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Abstract: The implementation of a structural material into the hot section of a turbine engine requires
the protection against oxidation and water vapour. Since Mo-Si-based alloys do not provide this
protection on their own over a long period of exposure time, the necessity for protective coatings
becomes inevitable. Rare earth silicates, especially Yb-silicates, are known for their great potential to
protect silica against water vapour recession and also for their oxidation protective behaviour due to
their low silica reactivity. Reactive pulsed DC co-sputtering was investigated and used to produce
a two-layered coating of Yb2Si2O7 and Yb2SiO5. The layers were implemented into a four-layered
environmental barrier coating system combined with a bond coat consisting of a graded Mo-Si
interlayer and a thin Si top layer intended to form slow-growing silica. The EBCs were tested up to
100 h at 1200 ◦C and 800 ◦C isothermally in air on top of three different Mo-Si-based alloys and show
promise for oxidation protection. The pesting phenomenon was completely suppressed.

Keywords: reactive magnetron sputtering; Yb-silicate; silicon dioxide; environmental barrier coatings

1. Introduction

Ytterbium silicates are of high interest as environmental barrier coatings (EBC) for
protection of SiC-SiC materials against water vapour corrosion [1–5]. The coatings are
known for their low silica activities of 0.194 at 1415 ◦C for the Yb2Si2O7/Yb2SiO5 phase
field and 0.00298 for the Yb2SiO5/Yb2O3 phase field, which provides a low rate of volatili-
sation up to 1400 ◦C [6]. The monosilicate Yb2SiO5 (YbMS) shows a lower recession rate
compared to the disilicate Yb2Si2O7 (YbDS) [7]. Though, the protection of the underlying
coatings and materials is given by preventing the penetration of water vapour. Since the
silica formation is proportional to the vapour pressure of water (PH2O), the EBC should
also provide a sufficient oxidation resistance [8,9]. Compared to other rare earth silicate
candidates, Yb-silicates exhibit a high phase stability with no structural phase transition at
high temperature with the stable phases β-Yb2Si2O7 and X2-Yb2SiO5 [10]. Two metastable
phases are also known as α-Yb2Si2O7 and X1-Yb2SiO5 [11,12]. The coefficient of thermal
expansion (CTE) of the YbMS is about 7.4 × 10−6 ◦C−1 and that of the YbDS is about
4 – 6 × 10−6 ◦C−1. Therefore, the Yb-silicates are promising as protection for Mo-Si-based
alloys and SiC-based CMC’s [13].

In previous years, several deposition techniques were introduced to apply Yb-silicate
EBC systems. Zhong et al. deposited a three-layered system of Si/Yb2Si2O7/Yb2SiO5
on a SiC-based substrates using the air plasma spraying technique (APS) for the first
time. An excellent thermal shock resistance was proven by testing 50 cycles of 15 min hot
(1350 ◦C) followed by water quenching (25 ◦C) [14]. Richards et al. also used APS to deposit
a bi-layer Si/Yb2Si2O7. The coating system withstand a steam cycle (90% H2O/10% O2)
using 60 min hot (1316 ◦C) and 10 min cold (110 ◦C) up to 2000 cycles [15]. In a study
by Bakan et al., Yb2Si2O7 coatings were deposited by several thermal spray methods like
APS, high velocity oxygen fuel spraying (HVOF), suspension plasma spraying (SPS), and
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very low-pressure plasma spraying (VLPPS). VLPPS was found to be the preferred method
due to the formation of an almost fully crystalline, dense coating microstructure without
vertical cracks [4]. In a different study, Bakan et al. used APS to introduced a two layered
system of Si and mixed YbMS/YbDS layer. The coatings were tested until 200 h at 1200 ◦C
under high velocity water vapour (100 m/s) [16]. In general, thermally sprayed Yb-silicate
coatings suffer from a loss of silica during spraying and are therefore mostly not phase
pure. Despite their low water vapour recession rate, Yb-silicates are also providing some
oxidation protection since they lower the oxygen inward diffusion. Reactive magnetron
sputtering was used by Leisner to deposit a two layered system of Si and YbDS. The YbDS
coatings showed heavy pore agglomerations during furnace cycle testing in lab air until
1000 h at 1250 ◦C but still protected the SiC substrate efficiently against oxidation and
against water vapour recession [17]. Garcia et al. used APS to produce a double layer Si
plus a mixed YbDS/YbMS coating system to successfully test the oxidation resistance until
200 cycles at 1200 ◦C [12].

The reactive pulsed DC magnetron sputtering, which was investigated in this study,
was also applied by Leisner et al. on Yttrium di- and monosilicate (YDS and YMS) EBC
coatings [17,18]. A SiC substrate with a 10 µm thick underlying pure Si bond coat was
coated with a 10 µm thick YDS and a 9 µm thick YMS layer. The coating system was tested
until 1000 h thermocycle at 1250 ◦C in air and started to show pore formation, delamination
and cracks at the YDS-YMS interface after 100 h.

In this study, an Yb-silicate EBC system consisting of an YbDS and YbMS layer was
produced by reactive pulsed DC magnetron co-sputtering. Unlike in the studies mentioned
above, the used substrate material was Mo-Si-based alloys. Mo-Si-based alloys, especially
Mo-Si-Ti alloys, show great potential as structural materials for turbine engines [19,20].
Their CTEs range from 5 ×10−6 ◦C−1 to 6 ×10−6 ◦C−1 for Mo-9Si-8B to Mo-12.5Si-8.5B-
27.5Ti-2Fe, and for Mo-21Si-34Ti-0.5B alloy, they range 7.2 × 10−6 ◦C−1 to 7.8 × 10−6

◦C−1; these are in line with the Yb-silicates. Therefore, adhesion and stresses, caused by a
mismatch in CTEs, should not be a problem [21,22]. In previous papers, the development
of a silica forming oxidation protective coating was shown firstly by depositing a pure Si
layer on the Mo-Si-based alloy which showed promising oxidation potential [23]. Secondly,
a coating system consisting of a graded Mo-Si interlayer and a Si top layer was deposited
on Mo-Si-based alloys. The graded interlayer could improve the adhesion of the coating
system. The oxidation protection potential could be shown at 800 ◦C and 1200 ◦C until
300 h [22,24]. Since the silica that protected the underlying Mo-Si-based alloys against
oxidation will suffer from steam enhanced oxidation and water vapour recession in a
similar manner as on SiC-SiC, an EBC system preventing this degradation is necessary to
be applied on top of the oxidation protection coatings.

In the current study special emphasis was put on the process parameters to ensure
a stable and reproducible deposition of Yb-silicate layers with a maximal oxygen content
and a high deposition rate. A cation ratio of c(Yb)/c(Si) = 2 for YbMS and for YbDS a
cation ratio of c(Yb)/c(Si) = 1 was targeted. Furthermore, the crystallisation process and
the development of the coating morphology was investigated. Afterwards, the Yb-silicates
were applied on Mo-Si-based alloys with a Si-based bond coat to prove adhesion and
oxidation resistance at 1200 ◦C.

