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CO2 emissions should be cut in half by 
2050 compared to 2009 in order to limit 
the increase in the world average tem-
perature to 2  °C. Despite the advances 
in renewable energy alternatives, their 
supply strongly depends on favorable 
weather conditions and their efficient 
storage is still difficult. Thus, the key 
factor for the transition towards a more 
sustainable future relies on decarbonizing 
power generation. Alone the substitution 
of heavy fossil fuels by natural gas can 
decrease the related emissions in ≈50%.[1–

4] Nevertheless, a developing interest has 
been shown for carbon-free sources as 
ammonia and liquid hydrogen, which 
are potential fuel alternatives to produce 
energy with a cleaner emission profile.[5]

Besides the compactness and low main-
tenance costs, gas turbines can operate 
with versatile fuel sources, which make 
them a natural choice for the efficient pro-

duction of energy. For this reason, they have found increasing 
service in the past 40 years in the power industry both among 
utilities and industrial plants as well as for aviation.[6] In com-
bined cycle operation and with inlet temperatures exceeding 
1400 °C, efficiencies as high as 63% can be achieved.[2] Therefore, 
different strategies are adopted to protect the currently used Ni-
based superalloys such as the deposition of yttria-stabilized-zir-
conia thermal barrier coatings (TBC) and intensive film cooling. 
This standard is, however, not realistic when considering service 
for considerable amount of times (t > 10 000 h), since the rapid 
creep of the TBC at above 900 °C, associated with the great mis-
match between its coefficient of thermal expansion (CTE) with 
the alloy, increase the risk of spallation and limit the use of 
metal-based components in turbine engines.[7–10] Especially envi-
sioning the use of carbon-free fuel sources in future gas turbines 
like hydrogen or ammonia, water vapor is one of the main prod-
ucts of combustion, which intensifies the degradation of these 
alloys.[5,11–13] Hence, advances towards reduced greenhouse gas 
emissions and more efficient gas turbines require their substitu-
tion by more robust materials resistant to oxidation and corro-
sion, which can endure service at higher temperatures.

Due to their reduced density, lower CTE (3–5.5 × 10−6 K−1), 
high temperature creep resistance and melting points, non-
oxide silicon based ceramics as Si3N4, SiC, and SiC/SiC compos-
ites stand out for application in combustion environments.[14–21] 

In face of an accelerating climate change, the reduction and substitution of 
fossil fuels is crucial to decarbonize energy production. Gas turbines can 
operate with versatile fuel sources like natural gas and future fuels such as 
hydrogen and ammonia. Furthermore, thermal efficiencies above 60% can 
be achieved using non-oxide silicon-based ceramic components. However, 
water vapor is one of the main combustion products leading to rapid corro-
sion because of volatilization of the protective SiO2 layer at 1200 °C. An in situ 
generated Yb2Si2O7 double layered environmental barrier coating system com-
posed of silazanes and the active fillers Yb2O3 and Si processed at 1415 °C for 
5 h in air protects a Si3N4 substrate very effectively from corrosion. It exhibits 
a dense microstructure with a total thickness of 68 µm, overcomes 15 thermal 
cycling tests between 1200 and 20 °C and shows almost no mass loss after very 
harsh hot gas corrosion at 1200 °C for 200 h (pH2O = 0.15 atm, v = 100 m s−1). 
The excellent adhesion strength (36.9 ± 6.2 MPa), hardness (6.9 ± 1.6 GPa) and 
scratch resistance (28 N) demonstrate that the coating system is very prom-
ising for application in the next generation of gas turbines.
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1. Introduction

Over the last two centuries, economic growth has been driven 
at the expense of the environment. In a scenario where the 
demand for energy constantly grows, fossil fuel-fired power 
generation still accounts for over 70% of greenhouse gas 
emissions, caused mainly by the combustion of coal and oil. 
According to the International Energy Agency, energy-related 
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VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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In oxidative environments, the formation of a thermally 
grown SiO2 scale ensures an excellent oxidation stability. Nev-
ertheless, H2O(v) reacts with this scale at temperatures above 
1200 °C, leading to active corrosion and the rapid recession of 
the ceramic surface. Over the last two decades, progress has 
been made to develop reliable environmental barrier coatings 
(EBC) to hinder hot gas corrosion.[19,22–26] Among the suitable 
EBC materials, rare-earth silicates have gained attention due 
to a high temperature endurance of at least 1400  °C and very 
low SiO2 volatility.[10,19,27–29] Despite the higher corrosion rates 
of the disilicates in comparison with monosilicates, the lower 
CTE results in a better thermomechanical compatibility to 
Si3N4, SiC, and SiC/SiC substrates. Thus, they are one of the 
best solutions to design reliable EBCs for gas turbines. Par-
ticularly, ytterbium disilicate (Yb2Si2O7, CTE = 4.1 × 10−6 K−1) 
exhibits no polymorphism and is therefore a very attractive 
EBC candidate.[27,30,31]

Despite the suitable protection against corrosion, the dif-
fusion of oxygen through the EBC during long-term service 
at high temperatures leads to the oxidation of the substrate 
and jeopardizes the mechanical stability of coated sys-
tems.[32,33] Therefore, thermomechanical compatible bond-
coats based on mullite (CTE = 5–6 × 10−6 K−1) or silicon 
(CTE = 3.5–4.5 × 10−6 K−1) are applied.[10,27,34–36] Compared to 
mullite, silicon bond-coats are dense and can effectively hinder 
the diffusion of oxygen by forming a slow-growing SiO2 scale 
(CTE = 3.1 × 10−6 K−1, β-cristobalite). Moreover, they have been 
reported to enhance adhesion, whereas mullite coatings usually 
exhibit an insufficient bonding strength to non-oxide silicon-
based ceramics.[10,27,37] Among the most common techniques 
for the deposition of EBC systems onto non-oxide silicon-based 
ceramics are plasma spray,[10,27,34,38] chemical[39,40] or physical 
vapor deposition,[20] which are cost intensive and difficult 
coating procedures for complex shapes. By contrast, slurry-
based techniques such as sol-gel or polymer derived ceramics 
(PDC) enable the deposition of coatings by simple methods as 
spraying, spin- or dip-coating.[41–45] Particularly, the PDC route 
relies on the use of reactive silicon-based polymers as silazanes, 
carbosilanes, and siloxanes. A thermal treatment after or during 
the shaping at low temperatures induces cross-linking, resulting 
in a thermoset, whereas further heating above 400  °C yields 
ceramic materials. Among the available precursors for coating 
application, silazanes stand out due to the commercial avail-
ability, high ceramic yield, strong adhesion to most substrates, 
and high stability in oxidative and corrosive media, even at high 
temperatures.[41,42,46] The protective effect of silazane-based coat-
ings in such environments is often based on the formation of 
a passivating SiO2 scale. However, SiO2 degrades in combus-
tion environments upon reaction with water vapor. Moreover, 
mass loss and densification during the polymer to ceramic 
transition by pyrolysis cause a volume shrinkage exceeding 
50%,[41,47] limiting the achievable thickness of crack and pore-
free coatings to only a few micrometers.[48,49] An approved 
approach to compensate the precursor shrinkage is the use of 
fillers, hence enabling the deposition of thicker coatings with 
tailored properties.[42,47,48,50–52] These fillers are usually classified 
as passive, active, and meltable. In contrast to passive fillers, 
active fillers undergo reaction with the atmosphere, precursor 
or pyrolysis products, thus expanding in volume and yielding 
tailored ceramic phases. The main role of meltable fillers is to 

act as densifying agents during melting, sealing porosity and 
relaxing stresses due to CTE mismatches at high temperatures. 
Consequently, dense silazane-based coatings of up to 100 µm for 
protection of steel substrates against oxidation and corrosion up 
to 700 °C were successfully developed.[51] Moreover, in a previous 
work[53] it was demon strated that silazanes react with rare-earth 
oxides (RE2O3, RE = Y or Yb) as active fillers during pyrolysis 
in air to yield the respective silicates according to Equations (1) 
and (2). Due to the shrinkage of the silazane precursor during 
pyrolysis, crack-free but porous coatings could only be obtained 
by limiting its amount, whereas the deficit of silicon resulted in 
unreacted rare-earth oxides.

