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ARTICLE INFO ABSTRACT

Keywords: Electron beam physical vapor deposition (EB-PVD) is a promising deposition technique to produce environ-
EBC mental barrier coatings (EBCs) to protect ceramic matrix composites (CMCs) for complex components in aircraft
EB-PVD engines with sharp edges such as vanes or blades. The main focus of this study was establishing an initial
Blt\)/lusb/lﬁeﬂtlv:yer parameter set for depositing a multi-layer yttrium mono—/di-silicate (YMS/YDS) EBCs using EB-PVD. YMS and
Water vapor YDS layers show a dense microstructure without feather-arms and opened inter-columnar gaps in the as
Oxidation deposited state. EB-PVD EBCs were found to be amorphous in the as-coated condition, and a crystallization heat

treatment was needed. Oxidation tests of EBCs were also carried out under “air condition” (1400 °C, 100 h, 100
wt% air) and “wet condition” (1300 and 1400 °C, 100 h, 30 wt% H0/70 wt% air) to get the preliminary
assessment of the degradation. The YMS top layer has undergone slight morphological changes such as porosity
and crack network formation. The YMS layer has exhibited a phase separation into Y,03 and X2-YMS after the
oxidation. No noticeable degradation of YDS due to water vapor oxidation was found. However, few polymorphs

were observed in the YDS layer along with few cracks during various stages of the heat treatments.

1. Introduction

Ceramic matrix composites (SiC/SiC-CMCs) have been commercially
implemented in the hot section of gas turbine engines to enhance tem-
perature capability, strength-to-weight ratio, and to contribute to CO,
reduction. CMCs have been used as components for static parts, e.g.,
combustors, shrouds, and nozzles, characterized by slightly curved ge-
ometry [1,2]. Currently, CMCs are being considered for application to
components like vanes with a complex geometry that includes sharp
edges.

SiC-SiCt based components are exposed to the hot gas flow contain-
ing considerable amounts of water vapor, which will accelerate the
recession of the protective SiO5 scale through the formation of gaseous
species (Si(OH)y), limiting the lifetime of the components [3,4].
Therefore, environmental barrier coatings (EBCs) have been applied on
the surface to mitigate the adverse effect of water vapor. The state-of-
the-art EBC system comprises of two or more layers, namely bond coat
for oxidation protection and a second layer against water vapor diffusion
known as top coat [5,6]. The EBC architecture was designed to be
impervious (dense and crack-free) and have a matching coefficient of
thermal expansion similar to solid CMCs [7]. Dense EBCs reduce the
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possibility of oxygen and steam transport to the SiC-based component.

Atmospheric plasma spray (APS) is currently considered as the
standard method to produce EBCs with a porosity of ~4-7 % on semi-
angular geometries such as static components [5,8]. Rare earth dis-
ilicates, RE3SioO7, (REDS), are applied as standard EBC materials.
However, plasma spraying induces silica loss and causes the formation
of additional phases like monosilicate, RE;SiOs (REMS) [9].
Manufacturing EBCs by APS on sharp geometries is still a challenging
task. Physical vapor deposition (PVD) methods, such as reactive
magnetron sputtering, have been successfully applied to produce EBCs
based on YMS/YDS and YbMS/YbDS on complex geometries. Reactive
magnetron sputtering produces nearly stoichiometric, well-adherent
EBCs onto the Si-bond coat, even on curved surfaces [10,11]. Never-
theless, the reactive sputtering method is limited in terms of attaining a
larger coating thickness then approx. 20 pm in an economic way. The
Electron-beam physical vapor deposition (EB-PVD) technique has
already been used to coat thick thermal barrier coatings (TBCs) on
turbine blades [12]. The higher deposition rate of the EB-PVD method
offers a potential deposition solution to coat curved or sharp objects,
such as blades, vanes, etc., with thicker and dense EBCs. Generally, the
EB-PVD coatings are characterized by a columnar microstructure with
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inter columnar porosity, zirconia- and alumina-based coatings [13-15].
The EB-PVD process offers wide range, great possibilities for controlling
the microstructure and composition of various materials [14,16,17]. The
development of EBCs using EB-PVD is taking its initial steps. Zun and
Hurst, developed a EBC system on CMC specimen, consisted of a thin
bond coat (HfO»-Si) layer and follow by a top coat layer EBC (Yb,
Gd),Si207 [18]. Tokoi et al. reported the deposition of YbySizO7 using
two sources SiO3 and Yb,Ogs, resulted in a dense, crack-free, and thicker
coating (~30 pm) using an additional substrate heater during the
deposition time [19]. In principle, RE-silicates can be deposited by EB-
PVD either from one or two metallic ingots by reactive deposition and
addition of oxygen in the vapor phase, or by evaporation of oxide ingots.
Since the vapor pressures of yttria and silica differ considerably, evap-
oration from one molten pool containing both oxides will not properly
work and the resulting coating will show fluctuation in chemistry.
Therefore, two-source evaporation is the preferred way to produce EB-
PVD EBCs.

Ytterbium disilicate (YbDS) is the widely used material for EBCs due
to its high temperature phase stability ~1600 °C and its favorable CTE
[9,8,11]. Yttrium mono- and di-silicate are also attractive for EBC ap-
plications [10,20]. YMS presents lower thermal conductivity and better
CMAS resistance than YbDS [21,22]. YDS undergoes four polymorphic
phases until its melting point associated with volume changes (a, B, v,
and §) become not suitable for EBC applications [23]. On the other hand,
YDS usually has a lower CTE than YMS, which fits better to the one of the
CMC. Combining of both YMS (top layer) and YDS (f or vy, intermediate
layer) as a double layer on top of SiC would minimize the thermal stress
caused by CTE mismatch and can also reduce the thermal conductivity.
Simultaneously, double layer system can offer better CMAS and water
vapor resistance through the YMS top layer. In addition, yttrium silicates
represent economic advantages. This study aims to evaluate the possi-
bilities of evaporation of two oxide ingots to deposit a double-layer
YMS/YDS system on a SiC substrate using the EB-PVD process, and to
establish a starting set of suitable processing conditions. The thermo-
chemical stability and microstructure evolution of the coatings under
dry and wet oxidation conditions at 1300 °C, and 1400 °C is studied in
detail.

