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Abstract: Ytterbium silicate coatings were deposited on SiCf/SiC ceramics matrix composite (CMC)
substrates by plasma spray-physical vapor deposition (PS-PVD), and the microstructures and phase
constituents of the coatings were studied. The results show that the Yb2SiO5 coating prepared with
high power and low pressure (65 kW/2 mbar) had quasi-columnar structure, mainly deposited from
the vapor phase, whereas the coating prepared with low power and high pressure (40 kW/10 mbar)
had a typical layered structure, mainly deposited from the liquid phase. The deposition efficiency
of parameter A (~2 µm/min) was also significantly lower than that of parameter B (~20 µm/min).
After annealing at 1300 ◦C for 20 h, the coating prepared by 65 kW/2 mbar was mainly composed of
ytterbium disilicate phase (77.2 wt %). The coating also contained some silicon-rich phase. The coating
prepared by 40 kW/10 mbar basically consisted of ytterbium monosilicate (63.6 wt %). In addition,
a small amount of silicon-rich phase and ytterbium-rich phase were also present in the coating.
Accompanied with calculation results by the FactSage software, the cause of deviations in phase
compositions was analyzed.
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1. Introduction

In order to meet the service requirements of next-generation aircraft engines with a high
thrust-to-weight ratio, the application of ceramic matrix composites (CMCs) to thermal structural parts
of engines is being increasingly considered for replacing the existing superalloys [1,2]. In a hot, dry,
and oxygen-containing atmosphere, CMCs can produce a stable and dense silicon oxide protective layer
on the surface to inhibit further oxidation. Once CMCs are exposed to fast-flowing water-vapor-rich
gasses, silicon oxide reacts easily with water vapor, forming gaseous silicon hydroxide and therefore
causing degradation of CMC components [3]. This reaction results in a serious drop in the thermal
and mechanical properties of the CMCs. A protective coating on the surface of the CMCs (namely,
an environmental barrier coating, EBC), is therefore necessary to protect CMCs from environmental
corrosion and improve both the service life and service temperature of CMCs [4].

Through many years of development, EBCs have evolved from the first single-layer of mullite to the
advanced three-layer structure, including Si/mullite/rare earth silicate [5,6]. In a service environment,
the silicon layer prevents oxidation of CMCs substrate by forming a layer of silicon oxide. The top
ceramic layer (rare earth silicate) is mainly used to block the entry of water vapor, and the mullite
layer can reduce the mismatch of coefficients of thermal expansion (CTEs) and alleviate thermal
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stresses across the layers [7]. Among rare earth silicates, Yb2SiO5 (YbMS) and Yb2Si2O7 (YbDS) are the
most promising EBC materials since they have several advantages [8]. These include a high melting
point, low volatility [9], excellent mechanical properties, low thermal conductivity, and good phase
structure stability above 1400 ◦C [10–16]. Some thermal-mechanical properties of bulk ytterbium
silicate materials are shown in Table 1 [17].

Table 1. Thermal-mechanical properties of bulk Ytterbium silicate materials.

Melting Point Coefficient of
Thermal Conductivity

Coefficients of
Thermal Expansion Elastic Modulus Hardness

(◦C) (W/m K) (×10−6 K−1) (GPa) (GPa)

Yb2SiO5 1950 2.3–1.5
(300–1400 K) 7–8 149 6.4 ± 0.1

Yb2Si2O7 1850 4.6–2.0
(300–1400 K)

3.7–4.5
(800–1600 K) 168 7.3 ± 0.2

Compared with YbDS, YbMS exhibits better resistance to water vapor corrosion and CMAS
(CaO2–MgO–Al2O3–SiO2) attack [6,13]. However, Xu Yue et al. found that the CTE of YbMS
(7.2 × 10−6 K−1) is relatively larger than that of the intermediate mullite layer (5~6 × 10−6 K−1) [4].
Hence, β-RE2Si2O7 (RE = Sc, Lu, and Yb) and the intermediate mullite layer match well. Therefore, it
was suggested that a suitable composite containing RE2Si2O7 and RE2SiO5 could adjust the CTEs and
the water vapor resistance of composites to a balanced level for further prolonging the service life of
the above-mentioned tri-layer EBC system [4,18].

