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Abstract: Environmental barrier coatings (EBCs) are increasingly being used in the high-temperature
sections of gas turbines because of their protective effects on SiC fiber-reinforced SiC ceramic matrix
composites (SiCf/SiC CMCs) when subjected to high-temperature water oxygen corrosion. The ob-
jective of this study was to investigate the failure behavior of EBCs prepared on SiCf/SiC CMC
matrix materials under coupled high-temperature and load conditions. A plasma spray-physical
vapor deposition (PS-PVD) method was used to prepare Si/3Al2O3·2SiO2/Yb2SiO5 EBC composite
coatings on the surface of SiCf/SiC ceramic matrix composites. In situ scanning electron microscopy
was used to study the evolutionary behavior of the coating surface cracks at different temperatures
and the failure and fracture mechanism of the coating/substrate when held at 766 ◦C and subjected
to different loading conditions. The results show that no significant crack extension occurred on
the coating surface as the temperature of the coated specimen increased from room temperature to
766 ◦C in the absence of an applied tensile load, indicating that the effect of a single temperature
factor on the failure of the specimen was negligible. However, under coupled high-temperature and
load conditions, the specimens fractured at a load of 340 N when subjected to 766 ◦C, indicating
that the coated sample is more likely to fail when subjected to high-temperature and tensile loading.
The step-like fracture exhibits features consistent with the coating fracture and spalling caused by
surface cracks extending from the coating surface to the interior. The spalling, large crack formation
and step-like shape of the fracture in the coating and the substrate indicate that cracks were generated
between the coating and the substrate under the coupled high-temperature and load conditions.
The generation and extension of cracks in both parts eventually led to full specimen rupture.

Keywords: SiCf/SiC CMC; PS-PVD; tensile failure mechanism; high temperature; composite coatings

1. Introduction

With the rapid development of aeroengines and turbine engines in the fields of avi-
ation, aerospace, military and civil technology, the thermal loads and mechanical loads
sustained by the hot-end components of such engines have further increased. To ensure
their smooth operation and maintain a certain thermal efficiency, such components must
possess excellent performance in terms of high temperature resistance. The temperature
bearing capacity and the service lifetime of hot-end components can be improved using
environmental barrier coating technology [1,2]. Environmental barrier coatings (EBCs)
have good high-temperature corrosion resistance and are generally composed of complex
multilayer structures, including bonded metal layers and ceramic layers [3]. Such coatings
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are resistant to high temperature, oxidation, corrosion and erosion, so they are widely used
in many fields [4].

The traditional preparation methods of environmental barrier coatings include atmo-
spheric plasma spray (APS) and electron beam-physical vapor deposition (EB-PVD) [5–7].
APS is used in the process of environmental barrier coating preparation because of its
high-temperature plasma jet flame core (with temperatures as high as 10,000 ◦C) [8],
which can make the particles on the substrate transform into a molten state during de-
position, thus promoting mechanical combination and providing the coating with good
high-temperature corrosion resistance and high deposition efficiency, although easily sub-
ject to thermal stress and circular failure [9]. The coatings prepared by EB-PVD exhibit a
columnar structure, which is favorable for heat transfer and enhances the thermal cycling
lifetime of the component. The coating material atoms, which are initially in the solid
phase, are vaporized by electron beam heating and are then deposited as vapor-phase
atoms. However, the deposition efficiency of the coating prepared by EB-PVD is low [10].
Plasma spray-physical vapor deposition (PS-PVD) is a thermal barrier coating preparation
technology that emerged in the early 21st century and has advantages over APS [11,12].
A coating with a special structure can be prepared by PS-PVD, which offers the advantages
of high deposition efficiency; and the fact that the resulting coatings exhibit considerably
high porosity, low thermal conductivity, high strain tolerance and good hot corrosion
resistance [13].

Silicon carbide fiber-reinforced SiC ceramic matrix composites (SiCf/SiC CMCs) have
the advantages of low density, high strength, oxidation resistance, corrosion resistance
and erosion resistance, and accordingly, are considered ideal materials for the front-end
components of next-generation gas turbine engines [14–18]. However, SiCf/SiC CMCs
suffer degraded performance with the risk of rapid oxidation, corrosion and shedding
in high-temperature and high-press combustion environments [19,20]. To prevent the
premature failure of SiCf/SiC CMCs in the combustion environment, an environmental
barrier coating (EBC) was considered an ideal material for ceramic matrix protection [21,22].