2. Experimental methods
2.1. Coating production

An EBC multilayer coating was produced using the EB-PVD tech-
nique (ESPRI, von Ardenne GmbH, Dresden, Germany). YDS and YMS
layers were coated on monolithic a-SiC substrates with dimensions of
930 x 3 mm without Si-bond coat, (Hexoloy SA, CoorsTek GmbH,
Monchengladbach, Germany). In addition, an Al,O3 substrate was
coated in the same run that had a lower surface roughness and a higher
degree of flatness, which is favorable to study the initial coating
microstructure and lowering the influence of surface roughness on the
growth and microstructure of the coating. YMS and YDS coatings were
produced using a jumping beam system by co-evaporation from two
sources, namely Y,03 and SiO,. The samples were mounted on a
mandrel and rotated during the co-evaporation as described in Fig. 1.
The rotation speed was fixed at 15 rpm while the evaporation time of 12
min at a deposition rate of ~2.8 and 3.19 pm/min were set to get the
desired thicknesses for YMS and YDS layers, respectively. The electron
beam power, beam patterns, dwell times on each ingot and jumping
frequencies were established in a number of pre-trials to get a fairly
homogeneous and relatively stable evaporation from both pools. By
setting those conditions, two vapor clouds from Y503 and SiO, ingots
were produced. The samples were mounted between the Y503 and SiO2
clouds, as shown in Fig. 1. The YMS composition was found in the vapor
cloud which lies closer to the Y503 ingot whereas the YDS chemistry was
found at an intermediate distance between the two ingots. The exact
position for YMS and YDS composition was determined based on several
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Fig. 1. Diagram of a typical electron beam evaporation process of two sources.

initial coating runs. For the final EBC system, the YDS layer was
deposited first and moved out of the coating chamber and then cooled
down to RT. In a second run, the samples were moved after pre-heating
into the coating chamber to the YMS position and to get the second
layer. The EBC design for this preliminary work did not include a Si bond
coat as a base layer. Therefore, the coating architecture consists of SiC +
YDS + YMS. As deposited, YDS/YMS coatings were found to be amor-
phous, and an additional crystallization treatment was carried out at
1250 °C, 2 h, under laboratory air conditions.

2.2. Air and steam oxidation test

Four equi-sized specimens were cut from the EBC sample after the
crystallization treatment to evaluate the final microstructure and
perform different oxidation tests on the identical coatings. The cutting
process might have induced stresses and led to an internal crack for-
mation within the coating on those quite small specimens. The following
oxidation tests were carried out in a preheated tube furnace (alumina
tube (¢70 x 1200 mm), Carbolite Gero GmbH, HTRH 17/70/300,
Germany):

a) Isothermal oxidation for 100 h at 1400 °C in lab air conditions using
a tube furnace (named here as “air condition™).

b) Isothermal oxidation for 100 h at 1300 and 1400 °C in 30 wt% H»O/
70 wt% lab air (named here as “wet condition™).

Under wet condition, a flow rate of 0.02 1/h was maintained
throughout all experiment. The use of this quasi-static flow is not ex-
pected to cause significant recession from silica loss; however, different
reactions between air and wet conditions in the EBCs are anticipated.
Moreover, these conditions were selected to understand the corre-
sponding effects, such as sintering and phase changes in EB-PVD EBC
microstructure. The specimens were quickly removed out of the tube
after 100 h and quenched to room temperature while maintaining the
wet conditions. The associated thermal shock has initiated spallation of
the coating, which allowed us to study the ~80 pm thick free-standing
EBCs. However, only partial spallation was observed for oxidation
under air conditions.



C.Y. Guijosa-Garcia et al.

2.3. Characterization

EBC phase analysis was carried out by X-ray diffraction (XRD) using
a CuKy (. = 1.5406 A) cathode operating at 35 kV and 30 mA (D8
Discovery with a Lynxeye XE-detector, Bruker AXS, Karlsruhe, Ger-
many). The measuring 26-range was set between 10 and 90°, with a step
size of 0.02° and 2°/min scan rate. The Rietveld method was employed
to quantify the phase constituents. All the specimens were mounted in
epoxy resin following a standard metallographic technique to prepare
the cross-sections for scanning electron microscopy (SEM, Ultra 55, Carl
Zeiss NTS, Oberkochen, Germany) equipped with an energy dispersive
X-ray spectroscopy system (EDS, Aztec, Oxford Instruments, Abingdon,
UK). Suitable lamellae for transmission electron microscopy (TEM) were
extracted from regions of interest using dual beam/focused ion beam
system (FIB, Dual Beam FEI Helios 600i, FEI, Hillsboro, Or, USA).
Transmission electron microscopy (TEM) experiments were conducted
at 300 keV beam energy both in scanning (STEM) and static beam mode
(Tecnai F30, Philips Electron Optics, Eindhoven, The Netherlands). The
microscope is equipped with a conventional bright field—/dark field
detector (Philips) and a bottom mounted CCD-camara (Gatan Model
794, Gatan, Warrendale, PA, USA). A high angle annular dark field
(HAADF) detector (Fischione, Export, PA, USA) was used for Z-contrast
imaging in conjunction with EDS (Apollo XLTW, EDAX, Mahwah, NJ,
USA).