RE O SiO RE SiO2 3 2 2 5+ →  (1)

RE O 2SiO RE Si O2 3 2 2 2 7+ →  (2)

A similar coating strategy was reported for the generation 
of ytterbium mono- and disilicates on Si3N4 by the reaction 
of a polysiloxane and Yb2O3 during pyrolysis. The Si3N4 sub-
strate was coated by dipping, followed by pyrolysis at 1000  °C 
in air and sintering at 1500 °C in N2 atmosphere, achieving a 
coating thickness of 20 µm. However, no information about the 
formed crystalline phases was provided. Moreover, the coatings 
rapidly spalled-off during hot gas corrosion tests at 1450 °C for 
200 h (p = 1 atm, pH2O = 0.18 atm, and v = 100 m s−1) due to the 
residual porosity and insufficient adhesion to the substrate.[54]

Our goal was to develop a straightforward approach to generate 
dense, crystalline, and well-adhering Yb2Si2O7 coatings for the 
protection of non-oxide silicon based ceramics in very harsh com-
bustion environments. The silazane Durazane 1800 was chosen 
as a binder and a source of silicon to form SiO2 in oxidative envi-
ronments, which is essential to convert the active filler Yb2O3 to 
the desired silicate phase. Elemental Si was selected as an addi-
tional active filler to provide for a quantitative and stoichiometric 
Yb2Si2O7 yield. Silicon nitride was employed as the substrate in 
this study, as it is one of the most promising structural ceramics 
for the application in gas turbines. To avoid the formation of blis-
ters at the surface of the Si3N4 substrate during pyrolysis and den-
sification of the Yb2Si2O7 top-coat in air and improve its adhesion, 
the development of a bond-coat based on the silazane Durazane 
2250 filled with silicon powder was necessary, also ensuring a 
long-term durability in combustion environments. The thermo-
mechanical stability of the developed Si:Yb(2:1) coating system 
was assessed by thermal cycling between 1200 and 20 °C and hot 
gas corrosion at 1200 °C for 200 h with a flow speed of 100 m s−1, 
thus simulating the very harsh environments in gas turbines.

2. Experimental Section

Figure 1 shows the flowchart of the experimental procedures. 
Detailed information about each step will be provided in the 
following sections.

2.1. Si Bond-Coat

Preliminary research with the developed Yb2Si2O7 coatings on 
Si3N4 revealed the limited oxidation stability of the selected 
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substrates at temperatures above 1400 °C in air due to the dif-
fusion of sintering additives and impurities into the passivating 
SiO2 layer, reducing its viscosity and enhancing oxidation.[56,71,72] 
The high temperatures necessary to densify the Yb2Si2O7 coat-
ings led to the formation of blisters, which compromised the 
mechanical stability of the deposited coatings. Therefore, the 
development of a tailored bond-coat was necessary to prevent 
the oxidation of the substrate during pyrolysis in air. For this 
purpose, the perhydropolysilazane Durazane 2250 (Merck 
KGaA, Germany, Figure 2), available in a 20 wt% solution in 
di-n-butyl ether (DBE), was selected due to the formation of a 
dense passivating SiO2 scale to avoid the diffusion of oxygen. 
Moreover, its high reactivity with moisture favors the formation 
of chemical Si-O-Substrate bonds with OH groups adsorbed 
at the surface of metal and ceramic substrates, enhancing the 
adhesion of coating systems.[48,49,95] The addition of elemental 
Si powder grade (AX 05, d50 = 4 µm, Kyocera K. K., Germany) 
enabled the deposition of thicker coatings, providing an 
improved oxidation protection of the substrate by the forma-
tion of SiO2 and further densification of the bond-coat during 
pyrolysis in air. Suitable coating slurry was achieved by stirring 
elemental Si powder in the Durazane 2250 solution, according 
to the composition of Table 1.

2.2. Yb(2:1) Top-Coat

For the development of the Yb2Si2O7 EBC, the oligosila-
zane Durazane  1800 (Merck KGaA, Germany) was used as 
a binder for the filler particles and as a source of silicon 
(Figure 3). Based on a previous study,[53] reactive pyrolysis 
of Durazane 1800 and RE2O3 in air yields rare-earth mono 
or disilicates, depending on the Si:RE2O3 ratio. Therefore, 
Ytterbium(III) oxide (Yb2O3) d50 = 200 nm, REacton, 99.9% 
(REO) (Alfa Aesar GmbH & Co KG, Germany) (Figure 4a) 
was used as an active filler. Elemental Si powder grade AX 
05 d50 = 4  µm (Kyocera K. K., Germany, Figure  4b) was 
added to achieve the stoichiometric conversion of Yb2O3 to 
Yb2Si2O7, also acting as an active filler and second source 
of silica during pyrolysis in air as well as to compensate the 
shrinkage of the silazane.

The top-coat slurry was prepared by dispersing both fillers 
in di-n-butyl ether 99+% (Acros Organics BVBA, Belgium) with 
4.5 wt% of Disperbyk-2070 (BYK-Chemie GmbH, Germany) as 
dispersing agent, regarding the used filler mass. ZrO2 milling 
beads (Sigmund Lindner GmbH, Germany) with a mean diam-
eter of 2.0  mm were added to the slurry in order to improve 
the homogeneity and to decrease the mean particle size of 
the fillers, consequently increasing their surface area and 
reactivity. Thereafter, a solution of Durazane 1800 and 3 wt% 
dicumyl peroxide (DCP) (Merck KGaA, Germany) was added to 
the mixture. DCP acts as an initiator for vinyl polymerization 
and hydrosilylation reactions, promoting the cross-linking of 
Durazane 1800 at low temperatures and increasing the ceramic 
yield during pyrolysis.[62] Based on the ceramic yield of the oli-
gosilazane after pyrolysis in air at above 1000 °C (81 wt%) and 
the resulting elemental composition (SiC1.15N0.68O0.42),[46] a total 
molar ratio of 2 for Si:Yb2O3 was calculated, according to the 
composition shown in Table 2, named Yb(2:1).

2.3. Processing of Powder and Monoliths

2.3.1. Yb(2:1) Composite Powder

In order to acquire information on the formation of the 
Yb2Si2O7 phase and its sintering behavior, any influence of the 

Figure 1. Flowchart of the experimental procedures for the processing of 
the Yb(2:1) composite powder and monoliths and the Si:Yb(2:1) coating 
system.

