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A B S T R A C T

Silicon carbide (SiC) ceramic matrix composites (CMCs) are increasingly used in the high-temperature sections of 
turbine engines, requiring robust environmental barrier coating (EBC) systems to withstand extreme conditions. 
A silicon-based bond coat typically serves as the interface between the CMC and the EBC, although limitations 
remain for its long-term oxidation resistance and mechanical stability. In this study, yttria (Y2O3) doped silicon 
bond coats deposited by magnetron sputtering on monolithic SiC were investigated to improve these properties. 
Two compositions, 13 mol% and 25 mol% of YO1.5 in silicon, were synthesized, yielding X-ray amorphous, 
homogeneous, and columnar structures. Furnace cycling tests were performed up to 1000 cycles at 1250 ◦C to 
evaluate the high temperature oxidation behavior of the coatings. Microstructural evolution and phase trans
formations were analyzed using scanning electron microscopy (SEM), focused ion beam (FIB), transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). Upon thermal exposure, the films crystallized and 
during oxidation they form a thermally grown oxide (TGO) layer. The low-doped Y₂O₃ bond coat exhibited 
improved oxidation resistance, while the high-doped Y₂O₃ bond coat exhibited rapid pathways for oxygen due to 
the formation of yttrium disilicate (Y₂Si₂O₇), which induced pores and promoted inhomogeneous distribution of 
the Y₂O₃ phases. The study concludes that optimized Y2O3 doping can enhance oxidation resistance in Si based 
bond coat for CMC applications, with low Y2O3 content showing superior performance.

1. Introduction

Silicon carbide (SiC) ceramic matrix composites (CMCs) are 
increasingly utilized in high-temperature sections of turbine engines, 
notably as turbine shrouds. They are also promising candidates for 
replacing Ni-based superalloys in turbine blades due to their lower 
density, which is approximately one-third of that of Ni-based superal
loys, thereby potentially increasing the thrust-to-weight ratio and 
enhancing aircraft efficiency. However, due to the severe oxidative 
environment of turbine engines, these CMCs require robust environ
mental barrier coating (EBC) systems. A silicon-based bond coat is 
typically used to provide oxidation protection, followed by an EBC layer 
to shield the CMC from water vapor corrosion [1–4]. Silicon bond coats 
are commonly applied due to silicon’s ability to form a slow-growing 
SiO₂ layer. However, SiO₂ crystallizes into cristobalite, which un
dergoes phase transformations associated with significant thermal 
expansion mismatches, generating stresses that can cause cracking in the 
coating. Cristobalite has two polymorphs and transitions between its 

high and low temperature phases with a coefficient of thermal expansion 
(CTE) difference of about 7.2 ⋅ 10− 6 K− 1 and a volume change of about 
2.8%. The transition leads to stresses which are followed by mud 
cracking, especially in an increasing thermally grown oxide (TGO) layer 
[5–8]. In addition, Si only provides a low fractional toughness of about 
0.8–0.9 MPa m1/2, which can ultimately lead to delamination of the 
coating itself [9,10]. Thus, the long-term durability of pure silicon 
coatings is limited.

To address these challenges, several studies have investigated doping 
silicon bond coats with various oxides to enhance their oxidation 
resistance and mechanical stability. Several studies already investigated 
silicon bond coat using HfO2 particles [11–21]. Most of the coatings are 
produced by atmospheric plasma spraying (APS) and are tested against 
oxidation at temperatures above 1200 ◦C. Bakan et al. examined the 
phase composition and microstructure of HfO₂-doped Si coatings, 
finding that after 100 h at 1300 ◦C, SiO₂ significantly increased while 
HfO₂ was largely consumed, forming HfSiO₄. The phase transformations 
in SiO₂ and the formation of HfSiO₄ contributed to coating cracking 
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during cyclic oxidation [14]. Chen also explored HfO₂ doping in Si 
coatings under steam oxidation and observed that HfSiO₄ formed at the 
SiO₂/HfO₂ interface, improving crack resistance through micro-crack 
deflection and pinning [19]. Deijkers further investigated a duplex 
bond coat approach, demonstrating that a two-layer Si + HfO₂ bond coat 
reduced the TGO layer thickness during steam cycling up to 1316 ◦C, 
delaying TGO cracking and delamination [12]. Ding also tested a 
multi-layered EBC system with a Si-HfO₂ bond layer, finding that the 
configuration effectively suppressed TGO growth at high temperatures. 
However, when the HfO₂ content exceeded 70 wt%, thermal mismatch 
led to interface peeling [17]. Additionally, Xiao tackled compositional 
challenges in Si-HfO₂ coatings due to differences in melting points and 
density, successfully producing a uniform coating through freeze drying. 
The study showed that uniformly distributed particles within the bond 
coat could improve durability and minimize crack initiation [21]. Lui’s 
micromechanical analysis on HfO₂-Si composite coatings demonstrated 
improved resistance to crack propagation through the dispersed HfSiO₄ 
particles. However, excessive volume expansion from particle ripening 
led to interface separation over time [13]. Li found that Si-HfO₂ coatings 
with higher silicon content provided better thermal shock resistance, 
while Zhang observed that higher HfSiO₄ content in SiO₂-HfO₂ coatings 
improved stability up to 1475 ◦C [16,18]. In our previous study, we 
investigated magnetron sputtered coatings with a 36 mol% and 60 mol% 
HfO2 content compared to a pure silicon coating at 1250 ◦C. Hafnia and 
the later formed hafnon increased the long-term stability of the coating. 
The low-doped silicon bond coat showed the best performance overall 
[11].

