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Abstract: Although nickel-based alloys are widely used in industries due to their oxidation and
corrosion resistance, the pursuit of better performance in harsh environments is still a great challenge.
In this work, we developed a sol-gel method to synthesize Niz Al coating on a nickel alloy, assisted by
a post-annealing process, and investigated the oxidation-resistant performance. The coating thickness
can be controlled by designing the deposition times, which keep the pure NizAl phase stable. In
addition, the surface morphologies indicate that the coating is compact without obvious voids or
cracks. Furthermore, the oxidation-resistant property of the coating was investigated by carrying out
a supercritical water oxidation experiment. The crystalline structure and surface morphology of the
samples before and after 72-h oxidation demonstrated the superior oxidation resistance of the coating.
This work provides a convenient method to fabricate an oxidation-resistant coating on a nickel-based
alloy, which would be significant for prolonging the service life of vessels under oxidation conditions,
especially for supercritical water reactions.
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1. Introduction

Supercritical Water Oxidation (SCWO) is a treatment technology that uses supercritical
water as the corrosive medium and oxygen or air as the oxidant to treat organic waste.
Compared with traditional treatment technologies, SCWO has the advantages of high
treatment efficiency, environmental protection, and no secondary pollution. The candidate
materials for equipment reactors in supercritical water environments are mainly iron-based
alloys, nickel-based alloys, titanium-based alloys, etc. [1-3]. However, in the supercritical
water environment, the reactor is in a strong oxidation and corrosion working environment,
which is caused by high temperature and pressure and high solubility. Therefore, the above
alloy materials are prone to oxidization and corrosion, resulting in a sharp decrease in
the reactor service life. Therefore, it is particularly important to explore advanced reactor
materials for the process of supercritical water oxidation [4-7].

Several functional coating layers have been developed for improving the oxidation
resistance of the alloys used in SCWO. In particular, many ceramic materials have superior
chemical stability compared to metal-based materials, such as Al,Os, ZrO,, TiO», etc. [1,8].
For example, Nagae et al. investigated the corrosion performance of Al,O3 ceramics in
supercritical aqueous solutions, and the results showed that high-purity Al,O3 ceramics
exhibited excellent corrosion resistance [9]. Schacht et al. investigated the high-temperature
and high-pressure corrosion performance of Al,O3 ceramics in supercritical acidic aqueous
solutions. They indicated that Al,O3 ceramics still exhibited high stability, even when the
temperatures increased to 500 °C. Therefore, ceramics including Al,O3 have been suggested
for potential application in acidic and alkaline supercritical water environments [10].

The most commonly used methods for depositing ceramic coatings include plasma
spraying, electroplating, thermal spraying, and powder embedding, etc. [11-13]. For
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example, Shuwei Guo et al. prepared zirconia and titanium oxide coatings on the surface
of a 316L stainless steel substrate by air plasma spraying and found that the coatings
inhibited the outward diffusion of metallic elements and the inward diffusion of oxygen. It
could therefore improve the corrosion resistance of the substrate. It was also reported that
the corrosion resistance of titanium oxide coatings was better than that of zirconia under
supercritical water environments [14,15]. Nevertheless, the oxide ceramic coatings would
suffer from thermal mismatch with the metal substrates. Due to the different coefficients
of thermal expansion between the two, the coatings tend to peel off during cold and hot
cycles [16-19]. Although an interfacial layer between the ceramic layer and the metal has
been introduced to alleviate this problem, it always needs an extra deposition process, and
both the interfacial layer and the surface coating should be designed carefully to match one
other. Thus, it is still significant to explore the other functional layer in this regime.

The sol-gel process is regarded as a quite promising and important method, due
to its low cost, easy coating of large-scale surfaces, and flexible control of film thickness,
etc. [20-22]. It has been widely used to fabricate both inorganic and organic films or
coatings [23-25]. Moreover, this method is available for the treatment of various substrates,
such as metals, alloys, semiconductors, and even polymers. It thus provides a convenient
solution for surface protection and functionalization [26,27]. In this work, we employed
a sol-gel method to fabricate an oxidation-resistant layer on a nickel alloy. Here, a NizAl
coating can be formed on the nickel alloy, assisted by a post-annealing process. The
coatings annealed at different temperatures were designed, and the thicknesses were also
controlled by the coating times. The supercritical water oxidation experiments indicated
that these sol-gel-derived Ni3 Al coatings presented a good oxidation-resistant property.
It is therefore significant for preparing functional coatings for vessels working under
oxidation conditions.