Rare earth silicates have good high-temperature stability and high oxidation resis-
tance [23–25]. The thermal matching problem between Yb2SiO5 and SiCf/SiC CMCs is
effectively solved by connecting the Si bonding layer and the mullite (3Al2O3·2SiO2) transi-
tion layer [26,27]. In this study, the Si/3Al2O3·2SiO2/Yb2SiO5 three-layer environmental
barrier composite coatings were prepared on SiCf/SiC CMC using PS-PVD technology.
The effects of different processing parameters on the coating organization characteristics
are discussed. To explore the failure mechanism of the coating under thermodynamic
coupling, the coating was subjected to a high-temperature tensile test. This paper provides
basic data and technical support for the application of novel environmental barrier coatings
on aeroengines.

2. Experimental
2.1. Coating Preparation

In this experiment, a PS-PVD multilayer system (Sulzer-Metco, Winterthur, Switzer-
land) was used to spray coatings on the experimental SiCf/SiC CMC substrates. Each layer
of powder was uniformly coated on the surface of the SiCf/SiC CMC material by a spray
gun (O3CP plasma gun, Oerlikon Metco, Burnie, Switzerland). First, the pretreatment
process was performed on the SiCf/SiC CMC material. The rectangular SiCf/SiC CMC ma-
terial (40 × 3 × 2 mm3) was blasted 10 times with Al2O3 particles at a pressure of 0.4 MPa.
After sandblasting, the SiCf/SiC CMC substrates were placed in acetone and ultrasonically
cleaned for 10 min. After being cleaned, the composite material was placed in the PS-PVD
instrument for coating with the spray treatment. Each layer of powder (Si, mullite, Yb2SiO5)
was sprayed on the SiCf/SiC CMC substrate in sequence. Before each layer was deposited,
the substrate was preheated (Si at 500 ◦C, Mullite at 1000 ◦C, Yb2SiO5 at 830 ◦C) to prevent
the development of defects such as microcracks, which may be caused by excessive pressure
due to phase changes during the deposition process. The thickness of the Si layer is 63 µm,
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the mullite layer is 78 µm, and the Yb2SiO5 layer is 70 µm. The porosities of the coatings
are 1%, 1.3% and 2%, respectively. The specific spraying parameters are shown in Table 1.
A diagram of the obtained EBC is shown in Figure 1a. The micromorphology of the powder
in the coating is shown in Figure 1b–d. Figure 1b shows the morphology of the top layer,
Yb2SiO5, which exhibits spherical particles approximately 13 µm in size after pretreatment
and granulation. The spheres promote the excellent fluidity of the powder, which supports
its uniform flow through the spray gun [28,29]. The mullite powder is schematically shown
as the middle layer in Figure 1c, with a supporting micrograph revealing the irregular dia-
mond shape of the particles which measured approximately 3 µm. Furthermore, Figure 1d
shows the morphology of Si powder as the bonding layer constituted of particles which are
approximately 40 µm. The Si powder is similar to mullite in size, presenting as irregular
polygons. However, the particle size of the Si powder is 12–14 and 3–5 times larger than
that of the mullite and Yb2SiO5 powders, respectively.

Table 1. Processing parameters of PS-PVD for each coating.

Coatings Current(A) Ar
(L/min)

H2
(L/min)

Spraying
Distance

(mm)

Scanning
Speed
(mm/s)

Si 600 40 3 130 1000
Mullite 630 30 12 130 1000
Yb2SiO5 630 30 12 130 1000

Figure 1. Preparation of the EBC by the PS-PVD thermal spraying process. (a) Schematic diagram
of the EBC structure. SEM images of each coating powder in the EBC: (b) Si; (c) 3Al2O3 2SiO2;
and (d) Yb2SiO5.
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2.2. Characterization

Field-emission scanning electron microscopy (FE-SEM, ZEISS, Tholey, Germany) was
used to characterize the morphology of the samples. To conduct an in-depth study of
the high-temperature mechanical behavior of the sprayed sample under coupled high-
temperature and load conditions, nanoresolution secondary electron imaging and backscat-
ter imaging (MINI-MTS-500EBSD) were used to determine the high-temperature mechani-
cal properties and microstructural evolution mechanism of the samples.