Ytterbium oxide (Yb₂O₃) has also shown promising results as a 
dopant in silicon bond coats to improve the oxidation resistance and 
mechanical properties of CMCs. Mao et al. showed that a Yb₂O₃ doped Si 
bond coat deposited by vacuum plasma spraying formed Yb2Si2O7, 
thereby reducing the vertical cracks in the TGO and interfacial cracks, 
resulting in better bonding performance of the TGO layer [22]. Fan et al. 
investigated three different compositions of Yb₂O₃ doped Si bond coat 
within a full EBC system. The vacuum plasma sprayed coatings showed 
that the addition of about 10 vol% Yb₂O₃ improved the structural sta
bility and reduced the cracking of the TGO by forming Yb2Si2O7 during 
prolonged oxidation [23].

The primary aim of this study is to improve the properties of silicon 
bond coat by Y₂O₃ dopant using PVD technology. Y₂O₃ was chosen for its 
ability to form yttrium silicates (Y₂SiO₅ and Y₂Si₂O₇) when combined 
with SiO₂, which have favorable properties for EBCs. The disilicate, 
Y₂Si₂O₇, is particularly advantageous because its CTE is close to that of 
SiC, minimizing thermal stresses. Both silicates have low Young's 
modulus, low water vapor set rates and high erosion resistance [24–30]. 
While the low fracture toughness of silicon contributes to coating 
delamination, the primary design objective of Y₂O₃ doping in this study 
is to suppress the phase transformation stress associated with cristoba
lite formation by promoting the formation of thermally compatible 
β-Y₂Si₂O₇. Therefore, the current study investigates the potential of yttria 
doped silicon bond coats for improved protection of SiC/SiC CMCs in 
extreme environments and as future bond coats for EBCs.

2. Experimental

The model substrate material used was monolithic α-SiC (Hexology 
SA, CoorsTek GmbH, Mönchengladbach, Germany) with a roughness of 
Ra = 0.3 µm, which provides a relatively rough surface for PVD coatings 
and a chemistry similar to that of the SiC/SiC CMCs. The sample di
mensions were 10 mm ⋅ 10 mm ⋅ 4 mm. The coatings were deposited 
using a batch magnetron sputtering system (Z 400, Systec SVS vacuum 
coatings, Karlstadt, Germany). Prior to coating deposition, one side of 
the sample was subjected to Ar+ ion etching to clean and activate the 
sample surface. Dense polycrystalline targets of Si and Y2O3 with a 
diameter of 100 mm were used as targets, placed face to face. DC/RF co- 
sputtering was performed at different target powers to obtain coatings 

with two different stoichiometries. The power applied to the Y₂O₃ target 
was adjusted to achieve two distinct target compositions, referred to as 
low-doped and high-doped Y₂O₃. For the low-doped variant, the power 
settings were 800 W for Si and 230 W for Y₂O₃, while the high-doped 
version used 400 W for Si and 230 W for Y₂O₃. Deposition was carried 
out at a total pressure of 0.45 Pa in an argon atmosphere with a constant 
flow rate of 25 sccm. The substrate temperature naturally rose to 
approximately 130 ◦C during the process, without the need for external 
heating. To ensure uniform coating, the samples were rotated at 12 rpm 
throughout deposition, resulting in a deposition rate of about 2 µm/h. 
The coated samples were subjected to a furnace cycle test in laboratory 
air. A vertical tube furnace was heated to 1250 ◦C, and the samples were 
directly inserted into the hot zone. Each sample underwent a 60 min 
annealing cycle at this temperature, which included a heating phase at a 
rate of approximately 70 ◦C/min, followed by a 10 min active cooling 
phase in flowing air, bringing the temperature down to near room 
temperature. The thermocouple mounted on the sample holder recorded 
a heating rate of approximately 70 ◦C/min during insertion into the 
furnace. By tracking the weight change after certain cycles, the oxida
tion kinetics could be analysed. One sample of each type was not tested 
in order to examine the as-coated condition after deposition.