Currently, the main preparation process for ytterbium silicate coatings is atmospheric plasma
spraying (APS) [5,19]. Normally, APS EBCs contain many pores and semi-melted particles.
The gas-tightness of such a typical structure is not sufficient for use as an EBC. Plasma spray-physical
vapor deposition (PS-PVD) is an emerging coating preparation technology that can be used to prepare
various advanced coatings [20,21], such as columnar structured coatings, as well as thin and dense
coatings by depositing gas and/or liquid and/or solid phases [17,22–24]. In ytterbium silicate, silicon
oxide is easily vaporized during the spraying process [25]. Taking advantage of PS-PVD, it is possible
to manufacture dense EBCs consisting of YbDS and YbMS phases.

In this paper, the ytterbium silicate topcoats were prepared using two different PS-PVD parameters.
The deposition rate, microstructures, and phase compositions of as-deposited coatings as well as
annealed coatings were studied in detail. Additionally, the component deviation was analyzed by
FactSage software, which can provide some guidance for preparing EBC using PS-PVD in the future.

2. Materials and Methods

2.1. Coating Spraying

First, the Si and mullite layers were coated by APS (Chinese Academy of Agricultural
Mechanization Sciences, Beijing, China) on SiCf/SiC CMC substrates (10 mm × 20 mm × 4 mm),
the APS parameters are presented in Table 2. Ytterbium silicate top-coats were deposited on the
Si/mullite coating by PS-PVD (Medicoat AG, Mägenwil, Switzerland). The PS-PVD parameters are
presented in Table 3, in which the main variables are the net power from 65 kW (sample A) to 40 kW
(sample B) and the vacuum pressure from 2 to 10 mbar. The as-sprayed coatings were then annealed at
1300 ◦C for 20 h in a vacuum furnace.
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Table 2. Atmospheric plasma spraying (APS) process parameters.

Parameter Si Mullite

Net power/kW 44.4 33.1
Spray distance/mm 100 110

Ar/L/h 2000 2269
H2/L/h 80 567

Current/A 600 650
Feed rate/g/min 9.5 12.0

Substrate temperature/◦C 1000 1100

Table 3. Two different sets of spray process parameters.

Parameter Sample A Sample B

Net power/kW 65 40
Spray distance/mm 1000 1000

Ar/L/min 30 30
He/L/min 60 60

Powder feeding rate/g/min 10 10
Powder carrier gas/L/min 10 2
Vacuum pressure/mbar 2 10

Deposition time/min 5 3

The ytterbium silicate powder grade was A-20170522 (Guangzhou Research Institute for
Non-ferrous Metals, Guangzhou, China), and the powder particle size D50 was 10–30 µm. The images
of ytterbium silicate powder are presented in Figure 1. XRD patterns of the starting powders
(mullite and Yb2SiO5) have been given in our previous article [26], wherein peaks in the XRD pattern
of Yb2SiO5 match the standard powder diffraction files (PDFs) perfectly without additional peaks,
which means that the synthesized Yb2SiO5 possessed high phase purity.
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2.2. Characterization

Phase compositions of both as-sprayed and annealed samples were identified by X-ray diffraction
(XRD, D/Max 2200PC, Cu/Kα, Rigaku, Tokyo, Japan) at a scanning 2θ speed of 6◦/min. The XRD results
were analyzed using Jade software (Version 6.5). The crystallinities of samples (C) were calculated by
Formula 1:

C =

∑
ICi∑

IAj +
∑

ICi
× 100% (1)
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where ICi is the diffraction intensity of each crystallization peak and IAj is the diffraction intensity of
each amorphous peak. The i-th phase weight percentages (Wi) were calculated by Formula 2 [27]:

Wi =

Ii
Ki∑ Ii

Ki

× 100% (2)

where Ii is the strongest peak intensity of the i-th phase and Ki is the RIR (Reference Intensity Ratio)
value of the i-th phase.