2. Experiments

Deposition of coatings on nickel alloy by sol-gel method [28]: The Al-containing
sol was prepared as follows: 20.42 g of C9Hy1 AlO; was poured into 162 mL de-ionized
(DI) water at room temperature and then heated at 85 °C using water-bathing for 30 min.
Then, 1.875 mL of nitrate was added into the solution, followed by vigorous stirring for
10 h. The solution was then heated at 90 °C for 12 h, then a light-blue sol was filtered. After
ageing at room temperature for 24 h, a stabilized gel was formed through sol-gel transition.
This Al-containing precursor was deposited on a nickel alloy (Inconel 625, commercially
available) substrate by the spin coating method. The films were then dried at approximately
90 °C for 3 min to remove the residual moisture. The film thickness can be controlled by
repeating the coating process with different times. Subsequent annealing was carried out
in a furnace at 550 °C for 1 h in a static atmosphere of nitrogen, in order to achieve the final
coating layer.

Characterization: The precursor Al-containing gel was analyzed by Fourier Transfer
Infrared Spectroscopy (FT-IR). The crystalline structure of the coating was investigated by X-
ray diffraction (XRD) (X’ Pert, Philips), with a 4 kW monochromatic Cu K« (A = 0.15406 nm)
radiation source. The surface morphologies were studied by field emission scanning
electron microscopy (FE-SEM) (Inspect F, FEI) with an accelerating voltage of 20 kV. The
elements were detected and analyzed by X-ray energy spectrum analysis (EDS). The
supercritical water oxidation experiments were carried out using a man-made device at
the Institute of Advanced Technology, CAS (Guangzhou). The experiment condition was
500 °C/25MPa/72 h.

3. Results and Discussions

The Al-containing gel is an inorganic network derived from hydrolysis and polycon-
densation reaction of the C9Hy; AlO3. Figure 1 shows the FI-IR spectra of the gel on KBr
plates in the spectral range of 4000-400 cm~!. A broad peak below 850 cm ! could be
assigned to the characteristic distribution of Al-O-Al groups [29]. Moreover, two strong
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peaks at 3460 cm ! and 1639 cm ! can be observed, which correspond to the stretching
vibration and bending vibration bands of -OH groups. They can be ascribed to water
absorption and the chemical bonding of -OH groups in the gel, respectively. Furthermore, a
minor peak at approximately 1075 cm ! could also be detected and can be assigned to the
absorption peak of Al-O-C. By contrast to the FI-IR spectrum of raw material CoHy; AlO3,
obvious changes observed in the gel can be ascribed to the hydrolysis and polycondensation
reaction for the sol-gel transition.
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Figure 1. FT-IR spectra of the raw material CgHy; AlO3 (black curve) and Al- containing gel
(red curve).

The coating was deposited on a nickel alloy substrate using a conventional spin-
coating process, and then annealed at 550 °C, 700 °C, 800 °C, and 900 °C. The XRD patterns
of the coatings annealed at different temperatures are shown in Figure 2. The peaks at
approximately 43.7°, 50.9°, and 75.1° fit well with the diffraction peaks of the (112), (004),
and (220) planes of the NizAl phase, according to PDF Card No. 50-1256. This indicates that
the gel has been converted completely to NizAl at 550 °C, 700 °C, and 800 °C. However,
increasing the annealing temperature at 900 °C leads to the formation of the Cr,O3 phase.
It should also be noted that the annealing was performed at a static atmosphere of nitrogen;
a small amount of oxygen cannot be avoided. Therefore, the formation of CrpO3 can be
explained as follows: the chromium in the nickel alloy would be oxidized but not react
with aluminum at high temperature [28]. The SEM morphology of the coatings is shown in
Figure 3. It also indicates that the morphology of the samples annealed at 550 °C, 700 °C,
and 800 °C are quite different from that of the sample annealed at 900 °C. In particular, the
surface is relatively smooth for the coating annealed at lower temperature. By contrast, the
surface of the coating annealed at 900 °C is uneven and shows a strong sense of granularity,
which, according to the previous XRD results, can be ascribed to the formation of an extra
Cr,0O3 phase.
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Figure 2. XRD patterns of the coating annealed at 550 °C, 700 °C, 800 °C, and 900 °C.
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Figure 3. SEM morphology of the coating annealed at (a) 550 °C, (b) 700 °C, (c) 800 °C, and (d) 900 °C.