All samples were examined using a variety of analytical instruments. 
X-ray diffraction was performed in a Siemens D5000 using Cu-Kα radi
ation (EVA/Topas 4.2 software package, Bruker AXS, Karlsruhe, Ger
many). In order to understand the crystallization process of the coating, 
high-temperature XRD (HT-XRD) was carried out with a heating furnace 
chamber (HTK 1200 N, Anton Paar, Graz, Austria) within a Bruker D8 
Advance. The temperature profil was chosen to mimic the crystallization 
during testing, therefore a high rate of 40 /min was set. The temperature 
limit of the chamber is 1200 ◦C, the test was set for 10 h at this tem
perature. Scanning electron microscopy (SEM) using a DMS Ultra 55 
(Carl Zeiss NTS, Wetzlar, Germany) with an acceleration voltage of 5 kV 
was used for microstructural analysis. Energy dispersive X-ray spec
troscopy (EDS) (Aztec, Oxford Instruments, Abingdon, UK) was per
formed at 15 kV to determine the elemental distribution. To determine 
the polymorphic phases of Y2Si2O7, transmission electron microscopy 
(TEM) (Tecnai F30 TEM/STEM FEI Philips, Netherlands) was performed 
on the high-doped Y₂O₃ bond coat after 500 h of thermocycle oxidation. 
The lamella was prepared by a focused ion beam (FIB) (Dual Beam FEI 
Helios, FEI Philips, Netherlands).

3. Results

3.1. Microstructure

3.1.1. Low-doped Y₂O₃ silicon bond coat
The morphology of the coatings with 13 mol% YO1.5 shows a typical 

PVD coating with a columnar structure. The gaps between the columns 
are very small, giving the coating a very dense appearance. No pores are 
visible. The thickness of the coating is approximately 8.5 µm. The top 
view shows a typical cauliflower appearance.

After 10 h of testing at 1250 ◦C, the bond coat shows bright pre
cipitates in a silicon matrix; the bright precipitates can be identified by 
EDS as rich in yttrium oxide, they are nanometer sized and homoge
neously distributed throughout the coating. Pores can also be seen 
which are partially filled with Al2O3, originating from the polishing 
agent. The coating formed a dense, thermally grown oxide layer of SiO2, 
which also contained small precipitates rich in yttrium oxide. The total 
layer thickness including the TGO increased to 11.8 µm. The coating 
showed very good adhesion to the substrate. After a test period of 100 h, 
the yttria-rich precipitates and the pores became increasingly inter
connected. The increased size allowed the precipitates to be identified as 
yttrium disilicate, Y2Si2O7. The TGO layer also increased in thickness 
and was clearly identified by a horizontal boundary, marked by a dotted 
line in Fig. 2. The Y-rich precipitates are much smaller in the outer TGO 
zone compared to their size in the silicon-containing region underneath. 
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Vertical cracks in the oxide layer are clearly visible. The coatings shown 
reach a total thickness of approximately 12.6 µm. The longest test period 
of 1000 h shows a significant difference in the Y2Si2O7 particle size and 
pore size. The TGO thickness increased and the vertical cracks in the 
oxide layer, which can spread horizontally at the interface between the 
TGO and the Si layer, are also clearly visible. Internal oxidation of silicon 
is clearly visible around the yttria precipitates within the bond coat. The 
total thickness after 1000 h is about 14.7 µm. The top view of the sample 
shows the crack formation pattern. However, these do not lead to any 
large-scale delamination of the coating.

3.1.2. High-doped Y₂O₃ silicon bond coat
The microstructure of the high yttria doped coating after deposition 

is shown in Fig. 3. The coating consists of 25 mol% YO1.5 and silicon and 
has a thickness of 10.4 µm. The top view of the coating shows the 
cauliflower growth.