3. Results and Discussion
3.1. Microstructure of the As-Sprayed EBCS

Matrix materials (SiCf/SiC CMCs) are a kind of continuous SiC fiber-toughened SiC
ceramic matrix composite. Si/3Al2O3·2SiO2/Yb2SiO5 three-layer environmental barrier
composite coatings good resistance to high-temperature oxidation and water oxygen
corrosion. To study the effects of temperature and load under high-temperature tensile
conditions, the substrate sample was experimentally processed into a rectangular specimen
measuring 40 × 3 × 2 mm3, and the EBC was then sprayed using the spraying parameters
in Table 1. The sample after spraying is shown in Figure 2a. Samples presented with
microcracks on the surface after spraying (Figure 2b), thus further observations were
carried out to understand the propagation and failure behavior of the surface microcracks
when subjected to different temperatures and loads.

Figure 2. Specimen after spraying: (a) macro-scale photo; and (b) SEM micrograph.

3.2. In Situ Microscopic Morphology of the EBCS under Temperature and Load Conditions

To investigate the effect of temperature on microcrack extension, the specimens were
heated to the target temperature at 5 ◦C/min, holding the specimen at the desired tempera-
ture for 5 min. Different target temperatures were selected for microscopic in situ observation.
From Figure 3, it can be observed that the in situ microscopic morphology of the specimens
at temperatures of 111 ◦C, 213 ◦C, 323 ◦C, 430 ◦C, 528 ◦C and 766 ◦C shows that no significant
extension of the surface cracks was observed under low-magnification conditions.

When magnification was increased, microcracks on the surface of the coated speci-
mens were observed in situ. The same temperature series as above was selected for the
microscopic in situ observation of the specimens. Figure 4 depicts the in situ microscopic
morphology of the specimens at temperatures of 111 ◦C, 213 ◦C, 323 ◦C, 430 ◦C, 528 ◦C and
766 ◦C. Even at higher magnification, no crack extension behavior was observed, suggesting
that the temperature increase did not lead to microcrack extension and elongation and that
the effect of temperature change on cracking was limited under the condition of simply
increasing the temperature without the addition of a tensile load.

To investigate the effect of different loads on the growth of microcracks at high tem-
perature, the samples were loaded according to the loading curve in Figure 5 while being
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held at a high temperature of 766 ◦C. In situ microscopy was used to observe the samples
as the load was varied.

Figure 6 shows that when the samples were loaded with 10 N, 50 N, 100 N and
150 N at 766 ◦C, no crack propagation on the coating surface was observed. Then, when
further loaded to 250 N, the widening and propagation of cracks on the coating surface
was observed, especially at 300 N. This observation showed that microcracks can expand
under coupled high-temperature and load conditions. As can be seen in Figures 5 and 6,
crack propagation when loaded to 340 N resulted in the fracture failure of the specimens.

As the in situ imaging magnification was increased, microcrack propagation was
clearly observed on the coated sample surfaces when subjected to tensile loading at the
high temperature of 766 ◦C. As shown in Figure 7, the microcracks gradually widened with
the application of increasing the load to the coatings. In Figure 8, the width of the crack on
the coating surface increased from 3.55 µm to 5.89 µm, indicating that the loading force had
a significant effect on crack propagation and the fracture failure of the sample at 766 ◦C.

Figure 3. In situ SEM images of specimens at different temperatures without load: (a) 111 ◦C;
(b) 213 ◦C; (c) 323 ◦C; (d) 430 ◦C; (e) 528 ◦C; and (f) 766 ◦C.

Figure 4. Locally enlarged view of a sample observed using in situ SEM at different temperatures
without load: (a) 111 ◦C; (b) 213 ◦C; (c) 323 ◦C; (d) 430 ◦C; (e) 528 ◦C; and (f) 766 ◦C.
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Figure 5. Loading curve of a coated specimen at 766 ◦C.

Figure 6. In situ SEM of a sample held at 766 ◦C and subjected to a variable loading profile: (a) 10 N;
(b) 50 N; (c) 100 N; (d) 150 N; (e) 250 N; and (f) 300 N.