The precursor gel films were deposited on nickel alloy substrate and then annealed
for the growth of the coating layer. Figure 4 shows the XRD patterns of the coating layers
with different thicknesses. By increasing the coating thickness from 300 nm to 1200 nm,
the samples indicate a stable and pure-phase of NizAl (PDF Card No. 50-1256). It is
interesting that, generally, the precursor gel would transform to Al,O3 using the sol-gel
method [28,30], but the Al,O3 layer deposited directly onto nickel alloy would encounter
a mismatch of thermoconductivity between the oxide layer and the metal [31-33]. In this
work, the gel layer was annealed at 550 °C, which is obviously lower than the process for
fabricating Al,O3. In this case, the precursor layer would be difficult to oxidize, which
is why there is no Al,O3 phase detected in the layer. It can also be ascribed to the static
atmosphere of nitrogen in the annealing process. This inert atmosphere could hinder the
oxidation and even play a role of reduction in this process.
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Figure 4. XRD patterns of the coating layer with different thicknesses annealed at 550 °C.

30

The composition of the coating layer was investigated further by analyzing the chem-
ical elements in the layer. Figure 5a shows a typical cross-sectional SEM morphology of
the coating layer. It can be seen that the coating layer is uniform, with a thickness of
approximately 2700 nm. Figure 5b indicates a complicated element distribution in the
samples. Combined with the XRD results in Figure 4, it suggests that most of the elements
can be assigned to the matrix (only the Niz3Al phase can be detected on the surface of the
samples). Here, the EDS measurement was carried out at a larger scale than the XRD
test. This means that the elements beyond Ni and Al may be detected due to the voids
from grain boundaries or cracks in the layer. Figure 5c collected the atomic percent of the
elements in the sample, and the ratio of Ni/ Al is ~3.85, which is larger than the ratio of
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Ni/Al in NizAl. This demonstrates further that part of the detected elements come from
the matrix.

(b ) Bl EE
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Figure 5. (a) Cross-sectional SEM morphology of the Niz Al coating with a thickness of approximately
2700 nm, (b) EDS spectrum of the Niz Al coating layer on nickel alloy, and (c) Atomic percent of the
detected elements in the sample.

The surface morphology of the coating layers with different thicknesses are shown
in Figure 6. It can be seen that all the samples indicate a continuous surface coating layer.
There are only a few micro-voids existing, which can account for the emergence of extra
elements in the EDS result. However, the layer still exhibits a high quality because no crack
can be found, even at a scale larger than 10 x 10 um. Compared to Al,O3, the coefficient of
thermal expansion of NizAl should be quite similar to that of nickel alloy. It could avoid
the cracking of the coating layer caused by the mismatch of thermal expansivity between
substrate and coating. It would thus be helpful for the stability of the coating layer at high
temperatures.

Figure 6. Surface morphology of the NizAl coating with thicknesses of (a) 300 nm, (b) 700 nm,
() 1200 nm, and (d) 2700 nm.

The oxidation-resistant performance of the Niz Al coating (with a thickness of approx-
imately 1200 nm) was investigated under a rigorous supercritical water condition. The
reaction temperature was set at 500 °C and the corresponding pressure reached as high as
25 MPa. Figure 7 shows the surface morphology of the coatings with different thicknesses
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after a 72-h oxidation experiment. Compared to the morphology showed in Figure 6,
there is nearly no difference before and after the supercritical water oxidation experiment.
Generally, serious cracking and even shedding would emerge in the coating layer under
the rigorous supercritical water experiment [15,34,35]. However, the NizAl performs high
stability, and it is remarkable that all of the NizAl coatings present an excellent oxidation-
resistant property. Furthermore, Figure 8 compares the XRD patterns of the sample before
and after the oxidation experiment. It can be seen that the sample keeps the pure NizAl
phase in this experiment, which further proves superior oxidation resistance. It should be
highlighted again that the NizAl would not encounter the mismatch of thermoconductivity
between the coating layer and the alloy substrate. This is an obvious advantage compared
to oxide-based oxidation resistance coating layers, such as Al,O3; and TiO;.

Figure 7. Surface morphology of the NizAl coating with different thicknesses after 72-h oxidation
experiment. (a) 300 nm, (b) 700 nm, (c) 1200 nm, and (d) 2700 nm.
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Figure 8. XRD patterns of the 1200-nm NizAl coating before and after 72-h supercritical water
oxidation experiment.