3. Results
3.1. Microstructure of the as coated EBC layers

Fig. 2 illustrates the surface and cross-section morphologies of as-
coated YMS/YDS EBCs on alumina substrate. The coatings were well-
adherent to the alumina substrate. The top-view microstructure con-
sists of typical EB-PVD columns (~2-5 pm diameter) exhibiting very
thin columnar gaps (Fig. 2a). Microstructural defects such as spitting
(bubble-like morphologies) and few cracks were also observed (Fig. 2b).
The YMS/YDS cross-sectional morphology exhibits a rather dense, more
vitreous microstructure with a sharp, intact YDS/YMS interface
(Fig. 2c). Both layers reveal a nano-layer formation that corresponds to
each rotation of the sample during deposition through the SiO5 and Y,03
clouds (Fig. 2d,e). Each nano-layer was heavily enriched in either
yttrium or silicon in alternating arrangement. Spitting deposition defects
are seen as a conical gap through the cross-section (Fig. 2c). The
thicknesses of YMS and YDS layers were measured as 34 pm and 38 pm,
respectively. The Y:Si average ratio measured by EDS for the YMS and
YDS layers are 2.8 (+0.19) and 0.75 (£0.1), respectively. Based on the
theoretical ratio for Y,SiOs = 2 and Y5Si»O; = 1, it can be stated that
YMS coating was enriched with yttrium and the YDS layer with Si. The
yttrium silicate layers were nearly oxygen saturated. An additional post
deposition oxidation was not required. No reaction was observed either
with the AlyO3 (Fig. 2e) or with the SiC substrate (not shown) after
deposition.

3.2. Crystallization of YMS and YDS layers

XRD patterns of crystallized YMS and YDS after the heat treatment
are presented in Fig. 3. The YMS layer was measured on the coating
attached to the SiC, while the YDS layer was assessed on a small piece of
the coating that was mechanically detached from the substrate using
forceps. Due to the smaller size of the pulled chunk of YDS, the dif-
fractogram is somewhat noisy and not suitable for further more so-
phisticate analysis e.g. Rietveld refined. The XRD patterns of YMS at
1250 °C exhibited primarily the X2-YMS (I12/a, space group) phase and
minor peaks of the Y503 phase (Ia3, space group) (Fig. 3a). The phase
percentages were calculated using the Rietveld method, resulting in 93
% for YMS and a low fraction of 7 % for Y,03. On the other hand, the
a-YDS (P-1, space group) and p-YDS (C2/m, space group) polymorphs
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Fig. 2. BSE micrographs of as-coated multi-layer YMS/YDS EBC on Al;O3
substrate: top view in high (a) and low (b) magnification, c) cross-section of
both layers, d) high magnification of YMS layer, and e) YDS layer.

were identified in the YDS layer (Fig. 3b). The peaks around 22° and 34°
are attributed to SiO2 (likely formed during the crystallization treat-
ment) and SiC, which is assumed to originate from the EBC/SiC interface
due to the mechanical removal of the coating.

After the crystallization heat treatment, the YMS surface has un-
dergone few morphological changes such as densification of grains,
crack formation along spitting defects (Fig. 4b). The initial columns are
no longer visible in top view. Instead, larger round or elongated grains
have formed. Although the surface exhibits a more pronounced network
of cracks due to the crystallization treatment, the cross-section still ap-
pears dense (Fig. 4a). After the crystallization heat treatment, the
thickness of each layer increases by 1 and 4.4 pm for YMS and YDS,
respectively (Table 1). The thickness was measured using a SEM image
and compared with the as-deposited coating thickness. An important
observation in the case of YMS microstructure is the presence of an array
of alternative nano-layers of YMS (dark layers) and Y,O3 (bright layers),
as shown in Fig. 4c. Meanwhile, the YDS coating shows a more homo-
geneous arrangement of single-phase nano-layers exhibiting even a
visible formation of rounded grains (Fig. 4d). EDS spot analysis results
(not shown) confirmed the chemical composition of YMS, Y503, and YDS
on corresponding layers. The EBC exhibited and excellent adhesion with
the SiC after crystallization, and no spallation was observed. Overall, a
dense microstructure was still presumed after the heat treatment.

3.3. Isothermal oxidation under air condition

Fig. 5a and b show the top view and cross-section of the resulting
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Fig. 3. XRD patterns of YMS and YDS layer after crystallization treatment for 2
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crystallized. (a) Overall cross-section of the layer, (b) surface (top view of YMS),
(c) cross-section of YMS layer, and (d) cross-section YDS layer.
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EBC microstructure after air isothermal oxidation for 100 h at 1400 °C.
The grains on the YMS surface become better pronounced, and they are
smaller after the oxidation test compared to the crystallized state (after
crystallization: 5.6 + 5.3 pm and after oxidation: 2.4 + 1.9 pm, see
Figs. 4b and 5a). Nonetheless, mud-type cracks seem to have further
opened and spitting disorders are still present. The coating has under-
gone partial delamination after the oxidation. The cross-section (Fig. 5b)
still reveals the dense columnar microstructure with few fine internal
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Table 1
Thickness changes of the YMS and YDS layers after air and wet condition
oxidation tests.

Layer  As-deposited Crystallized Air, Wet, Wet,
(um) (pm) 1400 °C 1300 °C 1400 °C

(um) (um) (pm)

YMS 33.7 34.7 35.9 36.2 36.3

YDS 38.3 42.7 43 43.8 44.3

cracks, which are predominantly present in the top YMS layer. However,
oxidation leads to the formation of dark inclusions in the crack-free YDS
layer. XRD has confirmed that the YMS layer predominantly consists of
X2-YMS with a small contribution from Y503 (Fig. 3a). The peak ~29.4°
may be related to the YDS layer and is addressed afterwards. As ex-
pected, XRD analysis confirmed the presence of §-YDS and minor peaks
around 22° related to silica (presumably formed at the EBC/SiC inter-
face). A slight increase in the thickness of each layer was observed
(compared to the crystallized coating), especially noticeable in YMS
(+1.2 pm), whereas it is negligible in YDS (0.3 pm) as shown in Table 1.