Microstructures and constituents of the as-sprayed and annealed coatings were characterized by a
scanning electron microscope (SEM, Gemini SEM 300, Zeiss, Oberkochen, Germany) equipped with an
energy-dispersive spectrometer (EDS).

3. Results and Discussion

3.1. Microstructures and Compositions of As-Sprayed Coatings

Figure 2 shows the XRD patterns of the as-sprayed ytterbium silicate top-coats. It can be seen
that the as-sprayed coatings of both sample A and sample B were mainly Yb2O3 phase. Besides, both
XRD patterns have an amorphous diffuse scattering peak at about 30◦, indicating amorphous phases
in the coatings, and the crystallinities of sample A and sample B were 38.22% and 59.67%, respectively.
During the preparation of the coatings, the powder particles were heated and melted or even vaporized
in the plasma plume. Due to the large temperature difference between the substrate and the particles,
the melted or vaporized particles were rapidly cooled and solidified on the surface of the substrate;
therefore, amorphous structures appeared in the coatings.
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Figure 2. XRD patterns of as-sprayed ytterbium silicate top-coats.

The net power in PS-PVD is much higher than in APS, which can melt well or even evaporate
ceramic powder, depending on the size and material of the powder. Due to the high spraying power
and low vacuum pressure of parameter set A, the spraying powder could be well gasified, and sample
A was mainly deposited from vapor phase. The surface morphology of sample A is shown in Figure 3a.
It can be seen that there were many column caps on the coating surface, and the diameter of the
column caps was 5–10 µm. At a higher magnification, some non-gasified splats can be seen spreading
on the surface of the column caps, which indicates that the coating formed by gas–liquid mixed
deposition. The fracture morphologies of sample A are shown in Figure 3c,d. It can be seen that the
thin coating is columnar. Figure 3e,f shows cross-sectional micrographs (back-scattered electron) of
sample A. During the deposition process, the growth of the stigma can be interrupted by deposition
of liquid droplets. However, the growth of column caps would resume due to the deposition of
vapor phase. The cross-sectional microstructure further demonstrates that coating A was dominated
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by vapor-phase deposition. By the higher magnification in Figure 3f, layers with different contrast
along the growth direction of the coating can be observed, which means that the deposition process
was not uniform. The average thickness of the ytterbium silicate top-coats prepared by parameter A
was ~10 µm. Through EDS analyses as shown in Figure 3g, the phase composition of the regions
represented by spot 1 and spot 2 are close to Yb2Si2O7, and there are brighter Yb-rich regions (spot 3)
and darker Si-rich regions area (spot 4).
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(a,b) Surface morphology; (c,d) Fracture morphology; (e,f) Cross section by back-scattered electron;
and (g) EDS analysis of four spots in (f).
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The compositional fluctuation within the ytterbium silicate top-coats of sample A, assessed by
using a line scan, is shown in Figure 4. The results indicate that the darker contrast has a higher Si
content and a lower Yb content. In comparison, the whiter contrast has a higher Yb content and a
lower Si content. These are consistent with the EDS analysis in Figure 3f.Materials 2020, 13, x FOR PEER REVIEW 6 of 15 
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Due to the relatively lower spraying power (40 kW) of parameter set B, the powder could not be
gasified in large quantities. The surface morphology of coating B is shown in Figure 5a,b. Completely
molten droplets were sputtered and spread rapidly on the surface of the substrate, forming splats.
Some particles also can be seen in Figure 5b, indicating the presence of partially melted feedstock
during the deposition of the coating. The fracture morphologies of sample B are shown in Figure 5c,d.
Obviously, the coating had a layered structure, which means that the coating deposition was dominated
by liquid droplets. Figure 5e,f shows the cross-sectional micrographs (back-scattered electron) of
sample B. The thickness of the banded structure was about 1–2 µm, and the average thickness of the
top-coats prepared by parameter set B was ~60 µm. Referring to the deposition rate of parameter set A
(~2 µm/min) the parameter B (~20 µm/min) is significantly higher. This might be because the plasma
jet in such a low-pressure chamber (2 mbar) was over-expanded, and a large amount of vaporized
phase was taken away along with the plasma gases by the vacuum pump, resulting in a relatively low
deposition rate on the substrate.