2. Materials and Methods

The substrate material used for the development of the Yb-silicate coatings was
commercially available corundum (Final Advanced Materials GmbH, Germany) with the
dimensions 1 mm × 20 mm × 30 mm and a surface roughness of Ra = 0.6. The Mo-
Si-based substrate material for the oxidation tests was manufactured in an arc melter
(AM/0.5, Edmund Buehler GmbH, Germany) with a water-cooled copper crucible under
Ar atmosphere at the Karlsruher Institute of Technology (KIT). Three different alloys were
tested with the chemical composition of Mo-9Si-8B (at %), Mo-12.5Si-8.5B-27.5Ti-2Fe and
Mo-21Si-34Ti-0.5B [22,24]. Their sample size of about 2 mm × 10 mm × 15 mm was
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achieved by wire cutting and surface preparation by a vibratory tumbler combined with
grinding until 1200 grid.

The coating development took place in an industrial size coating facility (IMPAX,
Systec SVS vacuum coatings, Karlstadt, Germany) with pulsed DC power supplies. Two
rectangular metallic targets with the dimensions of 200 × 100 mm2 were used, one pure Yb
target and one pure Si target (Sindlhauser Materials GmbH, Germany), with a distance of
about 226 mm to the substrate holder. The deposition temperature was set at 150 ◦C by
additional heating. Reactive co-sputtering was employed to generate the Yb-silicates by
using oxygen carefully to simultaneously avoid significant target poisoning. The process
was controlled by setting the target power; therefore, the curves of the currents were not
displayed here. The pulse frequency was set to 40 kHz with a 6 µs reverse time in between.
The pulsed DC supply suppresses arcs and can preferentially disperse oxides when local
poisoning occurs, which is advantageous with respect to long coating processes. The Ar
flow was set to 200 sccm.

The Yb-silicate coatings were X-ray amorphous after deposition. Thus, a crystallisation
treatment was necessary and was carried out at 900 ◦C for one hour followed by one hour at
1200 ◦C in a box furnace under lab air conditions without interrupting the annealing. This
crystallisation treatment was chosen due to the former studies on Mo-Si-based materials
in order to compare the results after oxidation testing [23,24]. For the oxidation tests, the
samples were further hold for 10 h to 100 h at 1200 ◦C and for 100 h at 800 ◦C right after
the crystallisation treatment. The temperature of 800 ◦C was chosen due to the pesting
phenomenon of Mo at intermediate temperatures [22].

Various analytical methods were used such as X-ray diffraction (XRD) (Bruker D8
Advance, Cu Kα radiation, EVA/Topas 4.2 software package, Bruker AXS, Karlsruhe,
Germany), which revealed the phases and the phase evolution after the oxidation tests. In
order to understand the crystallisation, high-temperature XRD (HT-XRD) was carried out
with a heating furnace chamber (HTK 1200N, Anton Paar, Graz, Austria) within the Bruker
D8 Advance. The measurement started at 30 ◦C and was heated until 900 ◦C with a heating
rate of 60 ◦/min. After staying at 900 ◦C for one hour, the temperature was increased until
1200 ◦C with a heating rate of 10 ◦/min. A scanning electron microscope (SEM) (DSM
Ultra 55, Carl Zeiss NTS, Wetzlar, Germany) was used to analyse the morphology with a
voltage of 5 kV. Additionally, energy-dispersive X-ray spectroscopy (EDS) (Aztec, Oxford
Instruments, Abingdon, UK) was executed at 15 kV to support the XRD results and reveal
the local composition.

3. Results
3.1. Reactive Pulsed DC Co-Sputtering

The great challenge of the reactive sputtering process is to prevent the target surface
from poisoning. The process control, the process stability and also the properties of
the deposited layers, especially the chemistry, are highly influenced by it [25]. During
poisoning, parts of the metallic target surface form oxides with the reactive oxygen gas,
which leads to a considerably reduced sputtering rate [17]. In order to find the right
processing window for the deposition, the three modii of the target surface—namely
metallic, transition of metallic and oxidic, and oxidic—need to be determined. In the case
of co-sputtering without a reactive gas, the cation ratio of the deposited layer depends
on the respective target power, the sputter yield of the elements as well as the atomic
mass, which determines the distance dependence of the vapour cloud. If the atomic
mass was left out and re-sputtering processes would be negligible, the cation ratio would
depend proportionally on the ratio of the erosion rates of both targets. Unfortunately, this
relationship applies to reactive sputtering only to a limited extent, since the oxygen flow
and thus the nonlinear target poisoning are added as further influencing variables. The
sputtering yields of the metals under argon at a 90◦ angle of incidence and an energy of
1 keV are given as 3.484 for Yb and 0.874 for Si in [26]. Based on preliminary experiments,
the target power of Si should not exceed 1.2 kW in the used sputter facility to avoid
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target cracking and instabilities. To achieve the desired chemical ratios for the coatings,
the Yb sputtering yield was reduced by over 50 % to match the Si. In Figure 1, the two
discharging behaviours of Yb and Si are shown, which describe the chemical state of the
target surface as a function of the oxygen flow, plotted only for the increasing gas flow
part of the hysteresis. The curves were achieved by increasing stepwise the oxygen flow
(3 sccm steps and 1 sccm steps) and holding every step for 2 min time while applying a
constant target power through the whole process. The backward course is not of interest
for the coating process, so it was left out. For the YbDS discharge curves (Figure 1a), the
parameters 0.8 kW Yb target power and 1.2 kW Si target power were chosen. The YbMS
discharge curves (Figure 1b) were implemented with the parameters 1.2 kW for Yb and
0.9 kW for Si.
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Figure 1. Discharge behaviour of the Yb and Si target plotted as ratio of the actual voltage to the
initial voltage w/o reactive gas during the successive increase in oxygen flow at a total pressure of
4 × 10−3 mbar; (a) represents a power ratio that targets the YbDS composition; (b) represents a power
ratio that targets the YbMS composition.