3.4. Isothermal oxidation under wet condition

Following 100 h of oxidation at both 1300 and 1400 °C the EBC
coatings undergone a complete spallation. BSE micrographs of top view
and cross-sections are presented in Fig. 5c to f. The top view of YMS at
1300 °C reveals that the surface is covered by ridges and surprisingly
partially healed macroscopic cracks. On the other hand, at 1400 °C, the
ridge size has considerably increased, and crack healing was more
evident (Fig. 5e).

The cross-sectional morphology of the YDS layer exhibited dense
elongated columns, separated by aligned pores in the direction of inter-
columnar gaps (Fig. 5d,f) at both temperatures. At 1400 °C (Fig. 5b,f)
the YDS layer reveals more significant regions with larger dark in-
clusions as clusters compared to at 1300 °C (Fig. 5d). The darker color
(BSE contrast) of the small grains implicates that it contains the lighter
element, but the grain size was too small for EDS analyzes in SEM. The
reaction of the YMS layer with water vapor has increased the defect
density (pores, microcracks), mainly at top of the column and at inter-
columnar pores. In the YMS layer treated at the high temperature
(1400 °C), the pore size increased and the layer contains additional
white grains (Fig. 5f). The YMS/YDS interface is characterized by a se-
ries of pores, which are predominant at 1400 °C compared to 1300 °C
(Fig. 5f).

The average thickness of YMS and YDS layers before and after
oxidation tests were compiled in Table 1. As expected, the maximum
change was observed under wet condition in combination with higher
temperature (1400 °C). A maximum increase of 1.6 pm in thickness was
observed in both YMS and YDS layer. Both YMS and YDS layers were
further investigated under TEM and presented in Figs. 7 and 8 to identify
the phase changes during the oxidation.

3.4.1. YMS phase transformation during the oxidation under air and wet
condition

The different contrasts in YMS cross-sectional micrographs (Fig. 5b,
d,f) might correspond to the local concentration changes of Y and Si.
XRD patterns on the YMS layer show the presence of X2-YMS as the
primary phase as well as a secondary Y03 (Fig. 6a) under all conditions.
The XRD results suggest the presence of additional signals related to an
un-identified crystalline phase especially, the peak at 27.6° (1400 °C,
wet condition) (Fig. 6a). However, peaks at ~27.5, 27.8, and 29.4°
(1300 °C, wet condition) can be assigned to YDS, and further TEM
analysis was done to confirm it.

TEM analysis on the wet condition EBCs has identified similar phases
at both 1300 °C and 1400 °C treatments. Therefore, only TEM results
from 1300 °C samples are presented in this work. High magnification
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Fig. 5. BSE micrographs of EBC layers oxidized in air (100 h, 1400 °C, 100 % air) and water vapor at 1300 and 1400 °C (100 h, 30 %H,0/70%wt air). The left
column shows the top view (a, c, e), and the right column shows the cross-sections (b,d,f) of the respective layers.

micrograph of the YMS layer where a FIB lamella was prepared is pre-
sented in Fig. 7a. A HAADF STEM image shows the YMS lamella in
which Zone I and II are marked (Fig. 7b). Zone I can be described as a
homogeneous and dense matrix with an elemental ratio of 65Y—35Si,
based on EDS analysis. The electron diffraction pattern obtained from
zone I, unambiguously verified the X2-YMS phase by the zone axis
patterns shown in Fig. 7c,d. The phase was indexed according to the
monoclinic Y5SizOs cell (ICSD 27003) with lattice parameters calculated
asag=14.6 A, bp=6.2 A, cp=10.5 A, and B =122.2°. Zone II consists of
mostly circular grains with the diameter of 10-100 nm (Fig. 7b,e). TEM-
EDS analysis reveals a Y-rich composition on the grains, and the Fourier
transform pattern confirms it as c-Y»203 phase (Fig. 7f). In the case of
1400 °C, the Y203 particles coalesce to form larger grains of up to 3 pm,
which are visible in the high magnification BSE micrograph (Fig. 71i).
Aleatory Al-rich crystals were found through the YMS lamella,
namely the Zone III (Fig. 7g). Notice that in Fig. 7b, zone III is not
immediately visible due to the lower contrast difference and magnifi-
cation. Chemical analysis by TEM-EDS showed an average elemental
concentration of 21.2 Al, 14.8 Si, and 85.3 Y, omitting the O content for
zone III. TEM diffraction has confirmed those Al particles are assigned to
an orthorhombic crystal structure with lattice parameters of ag = 10.3, A
bo = 3.6 A, and ¢ = 10.5 A. Al-rich crystals were more predominant at
1400 °C (BSE micrograph Fig. 7j) compared to 1300 °C. The peak related
to 27.6° in wet condition at 1400 °C may be related to the Al-phase. No

evidence about the presence of YDS within the YMS layer was found in
TEM analysis.

3.4.2. YDS phase transformation during the oxidation under air and wet
condition

XRD powder patterns of the YDS layer after oxidation at both tem-
peratures and conditions are given in Fig. 6b. The XRD measurement on
silica that has grown on the SiC substrate at 1400 °C at the EBC/SiC
interface is also presented in Fig. 6b for comparison. -YDS phase was
predominantly present in the coating at both temperatures (1300 and
1400 °C). However, at 1400 °C wet conditions, the peak at 29° might be
associated to y-YDS polymorph. The SiC surface has exhibited only peaks
of SiOy and SiC. The weak peaks in YDS around 22° can be assigned to
SiO5 (part of SiO5 from SiC surface was attached to YDS during the
spallation).