After 10 h of thermocycle oxidation, the coating has a thickness of 
about 13 µm, as shown in Fig. 4. Pores and precipitates can be seen 
distributed throughout the coating. As in the low-doped Y₂O₃ layer, 
these can be identified as Y2Si2O7. The pores are partially filled with 
polishing agent particles. A thin TGO consisting of SiO2 and small pre
cipitates can be seen, marked by a doted line in Fig. 4 (left and middle). 
After 100 h, the TGO increases significantly in thickness and a few 
cracks can be seen inside. In addition, internal SiO2 phases form around 
the Y2Si2O7 precipitates. The precipitates grow together as well as the 
pores. The thickness of the layer is about 12.2 µm after 100 h. The top 
layer above the dotted lines consists of finer Y-rich precipitates. After 
1000 h of thermocycle oxidation, the proportion of the SiO2 phase is 
greater than that of the silicon phase in the coating. The Y2Si2O7 pre
cipitates (light coloured) are surrounded by oxidized silicon (dark grey), 
while no precipitates are seen in the non-oxidized silicon. The total 
thickness of the layer is approximately 16 µm. Cracks in the top view 
show that the SiO2 phase is also damaged by the thermocycle loading. 
Minor chipping can also be seen. A continuous (silicon-)oxide layer on 
the surface is not visible.

3.2. Phase analysis

To understand the crystallization process in the initial stage and 

investigate the speed of yttrium disilicate formation, HT-XRD was per
formed. Due to the heating chamber's limitations, the maximum tem
perature was 1200 ◦C. The measurement was performed similar to the 
oxidation tests; therefore, a fast heating rate of 40◦/min was chosen. The 
test lasted 10 h at 1200 ◦C, followed by cooling down again. During 
heating, crystallization of the coating begins at approximately 780 ◦C 
and continues up to around 1030 ◦C. Since the heating measurement 
was programmed to be very fast, small peaks were difficult to detect. 
This is why only the silicon peak could be seen during crystallization. In 
Fig. 5 the HT-XRD measurement obtained in the as-coated state, after 
1 h at 1200 ◦C, after 10 h at 1200 ◦C, and after cooling to 30 ◦C. No 
distinct phase transformations are observed after crystallization up to 
1 h at 1200 ◦C; however, SiO₂ formation becomes evident between 1 h 
and 10 h at 1200 ◦C. No additional phase changes are detected upon 
cooling.

At room temperature conditions, both coatings were studied by XRD 
analysis from the as-coated state up to the 1000 h thermocycle test, see 
Fig. 6. Immediately after deposition, in the as-coated state, both coatings 
are X-ray amorphous with only SiC peaks present from the substrate 
material. After 10 h of testing, both coatings show the formation of SiO2, 
silicon and various polymorphes of Y2Si2O7. In the low-doped Y₂O₃ 
coating scans, α,β, and y-Y2Si2O7 can be identified. SiO2 is identified as 
a-cristobalite in all scans shown in Fig. 6. The low temperature phase y- 
Y2Si2O7 is found only in the 10 h sample. The α-Y2Si2O7 phases show 
reduced intensities with increasing testing time, while β-Y2Si2O7 is 
present from 500 h on. In the high-doped Y₂O₃ coating, two different 
polymorphes of yttrium disilicate are found in the samples. These are a- 
and β-Y2Si2O7. The α-Y2Si2O7 can only be detected by very few peaks, 
while β-Y2Si2O7 increases in peak number and intensity from 10 h to 
1000 h. The SiO2 signal increases with longer exposure time in the 
thermocycle experiment. The low-doped Y₂O₃ silicon coatings show less 
formation of Y2Si2O7, while the high-doped Y₂O₃ silicon coatings show 
larger peaks for this phase. The SiO2 peak is very significant in the high- 
doped Y₂O₃ coating after 1000 h, while the silicon signal decreases, 
which is consistent with the results from the SEM micrographs in Fig. 4. 
In contrast, the low-doped Y₂O₃ coatings also show an increase in SiO2 
formation, but the silicon signal, although decreasing, remains 
significant.

Fig. 1. Micrographs of the low-doped Y₂O₃ silicon bond coat in the as-coated 
state; a) cross-section; b) top view.

Fig. 2. Micrograph of the low-doped Y₂O₃ silicon bond coat after 10 h, 100 h and 1000 h (and top view) of thermocycle testing at 1250 ◦C. The dotted line separates 
the TGO from the coating.