Figure 2. Simplified chemical structure of Durazane 2250.

Table 1. Composition of the Si bond-coat.

Components wt%

Durazane 2250a) 72

Si 28

a)20 wt% solution in DBE.

Figure 3. Simplified chemical structure of Durazane 1800.

Adv. Mater. Interfaces 2022, 9, 2102255
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substrate was initially excluded by investigating powder and 
monolithic samples processed from the Yb(2:1) slurry. There-
fore, the solvent was removed from the slurry under stirring 
and reduced pressure (10−2 mbar) at 80  °C for 5 h, followed 
by milling the dried solid mixture in a vibratory disc mill 
Pulverisette 9 (Fritsch GmbH, Germany) for 60 s, yielding a 
homogeneous powder with a decreased particle size.

2.3.2. Cold Pressing of Yb(2:1) Monoliths

The processing of monoliths with approximate dimensions of 
Ø 12 × 3 mm was carried out by uniaxially pressing the Yb(2:1) 
composite powder at 40  MPa, followed by pyrolysis in air at 
750 °C, from 900 to 1300 °C in 100 K steps and at 1415 °C for 
1 h in an HT04/18 chamber furnace (Nabertherm GmbH, Ger-
many). In order to investigate microstructural and composition 
changes at increased annealing times and temperatures, two 
additional monoliths were pyrolyzed at 1415 and 1500 °C for 5 h 
in air.

2.4. Deposition of the Si:Yb(2:1) Coating System

For the deposition of the coating system, Si3N4 substrates 
SNPU (FCT Ingenieurkeramik GmbH, Germany) were selected 
due to the low sintering additive content, composed of a mix-
ture of Y2O3, MgO, and Al2O3. Before the coating application, 
the 30 × 25 × 5 mm3 Si3N4 substrates were cleaned in an ace-
tone ultrasound bath for 25  min in order to remove any sur-
face impurities, which may hinder the adhesion of the coating. 
The cleaned Si3N4 substrates were then dip-coated into the Si 
bond-coat slurry using a RDC 10 dip-coater (Bungard Elek-
tronik GmbH & CO. KG, Germany) with a hoisting speed of 
0.5 m min−1. The coated substrates were dried and cross-linked 
at 400 °C for 2 h in air in order to yield a stable thermoset bond-
coat. The Yb(2:1) slurry was then applied as the top-coat by 
spraying, using a 781S spray gun (Nordson Deutschland GmbH, 

Germany). Pyrolysis was carried out at 1415 °C for 5 h in air (see 
Section 3.2). The resulting coating system was named Si:Yb(2:1), 
whereby Si designates the Si bond-coat and Yb(2:1) the top-coat.

2.5. Characterization Methods

2.5.1. Pyrolysis Behavior of the Yb(2:1) Composite Powder

The pyrolysis behavior and mass change of the Yb(2:1) com-
posite powder and of the respective slurry components listed in 
Table 2 were investigated by thermogravimetric analysis (TGA) 
in a STA 449 F5 Jupiter (Netzsch GmbH & Co. Holding KG, 
Germany) up to 1415 °C at 5 K min−1 and annealing for 5 h in 
synthetic air (80/20 vol% N2/O2).

2.5.2. Composition and Microstructure of the Yb(2:1) Monoliths

Details about the resulting microstructure and composition 
of the pressed Yb(2:1) monoliths after pyrolysis in air in the 
range between 750 and 1500 °C were analyzed by scanning elec-
tron microscopy (SEM, Gemini Sigma 300 VP, Carl Zeiss AG, 
Germany), coupled with an EDAX Octane Elect Silicon Drift 
Detector (SDD), used for energy-dispersive X-ray spectroscopy 
(EDS). The corresponding crystalline phase formation was 
investigated by X-ray diffractometry (XRD) in a D8 ADVANCE 
(Bruker AXS, Germany) using monochromatic CuKα radiation. 
For XRD analysis, the monoliths were grinded in the Pulveri-
sette 9 mill for 60  s to yield a more accurate signal from the 
crystalline phases within the respective samples. The resulting 
diffractograms were evaluated with the PDF-4+ 2020 structural 
database. The density and open porosity content of the pyro-
lyzed monoliths was measured by helium pycnometry (Accupyc 
II 1340, Micromeritics Instrument Corporation, USA). Their 
true density was determined by grinding the corresponding 
pyrolyzed monolith and measuring the resulting powder by 
helium pycnometry.

2.5.3. Properties of the Si:Yb(2:1) Coating System on Si3N4

The microstructure and composition of the Si:Yb(2:1) coating 
system on Si3N4 after pyrolysis was analyzed by SEM and EDS 
as described in detail in Section 2.5.2. Information on the open 
porosity content was obtained by converting the respective 
SEM micrographs of the surface of the coating system into a 
binary image and quantifying the porosity using the software 
ImageJ.[96] The crystalline phases were analyzed by XRD meas-
urements of the surface of the coated samples. The adhesion 
strength of the coating systems was measured by pull-off tests 
using a PosiTest AT-A (DeFelsko Corporation, USA), according 
to the ASTM D4541. Therefore, Ø  10  mm dollies were glued 
onto the surface of the coated samples with a two-component 
epoxy resin Loctite EA 9466 (Henkel Central Eastern Europe 
GmbH, Austria). The resin was cured at 110 °C for 1 h in air, 
before the dollies were pulled perpendicularly with a constant 
force of 1 MPa s−1 and the tensile strength necessary to detach 
them was recorded. The values reported herein are an average 

Figure 4. SEM micrographs of the used a) Yb2O3 and b) Si powders.

Table 2. Composition of the Yb(2:1) top-coat.

Component wt%

Durazane 1800 + 3 wt% DCP 3

Yb2O3 86

Si 11

Adv. Mater. Interfaces 2022, 9, 2102255
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of three measurements. The failure mechanism was examined 
by SEM/EDS analysis. Microhardness measurements were per-
formed by using a Fischerscope H100 (Helmut Fischer GmbH, 
Germany) and an applied maximal load of 981 mn (HV 0.1) at 
the surface of the coated samples, achieving a maximal depth 
corresponding to 1/10 of the coating thickness, according to the 
standard DIN EN ISO 14 577. The load necessary to damage the 
surface of the coatings was determined by a scratch tester (Line-
artester 249, Erichsen GmbH & Co. KG, Germany) with varying 
load ranging from 5 to 40 n. Therefore, a testing rod 15/570 
(Ø 1.0 mm) was used, according to the standard ISO 1518-1 and 
the induced scratches on the coatings were examined by optical 
microscopy (Axiotech HAL 100, Carl Zeiss AG, Germany).