A more detailed insight into the phase assemblage of the YDS layer
was provided by analytical TEM and electron diffraction on FIB derived
lamellae, as compiled in Fig. 8 for the “wet condition” specimen at
1300 °C for 100 h. A close-up of the YDS cross section showed the area
where the lamella was prepared (Fig. 8a). A HAADF-STEM micrograph
in Fig. 8b displays zone A consisting of small (~0.1 nm) and larger (>1
nm) dark inclusions, surrounded by an inclusion-free zone B.

EDS mapping of zones A and B reveals that these inclusions are SiO;
pockets embedded in zone B as well as in channel pores (see Fig. 8c-e). A
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Fig. 6. XRD scans of the YMS (a) and YDS (b) layers after air and wet condi-
tion oxidation.

SAED pattern collected from one of the SiO, pockets, as well as tilt
images (not shown) revealing the presence of an amorphous phase
(Fig. 8f, g).

Zone B was analyzed using TEM-EDS confirming the YDS stoichi-
ometry with a Y:Si ratio of 1:1. Likewise, the diffraction reveals that
Zone B consists of the -YDS polymorph (Fig. 8h,i). The zone axis pattern
is depicted in Fig. 8i and was indexed according to the monoclinic
Y2Siz07 cell as listed ICSD 281312. No evidence of the y-YDS polymorph
was found by TEM in the area accessible.

3.5. Oxidation of SiC substrate underneath the EBC system

Since a silica-forming Si-bond coat was missing and the current top
layer EBCs do not fully prevent the oxygen inward diffusion, the un-
derlying SiC has undergone oxidation under the studied conditions.
Interesting observations were made on the oxidation of EBC-coated SiC
substrate. Micrographs of the silica scale that has formed at the interface
between SiC and EBC after 100 h of isothermal exposure is shown in
Fig. 9. SiO, that has formed under air conditions (1400 °C, 100 h) with
EBC on top are shown in Fig. 9a. Wet condition samples still show a few
YDS grains on top of SiO2 (white small particles after the EBC spallation)
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(Fig. 9b,c). The silica scale exhibits pores, which apparently got reduced
in size as the temperature rose from 1300 °C to 1400 °C. The SiO3 scale
that has formed under air conditions has also experienced pore forma-
tion but thinner in comparison to the wet condition (Fig. 9a). Thickness
measurements of the silica scale were determined via image analysis,
and at least 15 data points were considered for each sample which are
presented in the form of a box and whisker plots in Fig. 10. It is worth
mentioning that some of the silica formed may have adhered to the YDS
layer after spallation. The silica thickness measurements were only done
on the SiC surface. In the plot, the box represents the first (bottom line)
and third (top line) quartile of the thickness data. The upper and lower
lines are the maximum and minimum values. At 1400 °C, air condition
exposed specimens showed a median value significantly lower (4.7 pm)
than in comparison with wet condition (5.7 pm). At 1300 °C, wet con-
dition has resulted in the formation of a thick scale silica at the interface
(6.6 pm, median value).

4. Discussion
4.1. Microstructure evolution

For the first time, a dual-layer EBC system consisting of thick YMS/
YDS layers was successfully produced by the EB-PVD method. The
optimization of the evaporation behavior of Y,03 and SiO5 was chal-
lenging and complicated but was achieved by adjusting the electron
beam parameters such as beam jumping frequency, e-beam power,
chamber pressure, etc. However, sometimes unstable silica melt pool has
led to several spitting events that initiated local irregular overgrown and
disordered parts in the coating (Fig. 1). It must be noted that silica as a
glassy ingot is transparent which makes the optical observation of the
melt pool and assessment of the evaporation conditions quite chal-
lenging. Further optimization of the evaporation conditions is necessary
to avoid this spitting, and perhaps an optimization of the ingot micro-
structure may be also advisable. The applied process achieved relatively
dense EBC, amid few cracks, with good adherence to the SiC substrate.
Cracks might occur due to the internal stresses that arise during the
cooling phase of the deposition procedure, and perhaps additional
cracks may have formed during the metallographic preparation. The
microstructural evolution of the EB-PVD EBC coating can be described
on the basis of the well-known Movchan and Demchishin diagram,
which is a function of the homologous temperature which is the quotient
of substrate temperature (Ts) and melting point of the coating material
(T)- In this work, the evolved EBC microstructure could fall in zone 2,
where dense columnar grains with smooth and faceted surfaces (Fig. 2)
grow. Nevertheless, thin YMS/YDS columns (2-5 pm) grew perpendic-
ularly to form a dense EBC coating. Due to the higher density of the
coatings, feather arms and inter-columnar porosity as common in the
case of TBCs was not observed. Columns typically exhibited a cauli-
flower microstructure at the surface, with narrow gaps between the
columns. However, these gaps were not extended deep into the coating.
In contrast, 7YSZ TBCs and zirconia-based materials which also fall in
zone 2 [24], have been characterized by their particular pyramidal
shape, feather arms, and columnar porosity. These results clearly point
out the differences between the evaporation and condensation behavior
of silica-based material (YMS or YDS) and zirconia-based materials.

On the other hand, the coatings’ chemistry is governed by the ingot
evaporation rate and the sample position, especially in the case of the
jumping beam evaporation. Silica is challenging to evaporate as it sub-
limates compared to Y203, and the glassy nature makes observation of
melting difficult. A stable cloud of Y203 was observed during the pro-
cess. Meanwhile, an unstable cloud of silica was present. Due to the
position variation of the samples for the first and second run, different
stoichiometries were achieved. Y- rich composition (YMS) was obtained
closer to the Y;03 cloud, and an equal ratio for Si and Y (YDS) was
achieved at an intermediate position between the two clouds.