From the discharging curves, the desired deposition windows for the coatings were
derived. While the process was intended to produce oxygen-saturated coatings but still
retain a high sputter rate, the parameters should lie within the transition zone starting
at around 18 sccm up to 24 sccm oxygen flow for the YbDS composition given in blue
according to Figure 1a. All points of the YbDS curve could be operated in transition
mode quite stably. After 17 sccm oxygen, the first drop of 15% in voltage was observed.
Simultaneously, the Si curve increases slightly before levelling again at the same voltage
as started. The minimum of the Yb discharging voltage was reached at 250 V, which is
about 58 % of the starting voltage by operating at 30 sccm oxygen. The Yb discharge curve
displayed a rather unstable process between 9 sccm and 28 sccm in Figure 1b. The Yb target
produced a lot of arcing and only ran stable after 28 sccm was achieved. The discharging
curve was terminated at 60 sccm where no clear plateau could be found at 238 V. Between
28 sccm and 29 sccm, the Yb voltage fell about 33 % to about 300 V. At the same time, the
Si voltage drops continuously almost parallel to the Yb voltages until 60 sccm of oxygen
flow. Compared to the Yb discharging curve in Figure 1a, the Yb discharging curve in
Figure 1b was offset by about 147 % for the first drop and by over 200 % for reaching the
minimal voltage. The right operation point is thereby hard to determine; thus, different
parameter combinations were evaluated. For YbDS, a ratio of c(Yb)/c(Si) = 1 and for YbMS
c(Yb)/c(Si) = 2 or slightly higher was desirable, preventing SiO2 precipitates within the
coatings while the oxygen content within the coating should be 50 at % or higher. By using
a systematic variation of process parameters, in this case the power ratio Yb/Si and the
oxygen flow, their influence on the chemical composition of the coatings was screened and
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is shown in Figure 2. The target power was varied for Yb between 0.7 and 1.6 kW, while
the target power of Si varied between 0.95 kW and 1.5 kW. The oxygen flow was adjusted
between 5 sccm and 29 sccm but was mostly set around 20 sccm to 23 sccm. The right cation
ratio of YbMS and YbDS is highlighted, while the colour code indicates the oxygen content
measured by EDS. The red circles around certain squares represent all depositions with
an oxygen flow of 21 sccm. When the oxygen flow was kept constant at 21 sccm, the data
seemed to follow the same trendline, which is represented by the red dotted line. Since all
red circled squares lay within the desirable oxygen content range, the parameters for the
final YbDS and YbMS coating could be extracted from the trendline. For the deposition of
the YbDS, a target power supply ratio of about 0.8, and for the YbMS, a coefficient of about
1.3 was found.
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coated microstructure. The YbDS layer was sputtered first for 175 min and was repre-
sented with a straight Si voltage line with minor arcing. The Yb voltage slowly increased 
from about 300 V to 450 V, where it suddenly dropped to about 100 V. At around 175 min, 
the process was changed into sputtering YbMS, which can be seen by the change in both 
target powers. The YbMS process showed arcing of the Si target combined with a rhyth-
mic poisoning of the Yb target, which represented the fast decrease in voltage. 

Figure 2. Parameter selection with different oxygen flow rates represented by the cation ratio of Yb
and Si (measured by EDS) as a function of the power ratio of Yb and Si. The green line represents
the YbMS cation ratio; the blue line represents the YbDS cation ratio. Each run is represented by the
square symbol, where the cYb/cSi ratio was analysed and the oxygen concentration was measured
and colour coded. The red circles around the squares represent the parameters with a 21 sccm O2

flow rate, while all other points were achieved using a 5 sccm to 29 sccm O2 flow rate. The dotted
line is a linear fit of the results using 21 sccm O2. The red crosses indicate the right target power ratio
for the YbDS and YbMS coating.

In Figure 3, the final deposition process was represented with the corresponding as-
coated microstructure. The YbDS layer was sputtered first for 175 min and was represented
with a straight Si voltage line with minor arcing. The Yb voltage slowly increased from
about 300 V to 450 V, where it suddenly dropped to about 100 V. At around 175 min, the
process was changed into sputtering YbMS, which can be seen by the change in both target
powers. The YbMS process showed arcing of the Si target combined with a rhythmic
poisoning of the Yb target, which represented the fast decrease in voltage. Beforehand, the
Yb target voltage increased shortly, while right after, the Si target voltage dropped before
running constant again. Due to the longer deposition times in comparison to the initial
screening experiments, the chosen process parameters were not stable but especially the Yb
voltage fluctuated, indicating an ongoing change between transition and metallic mode or
oxidic mode and back. The oxygen flow was increased slightly from 21 sccm at the YbDS to
22 sccm for the YbMS to keep the chamber pressure stable. The underlying microstructure
shows clearly the impact of the Yb target voltage change within the YbMS coating.
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Figure 3. Process data of YbDS and YbMS coating by reactive magnetron sputtering and underlying
the micrograph of the as-coated microstructure on an Al2O3 substrate.

3.2. Analyses of Yb2SiO5 and Yb2Si2O7 Deposited Layers

The produced Yb-silicate coatings were X-ray amorphous, which required a post-
crystallisation treatment. In order to understand the mechanisms of the crystallisation and
the phase formation, HT-XRD was executed simulating the crystallisation treatment of the
Yb-silicates deposited on an Al2O3 substrate. The parameters of the heat treatment were
derived from the graded Mo-Si plus Si oxidation protection layers and were applied here as
well for comparison. All samples except the ones measured in HT-XRD were annealed in a
box furnace for 1 h at 900 ◦C followed by 1 h at 1200 ◦C, which was followed by cooling
down to room temperature.

The XRD results are presented in Figure 4a. Since the samples were usually placed in
an already pre-heated furnace, the fast heating rate was chosen to reach 900 ◦C as fast as
possible. Figure 4b shows the scans as-coated, at 900 ◦C, at 1200 ◦C, and after crystallisation
at room temperature (RT), 30 ◦C. Between a temperature range of 480 ◦C and 550 ◦C,
SiO2 as cristobalite (PDF 03-0272) and Yb2O3 (PDF 43-1037) crystallised first. Both oxides
transform between 1023 ◦C and 1035 ◦C into the β-Yb2Si2O7 phase (PDF 82-0734) and the
X2-Yb2SiO5 phase (PDF 40-0386). Since YbMS is on top of the YbDS coating, YbMS could
be measured more clearly with more intense peaks. In another measurement, not shown in
this paper, the coating was deposited in the opposite sequence where YbDS consequently
was measured with a higher intensity compared to the underlying YbMS. Since the coatings
shown here had a slightly higher Yb content, Yb2O3 can be identified even after the silicates
were formed, but some silica also remained in the coating after Yb-silicate formation
as well.
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Figure 4. HT-XRD scans of the YbDS and YbMS coating on an Al2O3 substrate; (a) contour colour
plot of one-minute scans from 10◦–60◦ starting at 30 ◦C followed by 1 h at 900 ◦C and 1 h at 1200 ◦C
in air; (b) X-ray scans in the as-coated state at 30 ◦C, during 1 h at 900 ◦C, during 1 h at 1200 ◦C and
after cooling down in the crystallised state to 30 ◦C.