The deposited coating had a distinct banded structure with light and dark contrast changes.
This is because during the PS-PVD spraying process, the heating degree of each droplet is different,
and the temperature of each droplet is different after heating, resulting in the difference of SiO2 and
Yb2O3 evaporation rates in the droplets. As a result, the final composition deviation was also different.
Composition analysis by EDS was performed on Figure 5f, and the results are shown in Figure 5g.
Bands with different contrast have different Yb/Si atomic ratios: from 3:1 in the lighter region to 1:1 in
the darker region. The Yb/Si atomic ratio of the initial spray powder was 2:1. This indicates that the
composition of the droplets deviated during the flight in the plasma plume.

Again, the compositional fluctuation within sample B as assessed using a line scan is shown in
Figure 6. The results are consistent with the analysis of EDS in Figure 5f.
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Figure 5. SEM micrographs of as-sprayed ytterbium silicate top-coats prepared by parameter set B:
(a,b) Surface morphology; (c,d) Fracture morphology; (e,f) Cross section by back-scattered electron;
and (g) EDS analysis of five spots in (f).
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Figure 6. EDS line scan of the as-sprayed ytterbium silicate top-coats prepared by parameter set B.

3.2. Microstructure and Composition of Annealed Coatings

Figure 7 shows the XRD patterns of the annealed ytterbium silicate top-coats. After annealing,
the two coatings were fully crystallized. According to the XRD analyses, the main component of
sample A (Figure 7a) after annealing was YbDS, along with a small amount of YbMS and SiO2 phases,
the percentages of YbDS, YbMS, and SiO2 were 77.2, 15.5, and 7.3 wt %, respectively. In contrast,
the main component of sample B (Figure 7b) was YbMS, but there was also a small amount of YbDS
and Yb2O3 phases; the percentages of YbMS, YbDS, and SiO2 were 63.6, 29.7, and 6.7 wt %, respectively.
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Figure 8a shows the cross-sectional micrograph (back-scattered electron) of sample A after
annealing. It can be seen that the inner structure of the coating was more uniform than before annealing,
showing three kinds of contrast. The results of EDS line scan are shown in Figure 9, which show
that the relative contents of Si and Yb varied within the measured range. Four different points were
selected (Figure 8b) for EDS analyses, and corresponding results are shown in Figure 8c. The phase
composition of the middle contrast area (Spot 10 and Spot 12) with the largest proportion is YbDS,
the phase composition of the brighter contrast area (Spot 11) is basically the same as that of YbMS,
and the phase composition of the darker contrast area (spot 13) is Si-rich phase. The EDS analyses are
consistent with the results of XRD.
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The cross-sectional micrographs (back-scattered electron) and EDS analyses of the annealed
sample B are shown in Figure 10. The structure of the annealed coating in Figure 10a is more uniform
than the as-sprayed one, and there are mainly three different degrees of contrast. Figure 10b shows a
high-magnification micrograph wherein the areas with medium contrast are the main components, the
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areas with whiter contrast are mainly two-phase mixtures, and the areas with darker contrast are both
single-phase and two-phase mixtures of contrast. The compositional fluctuations were analyzed using
a line scan, as shown in Figure 11. As with sample A, the content of Si and Yb varied significantly with
the contrast. In Figure 10b, two representative points and two regions were selected for EDS analyses.
According to the EDS results, the main component of the coating B after annealing was YbMS (grey
contrast area), and there was also a small amount of YbDS (dark contrast area) and Yb2O3 (white
contrast area). YbDS was distributed in a separate region (spot 14) and a region eutectic with YbMS
(Zone 16). Yb2O3 mainly formed a eutectic (Zone 17) with YbMS. The results of EDS analyses are
consistent with the XRD results. The phase composition deviation in different regions was mainly
determined by the droplet composition. According to the SiO2-Yb2O3 pseudo-binary phase diagram
in Figure 12 [28], when the Yb/Si atom ratio in the droplet was higher than 2:1, a eutectic of Yb2O3 and
YbMS was formed; when the Yb/Si atom ratio in the droplet was between 2:1 and 1:1, YbDS formed a
eutectic with YbMS [7].
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According to the literature, because of its high saturated vapor pressure, SiO is more volatile in
the ytterbium silicate coating prepared by APS during the spraying process. So, the components of the
prepared coating were mainly Yb2O3 and YbMS [5,7,29]. However, as mentioned above, the coatings
prepared by PS-PVD—especially sample A—had an Yb/Si atomic ratio that moved in a completely
opposite direction to the APS coatings [7]. The Equilib module in FaceSage software (Version 7.3,
Education) was used to calculate the vapor pressures of species in equilibrium of a mixed gas formed
by Yb2O3 + SiO2 at 2 mbar and 10 mbar, respectively. As shown in Figure 13, the gas partial pressure
was a function of temperature.