Moreover, the jumping frequency is another critical parameter when
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Fig. 7. (a) SEM micrograph showing the location of the TEM lamella taken from the YMS layer after oxidation at 1300 °C wet condition. (b) HAADF-TEM view of the
lamella showing the zones I and II. Selected area electron diffraction (SAED) for zone I (c) and zone III (f) associated with X2-YMS and Al-phase. (e) Dark field STEM
micrograph of zone II, Y503 particles. The zone axis pattern was obtained from YMS (d), Y203 (f), and Al-phase (h). BSE micrographs for the sample at 1400 °C show
the coalescence of Y503 grains (i) and larger grains of Al-phase near the top column (j).

two sources are heated by a single electron beam. This critical frequency
can be established according to the solidification time required for a
material once the electron beam is withdrawn from the molten pool. For
the final microstructure, a multilayer may form below the critical fre-
quency. In addition, the rotation of the sample results in the formation of
a nano-layered microstructure (Fig. 2d,e). Since the trial runs prior to
the deposition of the investigated coatings were only limited in number,
the perfect position and stable evaporation conditions from two pools
for getting stochiometric YDS and YMS was not yet well established,
which caused the deviation in chemistry from the ideal YDS and YMS ion
ration.

4.2. Crystallization process of EB-PVD EBC multi-layer

It has been shown that the EBCs that are manufactured by either APS
or reactive magnetron sputtering, require a crystallization heat treat-
ment after deposition to achieve the desirable phases [8-11]. Similarly,
the EB-PVD EBCs produced in this work were also found to be amor-
phous in the as-deposited condition. The applied crystallization heat-

treatment in this study has increased both the presence of cracks
(Fig. 4a,b) and the coating thickness by 3 and 10 % for YMS and YDS
layers (Table 1), respectively. The rise in thickness can be attributed to
the formation of Y203 and YMS phases during the transition of amor-
phous YMS composition into the crystalline state. In addition, the dif-
ference between the CTEs of Y203 (9.5 x 107%/K) and YMS (7.7 x 1079/
K) [25] and the SiC substrate (4.5 x 107® /°K) could lead the crack
formation during quenching. Similar phenomenon could have caused
the thickness change and the crack formation in the case of YDS, where
both o (CTE of 8 x 1075/K) and p (4.1 x 1075/K) YDS polymorphs
evolved during crystallization.

After heat-treatment, no drastic change in the overall morphology of
the coatings was observed. Thin intercolumnar gaps were present at few
places. Larger columnar gaps due to spitting behavior were also
observed randomly. Most importantly, a sharp interface between top
YMS and bottom YDS layers was established after the heat-treatment.
Homogenized YDS microstructure was achieved after heat-treatment.
In the case of YMS layer, alternative nano-layers of Y503 and YMS
were formed as an effect of their individual chemistry e.g., Y- or Si-rich
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Amorphous

[125] B-YDS

Fig. 8. (a) Cross-sectional SEM micrograph of the YDS layer showing the location of TEM lamella after oxidation under wet condition at 1400 °C. (b) HAADF-TEM
view of the porous (zone A) and dense zone (zone B). (d-f) Associated Si, O, and Y, respectively, elemental maps. (g-h) SAED focused on SiO, pockets (zone A) and
their corresponding patterns. (i-j) Dark field STEM micrograph emphasized zone B (YDS), and their zone axis patterns confirmed p-YDS.

Air (1400°C)

Wet (1300°C)

Wet (1400°C)

Fig. 9. BSE cross-sectional micrographs and chemical mapping of silica scale formed on top of SiC underneath YDS/YMS after 100 h, (a) under air at 1400 °C, (b)

under wet condition at 1300 °C and (c¢) under wet condition at 1400 °C.

layers (Fig. 4c). The nano-layer formation is typically observed in the
EB-PVD deposition process as a result of substrate rotation. In the case of
TBCs, layered periodicity in the coating can reduce the phonon scat-
tering and transport, leading to lower thermal conductivity [26]. Thus,
layered periodicity will be engaging in improving the thermal conduc-
tivity of disilicate materials for EBCs. On the other hand, the desired
single-phase composition for each layer is not achievable if the nano-
layer thicknesses are too large. This can be compensated by a larger
rotational speed which leads to a smaller thickness of each nano-layer.

4.3. EBC oxidation

EB-PVD EBCs are still in the early stages of development, and their
performance under dry or wet oxidation conditions, thermal cyclic
behavior, CMAS (calcio-magnesio-alimunio-silicate) resistance etc.,
must be studied in detail. This work seeks to provide the first results
regarding water vapor oxidation. Generally, EBC steam oxidation has
been studied in the laboratory using isothermal heat treatments, thermo
cycle tests, and high temperature and velocity steam rigs where the



C.Y. Guijosa-Garcia et al.

18
] [ 125%~75%
16 4 I Min~Max |
3 — Median Line
b ® A

14_ ¢ &
,g ] o
3 124 _ R 4
n ¢
@ 10- i * .
C ©
aot ©
— 8_ <o -
£
F &
o' 64 %@ ]
n <

. P

& ]
2 4 -
0
1300°C 1400°C 1400°C
30mass%H,0/70mass %0, Air

Fig. 10. Box and whisker plot of silica scale thickness measurements via image
analysis after exposure in air and wet condition at 1300 and 1400 °C.

engine-like conditions were simulated, e.g., 30 atm total, 3 atm water
vapor partial pressure, 100 m/s gas velocity, 1400 °C gas temperature in
the combustor [8]. However, those aggressive tests could provide in-
formation about the radical degradation of EBCs under real engine
conditions, but merely reveal the fundamental mechanisms of EBC
degradation. Hence, a more careful approach of employing low water
vapor flow rates at isothermal conditions was chosen in this study an
initial step.

