, we proposed a method for preparing plasma spray powder using waste
aluminum ash, and removed harmful elements in aluminum ash by hydrolysis and ball milling, so
that aluminum ash can reach the spraying requirements. Then, the spraying process parameters of
the aluminum ash coating were optimized via orthogonal experiments. Finally, the microstructure
and properties of the coating were characterized, and the feasibility of preparing plasma spray
powder using waste aluminum ash was verified.

2. Experiments

2.1. Raw Materials

The main raw material used in this experiment was ultimate aluminum ash (UAA), which is
obtained by heating and frying the original aluminum ash. The color of UAA is grayish white and
the chemical composition is shown in Table 1. According to X-ray fluorescence (XRF) analysis, the
key elements of UAA are Al, Fe, and Ca, among which Al has the most content of 54.2 wt.%. Owing
to the fact the UAA was intricate in source and that new impurities were easily introduced during
production and transportation, UAA contains various trace elements such as Zn, Mn, and Ti. The
bonding layer powder is an aluminum-clad nickel composite powder (Al content 5%, Ni content 95%,
particle size —200 + 325 mesh), and the substrate is 45-steel without heat treatment.

Table 1. Chemical components of ultimate aluminum ash (UAA)

Element Al Fe Ca Si N Ti Zn Cl Mn Others
Wt.% 542 148 77 39 38 33 25 21 1.6 6.1

The phase composition of UAA is shown in Table 2, and the X-ray diffraction pattern is shown
in Figure 1. Because the UAA is recovered by heating and frying, the content of metal aluminum is
lower, and the main components of the UAA are Al:Os and AIN. In the process of aluminum alloy
refining, the N2 was passed, so that the UAA contained a large amount of AIN. In addition, a certain
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amount of fluoride salt and chlorine salt is present in the UAA, which will affect the bonding strength
of the coating.

Table 2. Phase composition of ultimate aluminum ash.
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Figure 1. X-ray diffraction (XRD) pattern of ultimate aluminum ash.

2.2. Preparation of Ultimate Spray Powder

The ultimate spray powder (USP) is made by UAA, while the UAA particles have different sizes
and contain many impurities such as AIN and salt particles. Therefore, the UAA cannot be directly
used for plasma spray and needs to be re-granulated. First, the UAA was screened by a 120-mesh
standard sieve to remove the large impurities. Then, the aluminum ash was hydrolyzed in a constant
temperature water bath (90-100 °C) for 3 h, and the ultra-pure water was generated by the Pure Water
Meter (EPED-10TH type, produced by Nanjing Yipuda Technology Development Co., Ltd.). During
the hydrolysis process, mechanical stirring was conducted to accelerate the chemical reaction. Next,
the beaker was left to stand for 1 h, and we could see that the solution in the beaker had stratified,
which is shown in Figure 2. The scum of upper layer and the turbid liquid of middle layer were
filtered and dried in an oven (OHG type, produced by Shanghai Hecheng Instrument Manufacturing
Co., Ltd.) with a constant temperature of 120 °C for 18-20 hours. Then, the vibrating mill (MS-1 type,
produced by Nanjing Heao Automation Technology Co., Ltd.) was used for ball milling and
granulation, and the particle size of USP was kept at 120 to 200 mesh. The process flow of the
preparation of USP is shown in Figure 3.
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Figure 3. The process flow of the ultimate spray powder (USP) preparation.

2.3. Preparation of Ultimate Coating

A moderate amount of the USP and the aluminum-clad nickel composite powder was taken into
the powder feeder of the spray equipment. The 45-steel substrate was sandblasted by the sand
blasting machine to roughen the surface and improve the bonding strength of the coating. After been
sandblasted, the substrate was placed in a self-made mold for fixing an d supporting. Then, the Al-
Ni alloy bonding layer was prepared on the surface of the substrate by the plasma spraying
equipment. The process parameters are shown in Table 3.

Table 3. The spray process parameters of bonding layer.