In PS-PVD, the spraying process can be abstracted into four steps: the powder is heated in the
plasma gun; the heated particles enter the low-pressure compartment; the particles fly in the plasma
plume; and then the particles impact on the substrate. Meanwhile, deposition of the coating occurs.
When the heated particles enter the low-pressure environment, compared with the calculation results
under 1 atm pressure [5], as the vacuum pressure decreases, the complete gasification temperature of
YbMS gradually decreases. At the same time, the power of sample A (65 kW) was much higher than
for APS, which makes YbMS much easier to be heated to a sufficiently high temperature, making it
easy to gasify and decompose when entering the low-pressure environment, and generate Yb gaseous
monoatoms. The power of sample B (40 kW) could not completely vaporize the YbMS powder, and the
majority of the YbMS powder could only be melted into droplets. When the droplets were flying in the
plasma plume, the high partial vapor pressure of SiO at elevated temperatures resulted in a substantial
loss of silicon from the droplet during flight in the plasma plume [7]. For Yb2O3, as shown in Figure 13,
unlike SiO and SiO2, it had no gas phase, and directly decomposed into Yb and O during gasification.
Because of the high temperature of plasma plume, once gasified, it is difficult for Yb to react with O to
produce liquid Yb2O3. Therefore, during vapor deposition (the last step), the sublimation temperature
has an important effect on the deposition efficiency of Yb. The phase change process of Yb was also
calculated from the FactSage software. At 10 mbar, the Yb phase change and reaction with O2 were
according to Equation (3) and Equation (4):

Yb(g) 763.46 ◦C
→ Yb(s, bcc) (3)

Yb(s, bcc) + O2 → Yb2O3(s) (4)
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and at 2 mbar, the phase change and reaction are performed according to Equation (5) and Equation (6):

Yb(g) 673.51 ◦C
→ Yb(s, fcc) (5)

Yb(s, fcc) + O2 → Yb2O3(s) (6)
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The calculation results indicate that with decreasing vacuum pressure, the gasification temperature
of Yb gradually decreases; at the same time, the PS-PVD power is high and the heating capacity is
stronger. Therefore, once YbMS decomposes into Yb atoms, at low chamber pressure, compared with
SiO, the Yb atoms will be more difficult to solidify on the substrate, and will be carried away by the
gas flow. Thus, the ytterbium silicate coating composition prepared by PS-PVD moved to the direction
of decreasing Yb/Si atomic ratio, especially sample A.
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4. Conclusions