The thermal cycling stability of the Si:Yb(2:1) coating system 
on Si3N4 was evaluated by placing coated samples in a N41/H 
chamber furnace (Nabertherm GmbH, Germany) pre-heated 
at 1200 °C and annealing them for 1 h, before quenching in a 
water bath at 20 °C. After each cycle, the samples were allowed 
to dry at 110 °C for 30 min in a Nabertherm LE 14/11 chamber 
furnace before carrying the test on. A total of 15 cycles were 
performed. Finally, the potential of the developed coating 
system for application in gas turbines was assessed by technical 
hot gas corrosion, carried out at Fraunhofer-Institut für Kera-
mische Technologien und Systeme (IKTS, Dresden, Germany). 
Hence, 35 × 4 × 3  mm3 Si3N4 substrates were completely 
coated according to the procedure described in Section 2.4. The 
resulting samples were placed inside an Al2O3 tube furnace, 
followed by hot gas corrosion at 1200 °C for 200 h in moist air 
atmosphere (p  = 1 atm, pH2O  = 0.15 atm, and v  = 100 m s−1). 
After 125 h, the pH2O was reduced from 0.15 to 0.08 atm. In 
order to determine the mass change, their mass was recorded 
after pyrolysis and at the time intervals of 25, 75, 125, and 
200 h. For this purpose, the tube furnace was cooled down to 
room temperature and the weight of the samples was meas-
ured, before progressing the test. The mass change reported in 
this work is an average value obtained from a pair of identical 
samples. As reference, uncoated Si3N4 substrates were likewise 
corroded.

3. Results and Discussion

3.1. Pyrolysis Behavior of the Yb(2:1) Composite Powder

In order to understand the behavior of the Yb(2:1) composite 
material during the thermal treatment applied for the synthesis 
and sintering of the Yb2Si2O7 phase, thermogravimetric anal-
ysis was performed up to 1415 °C with a subsequent annealing 
of 5 h in air. The mass change as a function of the tempera-
ture and annealing time at 1415  °C of the Yb(2:1) composite 
and each individual component (see Table  2, Section  2.2) is 
displayed in Figure 5.

As expected, TG analysis confirmed the stability of ytterbium 
oxide up to 1415 °C in air. By contrast, the oxidation of the ele-
mental Si particles began at ≈750  °C in air by the formation 
of an amorphous and dense SiO2 scale.[55–61] The passive oxida-
tion of elemental Si is limited by the inward diffusion of oxygen 
through the forming SiO2 scale, exhibiting a parabolic rate at 
constant temperatures, which increases linearly with a rising 
temperature.[55] This explains the rapid mass gain of 25 wt% 
detected up to 1415 °C and the final yield of ≈128 wt% after fur-
ther annealing at 1415 °C for 5 h in air, corresponding to a con-
version of 25 mol% of Si to SiO2. The oligosilazane Durazane 
1800 underwent a total mass loss of ≈19 wt% up to ≈750  °C, 
but then remained stable up to 1415 °C. According to previous 
studies,[46,62,63] the mass loss up to 200 °C can be attributed to 
the volatilization of low molecular weight oligomers. The fol-
lowing mass loss up to 400  °C resulted from the release of 
NH3, H2 and their respective oxidation products. However, the 
incorporation of oxygen induces the formation of SiOSi 
bonds and a higher degree of cross-linking, thus increasing the 
ceramic yield during pyrolysis. At above 400 °C, the elimination 
of the organic groups results in a further mass loss of up to 
≈750 °C. Nevertheless, the formation of a passivating SiO2 layer 
hindered the diffusion of oxygen and the complete elimina-
tion of C and N. Hence, a predominantly amorphous ceramic 
with an approximate molar composition of SiC1.15N0.69O0.41 was 
obtained after pyrolysis at 1600 °C in air.[46]

Figure 5. a) Thermogravimetric analysis of the individual components and the Yb(2:1) composite powder up to 1415 °C at 5 K min−1 and b) annealing 
up to 5 h at 1415 °C in synthetic air.

Adv. Mater. Interfaces 2022, 9, 2102255

 21967350, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202102255 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2102255 (6 of 14) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

Unlike for Durazane 1800  + 3 wt% DCP, the decomposi-
tion of the Yb(2:1) composite powder started at ≈100 °C, which 
was possibly caused by the drying step carried out at 80  °C 
for 5 h under reduced pressure (see Section  2.3.1), leading to 
the volatilization of oligomers before the TG measurement. 
Afterwards, the resulting mass loss of 6 wt% up to 750 °C was 
attributed to the further pyrolysis of the silazane as described 
above. Beyond this temperature, the oxidation of the Si powder 
started and the formation of SiO2 was responsible for the mass 
gain, achieving a yield of 103 wt% at 1415 °C. Further annealing 
at this temperature for another 5 h exhibited a similar trend 
as measured for elemental Si under the same conditions, 
denoted by a parabolic oxidation rate. Hence, a slight mass 
gain of 3 wt% was measured, resulting in a maximum yield of 
≈105 wt%. By considering the composition provided in Table 2, 
the final mass changes of the individual components, a theo-
retical yield of 97 wt% should be achieved. Nevertheless, the 
complete oxidation of Durazane 1800 and Si to SiO2 would lead 
to a yield of 107 wt%, which was in good agreement with the 
measurement displayed in Figure 5. It is important to note that 
in both estimated theoretical yields, the complete elimination 
of the dispersing agent was considered. Hence, the TG meas-
urement provides evidence for a higher reactivity of Durazane 
1800 and Si with oxygen from the atmosphere in the presence 
of Yb2O3. This result confirms the hypothesis of Lenz Leite et 
al.[53] that the solid-state reaction between Durazane 1800 and 
Yb2O3 led to nearly the quantitative yield of the respective sili-
cates at temperatures above 1400 °C in air, whereas no residual 
carbide or nitride phases were detected at this temperature.

3.2. Composition and Microstructure of the Yb(2:1) Monoliths

The analysis of the microstructure and composition of the 
Yb(2:1) monoliths after pyrolysis allowed the study of the 

formation of the Yb2Si2O7 phase and its sintering behavior 
without the influence of the selected Si3N4 substrate, whereby 
the ideal temperature for the conversion and densification of 
the Si:Yb(2:1) coating system was determined. Due to the sim-
ilar microstructure and composition of the monoliths pyrolyzed 
between 750 and 900 °C, 1200 and 1300 °C as well as 1415 and 
1500 °C, only the temperature ranges from 900 to 1100 °C and 
from 1300 to 1415 °C will be discussed in detail. Figure 6 shows 
the respective XRD diffractograms.

At 900  °C, the detection of crystalline Yb2O3 and Si as the 
only present phases indicated that no reaction to ytterbium 
silicate phases took place. Nevertheless, at 1000  °C the peaks 
associated with elemental Si disappeared. This is likely a 
consequence of its oxidation, supported by the detection of 
α-cristobalite as well as the incipient formation of ytterbium 
silicates, reducing the fraction of elemental Si. Despite the 
considerable amounts of Yb2O3, the solid-state reaction of 
Yb2O3 with the newly formed SiO2 resulted in β-Yb2Si2O7 and 
the metastable phase of monoclinic P21/c Yb2SiO5. In addi-
tion, peaks corresponding to secondary phases as ytterbium 
nitrogen silicates, carbides, and silicides were identified, which 
resulted from reactions of the pyrolysis products of the oli-
gosilazane and elemental Si with Yb2O3. However, the broad-
ness of the detected signals hindered the accurate assignment 
of these phases, which also indicated a low degree of crystal-
linity. After annealing at 1100  °C for 1 h, the peaks related to 
the secondary phases disappeared due their low stability in air 
at high temperatures, forming the respective oxide and sili-
cates.[53,64] The further consumption of Yb2O3 led to the forma-
tion of β-Yb2Si2O7 and Yb2SiO5, which were already the main 
crystalline phases. At this temperature, the transition of the 
metastable P21/c Yb2SiO5 into the equilibrium monoclinic I2/a 
Yb2SiO5 phase was also confirmed, which is in agreement with 
reported results.[65,66] At higher temperatures, XRD analysis 
evidenced the slow conversion of the monosilicate phase to 