Powder  OP™Y Spray ~ Mainair  Powder flow
current/A  voltage/V  flow/slpm rate/g'min-!
Al/Ni 550 55 33 24

After the preparation of the bonding layer, the spray parameters were readjusted to prepare an
ultimate coating. As a new type of spray powder, there are currently no relevant spray process
parameters for reference, so we designed an orthogonal experiment to obtain a set of optimized spray
parameters. The orthogonal experiment consisted of four factors and three levels; a total of nine
groups. The spray current, spray voltage, powder flow rate, and main air flow were selected as the
key factors, and other influencing factors remained unchanged. The orthogonal experiment table is
shown in Table 4, and the process flow of the ultimate coating preparation is shown in Figure 4.

Table 4. The factors and their levels for L9 (3*) orthogonal experiment.

Factors
A B C D
Levels . o
Spray Spray Powder Flow Rate/g'min- Main Air
Voltage/V Current/A 1 Flow/Slpm
1 50 500 22 30
55 550 24 33

3 60 600 26 36
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Figure 4. Process flow of the ultimate coating preparation.

2.4. Characterization and Test

The coating was prepared by the plasma spraying complete set of equipment, namely the FH-
80 type, produced by China Shanghai Fahan Spraying Machinery Co., Ltd. The composition analysis
was performed by X-ray fluorescence (XRF), which is the MiniPal4 type, produced by PANalytical
Company. Phase analysis was performed by X-ray diffraction (XRD) analysis, the D/Max 2500PC
Rigaku type, produced by Japan Science and Technology Co., Ltd. The microstructure of the coating
was observed by scanning electron microscope (SEM), S-3400 type, produced by Hitachi, Ltd.
Adhesive strength was tested by the mechanical test machine, CMT5105 type, produced by MTS
Industrial Systems (China) Co., Ltd. Abrasion rate was measured by ring three-body abrasion tester,
MMH-5 type, Jinan Hansen Precision Instrument Co., Ltd. The microhardness was measured by a
digital microhardness tester, TMV-1 type, which was produced by Times Group. The porosity was
measured by the Archimedes drainage method, and the experimental platform was self-made.

The diffraction pattern was obtained by Jade 6.0 and Orgin 9.1 analysis software. The flow
properties of the USP were evaluated by the angle of repose, and it refers to GB/T11986-1989
"Measurement of surfactant powder and particle angle of repose". The adhesive strength of the
coating refers to GB/T8642-2002 "Thermal spray-determination of adhesive bond strength".

The main parameters used to evaluate the performance of ultimate coating were porosity,
adhesive strength, microhardness, and abrasion rate. According to the work of [23], the porosity can
be measured by multiple methods, such as liquid intrusion, nondestructive testing, and image
microscopic analysis. When the thermal spray method a is detonation gun, the porosity level is below
1%. However, in this experiment, we proposed a method for characterizing porosity from the side
using water absorption. It is a simplified Archimedes drainage method, which is easy to operate, and
the experimental results are convenient for calculation. The test piece of the coating was dried and
weighed to obtain a mass mo, and then put in distilled water to get the mass of the discharged water
mi. The test piece was removed from the water and weighed to obtain the mass mz. Finally, the
porosity of the ultimate coating could be obtained according to the formula (1m2-mo)/m1. It can be seen
from the formula that this method is different from the traditional porosity calculation method, so
there are some differences in the calculation results. This method can qualitatively reflect the change
trend of porosity; that is, the smaller the measured value, the denser the coating, which provides a
basis for the optimization of spraying process parameters. According to the China national standard
GB/T 8642-2002, the adhesive strength was measured by the stretching method. The equipment used
was a universal mechanical testing machine, CMT5105 type, produced by Meters Industrial Systems
(China) Co., Ltd. Owing to the thin thickness of the aluminum ash coating, the Vickers hardness tester
was used to measure the hardness of ultimate coating. The 10 relatively smooth areas selected on the
surface of the coating were tested and the results were averaged. Sandpaper was used as the grinding
part to test the abrasion rate of the ultimate coating. The sample after abrasion was ultrasonically
cleaned, dried, and weighed, and the abrasion rate was calculated according to the formula (m1-m2)/t,
where m1 is the mass before grinding, m2 is the mass after grinding, and ¢ is the grinding time.