4.3.1. Degradation of EBC under air and wet oxidation

The topography of the EBC surfaces evidently showcases the differ-
ences between air and wet condition oxidation (Fig. 5). In air condition,
the grain size reduction can be related to the sintering effect at 1400 °C
after 100 h. The sintering causes the shrinkage of the surfaces, leading to
larger cracks. Reduced size of the cracks with increased ridge sizes were
observed on the surface after wet condition oxidation test (see Fig. 5c,e).
The presence of ridges has been reported as an effect of SiOy volatili-
zation from the grain boundaries of the bulk ceramic [27]. In this work,
the ridge microstructure becomes more evident at 1400 °C compared to
1300 °C. This explicitly shows the temperature effect for the same low
water vapor flow rates. Under a wet environment, this silica volatiliza-
tion could be enhanced and lead to faster SiO5 depletion at the surface,
creating ridged structures and initiation of smaller cracks [10,27].

The exposure of YMS/YDS to air and wet condition has resulted in
the opening up of intercolumnar porosity and the formation of closed
pores in YMS and dark inclusions in YDS. The presence of closed pores
has increased with increasing temperature (more at 1400 °C compared
to 1300 °C, Fig. 5b,d,f). The pores could have formed due to SiO2 loss
during the formation of Si(OH)4(g) from YMS, or due to the coalescence
of nano-pores. The nano-layers of Y203 and YMS have disappeared in the
YMS layer after both oxidation conditions. Larger Y,O3 grains appear
presumably due to the difference in internal energy, sintering and
chemical potential form the yttria-rich nano-layers (see larger white
grains in Fig. 7i). It must be noted that flow rates are not aggressive
enough to cause substantial recession of the YMS, but they are just
enough to cause silica loss and closed pore formation. Higher intra-
columnar pores in YDS could be an effect of its lower sintering tem-
perature (YMS ~1500 °C and YDS ~1402 °C) [28]. It is known from the
literature that the formation of secondary phases during the silica
volatilization leads to volume changes and causes a considerable
thickness variation. However, the current study’s thickness change was
negligible (~1 pm as shown in Table 1). In addition to the morphological
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changes in the EBC layers, associated phase changes in both YDS and
YMS layers were identified and are summarized in Table 2. It is known
that yttria offers good resistance against water vapor. The SiO, activity
for Y2SiOs + Y20s3, is in the range of 0.002 which is lower than Y,SiOs +
Y2Siz07 = 0.4 [28]. Therefore, presence of little Y03 in YMS layer
should offer better water vapor protection provided no additional CTE
related issues are provoked.

The Al-phase (elemental concentration of 21.2 Al, 14.8 Si, and 85.3
Y) would have been most likely formed due to the reaction of the YMS
layer with (Al(OH)3 (g)) resulting from the alumina tube reaction with
water vapor while subjected to high temperature for longer times
(1300 °C and 1400 °C, 100 h) (Fig. 7j) [29]. YAP (YAlO3) and YAM
(Y4Al209) are two of the four crystalline phases occurring in the AlyOs-
Y203 system with orthorhombic and monoclinic structures, respectively
[30]. The Al-phase observed in this study exhibits similar stoichiometry
to YAM, however, the crystal structure determined by TEM corresponds
to an orthorhombic system (Fig. 7g). Matusch has investigated the Y,03-
Si02-Al;03 system and reported the YASO phase as a partial solid so-
lution with formula Y4Al; 2xSi2xOg.x With a solubility range of 0.076 <
X < 0.144. The Al-phase identified in this study exhibits similar
composition and crystal structure. Additional studies are required to
identify and demonstrate the presence of YASO phase as this phase could
be an interesting candidate for EBC material for oxide-oxide CMCs.

No evidence of YDS presence in YMS layer was found by TEM in
contrary to the XRD (Fig. 7) reflections at ~27.5, 27.8 and 29.4°
(Fig. 6a). It might be possible that X-rays were passing through the
cracks in YMS layer and reach the underlying YDS layer. However, more
experiments are needed to confirm this phenomenon.

The degradation mechanism of YDS under steam oxidation is docu-
mented well in the literature. SiO- volatilization causes the formation of
a porous YMS phase, which further degrades to Y03 under continuous
water vapor flow at high velocities (>150 m/s) [28,31]. XRD and TEM
results of the YDS layer did not show evidence of either YMS or yttria
(Figs. 6b and 8). Nevertheless, numerous silica inclusions (amorphous)
have been identified within the YDS layer (Fig. 8b-e). The YDS coating
has excess silica in its as coated state (Y:Si = 0.75) and it is believed that
the observed SiO5 pockets are formed as a result of segregation during
the high temperature exposure. It can be concluded that the EB-PVD
YMS top layer has fully protected the underlying YDS layer against
water vapor reaction. However, the y-YDS polymorph was observed
after oxidation, see Fig. 6. The evaluated temperature range between
1300 °C and 1400 °C represents the widely accepted YDS polymorphic
transformation temperature according to the disilicate phase diagram
[32]. The temperature range of p — y transition lies between 1320 and
1445 °C [32]. The temperature tested and the cooling conditions may be
associated with the formation of YDS polymorphous.

After the crystallization heat treatment, EBC showed cracks, mainly
in the YMS layer (Fig. 3). Cracks work like channels that favor oxygen
and water vapor transport and promote porosity. Assuming the water
vapor diffused through pores and cracks along the YMS crack, the YDS
layer should have undergone the aforementioned degradation. Howev-
er, this was not observed (Fig. 5) under the experimental conditions used
in this study. Consequently, the cracks in YMS did not trigger steam

Table 2
Summary of resulted phases after air and wet condition in YMS and YDS layer.