The resulting microstructure of the Yb-silicate coatings on the inert substrate, Al2O3,
are represented in Figure 5 using SEM and the EDS line scans. In Figure 3, the as-coated
state showed a columnar but dense amorphous YbDS layer until the Yb target reached its
highest voltage of about 450 V at around 160 min. At this point, the contrast became lighter,
see Figure 5a, which indicates a high Yb content and a lower oxygen content, as shown
in the EDS scan (Figure 5d). The amorphous YbDS layer in Figure 5a presented a slightly
higher Yb concentration compared to silicon especially shortly before switching to YbMS.
These findings were directly linked to the process data in Figure 3. During the deposition
of the YbMS, high-voltage peaks of the Yb target are responsible for the layered structure.
The Yb-rich microlayers are not as dense, which is why they are partly washed away
during preparation. In the amorphous YbMS layer, recurring high Yb concentrations were
measured accompanied by oxygen and silicon decreases (Figure 5d). After crystallisation,
the YbDS layer formed a homogenous two-phase microstructure of YbDS and most likely
YbMS (Figure 5b). In the YbMS layer, the thin, Yb-rich layer was again visible in a lighter
greyscale due to a material contrast. Moreover, pore formation started especially within the
Yb-rich regions of the YbMS layer. The cation ratio Yb to Si in the YbDS layer was about
1.5 and in the YbMS, it was 2.4 overall. The ratio depended highly on the location because
of the two-phase microstructures of both layers (Figure 5e). After 10 h at 1200 ◦C, the
YbDS coating remained a dense, two-phase microstructure with possibly YbMS precipitates
(Figure 5c). The YbMS coating was still split into multilayers of YbMS of about 480 nm and
Yb-rich thin layers of about 150 nm. The pore formation increased at the interface region
between YbDS and YbMS as well as at the surface of the dual-layer coating. Furthermore,
the pores seemed to increase in size in comparison to after crystallisation. The linescan in
Figure 5f showed no differences compared to the crystallised coatings. The oxygen content
was stable already after crystallisation at about 65 at %.
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compositional differences of Yb and Si as mentioned above in Figure 5 were seen again 
on top of the bond coat. The EDS analyses revealed the right ratio for the YbDS and YbMS 
layer (Table 1). After the crystallisation treatment, the intercolumnar gaps within the 
YbDS coating were not able to be closed (Figure 6b). In the YbMS coating, the horizontal 
layers of a high Yb content converted into horizontal pore chains. The elemental concen-
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Figure 5. Secondary electron SEM micrographs of the Yb-silicate coatings on an Al2O3 substrate;
(a) after the deposition process in the as-coated state; (b) after crystallisation treatment for 1 h at
900 ◦C followed by 1 h at 1200 ◦C in lab air; (c) after an additional 10 h of oxidation testing at 1200 ◦C
in lab air. EDS linescan with secondary electron micrographs of the Yb-silicate coatings on top of an
Al2O3 substrate; (d) after deposition in the as-coated state; (e) after crystallisation for one hour at
900 ◦C and one hour at 1200 ◦C in air; (f) after 10 h of oxidation test at 1200 ◦C.

3.3. Implementation of an Yb-Silicate Based EBC System on Mo-Si-Based Alloys

In a next step, the Yb-silicate coating system was implemented on top of a graded Mo-
Si interlayer with a pure Si top layer. This dual-layer coating system, hereinafter referred
to as a bond coat, provides good oxidation protection on conventional and Ti-containing
Mo-Si-based alloys and is therefore favoured as an interlayer system for an Yb-silicate-
based EBC system. Further information about the processing by magnetron sputtering as
well as the oxidation behaviour of this dual-layer system is already published in [22,24]. In
the present work, the coating thickness of the pure Si top layer was intentionally reduced
to 1 µm to reduce internal stresses by the CTE mismatch between the pure Si and the
Mo-Si-based alloys.

In Figure 6a, the four-layered EBC system on an alumina substrate is displayed in the
as-coated state. The graded Mo-Si and pure Si bond coat produced a rather rough surface;
thus, the YbDS coating showed a more pronounced columnar structure with intercolumnar
gaps. These columnar structures extended into the YbMS top coating. Moreover, the
compositional differences of Yb and Si as mentioned above in Figure 5 were seen again on
top of the bond coat. The EDS analyses revealed the right ratio for the YbDS and YbMS
layer (Table 1). After the crystallisation treatment, the intercolumnar gaps within the YbDS
coating were not able to be closed (Figure 6b). In the YbMS coating, the horizontal layers
of a high Yb content converted into horizontal pore chains. The elemental concentration
stayed stable for the Yb-silicates with a slightly higher Yb content (Table 1). After 10 h of
oxidation at 1200 ◦C, the pore formation in the YbDS and YbMS layer increased further
(Figure 6c). Nevertheless, the Yb-silicate layers on top of the bond coat showed an excellent
adhesion, as did the whole EBC system on the inert substrate material of Al2O3. The
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oxidation of the Si layer continued, whereas the elemental concentration of the Yb-silicates
remained the same.
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Figure 6. Secondary electron SEM micrographs of the dual-layer bond coat and the YbDS and
YbMS EBC coatings on top of an Al2O3 substrate; (a) after deposition in the as-coated state; (b) after
crystallisation for 1 h at 900 ◦C plus 1 h at 1200 ◦C in air; (c) after additional 10 h of oxidation test at
1200 ◦C with positions marked by red dots for different EDS spot analyses represented in Table 1.

Table 1. EDS spot analyses in the marked red dots in Figure 6.

as-Coated Crystallised 10 h at 1200 ◦C

Position 1 2 3 4 5 6 7 8 9

Yb (at %) 1.4 16.5 22.2 2.0 18.1 23.2 1.0 15.5 21.8

Si (at %) 82.6 14.8 10.6 79.5 15.1 9.6 61.0 14.3 10.7

Mo (at %) 2.7 0 0 2.0 0 0 1.6 0 0

O (at %) 13.3 68.6 67.2 16.5 65.8 66.2 36.4 70.2 67.5

Finally, the developed four-layered EBC coating system was deposited on three Mo-Si-
based alloys: Mo-9Si-8B (at %), Mo-12.5Si-8.5B-27.5Ti-2Fe, and Mo-21Si-34Ti-0.5B. Between
the Yb-silicate layers and the Mo-Si-based substrate alloys, the bond coat of graded Mo-Si
and a pure Si layer was applied. In Figure 7, three different alloys were tested for 10 h
at 1200 ◦C in air to prove the feasibility in terms of oxidation protection, adhesion and
diffusion processes. Table 2 presents the EDS point analyses of the micrographs in Figure 7.
Overall, the complete EBC system showed a good adhesion on all of the Mo-Si-based alloys.
Compared to the inert substrate Al2O3, the pore formation in the YbDS and YbMS layer
was slightly greater, especially the Yb-rich layers from deposition in the YbMS formed
horizontal pore chains. In Figure 7a and b, the EBC system seemed to be less affected by the
Mo-9Si-8B and Mo-12.5Si-8.5B-27.5Ti-2Fe alloy. The high contrast in these micrographs is
noteworthy, where the rather black Si layer starts to oxidise in the presence of oxygen. The
Yb-silicates were clearly in the range of YbDS and YbMS with a slightly higher Yb content.
On the alloy Mo-21Si-34Ti-0.5B, Ti outwards diffusion took place, and as a consequence,
the formation of TiO2 was observed at the interface of the bond coat and YbDS (Figure 7c
and Table 2). Furthermore, a layer of 18Yb-3Mo-2.3Si-2Ca-73.5O (at %) was found on top
of the whole EBC coating system deposited on the Mo-21Si-34Ti-0.5B alloy. As this layer
was only found on this sample and on no other sample with the same or a different alloy, it
was not investigated further. The EDS spot scans showed a partially oxidised Si layer with
traces of Mo and Yb. The YbDS and YbMS layer matched the desired phases with slightly
higher Yb content.
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Figure 7. Secondary electron SEM micrographs of the dual-layer bond coat and the YbDS and YbMS
top layer on (a) Mo-9Si-8B alloy, (b) Mo-12.5Si-8.5B-27.5Ti-2Fe alloy, (c) Mo-21Si-34Ti-0.5B alloy after
10 h of oxidation test at 1200 ◦C in air with a position marked by red dots for different EDS spot
analyses represented in Table 2.