3. Results and Discussion
3.1. Characterization and Evaluation of Ultimate Spray Powder

3.1.1. Observation and Analysis of Microstructure
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The microstructure of the UAA and the USP was observed by SEM, and the results are shown
in Figure 5. The particles of UAA can be observed from Figure 5a, which are agglomerated with a
larger size, and its shape is approximately ellipsoidal. Figure 5b shows the SEM image of USP. After
the USP is granulated by ball milling, the particles are relatively uniform with smaller size, and the
shape is approximately spherical, which helps to improve the flowability of the spray powder and
facilitate the preparation of ultimate coating.
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Figure 5. Scanning electron microscope (SEM) images: (a) ultimate aluminum ash; (b) ultimate
spray powder.
3.1.2. Composition Analysis

The chemical composition of the USP was analyzed by XRF. As shown in Table 5, owing to the
screening of large particles during the ball milling and granulation process, the contents of N, Al, Fe,
and other elements of the USP were generally decreased, but the type of element did not change.

Table 5. The X-ray fluorescence (XRF) analysis results of ultimate spray powder.

Element Al Fe Ca Si N Ti Zn Cl
Wt.% 51.8 14.7 6.0 3.7 0.8 2.7 2.2 3.5

According to the XRD pattern of the USP in Figure 6, it can be seen that the content of AIN and
salt substances is greatly reduced. The salts’ substances are dissolved in water during the hydrolysis
and are filtered off. AIN and H20 react to form AI(OH)s and NHs. Moreover, the heating and stirring
in a water bath accelerates the chemical reaction. After the NHs overflows, the filtered AI(OH)s is
heated in the oven, and Al(OH)s is further decomposed into Al20s and H:20. Therefore, the nitrogen
content in USP is decreased.
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Figure 6. The X-ray diffraction (XRD) pattern of ultimate spray powder.

3.1.3. Evaluation of the Flowability

26(°)

The angle of repose is measured in the state in which the gravity when the particles slide on the
free slope of the volume layer of the powder pile and the friction between particles reach equilibrium
and are at rest, which is the easiest way to check the flowability of the powder. The smaller the angle
of repose, the smaller the friction and the better the flowability. According to China national standard
GB/T11986-1989, an angle of repose of O <40° can meet the needs of production flowability. The angle
of repose of the different samples is shown in Figure 7. The angle of repose of the UAA is 38.92°,
which is irregular granules and has poor flowability. After the ball milling and granulation, the angle
of repose of the USP is reduced, which is 32.19°, and it belongs to regular granules with great

flowability.

45
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Figure 7. Angle of repose of different samples. UAA, ultimate aluminum ash.
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3.2. Effects of Spray Process on Coating Properties

3.2.1. Orthogonal Experiment

As a new type of coating, no relevant spray process parameters are available for reference. The
spraying process has a great influence on the coating performance, while the spraying process
contains multiple parameters and each parameter affects each other. An orthogonal experiment is an
experimental method used to deal with multi-factor and multi-level design. The main tool of
orthogonal experiment design is an orthogonal table. The tester can find the corresponding
orthogonal table according to the number of factors and their levels. The tester performs experiments
based on the orthogonal experimental table and obtains an optimal solution by analyzing the
measurement results. The orthogonal experimental table is shown in Table 4. The spray current, spray
voltage, powder flow rate, and main air flow are selected as the research variables. Other spraying
process parameters such as spray distance (100 mm) and spray angle (60°) remain unchanged. The
microhardness, adhesive strength, porosity, and abrasion rate of the coating were taken as survey
indicators.