4. Conclusions

This work proposes a sol-gel method accompanied by annealing to deposit a NizAl
coating layer on nickel alloy. The coating thickness could be controlled by repeating the
coating process. By increasing the coating thickness from 300 nm to 1200 nm, the samples
indicate a stable and pure-phase of NizAl. The crystalline structure, surface morphology,
and EDS results indicate a high-quality coating layer. In particular, the oxidation-resistant
property of the coating was investigated by carrying out a supercritical water oxidation
experiment. The crystalline structure and surface morphology of the samples before
and after 72-h oxidation demonstrated a superior oxidation resistance of the coating.
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This coating would be promising for exploring advanced coatings for supercritical water
reaction vessels.

Author Contributions: All authors contributed to the study conception and design. Material
preparation, data collection, and analysis were performed by Y.P.,, Z.Z. and H.G. The first draft
of the manuscript was written by Z.Z. and Q.S. All authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Funding: This work was financially supported by the National Key R&D program of China (No.
2018YFB1900202) and the Fundamental Research Funds for Central Universities.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sun, CW., Hui, R;; Qu, W,; Sing, Y. Progress in corrosion resistant materials for supercritical water reactors. Corros. Sci. 2009, 51,
2508-2523. [CrossRef]

2. Khatkhatay, F; Jiao, L.; Jian, J.; Zhang, W.R; Jiao, Z.; Gan, J.; Zhang, H.; Zhang, X.; Wang, H. Superior corrosion resistance
properties of TiN-based coatings on Zircaloy tubes in supercritical water. J. Nucl. Mater. 2014, 451, 346-351. [CrossRef]

3. Chen, Y,; Sridharan, K.; Allen, T. Corrosion behavior of ferritic-martensitic steel T91 in supercritical water. Corros. Sci. 2006, 48,
2843-2854. [CrossRef]

4. Tang, X.; Wang, S.; Xu, D. Corrosion behavior of Ni-based alloys in supercritical water containing high concentrations of salt and
oxygen. Ind. Eng. Chem. Res. 2013, 52, 18241-18250. [CrossRef]

5. Guo, S; Xu, D.; Liang, Y.; Macdonald, D.D. Corrosion Characteristics of Typical Ni-Cr Alloys and Ni-Cr-Mo Alloys in
Supercritical Water: A Review. Ind. Eng. Chem. Res. 2020, 59, 18727-18739. [CrossRef]

6. Mittion, D.B.; Yoon, J.H.; Cline, ].A.; Kim, H.S.; Eliaz, N.; Latanision, R.M. Corrosion behavior of nickel-based alloys in supercritical
water oxidation systems. Ind. Eng. Chem. Res. 2000, 39, 4689-4696. [CrossRef]

7. Tang, X.Y.; Wang, S.Z.; Qian, L.L.; Ren, M.M. Corrosion properties of candidate materials in supercritical water oxidation process.
J. Adv. Oxid. Technol. 2016, 19, 141-157. [CrossRef]

8.  Xu,D.H.; Guo,SW.;Ma, Z]; Li, Z].; Kuang, W.J.; Gong, Y.M. Corrosion characteristic comparisons of ZrO,-, TiO;-coated and
uncoated 316 stainless steel samples in supercritical water oxidation of municipal sludge. J. Supercrit. Fluids 2019, 155, 104663.
[CrossRef]

9.  Nagae, M,; Yoshio, T.; Oda, K. Corrosion Behaviour of Structural Ceramics in Supercritical Water. Adv. Sci. Technol.-Res. 2006, 45,
173-177.

10.  Schacht, M.; Boukis, N.; Dinjus, E. Corrosion of alumina ceramics in acidic aqueous solutions at high temperatures and pressures.
J. Mater. Sci. 2000, 35, 6251-6258. [CrossRef]

11. Garcia, E.; Lee, H.; Sampath, S. Phase and microstructure evolution in plasma sprayed Yb,Si; Oy coatings. J. Eur. Ceram. Soc. 2019,
39, 1477-1486. [CrossRef]

12.  Dezfuli, S.M.; Sabzi, M. Deposition of ceramic nanocomposite coatings by electroplating process: A review of layer-deposition
mechanisms and effective parameters on the formation of the coating. Ceram. Int. 2019, 45, 21835-21842. [CrossRef]