Fig. 3. Micrographs of the high-doped Y₂O₃ silicon bond coat in the as-coated 
state; a) cross-section; b) top view.
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In order to closely investigate the different polymorphes of Y2Si2O7, 
a FIB lamella was produced from the high-doped Y₂O₃ coating after a 
testing time of 500 h. This sample was selected to have sufficiently large 
precipitates and both polymorphic phases within the coating. Two areas 
of the lamella, near the substrate and near the surface, were thinned to 
be transparent to the electron beam, see Fig. 7. Three grains were 
selected for single crystal diffraction to determine their phases. EDS and 
XRD analyses, shown previously, already proofed the formation of 

Y2Si2O7. However, these analytical methods could not provide infor
mation about which polymorphes of the yttrium disilicate occur in 
which regions of the coating. TEM-EDS measurements show that the 
light colored phases can be assigned to a yttrium disilicate phase. Grain 
3 and grain 1 are precipitates closer to the substrate in the unoxidized 
silicon phase and grain 2 is further away from the substrate in the silicon 
oxide phase. Diffraction of the three grains yields the β-Y2Si2O7 phase 
(PDF 00–038–0440) for grain 2 and grain 3. The first precipitate, grain 
1, can be characterized as α-Y2Si2O7 (PDF 00–038–0223).

3.3. Oxidation kinetics of the Y2O3 doped silicon bond coat

To evaluate the oxidation kinetics of the Y2O3 doped bond coats, the 
weight of the samples was measured throughout the thermocycle 
oxidation at 1250 ◦C up to 1000 h. In Fig. 8, the mass change per area is 
presented of the Y2O3 doped bond coats as well as bond coats repre
sented in [11] for comparable reasons. The weight change was measured 
by using a microgram scale. Since the samples were coated only from 
one side, the amount of weight change observed for a bare SiC sample 
was subtracted from the data to achieve the pure weight changes 
induced by the coating. During the thermocyclic oxidation test, an in
crease in the sample weight is observed, which does not appear to reach 
a maximum value for both Y2O3 doped coatings. The Y2O3 doped 
coatings still show a gradient in their curves up to the last measured 
value after 1000 h. The high-doped Y₂O₃ bond coat shows the greatest 
increase in mass between two measuring points at 30 h and 40 h of 
thermocyclic oxidation. The right diagram in Fig. 8 shows the TGO 
thickness evolution over the testing time. Since the TGO thickness of the 
high-doped Y₂O₃ bond coat cannot be distinguished clearly, only the 

Fig. 4. Micrograph of the high-doped Y₂O₃ silicon bond coat after 10 h, 100 h and 1000 h (and top view) of thermocycle testing at 1250 ◦C. The dotted line separates 
the TGO from the coating.

Fig. 5. HT-XRD scan of the low-doped Y2O3 bond coat for 10 h at 1200 ◦C.

Fig. 6. XRD scan of the yttria-doped bond coat for different testing times at 1250 ◦C; left: low-doped Y₂O₃, 13 mol% YO1.5; right: high-doped Y₂O₃, 25 mol% YO1.5.
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low-doped Y₂O₃ bond coat is shown.
The weight change values determined during the oxidation test were 

used to calculate the parabolic growth constant. For the low-doped Y₂O₃ 
bond coat samples, the growth constants can be determined over the 
entire period, as they are approximately linear. The constant of the high- 
doped Y₂O₃ bond coat is only permissible for the period of 40 h – 1000 h. 
The results are presented in Table 1.

4. Discussion

4.1. Influence of doping content on phase formation and microstructural 
evolution

In the as-coated state, magnetron-sputtered silicon bond coats doped 
with Y₂O₃ exhibit a fine distribution of Si, O, and Y atoms, along with 

vacancies throughout the coating. Inter-columnar gaps are visible in the 
top-view micrographs (Fig. 1 and Fig. 3). Such structural characteristics 
are inherent to the sputtering process and define the film’s initial 
microstructural state [31].

Upon crystallization and oxidation testing in laboratory air at 
elevated temperatures, a series of reactions occurs driven by the ther
modynamic affinities of the constituent elements. Yttrium, owing to its 
high affinity for oxygen, reacts preferentially with both oxygen already 
present in the as-deposited coating and oxygen supplied from the sur
rounding atmosphere to form crystalline Y₂O₃, while silicon crystallizes 
into a pure Si phase [32,33]. Inter-columnar gaps and vacancies provide 
fast pathways for external oxygen ingress, allowing oxygen to penetrate 
deeply into the coating. This process leads to progressive closure of the 
columnar structure through oxide formation. Similar behavior has been 
reported in earlier studies on silicon bond coats, where oxygen uptake 
through structural voids led to rapid oxidation and sealing-off effects 
[11,34–36].