Figure 6. XRD analysis of the Yb(2:1) pressed monoliths after pyrolysis in air at different temperatures and annealing times (▼ – Yb2O3 (04-001-2438); 
 – Si (00-027-1402); ☆ α-cristobalite (00-039-1425) ◇ – P21/c Yb2SiO5 (00-052-1187); ▽ – I2/a Yb2SiO5 (00-040-0386); ● – β-Yb2Si2O7 (00-025-1345); 

△ – Yb6Si11N20O (04-010-8242); ◻ – Yb4Si7 (04-013-6752); ☆ – Yb3C4 (04-003-2283)).
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the disilicate. Hence, only traces of Yb2SiO5 are still detected 
after pyrolysis at 1300 °C, which remained up to 1415 °C. Nev-
ertheless, by annealing the monolith at 1415  °C for another 
5 h, the XRD analysis indicated the stoichiometric conversion 
of Yb2O3, Si and Durazane 1800 to β-Yb2Si2O7. The following 
SEM/EDS analysis of the corresponding monoliths revealed 
additional information about their conversion to β-Yb2Si2O7 
and the sintering behavior of this phase as a function of the 
temperature (Figure 7).

After pyrolysis at 900 °C for 1 h, the visible white and black 
regions corresponded to the initially used Yb2O3 and Si parti-
cles, respectively. In comparison with Figure  4b, the use of 
ZrO2 milling beads during the slurry preparation (see Sec-
tion  2.2) reduced the mean particle size of the elemental Si 
powder from ≈4 µm to less than 1 µm. EDS analysis of the Si 
particles detected a non-stoichiometric amount of oxygen rela-
tive to the silica phase, which indicates an initial stage of oxi-
dation in accordance with TG and XRD measurements. These 
particles were marked as SiOx. At 1000 °C, the fraction of SiOx 
and Yb2O3 decreased substantially, which can be directly cor-
related with the formation of ytterbium silicate phases, denoted 
by the light grey regions, also confirming XRD measurements. 
Due to the difficult detection and quantification of carbon and 
nitrogen by SEM/EDS analysis, the presence of secondary 
phases such as ytterbium carbide, silicide, or nitrogen silicate 
phases could not be confirmed after pyrolysis at 1000  °C, as 
otherwise indicated by XRD. At 1100 °C, Yb2SiO5 and Yb2Si2O7 
were already well-defined phases, whereby the latter phase was 
predominantly detected near the SiOx particles and is charac-
terized by a compact microstructure. According to XRD and 
TG analyses, the formation of Yb2Si2O7 is almost concluded at 
1300 °C. Hence, only traces of remaining Yb2SiO5 were detected 
by SEM/EDS, which were embedded in an Yb2Si2O7 matrix. 
Even so, remaining amounts of Yb2SiO5 were determined after 
pyrolysis at 1415 °C for 5 h. In this case, the marginal relative 
concentration of this phase compared to Yb2Si2O7 could have 

prevented its detection by XRD. Table 3 lists the phases detected 
by XRD and SEM/EDS analyses and displays the results of the 
open porosity content of the Yb(2:1) monoliths after pyrolysis, 
which was calculated based on the respective apparent volume 
and helium pycnometry measurements.

Before pyrolysis, an open porosity of 22 vol% was meas-
ured for the pressed monoliths, which increased to 33 vol% 
after pyrolysis at 900  °C. However, no pores were detected 
by SEM analysis (Figure  7), which were homogeneously dis-
tributed and too small for the used resolution. As confirmed 
by TG analysis (refer to Figure  5), the formation of porosity 
up to 900 °C is primarily a consequence of the mass loss and 
shrinkage of Durazane 1800 during the polymer to ceramic 
transition. Nevertheless, the oxidation of the Si particles was 
accompanied by a molar volume expansion by a factor of 2.2, 
which can partially compensate the shrinkage of the silazane 
up to 900 °C reducing the porosity.[55–61] Despite the formation 
of ytterbium silicate and secondary phases above 1000  °C, 
no apparent change in the porosity content was measured 
up to 1100  °C, which remained constant at ≈33 vol%. In this 
regard, the formation of β-Yb2Si2O7 (6.15  g cm−3)[67] and I2/a-
Yb2SiO5 (7.28 g cm−3)[31] phases from Yb2O3 (9.17 g cm−3)[31] and 
SiO2 (α-cristobalite, 2.33  g cm−3)[68] should lead to a volume 
shrinkage of up to 11.5%, by considering the total volume of 
Yb2O3 and α-cristobalite before and after the stoichiometric 
conversion in ytterbium mono- or disilicate. By contrast, the 
phase transition from P21/c Yb2SiO5 to I2/a Yb2SiO5 and the 
oxidation of the secondary phases at 1100 °C, as confirmed by 
XRD, are reported to be accompanied by a large volume expan-
sion.[53,65,66] Thus, the constant volume of open porosity may 
be a consequence of reactions leading to a concurrent volume 
expansion and shrinkage. The mentioned reactions and phase 
transition resulted in a coarsened microstructure and larger 
pores at above 1000  °C. The increasing sintering effects at 
1300 °C led to a reduction of the open porosity to 17 vol%. This 
was supported by SEM micrographs (Figure  7), as the clearly 
visible pores had a mean size of ≈1 µm. The thermal treatment 
of the monoliths at 1415  °C for 1 h resulted in a remarkable 
densification due to the strongly reduced open porosity of only 
5 vol%. Further annealing at this temperature for 5 h reduced 
the open porosity to 4.5 vol%. Without considering the open 
porosity, the monolith had a density of 5.95 g cm−3, which cor-
responded to 96% of its density after milling and is comparable 
to the bulk density of the β-Yb2Si2O7 phase (6.15  g cm−3).[67] 

Figure 7. SEM micrographs of the cross-section of the Yb(2:1) monoliths 
after pyrolysis at 900, 1000, 1100, and 1300 °C for 1 h and at 1415 °C for 
5 h in air.

Table 3. Open porosity measurements and overview of the phase 
formation of the Yb(2:1) monoliths after pyrolysis in air.

Temperature Open porosity [vol%] Detected phases

900 °C, 1 h 33 Yb2O3, Si, SiO2

1000 °C, 1h 32 Yb2O3, Si, SiO2, Yb2SiO5 (P21/c), β-Yb2Si2O7, 
Yb3C4

a), Yb4Si7a), Yb6Si11N20Oa)

1100 °C, 1h 33 SiO2, Yb2SiO5 (I2/a), β-Yb2Si2O7

1300 °C, 1 h 17 Yb2SiO5, β-Yb2Si2O7

1415 °C, 1 h 5 Yb2SiO5, β-Yb2Si2O7

1415 °C, 5 h 4.5 Yb2SiO5, β-Yb2Si2O7

a)Detected by XRD, but not confirmed by SEM/EDS analysis.