13. Tailor, S.; Vashishtha, N.; Modi, A.; Modi, S.C. High-performance Al,O3 coating by hybrid-LVOF (Low-Velocity Oxyfuel) process.
J. Therm. Spray Technol. 2020, 29, 1134-1143. [CrossRef]

14. Guo, S,; Xu, D,; Liang, Y.; Gong, Y.; Yang, J. Corrosion characterization of ZrO, and TiO, ceramic coatings via air plasma spraying
on 316 stainless steel in oxygenated sub-and supercritical water. J. Supercrit. Fluids 2019, 157, 104716. [CrossRef]

15. Wang, Y.Z.; Gao, F; Yang, ].Q.; Zhu, Y.T.; Fang, C.Q.; Wang, S.Z.; Zhao, G.Y. Comparative study on corrosion characteristics of
Al,O3/316L and TiO, /316L stainless steel in supercritical water. Int. . Hydrogen Energy 2017, 42, 19836-19842. [CrossRef]

16. Toma, EL.; Stahr, C.C.; Berger, L.M.; Saaro, S.; Herrmann, M.; Deska, D.; Michael, G. Corrosion resistance of APS- and HVOEF-
sprayed coating in the AlyO3-TiO, system. ]. Therm. Spray Technol. 2010, 19, 137-147. [CrossRef]

17. Wang, L.; Yang, ].].; Liang, C.H.; Feng, Y.J.; Jin, W.; Cao, J.L.; Wang, X.Y.; Feng, K.M.; Kleyn, A.W.; Liu, N. Preparation and
properties of improved Al,O3 based MOD coatings as tritium permeation barrier. Fusion Eng. Des. 2019, 143, 233-239. [CrossRef]

18. Feng, ].; Dan, M,; Jin, EY.; Chen, M.Y,; Shen, L.R.; Tong, H.H.; Zhang, G.H. Preparation and properties of alumina coatings as
tritium permeation barrier by plasma electrolytic oxidation. Rare Metal Mat. Eng. 2016, 45, 315-320.

19. Xiang, X.; Wang, X.L.; Zhang, G.K,; Tang, T.; Lai, X.C. Preparation technique and alloying effect of aluminize coatings as tritium

permeation barriers: A review. Int. J. Hydrogen Energy 2015, 40, 3697-3707. [CrossRef]


http://doi.org/10.1016/j.corsci.2009.07.007
http://doi.org/10.1016/j.jnucmat.2014.04.010
http://doi.org/10.1016/j.corsci.2005.08.021
http://doi.org/10.1021/ie401258k
http://doi.org/10.1021/acs.iecr.0c04292
http://doi.org/10.1021/ie000124k
http://doi.org/10.1515/jaots-2016-0119
http://doi.org/10.1016/j.supflu.2019.104663
http://doi.org/10.1023/A:1026714218522
http://doi.org/10.1016/j.jeurceramsoc.2018.11.018
http://doi.org/10.1016/j.ceramint.2019.07.190
http://doi.org/10.1007/s11666-020-01033-6
http://doi.org/10.1016/j.supflu.2019.104716
http://doi.org/10.1016/j.ijhydene.2017.06.129
http://doi.org/10.1007/s11666-009-9422-2
http://doi.org/10.1016/j.fusengdes.2019.04.012
http://doi.org/10.1016/j.ijhydene.2015.01.052

Materials 2022, 15, 6566 8of8

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

32.

33.

34.

35.

Partlow, D.P; Gurkovich, S.R.; Radford, K.C.; Denes, L.J. Switchable vanadium oxide films by a sol-gel process. J. Appl. Phys.
1991, 70, 443-452. [CrossRef]

Ozer, N. Electrochemical properties of sol-gel deposited vanadium pentoxide films. Thin Solid Films 1997, 305, 80-87. [CrossRef]
Yuan, N.Y;; Li, J.H.; Lin, C.L. Valence reduction process from sol-gel V,0O5 to VO, thin films. Appl. Surf. Sci. 2002, 191, 176-180.
Yasakau, K.A.; Carneiro, J.; Zheludkevich, M.L.; Ferreira, M.G.S. Influence of sol-gel process parameters on the protection
properties of sol-gel coatings applied on AA2024. Surf. Coat. Technol. 2014, 246, 6-16. [CrossRef]

Figueira, R.B. Hybrid sol-gel coatings for corrosion mitigation: A critical review. Polymers 2020, 12, 689. [CrossRef]

