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Abstract: Environmental barrier coatings (EBCs) consisting of a tri-layer structure (Si/mullite/Yb

2

SiO

5

) were prepared on 

SiC/SiC ceramic matrix composite (CMC). For decreasing the degradation of water-oxygen corrosion of SiC/SiC CMC, a 

novel EBCs fabrication method of plasma spray-physical vapor deposition (PS-PVD) was proposed in this work. Prior to EBCs 

preparation, agglomerated Yb

2

SiO

5

 powders was fabricated by spray dryer. After that, dense EBCs were fabricated by PS-PVD 

technique, where the Yb

2

SiO

5

 coating with laminar and columnar composited structure was achieved. And the deposition 

diagram of this special structure was presented. Besides, the thermal cycle performance of PS-PVD EBCs was tested from 

1300 °C to room temperature in water. Results show that no apparent spallation appears after 30 cycles, indicating that the 

EBCs have a good thermal shock performance.

Key words: EBCs; PS-PVD; thermal cycle; Yb

2

SiO

5

coating

Developing advanced aero-engine with high performance 

has received persistent attention for decades. High inlet tem-

perature is an important factor in achieving high 

thrust-to-weight ratio and high thermal efficiency for turbine 

engines 

[1,2]

. Turbine inlet temperature (TIT) of 1650 °C cor-

responds to a thrust–to-weight ratio of 8. For attaining the 

thrust-to-weight ratio of 10~12, TIT of 1850 °C is needed

[3]

. 

Ni-based superalloys are widely used as hot components in 

turbine engines. But their upper limit service temperature is 

~1075 °C. Thus, the current superalloy cannot satisfy the re-

quirement of advanced aero-engine

[4-6]

. Silicon carbide (SiC) 

fiber-reinforced SiC ceramic matrix composite (SiC/SiC CMC) 

has been envisioned as alternative next generation turbine en-

gine hot-component material due to its low density, superior 

strength and oxidation resistance at high temperature

[7]

. But it 

will meet the rapid recession in a fast combustion environment 

(water-oxygen, glassy melts, etc), causing a degradation in its 

advanced performances

[8]

. 

Aforementioned problems can be alleviated by environment 

barrier coatings (EBCs) which can prevent SiC/SiC CMC 

from reacting with water-oxygen. Thus, EBCs are required for 

the implementation to avoid the loss of the protective SiO

2

thermally grown oxide through reactions with water vapor in 

the combustion gases

[9,10]

. Candidate materials for EBCs must 

be resistant to water-oxygen volatilization, and have a coeffi-

cient of thermal expansion that is well matched with the 

SiC/SiC CMC to enable their application as strain-tolerant

[11]

. 

Additionally, the EBCs should have a low recession rate and 

be thermochemically stable in turbine engine environments. It 

must completely protect surface from oxidize penetration, and 
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remain adhered to the substrate during prolonged thermal cy-

clic exposure and thermal shock loading. A tri-layer coating 

containing a silicon bond coating, a mullite intermediate layer 

and an ytterbium monosilicate (Yb

2

SiO

5

) top coating has re-

cently attracted significant interests

[12,13]

. The bond coating is 

intended to impede the transport of any oxygen or water vapor 

that penetrates the outer coating layers by generating a protec-

tive thermally grown oxide. The intermediate layer mullite 

serves as an oxidizing element diffusion barrier while avoid-

ing potential solid-state reactions between thermally grown 

silica on bond coating and top coating. The top coating 

Yb

2

SiO

5

 serves as a low silica activity compound with a very 

low recession rate in water-oxygen environments. 

The tri-layer EBCs were usually deposited using an air 

plasma spray (APS)

[12,14-16]

. But in this investigation, the 

plasma spay-physical vapor deposition (PS-PVD) was used to 

deposit the bond coating Si, intermediate coating mullite and 

top coating Yb

2

SiO

5

. PS-PVD is a novel coating process based 

on low pressure plasma spray. Unlike conventional techniques, 

deposition takes place from both liquid splat and vapor 

phase

[17,18]

. This offers new opportunities to obtain advanced 

microstructures, thus meeting the growing demands of EBCs. 

Due to its electrical current up to 3000 A, plasma gas flow up 

to 200 L/min, and input power level of 180 kW in PS-PVD, 

the plasma plume should be expanded to a length more than 

2000 mm and 400 mm in diameter. Thus, with appropriate 

parameters, feedstock powder may be evaporated. And dense 

EBCs can be obtained. Low-porosity EBCs are important 

guarantee for avoiding infiltration of oxygen and vapor water 

into SiC/SiC CMC substrate.