The influence degree of each index on the coating performance was analyzed, the multi-index
comprehensive balance method was used to select the optimal parameters, and the comprehensive
weighted score was used to evaluate the performance of the coating. First, assign weights to each
indicator according to variable importance, then calculate the weighted indicators for each
experiment, and turn it into a single indicator problem. Take a comprehensive score of 100 points,
including microhardness, porosity, abrasion rate, and adhesive strength of 25 points each. The
coating porosity and abrasion rate are negatively correlated with the coating quality, so they are
negative. The microhardness, adhesive strength, porosity, and abrasion rate listed in Table 6 were
measured by experimental calculations. In the lower half of Table 6, ki, k2, and ks are the average
values of the first, second, and third levels of the respective factors. R is the extreme difference (i.e.,
the difference between the maximum and minimum values in ki, k2, and ks), which reflects the
influence degree of the listed factors on the investigation index of the sample, that is, the larger the
R, the greater the influence of the listed factors on the investigation index.

According to the comprehensive scoring method, the primary and secondary factors affecting
the spray performance of the UAA are spray current > spray voltage > powder flow rate > main air
flow. When the spray current is 600 A, the spray voltage is 55 V, the powder flow rate is 24 g/min,
and the main air flow is 33 Ispm, the obtained coating performance is superior.

Table 6. The results of the orthogonal experiment.

Microha Abrasion Adhesive
No A B C D rdness/ .orgs Rate 10-  Strength/ C?mprehen
Hv ity/% o/min MPa sive Score
1 1 1 1 1 93.44 0.15 32.4 8 —66.15
2 1 2 2 2 370.92 0.18 11.2 5 —45.2
3 1 3 3 3 377.18 0.17 20.02 5 -51.53
4 2 1 2 3 382.96 0.15 20.24 3 -48.41
5 2 2 3 1 654.87 0.23 12.44 12 -39.33
6 2 3 1 2 599.57 0.16 9.71 16 -10.52
7 3 1 3 2 607.29 0.20 20.71 6 -50.44
8 3 2 1 3 688.83 0.15 25.88 5 -38.65
9 3 3 2 1 623.71 0.16 14.15 19 -9.71
k1 N y . .
5430 55.00 3844 3840
ke - y - y

32.76 41.06 34.44 35.39
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3294 2392 4710 46.20
R 2154 31.08 12.66 10.81
Factors primary to secondary B>A>C>D
Preferred scheme B3A2C2D2
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3.2.2. Microstructure of Coating

The microstructure of the ultimate coating was observed by SEM, and the results are shown in
Figure 8. Figure 8a shows the surface microstructure of the coating. Under different spraying
processes, there are different brightness areas on the surface of the coating. Figure 8b shows the
section microstructure of the coating. The section is divided into three layers. The lower layer is the
45-steel substrate, the middle layer is the bonding layer, and the upper layer is the ultimate coating.

Figure 8. Metallographic photomicrograph: (a) surface microstructure of the coating; (b) section
microstructure of the coating.

3.2.3. Energy Spectrum Analysis

As shown in Figure 9, there are different regions on the surface of the ultimate coating, which
are divided into the gray region, light region, and dark region. The SEM and energy spectrum are
applied for analysis.
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Figure 9. SEM images of coating numbered 9.