Oxidation test Temperature Phases resulted on Phases resulted on
[§O)] YMS Layer YDS Layer
Dry air 1400 YMS B-YDS
Y,03 SiO, -amorphous
Water vapor 1300 YMS B-YDS
Y,03 SiO, -amorphous
Al-phase
Water vapor 1400 YMS B-YDS
Y,03 y-YDS
Al-phase SiO, -amorphous
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reactions in YDS.

4.4. SiC oxidation behavior

The impact of the dual-layer EB-PVD EBC without a Si bond coat on
the silica scale formation was assessed under air and wet conditions. As
expected, SiC has been oxidized, and a silica scale has formed under-
neath the EBC layers.

All silica scales exhibited channel cracks, which can be attributed to
the p — a-SiO; (cristobalite- > quartz) transformation, as shown in Fig. 9
[4,8,9]. In addition, growth stresses can also contribute to the formation
of cracks (Fig. 9 a,b,c). After wet condition, the spallation of the EBC
may have also enhanced the cracks in the silica scale. Oxide scale
thickness measurements prove that water vapor has enhanced the SiOy
scale growth. Surprisingly, this effect is more pronounced at 1300 °C
than at 1400 °C, but the EBC spallation may have biased the accuracy of
some data.

The scale was found to be more porous and perhaps thicker at
1300 °C, compared to 1400 °C (Figs. 9b and 10). The presence of bubbles
(pores) in the SiO scale resulted from the formation of gaseous species
such as CO and its rapid outward diffusion during the oxidation of SiC
[33]. On the other hand, it is known that silica, which is grown at lower
temperatures (1200 °C), is mainly amorphous and increases its crystal-
linity as the temperature increases (1300 °C and 1400 °C) [34]. Thus,
silica formed at 1400 °C may be more crystalline than silica formed at
1300 °C. Opila proposed that the gaseous products (CO) are more sol-
uble in crystalline SiO, at high temperatures. Moreover, there is a
different interaction between the hydroxyl group and the SiOy poly-
morphs (crystalline or amorphous). Considering these findings, at
1300 °C, more CO would have been trapped in silica during the oxida-
tion of SiC inducing more significant porosity and higher thickness
(Fig. 10). At 1400 °C, lack of bubbles might have led to the contraction
of the silica scale (hence thinner), which was observed in Fig. 10 [4,8,9].

At 1400 °C, the difference in the silica scale thickness between wet
and air conditions is only 1 pm. This suggests that the applied EBCs have
offered protection to the underlying SiC substrate. It is expected that this
effect would have been more evident in the presence of a Si-bond coat.
The most significant observation in the case of wet condition is the
spallation of EBC layers, which could be the result of a non-uniform
thickness and wavy silica scale formation compared to a slightly
thinner and uniform scale under air condition (see scattering in the
thickness measurements as shown in Fig. 10). This is agreement with the
literature that the growth stresses are responsible for the spallation of
thick SiO, scales, which have crossed critical thickness values of ~4-5
pm [35]. A proper Si-bond coat might have reduced the silica growth
and provided better adherence to the EBC layers.

4.5. Challenges for EB-PVD focused in EBC application

This work has demonstrated the feasibility of EB-PVD to produce
EBC layers. Moreover, the versatility of developing new microstructures
like dense or columnar EBCs has been proven again. In comparison to
sputtered PVD EBCs, the high evaporation and condensation rates would
allow the production of thicker coatings on sharp edges and curved
geometries. In addition, using multiple ingots opens up the possibility of
producing multi-component T/EBC, providing the evaporation param-
eters are optimized. Based on the developed EB-PVD TBC know-how, the
EBC microstructure can be modified in order to enhance the critical
properties such as thermal conductivity (by multiple nano-layers), high
strain tolerance, and erosion resistance. Efforts are ongoing to modify
the EBC microstructure by adding a Si-bond coat and optimizing the
evaporation conditions. In this context, a huge scope exists for the
optimization of EB-PVD produced EBCs and leads the way for the
development of complex EBCs or T/EBCs with even more promising
microstructural features and performance.
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5. Conclusions

A multi-layer EBC system was produced on top of a SiC substrate by
co-evaporation of two ingots (SiO; and Y303), using the EB-PVD meth-
odology for the first time. YMS and YDS layers were successfully
deposited as amorphous layers close to the nominal stoichiometric
composition, but still with a not neglectable deviation. A mostly dense
columnar coating without larger inter-columnar gaps or feather arms of
around ~40 pm thickness for each layer was achieved. X2-YMS and
yttria were crystallized as major phases constituents of the YMS while
the YDS layer consisted mainly of a- and $-YDS after the crystallization
treatment at 1250 °C. The crystallization of the amorphous coating has
led to an increase in coating thickness and the evolution and progression
of some cracks in the EBC.

High temperature oxidation under air and water vapor conditions
was performed to investigate the thermochemical stability and micro-
structural evolution of YMS/YDS EB-PVD EBC. Under wet conditions,
SiOs volatilizes, forming ridges on the YMS surface, and crack healing
was observed. A rise in temperature from 1300 °C to 1400 °C has
enhanced the SiO; evaporation rate and formation of yttria and pores
within the YMS layer. No evidence of YDS destabilization into YMS was
observed. Under both air and wet oxidation conditions (100 h, 1300 and
1400 °C), the p-YDS polymorph was found to be stable and the mixture
of X2-YMS and yttria remained in the YMS layer while in the YDS layer
the a-polymorph has disappeared.

A silicon bond coat is required for attaining better adherence be-
tween SiC and the EB-PVD EBCs. Oxidation of SiC has led to the for-
mation of a non-uniform, porous silica layer at the interface, which was
found to be thicker under wet than under air conditions. Under the
studied conditions, EB-PVD EBCs have proven to be effective against SiC
water vapor enhanced oxidation.
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