The presence of Y₂O₃ enhances oxygen transport by providing fast 
diffusion pathways [37]. This increased local oxygen availability pro
motes preferential oxidation of silicon in the vicinity of Y₂O₃ particles, 
resulting in SiO₂ formation. The subsequently formed SiO₂ reacts with 
Y₂O₃ to produce Y₂Si₂O₇ disilicate. This reaction sequence is accompa
nied by coating thickening and the formation of porosity around the 
Y₂Si₂O₇ precipitates. The preferential formation of Y₂Si₂O₇ is 

Fig. 7. FIB-lamella of the high-doped Y₂O₃ bond coat in TEM after 500 h of thermocycle testing at 1250 ◦C; a) HAADF image of surface near region; b) HAADF image 
of substrate near region; 1.− 3.) bright field image and corresponding diffraction image.

Fig. 8. Oxidation kinetics of the Y2O3 doped bond coats during thermocyclic oxidation at 1250 ◦C compared to date of pure silicon and HfO2 doped bondcoats from 
[11]; left: mass change per area; right: TGO thickness development over time.

Table 1 
Mass change after 1000 h of FCT and parabolic growth constant of the Y2O3 
doped bond coat variants over the testing time.

Bond coat Mass change after 1000 h of FCT 
(µg/mm2)

Growth constant 
(10− 11 kg2/(m4s))

Si – 13 mol% YO1.5 9.11 2.16 (0 – 1000 h FCT)
Si – 25 mol% YO1.5 12.94 3.16 (40 – 1000 h FCT)
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thermodynamically expected due to the high silicon content of the 
coating and the SiO₂–Y₂O₃ phase diagram favoring disilicate formation. 
The consequences of rapid oxygen transport through Y₂O₃ and, at later 
stages, through Y₂Si₂O₇ are evident in Fig. 4 after 100 h and more clearly 
after 1000 h of cyclic oxidation [38]. The silicon bond coat oxidizes 
preferentially around the Y₂Si₂O₇ precipitates which is comparable to 
the results shown by Mao et al. [22].

As shown in Fig. 2 and Fig. 4, the size and morphology of the Y₂Si₂O₇ 
precipitates depend strongly on the surrounding matrix. Within the 
TGO, the precipitates are small and predominantly round-shaped, 
whereas in the mostly unoxidized regions of the coating significantly 
larger precipitates are observed. Although Ostwald ripening is thermo
dynamically favored in both environments, reduced cation mobility in 
the SiO₂-rich matrix kinetically suppresses precipitate coarsening rela
tive to the Si matrix [28,29,37,38].

XRD analyses (Fig. 5 and Fig. 6) identify cubic silicon and α-cristo
balite as silicon-containing phases. The Y₂O₃ dopant transforms rapidly 
during or shortly after crystallization into Y₂Si₂O₇ precipitates. Three 
polymorphs of Y₂Si₂O₇ (β-, α-, and γ-phase) are detected. With 
decreasing Y₂O₃ content, the relative phase fractions change, while the 
phase assemblage remains identical. With prolonged oxidation, residual 
silicon is progressively converted into cristobalite.

As the test time increases, the β-phase, which is favorable in terms of 
CTE, increases at the expense of the α- and γ-phases. It is known from the 
literature that γ-Y₂Si₂O₇ transforms to β-Y₂Si₂O₇ at around 1050◦C, while 
α-Y₂Si₂O₇, as the first high-temperature phase, transforms reversibly to 
β-Y₂Si₂O₇ at around 1225◦C [39]. The α-phase exhibits a thermal 
expansion coefficient approximately twice that of the β-phase, which 
can induce significant thermomechanical stresses. Consequently, stabi
lization of β-Y₂Si₂O₇, owing to its closer thermal expansion match with 
both Si and SiO₂, becomes energetically favorable and leads to an 
increasing β-phase fraction with prolonged ageing. High cooling rates 
further favor the retention of β-Y₂Si₂O₇, as the reversible transformation 
back to α- or γ-Y₂Si₂O₇ is kinetically suppressed [40].

TEM analysis of the layer after 500 h of cyclic oxidation confirms the 
coexistence of α- and β-Y₂Si₂O₇ based on three grains analyzed (Fig. 7). 
Grains close to the substrate correspond to the β-phase, whereas grains 
farther from the substrate are identified as α-phase. Although the limited 
number of analyzed grains precludes generalization, local cooling con
ditions, mechanical stresses, and cristobalite transformation are likely to 
influence phase stability on a local scale.