Adv. Mater. Interfaces 2022, 9, 2102255
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Therefore, a closed porosity of 4 vol% was measured for the 
monolith, resulting in a total porosity content of 8.5 vol%. This 
value was considerably lower than reported by Wang et al. for 
the synthesis and sintering of β-Yb2Si2O7 monoliths.[69] In their 
work, the authors prepared a sol-gel containing Yb2O3 powder 
and tetraethoxysilane (TEOS) in a mol ratio of 2 (TEOS:Yb2O3), 
which was then dried at 200 °C for 2 h and pressed at 30 MPa. 
The pressed monoliths were pyrolyzed at 1550  °C for 4 h in 
air, yielding single phase β-Yb2Si2O7. The samples were sub-
sequently milled and screened through a 200-mesh sieve. 
The resulting β-Yb2Si2O7 powder was further cold pressed at 
240 MPa and sintered between 1300 and 1550 °C for 4 h in air. 
After sintering at 1400  °C, an open porosity of 29.5 vol% was 
obtained, whereas sintering at 1500 °C led to an open porosity 
of 11.3 vol% and a density of 5.25 g cm−3. As previously men-
tioned, in our work a thermal treatment at 1500 °C for 5 h did 
not result in significant microstructural changes compared to 
pyrolysis at 1415  °C. Due to the low residual amount of the 
Yb2SiO5 phase and the strongly reduced porosity, pyrolysis at 
1415 °C for 5 h in air was selected for the later processing and 
densification of the Si:Yb(2:1) coating system.

3.3. Properties of the Si:Yb(2:1) Coating System on Si3N4

After determining the pyrolysis parameters based on the for-
mation of the Yb2Si2O7 phase and the porosity content, Si3N4 
substrates were coated with the Yb(2:1) slurry and pyrolyzed at 
1415 °C for 5 h in air. As previously mentioned in Section 3.2, the 
coating material was very porous up to 1300 °C. This led to the 
enhanced oxidation of the selected Si3N4 substrate by forming 
blisters before the densification of the coating. Therefore, the 
deposition of the bond-coat composed of Durazane 2250 and 
elemental Si powder prior to the Yb(2:1) coating was neces-
sary to protect the substrate against oxidation. The resulting 
Si:Yb(2:1) coating system was pyrolyzed at 1415  °C for 5 h in 
air. XRD analysis of the surface of the coating system on Si3N4 
substrates (Figure 8a) showed the formation of β-Yb2Si2O7 as 
the only crystalline phase, which was in excellent agreement 
with the corresponding monolithic sample (Figure 6). This also 
applies to the results of the SEM/EDS analysis of the surface 

of the Yb(2:1) top-coat, revealing a dense microstructure with 
an open porosity content of only 4 vol%, estimated by image 
analysis using the software ImageJ (Figure  8b). However, at 
higher magnifications (Figure 8c) round shaped grains with up 
to 5 µm in diameter and a binder phase could be distinguished, 
which were characterized by a different elemental composition.

The composition of the grain phase corresponded to 
Yb2Si2O7 as 60 at% O, 19 at% Si, and 21 at% Yb were detected 
by EDS spot analysis, whereas the binder phase consisted of 
SiO2 (26 at% Si and 62 at% O). However, trace impurities of 
Ca, Mg, Na, and Al were also detected, accounting respectively 
for less than 4 at%. The absence of crystalline peaks of SiO2 in 
Figure 8a indicated its amorphous character.

The SEM analysis of the cross-section of the Si:Yb(2:1) 
coating system showed well-adherent layers with a thick-
ness of ≈68 µm (Figure 9a). The EDS mappings of N and Yb 
(Figure 9b) allowed the distinction between the different layers, 
whereby the thickness of the Yb(2:1) top-coat corresponded to 
58 µm. The Si bond-coat was 10 µm thick and consisted only of 
Si and O. By comparing the Si and O mappings, it was evident 
that the elemental Si melted within the bond-coat during pyrol-
ysis, densifying its microstructure and effectively protecting the 
Si3N4 substrate against oxidation and the formation of blisters 
at high temperatures.

The black spots, which were mainly visible at the surface 
region of the Yb(2:1) top-coat (see Si mapping, Figure 9b), indi-
cated pores within the coating system. By contrast, the amor-
phous SiO2 phase was predominantly observed at the bond-coat 
and at the grain boundaries of the Yb2Si2O7 phase, identified 
by the higher intensities of Si and O, which is in agreement 
with SEM/EDS analysis of the surface of the coating system 
(Figure 8c). EDS spot analysis of this phase in the cross-section 
of the Yb(2:1) coating also confirmed the presence of stoichio-
metric SiO2. The SiO2 was formed by the oxidation of the ele-
mental Si particles during pyrolysis in air and marked as SiO2 
in Figure 9a. SiO2 was also detected within the bond-coat, espe-
cially at the interfaces to the Si3N4 substrate and to the Yb(2:1) 
coating, encapsulating elemental Si (compare Si and O map-
pings). This indicates the slight oxidation of the bond-coat/
Si3N4 substrate interface during pyrolysis, which could explain 
the origin of the amorphous SiO2 phase.

Figure 8. a) XRD diffractogram and b,c) SEM micrograph of the surface of the Si:Yb(2:1) coating system on Si3N4 after pyrolysis at 1415 °C and 5 h in 
air (⚫ – β-Yb2Si2O7 (00-025-1345)).
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As discussed in Section 3.2, the densification of the coating 
system occurred only at 1415 °C. Before a dense microstructure 
was achieved, the oxidation of the interface between the bond-
coat/Si3N4 substrate led to the formation of a passivating SiO2 
layer. The Si3N4 substrate contained Y2O3, MgO, and Al2O3 
as sintering aids. The concentration gradient between cations 
of these oxides and impurities in the glassy grain boundary 
phase within the bulk of the Si3N4 substrate and the formed 
passivating SiO2 layer creates a driving force for their diffu-
sion until equilibrium is reached. By acting as network modi-
fiers, the cation impurities reduce the viscosity of the SiO2 
layer.[16,17,19,70–75] Especially Ca2+ and Mg2+ can remarkably 
reduce the softening temperature of silica-based glasses to 
1100–1300  °C.[72,76–78] The low viscosity of the generated glassy 
silica phase favored the infiltration of the coating system, which 
resulted in a denser microstructure in deeper regions. In com-
parison with the corresponding monolith (Figure  7), the addi-
tional SiO2 contributed to the conversion of residual Yb2SiO5 
to Yb2Si2O7. This explains the unreacted SiO2 within the Yb(2:1) 
top-coat in Figure  9a and the accumulation of glassy SiO2 at 
the grain boundaries of Yb2Si2O7. The small amounts of cation 
impurities may still induce the crystallization of SiO2 at above 
1000  °C in dry atmospheres, whereas the associated volume 
shrinkage and the subsequent transformation from β to α cris-
tobalite at 270  °C during cooling may cause the formation of 
cracks.[55,68,79–82]

The good mechanical properties of the coating system bene-
fited from the strong interaction of the Si:Yb(2:1) with the Si3N4 
substrate and from the unexpected infiltration by the glassy SiO2 
phase. Pull-off tests carried out according to the ASTM D4541 
confirmed an adhesion strength of 36.9 ± 6.2 MPa, higher than 
reported for other ytterbium disilicate EBCs/Si bond-coated 
systems for SiC (29.1 ± 0.8 MPa).[83] This result is attributed to 
the outstanding adhesion between the silazane-based Si bond-
coat and the Si3N4 substrate.[34,83–85] In addition, the infiltration 
with glassy SiO2 also contributed to the adhesion of the coating 
system by mechanical anchoring. The failure mechanism was 
analyzed in detail by SEM/EDS (Figure 10a,b), where C and Al 

mappings represent the resin and the aluminum dolly counter-
part used in the test, respectively.