1  Experiment 

Before preparation of EBCs, the Yb

2

SiO

5

 powders were 

self-prepared through spray dryer equipment (Mobile Mi-

nor

TM

). Then tri-layers EBCs (Si/mullite/Yb

2

SiO

5

) were pro-

duced by PS-PVD on SiC/SiC CMC substrate, where the 

EBCs system consisted of a ~50 µm thick Yb

2

SiO

5

 top coating 

and a ~50 µm thick mullite (commercial products from Xinte 

Ltd, Fig.1a) oxidation resistant layer, and both of them were 

sprayed on a substrate heated to 900 °C. And a ~50 µm thick 

silicon (commercial products from Xinte Ltd, Fig.1b) layer, 

sprayed on an heated substrate (1000 °C), was used to im-

prove the bonding between the mullite coating and the 

SiC/SiC substrate. The preparation parameters of EBCs 

through PS-PVD are shown in Table 1.

Thermal cycle property is one of the important performances 

for EBCs. During the tests, the EBCs specimens were heated in 

an air furnace at an evaluated temperature of 1300 °C for 10 min 

and then directly water-quenched to room temperature for 5 min. 

The heating-up and subsequent cooling down is a thermal cycle. 

Following testing, the specimens were mounted and polished 

using standard metallographic techniques and examined using 

field-emission scanning electron microscope(FE-SEM). Besides, 

the samples were examined using transmission electron micro-

scope (TEM, Titan Themis 200, FEI) assisted with FIB (focused 

ion beam, SMI3050MS2, S ) to � investigate the microstructure 

of EBCs.

2  Results and Discussion

2.1  Agglomerated Yb

2

SiO

5

 powder preparation

Agglomerated powders with a certain size distribution, 

good flow ability, etc are required in EBCs prepared by 

PS-PVD. Properties of the powders are determined by mor-

phology and composition of powders. One of the most effec-

tive and convenient methods of producing agglomerated pow-

ders with narrow size distribution and controllable morphology 

and composition is spray drying. The spray drying process is 

usually described in three steps

[19,20]

: (1) droplet generation 

(spraying), (2) droplet-to-particle conversion by drying 

Fig.1  Micrographs of powders: (a) agglomerated and sintered mul-

lite and (b) Si

Table 1  Parameters of EBCs (Si/mullite/Yb

2

SiO

5

) fabricated by PS-PVD

Layer

Current/

A

υ(Ar)/ 

L·min

-1

 

υ(He)/

L·min

-1

 

υ(H

2

)/

 

L·min

-1

 

Feed rate/

g·min

-1

Stand-off dis-

tance/mm

Pre-heating tem-

perature/°C

Chamber

pressure/×10

2

 Pa

Si 1650 110 - 6 9 350 1000 4.0

Mullite 2600 70 50 - 11 1000 900 1.5

Yb

2

SiO

5

2600 100 20 - 13 1000 900 1.5
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(solvent evaporation), and (3) particle collection (separation 

from drying gas). The diagram of spray dryer equipment (Mo-

bile Minor

TM

) is shown in Fig.2, including rotary nozzle, dry-

ing chamber, collection vessel and filter, etc. The mixed flow

arrangement is used for coarse free-flowing powders and heat 

stable products. The atomized droplets were dried throughout 

their movement in the drying chamber and agglomerated 

powders were collected in the cyclone jar. Finer and lighter 

powders were separated with the air steam collected by filter. 

In order to obtain dense Yb

2

SiO

5

 coating through PS-PVD, 

the original powders should be optimized to ensure that the 

particles can be melted sufficiently or evaporated. The original 

Yb

2

SiO

5

 powders were produced by solid-sate synthesis. And 

the XRD analysis of Yb

2

SiO

5

 powders is presented in Fig.3,

indicating a high purity. The SEM image of synthesized

Yb

2

SiO

5 

powders is shown in Fig.4a, where the size distribu-

tion of Yb

2

SiO

5

 powders ranges from 1 µm to 3 µm. Prior to 

spray drying, Yb

2

SiO

5 

slurry should be prepared. After that,

the Yb

2

SiO

5 

slurry was spray dried and the prepared agglom-

erated Yb

2

SiO

5 

powders is shown in Fig.4b. The size distribu-

tion of agglomerated Yb

2

SiO

5

 powders is 10~45 µm.

2.2 EBCs preparation 

In the EBCs materials, the Si and mullite powders are com-

mercial products and the Yb

2

SiO

5

 powders were self-prepared. 

The EBCs (Si/mullite/Yb

2

SiO

5

) were fabricated by PS-PVD 

and the surface microstructures are shown in Fig.5. The SiC/SiC 

CMC was taken as substrate and its surface morphology is 

shown in Fig.5a. The substrate was interwoven with SiC fibers. 