4.2. Influence of doping content on oxidation behaviour and performance

In line with previous findings [11], oxidation of the pure silicon 
coating results in the formation of a distinct SiO₂ TGO surface layer. 
Silicon oxidation also occurs in the Y2O3-doped coatings. However, the 
oxidation morphology and kinetics differ markedly with dopant content. 
In the low-doped coating, a continuous and fully oxidized TGO layer 
becomes visible only after 1000 h of thermocyclic testing, while local
ized internal oxidation of silicon initiates after approximately 100 h. In 
contrast, in the higher-doped variant, the initially formed SiO₂ appears 
as a TGO layer, but after about 50 h of cyclic oxidation, silicon oxide 
phases grow rapidly within the coating. Consequently, a distinct TGO 
layer can no longer be identified beyond 50 h, indicating accelerated 
internal oxidation. After approximately 1000 h, the entire coating is 
converted into an oxide mixture. The initial columnar microstructure 
with inter-columnar voids, characteristic of PVD deposition, plays a dual 
role. It facilitates controlled oxygen ingress in the low-doped coating, 
enabling the formation of a stable, well-defined TGO layer, while in the 
high-doped coating, it accelerates internal oxidation through the Y₂Si₂O₇ 
precipitates, leading to rapid degradation.

The onset of thermocyclic ageing is governed by oxidation of silicon 
along the columnar grain structure, resulting in SiO₂ formation. The 
subsequently formed SiO₂ reacts rapidly with Y₂O₃ to produce Y₂Si₂O₇, 
leaving behind a porous microstructure (Fig. 2, Fig. 4 and Fig. 5). A 

lower Y₂O₃ content results in smaller and more isolated Y₂Si₂O₇ pre
cipitates, whereas higher doping promotes the formation of coarser 
disilicate precipitates. The reaction between Y₂O₃ and SiO₂ forming 
Y₂Si₂O₇ proceeds rapidly and is nearly complete at around 1200 ◦C, 
which is shown in Fig. 5.

Initially, pores formed during this transformation are small but 
agglomerate via diffusion-controlled processes. In Si-rich regions, higher 
atomic mobility promotes pore migration and coalescence, whereas pore 
growth is kinetically constrained in SiO₂-rich regions. With continued 
oxidation, pores begin to close as SiO₂ grows. In the low-doped coating, 
slower TGO growth limits pore closure, leading to crack initiation after 
approximately 100 h. After 1000 h, only a small fraction of these cracks 
evolve into mud cracks, resulting in limited delamination.

In the high-doped coating, larger initial pore volumes form due to 
rapid Y₂Si₂O₇ formation and enhanced internal oxidation. Although 
accelerated SiO₂ growth eventually fills much of the porosity, the asso
ciated volume expansion and internal stress accumulation promote 
crack formation. Nevertheless, large-scale delamination is avoided due 
to stress accommodation by porosity and distributed silicate phases. In 
particular, a reduced density of vertical cracks within the oxidized upper 
layers and less TGO spallation are observed in the Y2O3-doped coatings 
compared to the pure silicon layer, with this effect being more pro
nounced for the higher Y₂O₃-doped variant.

Oxidation kinetics confirm these observations summarized in 
Table 1. The low-doped Y₂O₃ coating exhibits a parabolic growth coef
ficient of 2.16 ⋅ 10⁻¹ ¹ kg²/(m⁴ s), which is 1.46 times lower than that of 
the high-doped Y₂O₃ variant. SEM micrographs (Fig. 2) clearly show 
TGO development. Passive oxidation accompanied by weight gain 
dominates in both cases. In the low-doped Y₂O₃ coating, the fine Y₂Si₂O₇ 
precipitates limit internal oxidation, but the TGO alone does not fully 
prevent oxygen ingress. The high-doped Y₂O₃ coating, in contrast, shows 
a higher parabolic growth constant of 3.16 ⋅ 10⁻¹ ¹ kg²/(m⁴ s) (valid from 
40 h to 1000 h) and lacks a well-defined, horizontal TGO interface 
(Fig. 4).

Among all tested coatings including previously published data, 
parabolic rate constants follow this trend: low-doped HfO₂ = low-doped 
Y₂O₃ = pure Si < high-doped Y₂O₃ < high-doped HfO₂, see Fig. 8. This 
indicates that an excessive oxide content embedded into silicon en
hances oxygen diffusion, whereas moderate doping slows down oxida
tion comparable to pure silicon.

After 1000 h, TGO thickness ratios reflect these kinetics (Fig. 8). The 
13 mol% YO₁.₅ coating exhibits a TGO-to-total-thinkness ratio of ~30%, 
the low-doped HfO₂ coating ~38%, and pure silicon ~39%, whereas the 
60 mol% HfO₂ coating is fully oxidized. The 25 mol% YO₁.₅ coating 
shows oxide phases throughout its thickness, while residual silicon 
persists in the lower regions. This behavior arises from heterogeneous, 
transport-controlled reactions: oxygen diffuses efficiently through Y₂O₃/ 
Y₂Si₂O₇ precipitates, while reduced cation mobility within silicate and 
SiO₂ phases kinetically isolates some silicon grains, preventing complete 
oxidation. Consequently, a distinct TGO thickness cannot be defined for 
this coating.