In this paper, ytterbium silicate coatings were prepared by PS-PVD and the microstructure and
phase constituents of the coatings before and after annealing were studied. Some conclusions can be
drawn as follows:

(1) An ytterbium silicate coating with columnar structure based on vapor deposition could be
prepared by high net power (65 kW), whereas a coating with layered structure could be prepared
by low net power (40 kW) based on liquid-phase deposition. The two as-sprayed coatings were
mainly composed of amorphous phase.

(2) Crystallization of the as-sprayed coatings was completed when the coatings were annealed at
1300 ◦C for 20 h. The coating sprayed at 65 kW was mainly composed of YbDS and also contained
a small amount of YbMS phase and SiO2 phase. In contrast, the coating sprayed at 40 kW basically
consisted of YbMS. Besides, a small amount of YbDS phase and Yb2O3 phase were present in
the coating.

(3) The calculation results by FactSage software indicate that YbMS powder can be decomposed into
single gaseous Yb atoms during the PS-PVD process. Because of low vacuum, Yb gaseous atoms
in high-temperature and high-speed gas flow are more difficult to solidify, resulting in a low
atomic ratio of Yb/Si in the PS-PVD coatings compared to that of APS coatings.

These results indicate that PS-PVD is one of the most promising technologies to prepare
high-performance EBCs. The effects of the coating microstructures on the resistance to high-temperature
oxidation and steam corrosion will be the next subject of our work.

Author Contributions: Conceptualization, J.X. and Q.G.; methodology, L.W.; validation, J.X. and Q.G.; formal
analysis, J.X. and Q.G.; resources, H.G.; data curation, J.X. and Q.G.; writing—original draft preparation, J.X.;
writing—review and editing, H.G. and W.H.; visualization, J.X.; supervision, H.G.; project administration, H.G.;
funding acquisition, H.G. and W.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research & Development Program of China under
grant No. 2017YFB0306103, the 111 Project under grant No. B17002, National Natural Science Foundation
of China (NSFC) under grant No. 51590894, National Science and Technology Major Project under grant No.
2017-VI-0010-0081 and the Key Research & Development Plan of Jiangxi Province under grant No.20181ACH80009.

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

References

1. Belmonte, M. Advanced ceramic materials for high temperature applications. Adv. Eng. Mater. 2006, 8,
693–703. [CrossRef]

2. Padture, N.P. Advanced structural ceramics in aerospace propulsion. Nature Mater. 2016, 15, 804–809.
[CrossRef] [PubMed]

3. Liu, J.; Zhang, L.; Liu, Q.; Cheng, L.; Wang, Y. Structure design and fabrication of environmental barrier
coatings for crack resistance. J. Eur. Ceram. Soc. 2014, 34, 2005–2012. [CrossRef]

4. Xu, Y.; Hu, X.; Xu, F.; Li, K. Rare earth silicate environmental barrier coatings: Present status and prospective.
Ceram. Int. 2017, 43, 5847–5855. [CrossRef]

5. Richards, B.T.; Wadley, H.N.G. Plasma spray deposition of tri-layer environmental barrier coatings. J. Eur.
Ceram. Soc. 2014, 34, 3069–3083. [CrossRef]

6. Richards, B.T.; Young, K.A.; de Francqueville, F.; Sehr, S.; Begley, M.R.; Wadley, H.N.G. Response of ytterbium
disilicate–silicon environmental barrier coatings to thermal cycling in water vapor. Acta Mater. 2016, 106,
1–14. [CrossRef]

7. Richards, B.T.; Zhao, H.; Wadley, H.N.G. Structure, composition, and defect control during plasma spray
deposition of ytterbium silicate coatings. J. Mater. Sci. 2015, 50, 7939–7957. [CrossRef]