Pores with different sizes are located in the substrate. Then, af-

ter EBCs deposition, the pores are filled with EBCs, as seen in 

Fig.5b. And surface microstructure of Yb

2

SiO

5

 coating is shown 

in Fig.5c, where no cracks and pores are observed.

The cross-sectional microstructures of EBCs are shown in 

Fig.6. Fig.6a indicates that no apparent pores and cracks are 

formed in the Si and Yb

2

SiO

5

 coating. On the contrary, lots of 

closed pores are generated in mullite coating. Melting point of

Fig.2  Diagram of spray dryer

Fig.3  XRD patterns of solid-state synthesized Yb

2

SiO

5

Fig.4  Micrographs of powders: (a) original solid-state synthesized 

powders and (b) agglomerated powders

Si material is about 1410 °C and its thermal conductivity is 

150 W/(m·K). Due to high energy density and high velocity of 

plasma jet in O3CP plasma gun, the Si powders can be melted 

sufficiently. The molten Si splats will have a close packing 

when impacting the substrate. Thus, dense interface of Si and 

SiC/SiC substrate can be obtained, as indicated in Fig.6b. In

contrast to mullite material, its melting point and thermal 

conductivity are ~1850 °C and ~150 W/(m·K), respectively. 

Moreover, the mullite powders are agglomerated and sintered. 

When the powders are injected into plasma gun, most of the 

large-sized powders cannot be fragmented into small-sized 

particles. The inner of large-sized powders cannot be melted
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Fig.5 Surface morphologies: (a) SiC/SiC substrate, (b) substrate coated with EBCs, and (c) Yb

2

SiO

5

coating

Fig.6 Cross-sectional microstructure of EBCs: (a) tri-layer coatings consisting of Si, mullite and Yb

2

SiO

5

, (b) interface of Si coating and SiC/SiC 

substrate, (c) interface of mullite and Si coating, and (d) interface of Yb

2

SiO

5

and mullite coating

sufficiently, so that these molten droplets cannot be spread 

fully. Therefore, few closed pores are formed and the interface 

of mullite and Si coating is shown in Fig.6c. The size distribu-

tion of original powder in agglomerated Yb

2

SiO

5

 powder 

ranges from 1 µm to 3 µm. Besides, due to the absence of sin-

tering process, the agglomerated Yb

2

SiO

5

 powders can be 

fragmented into small-sized particles quickly when injected 

into a plasma gun

[21]

. The small particles can be melted or 

even evaporated in the plasma jet despite the high melting 

point of ~1900 °C. Thus, dense Yb

2

SiO

5

 coating can be ob-

tained and the dense interface between Yb

2

SiO

5

 and mullite 

coating is shown in Fig.6d.

The XRD analysis of mullite and ytterbium monosilicate in 

EBCs is shown in Fig.7. Fig.7a shows the XRD patterns of 

mullite powders and as-deposited mullite. The diffraction peak 

of mullite coating does not obviously broaden, indicating that 

the crystallinity of mullite crystals is high in the spraying 

process and no obvious metastable phase is formed through 

comparative analysis. Therefore, the high preheating tem-

perature of PS-PVD substrate helps to avoid the amorphous 

coating, which is the disadvantage of traditional APS tech-

nology. The XRD patterns of Yb

2

SiO

5

 powders and 

as-deposited Yb

2

SiO

5

 are shown In Fig.7b. It was found that 

part of the diffraction peaks of the coating disappears, and the 

crystal growth is preferably oriented.

Due to high work power (net power 57 kW) and low opera-

tion pressure (150 Pa) of PS-PVD, the plasma plume can be

expanded to a length more than 2000 mm. Thus, part of 

Yb

2

SiO

5

 powders can be evaporated. The Yb

2

SiO

5

 coating 

was characterized by transmission electron microscope (TEM), 

as shown in Fig.8. Fig.8a is the bright filed TEM image show-

ing a laminar and columnar composited structure and its magni-
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a
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b

5 µm

c
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Fig.7  XRD patterns of mullite (a) and Yb

2

SiO

5 

(b)

fied image is presented in Fig.8b. The composition of laminar 

and columnar grains marked 1 and 2 zone in Fig.8b was ana-

lyzed by energy-dispersive spectroscope (EDS), as shown in 

Fig.8c and 8d, respectively, showing the presence of Yb, Si 

and O. The laminar grains are splats, which are caused by 

plastic deformation of molten powder impacting the sub-

strate

[22]

. Between laminar grains, lots of columnar grains are 

formed, which results from condensation of evaporated 

Yb

2

SiO

5

[18, 23]

. During the PS-PVD process, agglomerated 

powders will be fragmented into small primary particles rang-

ing from 1~3 µm immediately after injection into plasma gun 

due to weak agglomeration of original particles. Through de-

tailed comparison, it is notable that the size of nano-columnar 

grain is smaller than that of the primary particle. Thus, it can 

be inferred that these nano-columnar grains are formed by 

condensation of Yb

2

SiO

5 

vapor phase. However, not all the 

powders can be evaporated. The unevaporated particles with 

high velocity dragged by plasma jet will become splat grains 

in the coating due to plastic deformation.