Overall, the results demonstrate that yttria additions strongly influ
ence both phase evolution and oxidation behavior. Moderate Y₂O₃ 
doping (13 mol% YO₁.₅) promotes the formation of the thermo
mechanically compatible β-Y₂Si₂O₇ phase, leading to improved oxida
tion resistance and coating stability. Excessive doping, however, 
accelerates internal oxidation due to increased oxygen diffusivity 
through Y₂O₃ and Y₂Si₂O₇, resulting in higher porosity and stress for
mation. Nevertheless, both doped coatings outperform the undoped 
silicon layer by maintaining adhesion, lowering vertical cracking in the 
TGO, and suppressing large-scale delamination during prolonged cyclic 
oxidation.

The oxidation behavior of Y₂O₃-doped silicon coatings observed in 
this work shows parallels and distinctions to other oxide-modified sili
con bond coats, particularly those doped with HfO₂ [11–21] and Yb₂O₃ 
[22,23]. In all systems, improved oxidation resistance results from the 
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in-situ formation of thermochemically stable silicates (HfSiO₄, Yb₂Si₂O₇, 
and Y₂Si₂O₇), which initially act as oxygen transport pathways but 
subsequently stabilize the microstructure while SiO2 is forming a 
continuous layer that reduces further oxidation at high temperature. The 
formation of the silicate consumes SiO2 which is favorable to decrease 
the stresses during cristobalite transformation.

Overall, Y₂O₃-doped coatings combine features of both HfO₂- and 
Yb₂O₃-based systems: they form stable disilicates that initially enhance 
oxygen transport but ultimately stabilize the TGO and maintain adhe
sion. The low-doped Y₂O₃ coating therefore represents the optimal 
compromise between oxidation resistance and mechanical stability 
among the tested variants and is thus an excellent candidates as an bond 
coat for an EBC system.

5. Conclusions

Magnetron-sputtered silicon bond coats doped with different Y₂O₃ 
contents (13 and 25 mol% YO₁.₅), were investigated to elucidate the 
influence of oxide additions on phase formation, microstructural evo
lution, and oxidation behaviour at 1250 ◦C. The following conclusions 
can be drawn: 

1. Phase formation and transformation: In the as-coated state, both low- 
and high-doped coatings exhibit a fine columnar microstructure with 
inter-columnar voids characteristic of sputtered films. Upon oxida
tion, Y₂O₃ rapidly reacts with SiO₂ to form Y₂Si₂O₇. Three polymorphs 
(α-, β-, and γ-Y₂Si₂O₇) were detected, with the β-phase dominating 
after prolonged cyclic oxidation. The stabilization of β-Y₂Si₂O₇, 
owing to its favorable thermal expansion match with Si and SiO₂, 
minimizes thermal stresses and enhances structural compatibility 
during cycling.

2. Microstructural evolution: The conversion of Y₂O₃ to Y₂Si₂O₇ leads to 
transient porosity due to density differences between reactants and 
products. In the low-doped coating (13 mol% YO₁.₅), slower oxida
tion kinetics allow gradual pore closure and maintain coating 
integrity. In contrast, the high-doped variant (25 mol% YO₁.₅) ex
hibits faster internal oxidation and coalescence of oxide phases, 
resulting in a more porous structure and occasional localized 
cracking. Nevertheless, large-scale delamination was not observed in 
either doped coating.

3. Oxidation behaviour: Both coatings follow parabolic oxidation ki
netics, with the low-doped variant showing the lower growth con
stant (2.16 ⋅ 10⁻¹¹ kg² m⁻⁴ s⁻¹), indicating improved oxidation 
resistance. The higher Y₂O₃ content accelerates oxidation due to 
enhanced oxygen diffusivity through Y₂O₃ and Y₂Si₂O₇. The low- 
doped coating thus provides the most balanced combination of 
oxidation protection and mechanical stability.

In summary, moderate Y₂O₃ doping (≈ 13 mol% YO₁.₅) offers the 
most effective strategy to enhance the oxidation resistance and struc
tural stability of magnetron-sputtered silicon bond coats. The rapid 
formation and persistence of the β-Y₂Si₂O₇ phase ensure good thermal 
compatibility and mechanical integrity under long-term cyclic oxidation 
at 1250 ◦C.
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