8. Nasiri, N.A.; Patra, N.; Horlait, D.; Jayaseelan, D.D.; Lee, W.E.; Smialek, J. Thermal properties of rare-earth
monosilicates for EBC on Si-based ceramic composites. J. Am. Ceram. Soc. 2016, 99, 589–596. [CrossRef]

9. Wang, S.; Lu, Y.; Chen, Y.X. Synthesis of single-phase β-Yb2Si2O7 and properties of its sintered bulk. Int. J.
Appl. Ceram. Technol. 2015, 12, 1140–1147. [CrossRef]

http://dx.doi.org/10.1002/adem.200500269
http://dx.doi.org/10.1038/nmat4687
http://www.ncbi.nlm.nih.gov/pubmed/27443899
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.12.049
http://dx.doi.org/10.1016/j.ceramint.2017.01.153
http://dx.doi.org/10.1016/j.jeurceramsoc.2014.04.027
http://dx.doi.org/10.1016/j.actamat.2015.12.053
http://dx.doi.org/10.1007/s10853-015-9358-5
http://dx.doi.org/10.1111/jace.13982
http://dx.doi.org/10.1111/ijac.12353


Materials 2020, 13, 1721 14 of 14

10. Wang, Y.; Liu, J. First-principles investigation on the corrosion resistance of rare earth disilicates in water
vapor. J. Eur. Ceram. Soc. 2009, 29, 2163–2167. [CrossRef]

11. Lu, M.; Xiang, H.M.; Feng, Z.H.; Wang, X.Y.; Zhou, Y.C.; Smialek, J. Mechanical and thermal properties of
Yb2SiO5: A promising material for T/EBCs applications. J. Am. Ceram. Soc. 2016, 99, 1404–1411. [CrossRef]

12. Li, Y.; Luo, Y.; Tian, Z.; Wang, J.; Wang, J. Theoretical exploration of the abnormal trend in lattice thermal
conductivity for monosilicates RE2SiO5 (RE = Dy, Ho, Er, Tm, Yb and Lu). J. Eur. Ceram. Soc. 2018, 38,
3539–3546. [CrossRef]

13. Tian, Z.; Zheng, L.; Wang, J.; Wan, P.; Li, J.; Wang, J. Theoretical and experimental determination of the major
thermo-mechanical properties of RE2SiO5 (RE = Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y) for environmental and
thermal barrier coating applications. J. Eur. Ceram. Soc. 2016, 36, 189–202. [CrossRef]

14. Luo, Y.; Sun, L.; Wang, J.; Wu, Z.; Lv, X.; Wang, J. Material-genome perspective towards tunable thermal
expansion of rare-earth di-silicates. J. Eur. Ceram. Soc. 2018, 38, 3547–3554. [CrossRef]

15. Lee, K.N.; Fox, D.S.; Bansal, N.P. Rare earth silicate environmental barrier coatings for SiC/SiC composites
and Si3N4 ceramics. J. Eur. Ceram. Soc. 2005, 25, 1705–1715. [CrossRef]

16. Zhong, X.; Niu, Y.; Li, H.; Zhou, H.; Dong, S.; Zheng, X.; Ding, C.; Sun, J. Thermal shock resistance of tri-layer
Yb2SiO5/Yb2Si2O7/Si coating for SiC and SiC-matrix composites. J. Am. Ceram. Soc. 2018, 101, 4743–4752.
[CrossRef]

17. Xiao, J.; Chen, W.; Wei, L.; He, W.; Guo, H. Mechanical properties and thermal conductivity of
ytterbium-silicate-mullite composites. Materials 2020, 13, 671–681. [CrossRef]

18. Xu, Y.; Li, J. Preparation and molten salt corrosion research of composite environmental barrier coatings of
Lu2Si2O7 and Lu2SiO5. Mater. Res. Innov. 2014, 18, S4–S958. [CrossRef]