The absence of Yb and the concurrently detected high inten-
sities of Si and O at the surfaces of the tested sample and the 
Al dolly, confirmed that the bond-coat failed by cohesion. This 
was likely favored by the presence of small defects within it 
(see Figure 9a). Microhardness measurements at the surface of 
the coating system yielded hardness values of 713  ± 169 (HV 
0.1) (6.9  ± 1.6  GPa). The high values were comparable to the 
intrinsic hardness of Yb2Si2O7 (7.3 ± 0.2 GPa)[67] and are also an 
indication of the low residual porosity content and the dense 
microstructure of the coating system. To complete the mechan-
ical investigations, scratch tests demonstrated that a critical 
load of 28 n was necessary to damage the coating system. Light 
microscopy analysis of the damaged area revealed the typical 
behavior of well-adhered hard coatings on hard substrates,[86,87] 
since plastic deformation was minimal and fracture dominated 
the scratch response, thus leading to spallation and the forma-
tion of wedges (Figure 10c).

Very harsh thermal shock tests between 1200 and 20 °C (see 
Section  2.5.3) proved the excellent compatibility between the 
Si:Yb(2:1) coating system and the Si3N4 substrate (Figure 11).

Due to the extreme temperature gradient by quenching the 
tested sample in a water bath at 20 °C, macroscopic cracks were 
already formed in the Si3N4 substrate after the second cycle, which 
did not influence the adhesion of the coating system. Hence, it 
remained completely adhered up to six thermal cycles, whereas 
only few spallation spots occurred at the edges of the coated Si3N4 
substrate after 15 cycles, indicated by the yellow arrows (Figure 11). 
Besides the good CTE compatibility between the coating system 
and the Si3N4 substrate (Si3N4, CTE = 3.60 × 10−6 K−1;[19] Si, CTE = 
3.5–4.5 × 10−6 K−1;[10] SiO2 (β-cristobalite), CTE = 3.1 × 10−6 K−1;[27] 
β-Yb2Si2O7, CTE  = 4.1 × 10−6 K−1[19]), the excellent performance 
during thermal shock tests was also associated with the well  
distributed residual porosity within the coating and with the 
softening of the glassy SiO2 phase at high temperatures. The 
residual porosity decreased the Young’s modulus of the coating, 
thus increasing its thermal shock tolerance, whereas the 

Figure 9. a) SEM micrograph and b) EDS mapping of elements of the cross-section of the Si:Yb(2:1) coating system on Si3N4 after pyrolysis at 1415 °C 
and 5 h in air.
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 21967350, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202102255 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2102255 (10 of 14) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

softening of the glassy SiO2 phase during annealing at 1200 °C 
likely led to the relaxation of stresses generated upon thermal 
cycling.[88,89]

Finally, the Si:Yb(2:1) coating system was tested in extreme 
hot gas corrosion atmospheres simulating conditions in gas 
turbines, comparing its performance with the uncoated Si3N4 
substrates. Figure 12 displays photos of the samples before 
and after the hot gas corrosion test. After exposure at 1200 °C 
for 200 h and a gas flow speed of 100 m s−1, the surface of the 
uncoated samples acquired a white and opaque color, indicating 
the formation of an oxidation layer (samples 1 and 2). On the 
other hand, the coated samples appeared intact and the coating 
system remained adhered to the Si3N4 substrate (samples 3 and 
4). The specific mass loss over time and XRD analysis of the 
corroded samples are shown in Figure 13.

As expected, the high flow rate led to the rapid degradation 
of the Si3N4 substrates in hot gas environments at 1200  °C. 
However, the corrosion rate of the coated Si3N4 samples was 
substantially reduced by 96% after 200 h under these very 
harsh conditions. In combustion environments, corrosion, 
oxidation, and convective mass transfer occur simultaneously 
and contribute simultaneously to the mass change. In this 
case, the mass loss measured for both uncoated and coated 
Si3N4 substrates after 200 h indicated the predominance of cor-
rosion reactions. The decrease in the corrosion rate over time 

was already noticeable for the uncoated Si3N4 substrate after 
125 h, caused by the reduced concentration of water vapor in 
the atmosphere due to the lower water vapor partial pressure 
(pH2O). For the Si:Yb(2:1) coated Si3N4 substrate an initial mass 
loss caused by corrosion was followed by the increasing rate 
of oxidation reactions after 25 h, which led to a gradual gain 
in mass up to 125 h. However, in the following period up to 
200 h, a lower mass loss was detected despite the reduction of 
the pH2O to 0.08 atm, which will be explained in detail below.

In wet environments, the oxidation rate of Si3N4 is up to 
20 times higher than in dry O2, which follows the mechanism 
of Equation (3) and is enhanced by the oxidation of the released 
NH3 to H2O (Equation (4)).[15–17,55] Si3N4 usually forms a pro-
tective and efficient silica layer at high temperatures in air, 
however at temperatures above 1200  °C, the volatilization of 
Si(OH)4 leads to a significant mass loss and surface recession of 
the Si3N4 ceramic due to active corrosion (Equation (5)).[11,16,17,19] 
Moreover, other effects such as the faster crystallization of 
SiO2, the diffusion of sintering additives and impurities from 
the bulk of Si3N4, their precipitation as silicates and the reduc-
tion of the viscosity of the forming SiO2 layer were reported 
for wet environments, increasing oxidation and corrosion 
rates.[17,18,20,72,90–94]

Si N 6H O 3 O 4NH3 4 2 2 3Si+ → +  (3)

Figure 10. Photo and respective SEM/EDS micrographs of a) Si:Yb(2:1) coating system on Si3N4 and b) Al dolly counterpart after pull-off test. c) Light 
microscopy analysis of the surface of the Si:Yb(2:1) coating system after scratch tests (applied load: 28 n).