The deposition process of Yb

2

SiO

5

 coating with laminar and 

columnar composited structure can be described, as shown in 

Fig.9. The agglomerated powders will be fragmented into

Fig.8  Bright field TEM images of Yb

2

SiO

5

coating (a, b) and EDS spectra of grains marked 1 (c) and 2 zone (d) in Fig.8b
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Fig.9  Diagram of deposition process of Yb

2

SiO

5

 coating prepared 

by PS-PVD

small particles due to weak bonding between original particles. 

Part of powders will be evaporated into vapor particles due to 

small diameter after interacting with high temperature plasma 

jet in O3CP plasma gun. With decreasing the temperature of 

plasma jet, the evaporated Yb

2

SiO

5 

will be condensed, gener-

ating nano-columnar and nano-isometric grains, as observed 

in Fig.7b, forming a columnar structure. Besides, the un-

evaporated powders will be transformed into molten micro or 

submicro droplets. When impacting on substrate, the molten 

droplets will change into splat, forming laminar structure be-

cause of great plastic deformation dragged by high velocity 

plasma jet.

2.3  Thermal cycle performance

Thermal cycle performance is a key for EBCs applied in 

turbine engine due to frequent take-off and landing during op-

eration. The thermal cycle property of EBCs was character-

ized from 1300 °C to room temperature in water, as shown in 

Fig.10. Fig.10a~10k are images of in-situ observation of the 

same EBCs sample (Φ25.4 mm×6.0 mm) after different wa-

ter-quenching thermal cycles. After 30 thermal cycles 

(Fig.10g), no apparent spallation is observed in EBCs sample. 

Until 35 thermal cycles (Fig.10h), a small area spallation at 

EBCs sample edge is observed. With increasing the thermal 

cycle, the spallation area tends to center gradually. But there is 

no apparent increase in the spallation area through comparison 

between 35 thermal cycles (Fig.10h) and 50 thermal cycles

(Fig.10k). Additionally, based on above analysis, it can be 

concluded that there are different sized interspaces among 

Fig.10 Images of the same EBCs sample after different water-quenching thermal cycles: (a) 0 cycle, (b) 5 cycles, (c) 10 cycles, (d) 15 cycles, 

(e) 20 cycles, (f) 25 cycles, (g) 30 cycles, (h) 35 cycles, (i) 40 cycles, (j) 45 cycles, and (k) 50 cycles
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columnar grains, which can release the stress of Yb

2

SiO

5

coating during thermal cycle. Thus the columnar structure 

contributes to better strain tolerance in thermal cycle and to 

avoid rapid spallation of EBCs

[24]

. In operation, apart from the 

thermal cycle, EBCs will also face oxygen-water corrosion 

and CAMS (calcium-magnesium aluminosilicate) corrosion. 

Due to laminar structure generated in the coating, the laminar 

splat will extend the diffusion path into SiC/SiC substrate as a 

diffusion barrier

[4]

. Therefore, laminar structure contributes to 

the improvement in corrosion performance.

The cross-sectional microstructure of EBCs after water-

quenching for 50 times is presented in Fig.11. The bonding 

between coatings remains close because of the good thermal 

compatibility of Si/mullite/Yb

2

SiO

5

. Some unmelted particles 

are reduced, and transverse and through-wall cracks are gen-

erated in the coating due to the release of thermal stress, com-

pared to Fig.6a after 50 thermal cycles of the sample.

Fig.11 Cross-sectional microstructure of EBCs after 50 thermal cycles

3  Conclusions

1) No apparent cracks and pores in Si and Yb

2

SiO

5 

coatings 

form in EBCs system produced by PS-PVD. But a few closed 

pores are observed in mullite coating. Besides, dense interface 

among Si coating, mullite coating and Yb

2

SiO

5 

coating, and

substrate can be obtained. 

2) The Yb

2

SiO

5 

coating has a laminar and columnar compo-

sited structure. The laminar grains are generated by plastic 

deformation of un-evaporated powder when impacting on 

substrate. And the columnar grains are formed by condensa-

tion of Yb

2

SiO

5 

vapor phase. 

3) EBCs have good resistance to thermal shock, as indi-

cated by thermal cycle test of 30 times at 1300 °C. This is due 

to the laminar and columnar composited structure in Yb

2

SiO

5

coating. The laminar structure contributes to a dense coating 

and the columnar structure is helpful to increase strain toler-

ance of EBCs in thermal cycle.
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