Table 2. EDS spot analyses in the red dots marked in Figure 7.

Mo9Si8B Mo12.5Si8.5B27.5Ti2Fe Mo21Si34Ti0.5B

Position 1 2 3 4 5 6 7 8 9 10

Yb (at %) 0.9 16.0 21.4 1.3 19.0 22.0 1.8 19.5 24.0 0

Si (at %) 72.2 16.0 10.5 65.2 16.1 11.0 72.9 15.4 11.0 1.8

Mo (at %) 2.3 0 0 1.5 0 0 1.1 0 0 0.4

Ti (at %) - - - 0 0 0 0 0 0 32.3

O (at %) 24.6 68.0 68.1 32.0 64.9 67.0 24.2 65.1 65.0 65.5

After 100 h of oxidation at 1200 ◦C, the EBC system on the Mo-9Si-8B still shows great
oxidation protection and adhesion (Figure 8a). The Si layer of the bond coat transformed
mostly into SiO2. Compared to the 10 h of testing, the EBC system did not show further
pore formation. On top of the Mo-12.5Si-8.5B-27.5Ti-2Fe, SiO2 and TiO2 formed between
the bond coat and YbDS (Figure 8b). The YbDS layer itself seemed denser compared to
the oxidation test for 10 h. However, the two Yb-silicate layers were less distinguishable
compared to Figure 7. The EBC coating system could not protect the Mo-21Si-34Ti-0.5B
alloy after 100 h against oxidation (Figure 8c). The Yb-silicate coatings were still visible but
disrupted. A SiO2-TiO2 mixed oxide layer grew on the surface of the alloy.

Coatings 2022, 12, x FOR PEER REVIEW 10 of 18 

 

 

 
Figure 7. Secondary electron SEM micrographs of the dual-layer bond coat and the YbDS and YbMS 
top layer on (a) Mo-9Si-8B alloy, (b) Mo-12.5Si-8.5B-27.5Ti-2Fe alloy, (c) Mo-21Si-34Ti-0.5B alloy af-
ter 10 h of oxidation test at 1200 °C in air with a position marked by red dots for different EDS spot 
analyses represented in Table 2. 

Table 2. EDS spot analyses in the red dots marked in Figure 7. 

 Mo9Si8B Mo12.5Si8.5B27.5Ti2Fe Mo21Si34Ti0.5B 
Position 1 2 3 4 5 6 7 8 9 10 
Yb (at %) 0.9 16.0 21.4 1.3 19.0 22.0 1.8 19.5 24.0 0 
Si (at %) 72.2 16.0 10.5 65.2 16.1 11.0 72.9 15.4 11.0 1.8 

Mo (at %) 2.3 0 0 1.5 0 0 1.1 0 0 0.4 
Ti (at %) - - - 0 0 0 0 0 0 32.3 
O (at %) 24.6 68.0 68.1 32.0 64.9 67.0 24.2 65.1 65.0 65.5 

After 100 h of oxidation at 1200 °C, the EBC system on the Mo-9Si-8B still shows great 
oxidation protection and adhesion (Figure 8a). The Si layer of the bond coat transformed 
mostly into SiO2. Compared to the 10 h of testing, the EBC system did not show further 
pore formation. On top of the Mo-12.5Si-8.5B-27.5Ti-2Fe, SiO2 and TiO2 formed between 
the bond coat and YbDS (Figure 8b). The YbDS layer itself seemed denser compared to 
the oxidation test for 10 h. However, the two Yb-silicate layers were less distinguishable 
compared to Figure 7. The EBC coating system could not protect the Mo-21Si-34Ti-0.5B 
alloy after 100 h against oxidation (Figure 8c). The Yb-silicate coatings were still visible 
but disrupted. A SiO2-TiO2 mixed oxide layer grew on the surface of the alloy. 

 
Figure 8. Secondary electron SEM micrographs of the bond coat and the YbDS and YbMS top layer 
on (a) Mo-9Si-8B alloy, (b) Mo-12.5Si-8.5B-27.5Ti-2Fe alloy, (c) Mo-21Si-34Ti-0.5B alloy after 100 h 
of oxidation test at 1200 °C in air. 

The four-layered EBC system was also tested on the three alloys at 800 °C for 100 h 
in air. The EBC system was able protect every alloy successfully at this temperature. In 
Figure 9, the result of the oxidation test was presented for the Mo-9Si-8B alloy representa-
tive because this alloy is the most prone to show the pesting phenomenon. The adhesion 
of the EBC system to the alloy was intact. All four layers were clearly identifiable. As seen 
in the figures above, the Yb-silicates developed pores in the YbDS layer vertically along 
the columnar gaps and in the YbMS layer horizontally with the Yb-rich microlayers. By 

Figure 8. Secondary electron SEM micrographs of the bond coat and the YbDS and YbMS top layer
on (a) Mo-9Si-8B alloy, (b) Mo-12.5Si-8.5B-27.5Ti-2Fe alloy, (c) Mo-21Si-34Ti-0.5B alloy after 100 h of
oxidation test at 1200 ◦C in air.

The four-layered EBC system was also tested on the three alloys at 800 ◦C for 100 h
in air. The EBC system was able protect every alloy successfully at this temperature. In
Figure 9, the result of the oxidation test was presented for the Mo-9Si-8B alloy representative
because this alloy is the most prone to show the pesting phenomenon. The adhesion of
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the EBC system to the alloy was intact. All four layers were clearly identifiable. As seen
in the figures above, the Yb-silicates developed pores in the YbDS layer vertically along
the columnar gaps and in the YbMS layer horizontally with the Yb-rich microlayers. By
comparing the morphology, Figure 9 seemed to be closely related to Figure 6b, where the
micrograph after crystallisation was presented.
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on Mo-9Si-8B alloy after 100 h of oxidation test at 800 ◦C in air.