Wang, D.; Bierwagen, G.R. Sol-gel coatings on metals for corrosion protection. Prog. Org. Coat. 2009, 64, 327-338. [CrossRef]
Thai, T.T.; Druart, M.E,; Paint, Y.; Trinh, A.T.; Olivier, M.G. Influence of the sol-gel mesoporosity on the corrosion protection given
by an epoxy primer applied on aluminum alloy 2024-T3. Prog. Org. Coat. 2018, 121, 53—-63. [CrossRef]

Pezzato, L.; Rigon, M.; Martucci, A.; Brunelli, K.; Dabala, M. Plasma Electrolytic Oxidation (PEO) as pre-treatment for sol-gel
coating on aluminum and magnesium alloys. Surf. Coat. Technol. 2019, 366, 114-123. [CrossRef]

Bahlawane, N.; Watanabe, T. New sol-gel route for the preparation of pure x-alumina at 950 °C. J. Am. Ceram. Soc. 2000, 83,
2324-2326. [CrossRef]

Bhogal, S.; Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Alam, M.; Stadler, EJ. AgyO-Al,O3-ZrO, trimetallic nanocatalyst
for high performance photodegradation of nicosulfuron herbicide. Top. Catal. 2020, 63, 1272-1285. [CrossRef]

Wang, X.Z.; Jiang, Q.Q.; Zhang, Y.C.; Yuan, N.N. High efficient and environment friendly plasma-enhanced synthesis of
Al,Oz-coated LiNi; /3Co0q /;3Mn; /30, with excellent electrochemical performance. Front. Chem. 2020, 8, 1-8. [CrossRef]

Zhou, C,; Zhang, Q.; Liu, S.Y;; Luo, B.C.; Yi, E.Y,; Tian, EK,; Li, G.W.; Li, L.T.; Wu, G.H. Thermal mismatch strain induced disorder
of Y,Mo301; and its effect on thermal expansion of Yo,Mo301, /Al composites. Phys. Chem. Chem. Phys. 2017, 19, 11778-11785.
[CrossRef] [PubMed]

Song, Y.; Wu, WJ; Qin, M,; Li, D.J.; Liu, Y.L.; Ai, S.; Wang, T.J. Effect of geometric parameter on thermal stress generation in
fabrication process of double-ceramic-layers thermal barrier coating system. J. Eur. Ceram. Soc. 2018, 38, 3962-3973. [CrossRef]
Sivaprahasam, D.; Sujitha, T.; Gowtham, U.; Jayachandran, B.; Gopalan, R. Microstructure and heat transfer characteristics of
active brazed Ceramic-Metal joints. Ceram. Int. 2021, 47, 16133-16140. [CrossRef]

Ren, L.; Cheng, Y.H.; Wang, S.; Meng, X.L.; Qin, Q.; Yang, ].Y. Oxidation behavior of the supercritical water on the ternary Ni-W-P
coating. Chem. Eng. ]. 2019, 370, 1388-1406. [CrossRef]

Mandapaka, K.K.; Cahyadji, R.S.; Yalisove, S.; Kuang, W.].; Sickafus, K.; Oatel, K.; Was, G.S. Corrosion behavior of ceramic-coated
ZIRLO™ exposed to supercritical water. J. Nucl. Mater. 2018, 498, 495-504. [CrossRef]


http://doi.org/10.1063/1.350272
http://doi.org/10.1016/S0040-6090(97)00086-2
http://doi.org/10.1016/j.surfcoat.2014.02.038
http://doi.org/10.3390/polym12030689
http://doi.org/10.1016/j.porgcoat.2008.08.010
http://doi.org/10.1016/j.porgcoat.2018.04.013
http://doi.org/10.1016/j.surfcoat.2019.03.023
http://doi.org/10.1111/j.1151-2916.2000.tb01556.x
http://doi.org/10.1007/s11244-020-01381-1
http://doi.org/10.3389/fchem.2020.00072
http://doi.org/10.1039/C7CP00676D
http://www.ncbi.nlm.nih.gov/pubmed/28435967
http://doi.org/10.1016/j.jeurceramsoc.2018.04.049
http://doi.org/10.1016/j.ceramint.2021.02.189
http://doi.org/10.1016/j.cej.2019.04.011
http://doi.org/10.1016/j.jnucmat.2017.10.040

	Introduction 
	Experiments 
	Results and Discussions 
	Conclusions 
	References