Figure 7. In situ SEM locally enlarged view of a sample held at 766 ◦C and subjected to a variable
loading profile: (a) 10 N; (b) 50 N; (c) 100 N; (d) 150 N; (e) 250 N; and (f) 300 N.
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Figure 8. In situ SEM surface crack propagation when the specimen was held at 766 ◦C and subjected
to a variable loading profile: (a,b) 250 N; (c,d) 300 N.

3.3. Microstructure of Fracture

When loaded to 340 N at a high temperature of 766 ◦C, the sample ruptured. The mi-
croscopic features of the fracture are shown in Figure 9. Upon magnification, damage to
both the coating and the substrate can be observed. Figure 9b,c show that the fracture of the
coating and the substrate exhibits a step-like pattern, indicating that the fracture extends
from the surface to the interior of the coating and then reaches the substrate interface,
resulting in the fracture of the coating.

The morphology of the fracture surface in a failed specimen can be more clearly
observed in Figure 10. Figure 10a shows the detailed step-like pattern of the fracture as it
propagated between the coating and the substrate. Upon further magnification (Figure 10b),
it can be seen that large peeling cracks developed between the coating and the substrate,
indicating that cracks formed between the coating and the substrate due to the coupled
effect of high-temperature and tensile loading before the substrate ruptured. The substrate
rupture surface shows features consistent with fibrous tearing after fracture, although no
significant oxidation was observed on the surface of the substrate. Even so, there was clear
evidence of delamination between the coating and the substrate, with the coating showing
brittle fracture characteristics. The surface coating and the substrate fractured differently
under the coupled application of high temperature and load, with the coating providing
effective high-temperature protection.
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Figure 9. In situ SEM reveals microscopic features of the fracture developed under a load of 340 N in
a sample held at 766 ◦C: (a) fracture micromorphology; (b) local magnification of fracture micromor-
phology; (c) local magnification of fractured matrix; and (d) local magnification of coating portion
of fracture.

Figure 10. The morphology of the fracture developed under a load of 340 N in a sample held at
766 ◦C: (a) local fracture morphology; (b) local interface between the coating and substrate after fracture;
(c) fracture features of a matrix fiber; and (d) enlarged view of the fracture surface of the matrix fiber.
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3.4. Failure Mechanism

Figure 11 is a schematic diagram of the fracture mechanism of the sample. The failure
mechanism of the coating is divided into two parts: the fracture and spalling of the coating
caused by a penetrating crack that develops on the face, followed by interlayer crack fusion
due to the penetrating of the crack through subsequent layers. After the EBC is coupled
with high temperature, the sharp temperature difference leads to microcracks on the surface
and the formation of microcracks at the coating interface. After a period of time, the cracks
extend to the interface of the coating, with the two crack types meeting and fusing with
each other, which intensifies the damage to the SiCf/SiC substrate and finally leads to
substrate rupture.

Figure 11. Schematic diagram of the failure mechanism of the specimen with the EBC after the
thermal mechanical coupling test.

4. Conclusions

Si/3Al2O30–2SiO2/Yb2SiO5 EBC composite coatings are characterized by the presence
of microporosity and microcracks due to phase changes during processing and differences
in the thermal expansion coefficients of individual phases. These coating defects cannot be
eliminated by applying initial and subsequent heat treatments to the initial powder and
coating, respectively. The results of this work show that as the temperature of a coated
sample increased from room temperature to 766 ◦C in the absence of an applied tensile load,
no significant crack extension was observed on the surface of the coating, indicating that
the effect of the temperature on sample failure was negligible. In contrast, under coupled
high-temperature and tensile load conditions, the sample ruptured at a load of 340 N and a
high temperature of 766 ◦C, indicating that the coated sample is more likely to fail under
the application of the tensile load at high temperature. Step-like fractures indicate the
fracture and spalling of the coating caused by surface cracks extending from the coating
surface to its interior. The delamination, large crack formation and step-like behavior of
the crack in the coating to the substrate are characteristic features of crack development
between the coating and the substrate under coupled high-temperature and load conditions.
The formation and extension of the cracks in both portions of the composite eventually
leads to full specimen rupture.
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