4. Discussion
4.1. Influence of the PVD Process Parameter on the Yb-Silicate Coatings

In this study, an EBC system consisting of YbDS and YbMS layers was successfully
deposited by pulsed DC reactive co-sputtering. The achieved morphologies were charac-
terised and finally tested at 1200 ◦C in air. The optimum operating point of the reactive
sputtering process was determined in Figure 1, where the discharging curves of the Yb
target for two different powers of the Yb and Si target are presented. In Figure 1a, the
voltage of Si stayed stable, since it is the less reactive element used here. This is in great
agreement with studies about reactive co-sputtering of Y/Yb and Si by Leisner as well as
Ti and Cr by Martin et al. [17,27]. There, it was proposed that the more reactive element,
here the Yb, will poison first and therefore show a hysteresis, which then presents the
data to work with during deposition [17,27]. The reactivity of Yb can be attributed to the
higher oxygen affinity and the heavier and lager atoms, as well as the higher sputter rate
of Yb compared to Si [28,29]. As stated in Figure 1a, the Yb target started with a pure
metallic eroded surface, while by increasing the oxygen flow, parts of the eroded surface
formed compounds. During the transition mode, the formation and the re-sputtering of
the compound is balanced out. By increasing the oxygen flow until 26 sccm, the Yb target
became completely covered by an insulating compound layer. At this state, the Yb target
was poisoned and therefore provided a significantly reduced sputter rate [25,30,31]. The
discharging curves were executed by using different powers of 0.8 kW for Yb and 1.2 kW
for Si as well as 1.2 kW for Yb and 0.9 kW for Si. The higher target power of the green
curve (Yb = 1.2 kW) compared to blue curve (Yb = 0.8 kW) led to a shift of the first drop
in voltage toward higher oxygen flow rates. Furthermore, the decrease in voltage of 33 %
from 460 V to 305 V was double the decrease in the drop in the green curve (427 V to 367 V).
The Si voltage dropped simultaneously with Yb, which could indicate that Yb can only be
used in metal mode at this target power, because Si will also start poisoning at a higher
oxygen flow (Figure 1b). In a study about Yb-Si and Y-Si depositions, the increase in the
voltage drop and its shifting toward higher oxygen flows could be observed when using
a higher target power of the more reactive element [17]. However, no decrease in the Si
voltage was delivered there. According to Depla et al., the poisoning process is initiated by
chemisorption if the chemical affinity of the target material to the reactive gas is high. This
could be the case for Yb, based on its high electronegativity and oxygen affinity [32–35].
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The aim of investigating various process parameters was to provide a sufficient
reactive gas flow to deposit a layer with the desired concentration of YbDS and YbMS,
containing enough oxygen without poisoning the Yb target surface. The point of interest is
usually the transition mode, providing both a high deposition rate and sufficient oxygen in
the layer [17,25,27,30,31,36]. Overall, studies on the reactive co-sputtering process of two
cathodes with Yb and Si are rare, and the results strongly depend on the sputtering facility
used [17,37].

Since the discharging curve for the deposition of the YbDS (blue curve in Figure 1a)
showed a clear transition mode of Yb from 17 sccm to 24 sccm of oxygen flow, while
Si remained in metallic mode, further experiments were conducted within this range at
various target power ratios (Figure 2). The most predictable results and stable operating
points were found at an oxygen flow of 21 sccm. A trend line could be fitted with the
parameters sputtered at 21 sccm revealing the best operating point for the deposition of
YbDS and YbMS (Figure 2), respectively, as in [17]. During the YbDS sputter process, the
Yb target voltage increased steadily until a maximum voltage of 450 V. After that, the target
voltage dropped down by about 100 V. The drop is an indicator that compounds have
accumulated at the eroded target surface, signalling an initial poisoning of the Yb target, as
seen in Figure 1. The drop of 100 V was about the same as the drop from 17 sccm oxygen
flow (last point in metallic mode) to 21 sccm in Figure 1. This information, in conjunction
with the linescan in Figure 5d, indicates that the Yb target was sputtered in transition mode
at the beginning, while it changed to metallic mode at about 160 min (first light grey layer
in the micrograph). The metallic mode can be assumed based on the voltage increase and
on the high Yb content yet a lower oxygen content and (Figure 1a and 5d). Simultaneously,
the voltage on the silicon target decreased slightly at 160 min, which is probably due to
the fact that a slightly more oxygen was concentrated around the Si target. Due to the
high sputter yield of Yb, the oxygen seemed to return to the target after around 6 min,
transferring it from metallic into transition mode again. Although the Yb target sputtered
in metallic mode, most of the atoms still reacted with the oxygen in the chamber, which is
reflected by the rather decrease in oxygen content in the linescan (Figure 5d). Sputtering
a target in metallic mode but still producing a fully reactive layer is possible, as shown
in [38].

The deposition of the YbMS layer continued directly after the YbDS sputter process.
The power of the Yb target was set to 1.15 kW, and the power of the Si target was reduced
to 0.9 kW. This caused Yb to regularly switch from transition mode to metallic mode after
about 15 min to 20 min, which can be followed by the voltage change of both targets. The
change between the two modes continued until the end of the deposition at a surprisingly
similar cycle duration, indicating a self-cleaning process of the target surface from the
compound. The voltage of the Si target always decreases slightly at the highest Yb target
power. Interestingly, the linescan in Figure 5d confirmed that this decrease did not transfer
into a change of the Si content. At the same time, arcing on the Si target, which can be seen
in the horizontal linear power and voltage drops of the target, did not lead to a change
in Si concentration. The result of this unstable sputter behaviour produced a multilayer
of thin Yb-rich and thicker YbMS layers. The results presented are in good agreement
with Strijckmans et al., who pointed out that a small reduction in oxygen pressure can
return a target from transition into metallic mode [31]. In the theoretical studies of Berg
et al. on reactive co-sputtering, it is described that the composition of the coating can
strongly depend on the total gas supply and that due to different reactivities between the
selected target elements and the reactive gas, it might be impossible to operate two targets
in metallic mode and simultaneously obtain a fully reacted coating [25]. The chosen pulsed
DC power supply could also have influenced the sputtering behaviour. The benefit of a
pulsed DC supply goes beyond the suppression of microarcs due to the effect of preferential
sputtering. The reverse time (6 µs) and the pulse frequency (40 kHz) result in the duty cycle.
The duty cycle is the coefficient of pulse frequency and the sum of pulse frequency and
reverse time. How effectively this is achieved depends on the pulse rate in combination
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with the reversal time. In this work, a duty cycle of about 80% was used. The Yb target was
able to change from transition mode to metallic mode within about 15 min to 20 min during
YbMS sputtering, as shown in Figure 3. The arcing of the Si target could only be suppressed
during the deposition of the YbDS coating but not during the YbMS deposition. Depla et al.
described the pulsed DC supply as a discharge voltage cycles between a high negative
voltage and a low positive voltage [33]. Since the negative part of the voltage causes the
ions to bombard the cathode, this results in sputtering. During the low positive voltage
part of the cycle, electrons are attracted to prevent a charge build-up. Due to the higher
mobility of the electrons, this part of the cycle can be relatively short compared to the total
cycle time [33]. A longer reverse time can result in a more efficient removal of possible
target oxides during the on time, which would lead to a metallic target. In their studies,
Kelly et al. [39] and Carter et al. [40] showed for aluminium oxide deposition that a duty
cycle of 65 % to 70% or less is favourable for the reliable suppression of arcing [25,41–43].