The energy spectrum analysis was conducted by energy dispersive X-ray spectroscopy (EDS) to
analyze the composition and content of different regions of the coating, and the analysis results are
shown in Figure 10. Figure 10a shows the gray region. The region’s main elements are 60.6 wt. % Al
and 6.2 wt.% Si, and the hardness is about 400-800 HV. Figure 10b shows a light region with 43.9
wt.% Al and 53.0 wt.% O. By preliminarily concluding, this region is dominated by alumina, and its
hardness is about 500-900 HV. Figure 10c is a dark region comprising 85.1 wt.% C and 13.8 wt.% O,
and it has a low hardness of about 100-200 HV. During the spraying process, the spraying direction
is not perpendicular to the surface of the workpiece, and there is an angle of 60°. Therefore, the
particle motion trajectory is similar to the parabolic shape. Under the action of deposition and gravity
effects, particles of different masses are separated, while particles of similar mass produce
agglomeration, leading to the difference in particle quality between different regions. The dark region
contains a lot of carbon, about 85.1 wt.%, and the origin of carbon in the coating includes two primary
aspects. First, the experimental raw materials come from electrolytic aluminum waste. In the process
of electrolysis, the carbon reacts with alumina under the action of the current to form primary
aluminum and carbon dioxide, thus some carbon remains in the aluminum ash. Second, from Figure
1, we can see that a certain amount of SiC is present in the ultimate aluminum ash. Under the high
temperature of atmospheric plasma spraying, which will generate a high temperature above 2000 °C
in the plasma arc outer flame, the SiC further reacts to form C and SiO2. Furthermore, under the action
of spray angle and gravity, carbon is concentrated, and the dark region with a high carbon content is
formed in the coating.

Element  Weight/%  Atom/o
o 7. 1401

Al 60.76 6606

5 516 643
Cr 195 110
Mn 643 343
896

1 2 3 4 3 G 7
[Full range: 171 cts curser: 0.000 ke

(a)

2
Full range: 507 cts curser: 0.000 k=W

(b)
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Figure 10. Energy dispersive X-ray spectroscopy (EDS) images of ultimate coating: (a) grey region;
(b) light region; (c) dark region.

3.2.4. Phase Analysis

From the XRD pattern analysis of the ultimate coating of Figure 11, it can be concluded that the
phase of the ultimate coating is greatly reduced. This is because, during the spray process, owing to
the impact and collision of high-temperature and high-pressure plasma, the sublimation of salt
substances occurs, and Al(OH)s, AIO(OH), and other substances undergo high-temperature
decomposition reaction to form different forms of Al:Os. Furthermore, compared with the XRD
pattern of the UAA, the phase of SiC disappeared, while the C and SiO: still exist, which also shows
from the side that the origin of carbon in the dark region is related to the chemical reaction
decomposition of SiC. However, substances such as Al, AIN, and SiO: still exist, and their influence
on coating properties needs further exploration.

H O Al

S u-AlO3
O y-AlyO3
W G-A1203
< AIN

® 5i0;

W FeyO3

Teh

Intensity (a.u.)

Tc9
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Figure 11. XRD pattern of ultimate coating.

4. Conclusions
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(1) After hydrolysis and granulation of the UAA, the particle size becomes more uniform, and the
impurities are significantly decreased. The angle of repose of prepared USP is 32.19° with great
flowability, which meets the requirements of plasma spraying.

(2) The primary and secondary order of the factors affecting the comprehensive performance of the
ultimate coating is as follows: spray current > spray voltage > powder flow rate > main air flow.
The preferred spraying parameters are as follows: spray current 600 A, spray voltage 55 V,
powder flow rate 22 g/min, and main air flow 33 Ispm. Also, the feasibility of preparing the
coating based on the UAA was verified.

(3) Different regions are formed on the surface of the ultimate coating. Among them, the bright and
gray regions comprise more aluminum and oxygen elements, and the hardness is higher; the
dark regions have higher carbon elements and lower hardness. Therefore, during the spray
process, the formation of dark regions should be avoided in order to increase the hardness of
the coating.

(4) During the spray process, owing to the action of high temperature, some sodium salts undergo
sublimation, and compounds such as Al(OH)s and AIO(OH) undergo a chemical decomposition
reaction. As a result, the type of the phase of the ultimate coating is reduced, and the
characteristic peak of the diffraction pattern is less. However, substances such as Al, AIN, and
SiOz still exist, and their influence on coating properties needs further exploration. Besides, in
the future, more spray process parameters can be taken into consideration to modify the
orthogonal experiments and obtain a better spray solution.

5. Patents

The authors of this paper carried out research on the recycling and reuse of aluminum ash for
many years. Three China invention patents related to this paper have been granted; the patent
numbers are CN106830025B, CN106745618B, and CN106830035B.
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