19. Zhao, H.; Richards, B.T.; Levi, C.G.; Wadley, H.N.G. Molten silicate reactions with plasma sprayed ytterbium
silicate coatings. Surf. Coat. Technol. 2016, 288, 151–162. [CrossRef]

20. Mauer, G.; Hospach, A.; Vassen, R. Process development and coating characteristics of plasma spray-PVD.
Surf. Coat. Technol. 2013, 220, 219–224. [CrossRef]

21. Goral, M.; Kotowski, S.; Sieniawski, J. The technology of plasma spray physical vapour deposition. High.
Temp. Mater. Process. 2013, 32, 219–224.

22. Gao, L.; Wei, L.; Guo, H.; Gong, S.; Xu, H. Deposition mechanisms of yttria-stabilized zirconia coatings
during plasma spray physical vapor deposition. Ceram. Int. 2016, 142, 5530–5536. [CrossRef]

23. Zhang, B.; Wei, L.; Guo, H.; Xu, H. Microstructures and deposition mechanisms of quasi-columnar structured
yttria-stabilized zirconia coatings by plasma spray physical vapor deposition. Ceram. Int. 2017, 43,
12920–12929. [CrossRef]

24. Vautherin, B.; Planche, M.P.; Bolot, R.; Quet, A.; Bianchi, L.; Montavon, G. Vapors and droplets mixture
deposition of metallic coatings by very low pressure plasma spraying. J. Therm. Spray Technol. 2014, 23,
596–608. [CrossRef]

25. Golden, R.A.; Opila, E.J. A method for assessing the volatility of oxides in high-temperature high-velocity
water vapor. J. Eur. Ceram. Soc. 2016, 36, 1135–1147. [CrossRef]

26. Zhong, X. Microstucture and Properties of Ytterbium Silicates Coating Deposited by Atmospheric Plasma
Spray. Ph.D. Thesis, Shanghai University, Shanghai, China, 2018.

27. Chung, F.H. Quantitative interpretation of X-ray diffraction patterns of mixtures. II. Adiabatic principle of
X-ray diffraction analysis of mixtures. J. Appl. Crystallogr. 1974, 7, 526–531. [CrossRef]

28. Bondar, I.A. Rare-earth silicates. Ceram. Int. 1982, 8, 83–89. [CrossRef]
29. Xiao, J.; Liu, Q.; Li, J.; Guo, H.; Xu, H. Microstructure and high-temperature oxidation behavior of

plasma-sprayed Si/Yb2SiO5 environmental barrier coatings. Chin. J. Aeronaut. 2018, 32, 1994–1999.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jeurceramsoc.2009.02.005
http://dx.doi.org/10.1111/jace.14085
http://dx.doi.org/10.1016/j.jeurceramsoc.2018.04.014
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.09.013
http://dx.doi.org/10.1016/j.jeurceramsoc.2018.04.021
http://dx.doi.org/10.1016/j.jeurceramsoc.2004.12.013
http://dx.doi.org/10.1111/jace.15713
http://dx.doi.org/10.3390/ma13030671
http://dx.doi.org/10.1179/1432891714Z.000000000874
http://dx.doi.org/10.1016/j.surfcoat.2015.12.053
http://dx.doi.org/10.1016/j.surfcoat.2012.08.067
http://dx.doi.org/10.1016/j.ceramint.2015.12.111
http://dx.doi.org/10.1016/j.ceramint.2017.06.190
http://dx.doi.org/10.1007/s11666-014-0059-4
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.11.016
http://dx.doi.org/10.1107/S0021889874010387
http://dx.doi.org/10.1016/0272-8842(82)90022-0
http://dx.doi.org/10.1016/j.cja.2018.09.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Coating Spraying 
	Characterization 

	Results and Discussion 
	Microstructures and Compositions of As-Sprayed Coatings 
	Microstructure and Composition of Annealed Coatings 

	Conclusions 
	References