With the selected parameters, the deposition of Yb-silicate was successfully and
reproducibly enabled. The parameter selection and the process stability disclose the
successful deposition of the Yb-silicates (Figures 2 and 3). This study confirms that reactive
sputtering is a complex and often strong nonlinear process to changes in the operation
parameters or to small system fluctuations [31,33]. Further studies of the reactive co-
sputtering process are needed to find optimised parameters that avoid the change in modii
seen by the Yb target. To gain a deeper fundamental knowledge, the hysteresis should
be investigated for both target materials separately as well. Potential solutions could
involve the improvement of the pulsed DC supply by decreasing the duty cycle as studies
suggested. Furthermore, the gas flow supply should be connected directly to the target
voltage in order to keep the target in transition mode by simultaneously adapting the
oxygen flow. A feedback system is desirable in order to balance the reactive gas and the
target power or current as proposed in [31].

4.2. Influence of the Crystallisation, Morphology and Oxidation Process of an EBC Coating System
on an Inert Al2O3 Substrate and Different Mo-Si-Based Alloys

Due to the applied rotation and the target arrangement during the reactive pulsed DC
co-sputtering process, the coatings presented a nanolayered microstructure by alternating
amorphous SiO2 and amorphous Yb2O3. The crystallisation process of the SiO2 and
Yb2O3 nanolayers started in the temperature range between 480 ◦C and 550 ◦C (Figure 4).
The reactive sputtering process was thereby able to provide enough oxygen so that an
immediate crystallisation of the two phases could take place. It must be noted that both
Yb-silicate layers were analysed at once by XRD. Therefore, the analysis represents mostly
the top YbMS layer with less intense signals from the underlying YbDS. The two oxide
nanolayers, Yb2O3 and SiO2, transformed between 1023 ◦C and 1035 ◦C into the stable
phases β-Yb2Si2O7 and X2-Yb2SiO5. In parallel, the intensity of the silica and ytterbia
peaks increased as well. Due to the higher Yb-content after the deposition process, as
already seen in Figure 5d, Yb2O3 was also still measurable after the crystallisation process
with less intensity compared to YbDS and YbMS. The phase formation of β-Yb2Si2O7
and X2-Yb2SiO5 continued until 1200 ◦C, where more peaks were identified. Despite the
crystallisation temperature found in this study, We et al. could detect a thin amorphous
Yb2O3 layer up to 600 ◦C, staying at this temperature for 60 s [44]. Pan et al. reported the
crystallisation of Yb2O3 at 700 ◦C but without measurements taken below this temperature
except for room temperature [45]. Both studies used only a few nanometer thin coatings.
Garcia et al. studied the crystallisation of Yb-silicates coatings deposited by APS and were
able to identify the metastable phases X1-Yb2SiO5 and α-Yb2Si2O7, as well as the stable
phase β-Yb2Si2O7 at around 1000 ◦C, via HT-XRD. At around 1220 ◦C, the metastable phase
of YbMS transformed into the stable phase X2-Yb2SiO5. Simultaneously, the β-phase of
the YbDS replaced its metastable α-phase, and the silica peaks mostly disappeared. The
formation of the metastable phase α-Yb2Si2O7 was explained by nucleation of unmelted
particles of the feedstock powder [12,46,47]. The magnetron sputtering processes used
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in this study are known to produce clean depositions without impurities. This is largely
consistent with the present results, in which no metastable phases were found. Moreover,
the nanolayered structure and the stoichiometric composition of the magnetron sputtered
coatings lead to possibly faster diffusion paths, which encouraged firstly the SiO2 and
Yb2O3 crystallisation and the formation of the stable Yb-silicates phases.

The morphology of the amorphous Yb-silicate layers was influenced by the deposition
process as explained in the subchapter above (Figure 5a). The corresponding linescan in
Figure 5d indicated already after the deposition process a slightly enhanced Yb concen-
tration overall compared to Si. Simultaneously to the Yb-rich layers, the oxygen content
drops as described above. After crystallisation (Figure 5b and e), the Yb and O content
homogenise over the YbDS layer with an Yb:Si ratio of about 1.5:1 and over the YbMS
layer with a ratio of about 2.5:1. In the YbDS layer, the ratio led to the formation of an
YbDS matrix (darker grey) with most likely YbMS precipitates (lighter grey) considering
the phase diagram of Yb2O3 and SiO2 [6]. Similar phase formations were found by Garcia
et al. in APS Yb-silicate coatings that had an average ratio between YbDS (39 mol %) and
YbMS (61 mol %) and therefore also formed the expected phase mixture according to the
phase diagram [12]. The high Yb content at the beginning of the linescan seems to be a
measuring artefact because the micrograph does not mirror the result by showing only an
YbDS phase (Figure 5e). Nevertheless, the Yb content overall is increased in the YbDS layer
in comparison to the as-coated layer, which could be due to the diffusion processes of the
Yb from the YbMS layer. There, the content homogenised as well, which agrees with the
micrograph showing the Yb-rich microlayers dissolving into small chains of precipitates
that most likely consist of Yb2O3 [6]. The crystallisation of the YbMS coating was accompa-
nied by pore formation distinct in the Yb-rich layers (Figure 5b). At the interface between
the YbDS and YbMS coatings, pore formation was also detected after the crystallisation
process. One reason could be the necessary change in target power to deposit YbMS right
after YbDS, therefore creating a short process instability. Another reason could be the
different density of the two Yb-silicate phases. X2-Yb2SiO5 has a density of 7.2 g/cm3 and
β-Yb2Si2O7 of 6.0 g/cm3, which leads to a different volume after crystallisation [10,47,48].
In Figure 5c,f, the homogenisation of the element contents continued with annealing time.
The pore agglomeration is possibly diffusion driven and mostly noticeable at the surface of
the YbMS layer and at the YbDS/YbMS interface. Nevertheless, the YbDS and YbMS layer
represented themselves as hermetic dense coatings on the Al2O3 substrate, which has a
low surface roughness of Ra = 0.6.

By implementing the Yb-silicates on top of the bond coat consisting of a 5 µm thick
graded Mo-Si layer with a 1 µm thick Si top layer, the four-layered EBC coating system
was created. The morphology changed compared to the Yb-silicates directly on the inert
substrate due to different surface roughness. Although the EBC coating system was
deposited on the same substrate, the bond coat created a different surface roughness for
the Yb-silicates to build up on. The finger-like structure of the bond coat predesigned the
columns for the YbDS. In Figure 5a, with a smooth surface, no columns could be found in
the Yb-silicates, while in Figure 6a, the columns run mostly through until the surface. The
phase composition matched almost perfectly the YbDS and YbMS composition, as shown
in Table 1. After crystallisation, the columnar structure led to pore formation along the
gaps vertically in the YbDS. At the same time, the Yb-rich microlayer within the YbMS
created horizontal pore chains. Compared to Figure 5b, fewer Yb-rich precipitates in the
YbMS layer and no second phase in the YbDS layer were detected. Since the composition in
Figure 6b is closer to the stoichiometric YbDS and YbMS (Table 1), the Yb may have largely
dissolved into the phases. Whether the effect is driven by the bond coat or due to a different
sputter run cannot be determined at this point. After 10 h of oxidation (Figure 6c), a heavier
pore formation could be found compared to Figure 5c. Nevertheless, the phases remained
stable, and no change in composition could be detected (Table 1). The rough surface of the
bond coat applied by conventional DC magnetron sputtering led to columnar gaps and
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thus increased the pore formation of the Yb-silicates compared to the direct deposition on
the Al2O3 substrate with a low surface roughness in Figure 5.