Figure 11. Photos of the surface of the Si:Yb(2:1) coating system on Si3N4 after several thermal shock cycles between 1200 and 20 °C.
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4NH 5O 6H O 43 2 2 NO+ → +  (4)

SiO 2H O S OH2 2 4
i ( )+ →  (5)

After the exposure for 200 h at 1200  °C during the hot gas 
corrosion test, XRD analysis of the uncoated Si3N4 substrate 
detected the crystallization of SiO2 as α-cristobalite together 
with the main crystalline peaks of Y2Si2O7 and MgSiO3 
(Figure  13b). SEM/EDS analysis of the surface of the Si3N4 
substrate confirmed the formation of pure SiO2, in addition 
to Y and Mg containing SiO2, referred to as Y- and Mg-SiO2 
(Figure 14a). However, no clear distinction of Y2Si2O7 and 
MgSiO3 was possible by SEM/EDS analysis due to the scarce 
detection of Y and Mg. In both Y and Mg containing SiO2 
phases the additional detection of Ca and Al resembled the 
composition of the glassy SiO2 phase at the grain boundaries 
of Yb2Si2O7 (refer to Figure 8). Based on these results, a com-
position of Ca0.03Al0.05Y0.03SiO can be estimated for Y-SiO2 
and Ca0.9Al0.04Mg0.07SiO2.7 for the Mg-SiO2. Despite the fast 

corrosion of SiO2 at 1200 °C by water vapor, a 2.5 µm thick SiO2 
layer was still present in the cross-section of the corroded Si3N4 
substrate (Figure  14b), which could be a consequence of the 
lower pH2O during the last 75 h of the test, responsible for lower 
corrosion rates.

SEM/EDS analysis of the surface of the coated Si3N4 after 
hot gas corrosion showed the elimination of the glassy SiO2 
phase from the coating system (Figure  7a). This explains the 
mass loss during the first 25 h, also increasing the amount of 
open porosity to 11 vol% estimated by image analysis, which is 
higher than measured for the Yb(2:1) top-coat after pyrolysis 
(4 vol%, Figure 8).

The detailed analysis of the Yb2Si2O7 grains revealed the for-
mation of nanopores (Figure 15b), which should result from the 
corrosion of Yb2Si2O7, thus yielding Yb2SiO5, Yb2O3, and vola-
tile silanols through the corrosion mechanisms of Equations (6) 
and (7).[19,25,29,31] However, neither Yb2SiO5 nor Yb2O3 were 
detected by means of XRD (Figure 13b) or SEM/EDS.

Yb Si O 2H O Yb SiO Si OH2 2 7 2 2 5 4( )+ → +  (6)

Yb SiO 2H O Yb O Si OH2 5 2 2 3 4( )+ → +  (7)

The preferred corrosion of the SiO2 phases in deeper coating 
regions was also observed by the analysis of the cross-section of 
the Si:Yb(2:1) coating system, showing the formation of pores 
up to the interface with the Si3N4 substrate (Figure 15c). Hence, 
only residual SiO2 was later detected by SEM/EDS analysis 
between the Yb2Si2O7 grains as indicated in Figure  15d. The 
exposure for 200 h at 1200 °C also led to the formation of some 
additional cracks in the bond-coat, possibly resulting from the 
crystallization of SiO2 (Figure 15e).[27]

Whereas the mass loss up to 25 h resulted from the corro-
sion of SiO2 at the surface of the Si:Yb(2:1) coating system, the 
corrosion between 25 and 125 h was presumably controlled by 
the slower inward permeation of moisture into the pores of the 
coating and the formation of volatile Si(OH)4 from the SiO2 

Figure 12. Photos of the uncoated Si3N4 substrates (1 and 2) and 
Si:Yb(2:1) coated Si3N4 (3 and 4) before and after the hot gas corrosion 
test at 1200 °C for 200 h (v = 100 m s−1).

Figure 13. a) Mass loss over time and b) XRD analysis of the tested samples after the hot gas corrosion test at 1200 °C for 200 h (v = 100 m s−1) 
(■ – β-Si3N4 (00-033-1160);  – α-cristobalite (00-039-1425); ▽ – Y2Si2O7 (00-022-1103); ◊ – MgSiO3 (04-020-1659); ⚫ – β-Yb2Si2O7 (00-025-1345)).

Adv. Mater. Interfaces 2022, 9, 2102255

 21967350, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202102255 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [13/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2102255 (12 of 14) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

phases.[11] This mass loss was overcompensated by the oxidation 
of residual elemental Si in the bond-coat, which led to a gain in 
mass within this time interval. This consideration is supported 
by the fact that the bond-coat expanded from a thickness of 10 
to 20 µm, following the mechanisms of Equations  (8) and (9) 
(compare Figure 15c and Figure 9a). The low mass loss within 
the last 75 h mainly resulted from the corrosion of SiO2 from 
the bond-coat as the silica in the grain boundaries of Yb2Si2O7 
already volatilized (see Figure 13a and Figure 15c).

Si O SiO2 2+ →  (8)

Si 2H O SiO 2H2 2 2+ → +  (9)

As one of the most important results of the presented study, 
the corrosion rate of the coated samples was effectively reduced 
under these very harsh conditions. A further improvement in 
the long-term stability of the Si:Yb(2:1) coating system on Si3N4 
is expected if the formation of the glassy SiO2 phase between 
the Yb2Si2O7 crystallites can be impeded.

4. Conclusion

In this study, we demonstrated that an easy-to-apply double-
layered EBC system consisting of an in situ generated Yb2Si2O7 
top-layer and a Si-based bond-coat protects non-oxide ceramics 
like silicon nitride very effectively in extremely harsh conditions 
that prevail in stationary turbines and aircraft engines. In con-
trast to expensive conventional coating methods like physical 
vapor deposition and plasma spraying for the processing of 
thermal and environmental barrier coatings, the top layer com-
posed of the oligosilazane Durazane 1800 and the active fillers 
Si and Yb2O3 as well as the bond coat composed of the silazane 
Durazane 2250 and Si-powder were applied via dipping and 
spraying onto a silicon nitride substrate. This approach enables 
the coating of even very complex shaped components.

Preliminary investigations on monoliths processed from 
Yb(2:1) top-coating composition confirmed the quantitative in 
situ formation and the pressureless sintering of β-Yb2Si2O7 
during pyrolysis at a temperature of 1415  °C for 5 h in air. 
Because of 4.5 vol% residual open porosity the application 

Figure 14. SEM micrographs of the a) surface and b) cross-section of uncoated Si3N4 after the hot gas corrosion test at 1200 °C for 200 h.

Figure 15. SEM micrographs of the a,b) surface and c–e) cross-section of the Si:Yb(2:1) coating system on Si3N4 after the hot gas corrosion test at 
1200 °C for 200 h.
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of a bond-coat was necessary to protect the Si3N4 substrate 
against oxidation during pyrolysis and densification of the 
Yb(2:1) top-coat (1415  °C, 5 h, air). The resulting double-layer 
coating system Si:Yb(2:1) exhibited a dense microstructure 
with a total thickness of 68  µm, excellent adhesion strength 
(36.9 ± 6.2 MPa), hardness (6.9 ± 1.6 GPa), and scratch resist-
ance (28 n). The remarkable protection potential was confirmed 
after 15 thermal cycles between 1200 and 20  °C by quenching 
in water with only minor signs of spallation. Finally, the hot 
gas corrosion behavior of the coated Si3N4 substrates was evalu-
ated by very harsh tests carried out at 1200 °C for 200 h (p = 1 
atm, pH2O = 0.15 atm, and v = 100 m s−1). The developed coating 
system effectively reduced the mass loss caused by hot gas 
corrosion by 96% after 200 h when compared to the uncoated 
Si3N4 substrates. The excellent thermomechanical properties 
and the corrosion resistance of the in situ generated Yb2Si2O7 
coating system in extreme combustion environments confirms 
its high potential for protecting non-oxide Si3N4, SiC, and SiC/
SiC ceramics in the next generation of gas turbines.
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