In the last step of this study, the four-layered EBC system was applied on three Mo-
Si-based alloys. After the post-crystallisation process, the EBC system was tested for 10 h
and 100 h at 1200 ◦C and for 100 h at 800 ◦C in air. The micrographs of the cross-sections
presented an excellent adhesion of the coating system on top of the different alloys after 10 h
(Figure 8). The two Yb-silicates coating developed stable YbDS and YbMS phases, which
were identifiable up to 100 h of oxidation (Table 2). The EBC system on the Mo-Si-based
alloys showed the same heavy pore formation due to the surface roughness in the µm
range initiated by the bond coat as seen on the inert Al2O3 substrate. Yb-rich phases were
hardly found, and only the horizontal pore chains remained in the YbMS layer, which are
due to the process instability. On the Mo-9Si-8B and Mo-12.5Si-8.5B-27.5Ti-2Fe alloys in
Figure 8a,b, Mo was traceable within the Si/SiO2 but not within the Yb-silicates (Table 2).
This suggests that Mo either did not diffuse through the Yb-silicates or diffused only in
small untraceable amounts. On the Mo-12.5Si-8.5B-27.5Ti-2Fe, neither Fe nor Ti were able
to diffuse into the Yb-silicate layers after 10 h. In Figure 8c, on the Mo-21Si-34Ti-0.5B, TiO2
formed between the bond coat and YbDS layer, showing that the EBC system silicates
cannot provide a full oxidation protection, which is a consequence of the porosity and the
oxygen diffusivity through the Yb-silicate. Moreover, Figure 8c shows the formation of a
thin oxide layer on top of the YbMS containing traces of Mo, indicating that Mo from the
substrate alloy or the bond coat diffused through the EBC system to the surface. In previous
studies, without the Yb-silicate layers, the higher Ti content of the Mo-21Si-34Ti-0.5B alloy
compared to the other alloys used and the difference in microstructure enabled Ti to diffuse
fast and build TiO2 rapidly [22].

After a longer oxidation time of 100 h, the pure Si from the bond coat oxidised into a
thermally grown oxide layer of SiO2 on all three alloys. On the Mo-12.5Si-8.5B-27.5Ti-2Fe
alloy, TiO2 additionally formed between the bond coat and the YbDS layer (Figure 8b). In a
different study, Fe could be detected within the SiO2 TGO layer, which was not found in
this study after 100 h [22]. On the Mo-21Si-34Ti-0.5B alloy, the EBC system failed due to
the columnar structure of the Yb-silicates accompanied by pore formation. The EBC was
in this case not able to protect the alloy against oxidation (Figure 8c). This can be mainly
attributed to the intentionally thinner Si layer on top of the interlayer. In the previous
experiments without Yb-silicate top coatings, a thicker Si layer of around 10 µm was used,
and the oxidation behaviour was much better [22]. A SiO2/TiO2 mixed oxide scale of the
alloy was identified with an inhomogeneous thickness of 20 to 40 µm. Compared to the
uncoated alloy in [49], where it developed an about 68 µm thick oxide scale after 100 h
of isothermal oxidation at 1200 ◦C, the EBC coating could protect the substrate at least
for a few hours against rapid oxidation. The pore formation of the Yb-silicates caused by
the process fluctuations led to a layered disruption. As mentioned before, compared to
oxidation studies on the bond coat consisting of the interlayer and a 10 µm thick Si top
layer, the four-layered EBC system tested in this study performed worse. Only the thicker
bond coat was able to protect all three alloys up to 300 h at 1200 ◦C [24]. Nevertheless, the
four-layered EBC system shows a better adhesion than the bond coat alone on the alloys
tested before, showing less spallation during cooling and therefore has great potential to act
as oxidation protection. After 100 h at 800 ◦C, all three alloys were fully protected against
the pesting phenomenon by the four-layered EBC system, as exemplarily shown for the
Mo-9Si-8B alloy (Figure 9). To further improve the EBC system in a next step, the Si layer
thickness has to be increased by a few µm to form a smoother surface for the deposition
of the Yb-silicates and also to provide a stable oxidation and silica formation over longer
times. In addition, a stable deposition process especially for the transition between YbDS
and YbMS and for depositing the YbMS layer itself needs to be established to produce
denser and defect-free coatings.
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5. Conclusions

The reactive magnetron sputtering from two targets of Yb and Si with strongly different
oxygen affinities by using pulsed DC power supplies was investigated. A first goal was
therefore to investigate the process behaviour of reactive sputtering with two cathodes and
to find a stable process window for the production of Yb-di and -monosilicate. The EBCs
were investigated and tested on alumina substrates as well as on Mo-Si-based alloys. For
the first time, a four-layered EBC system consisting of a previously developed Si-based dual
layer as a bond coat [22] and separate YbDS and YbMS layers on top was manufactured
and tested at 800 ◦C and 1200 ◦C in air.

The reactive co-sputtering process was more strongly influenced by Yb than by Si due
to its high sputtering yield and high oxygen affinity. The Yb2Si2O7 layer was successfully
deposited as an amorphous and nearly stochiometric layer. During the Yb2SiO5 deposition,
the Yb target continuously switched between the metallic and transition mode, showing
a self-cleaning effect and implementing locally a higher amount of Yb into the layer.
This created a multilayer coating of Yb-rich and oxygen-poor microlayers within the
stoichiometric Yb2SiO5 layers.

All coatings were X-ray amorphous after deposition. During crystallisation, SiO2
and Yb2O3 nanolayers formed first, which then reacted to form the stable β-Yb2Si2O7 and
X2-Yb2SiO5 phases. The YbDS layer inhibited Yb-rich precipitates that are most likely
Yb2SiO5 caused by a slight excess of Yb, whereas the Yb2SiO5 layer inhibited most likely
Yb2O3 precipitates due to a higher overall cation ratio of Yb to Si. The volume changes
during the crystallisation of the different phases as well as the fluctuation in the process
stability possibly led to the formation of nanosized pores.

The impact of a high surface roughness could be shown by applying the two Yb-silicate
layers on top of a Si-based rougher bond coat, where the columnar structure led to heavier
pore formation. Lastly, the four-layered EBC system was applied on three different Mo-
Si-based alloys. On Mo-9Si-8B (at %) and on Mo-12.5Si-8.5B-27.5Ti-2Fe, the EBCs showed
great potential as oxidation protection up to 100 h at 1200 ◦C and on the Mo-21Si-34Ti-0.5B
up to 10 h at 1200 ◦C. The EBC coating system could suppress the pesting phenomenon
successfully until 100 h at 800 ◦C.

With increasing Ti content in the Mo-Si-based alloys, outward diffusion and the
formation of TiO2 could only be suppressed up to 10 h for the Mo-21Si-34Ti-0.5B and up to
100 h for the Mo-12.5Si-8.5B-27.5Ti-2Fe at 1200 ◦C.
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