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Yttrium silicates are promising materials for improved oxidation
and erosion protection for carbon fiber-reinforced composites.
A two-layer coating system of low-pressure plasma-sprayed
yttrium silicate on chemical vapor deposition-SiC-precoated
C/C–SiC was tested under atmospheric re-entry conditions sim-
ulated within a plasma wind tunnel test facility. The thermal
expansion behavior of Y2SiO5 and Y2Si2O7 was investigated.
The chemical compatibility with and without increasing oxygen
partial pressure at the interface of the two-layer system was
calculated by the CALPHAD method. The calculations were
compared with experimental results. Furthermore, a thermo-
dynamic explanation is presented to understand and predict
the observed coating failure mechanism, identified as blister
formation.

I. Introduction

BECAUSE of their mechanical strength at high temperatures
and their thermal shock resistance in combination with low

specific mass, carbon fiber-reinforced composites like C/C–SiC
are promising materials for high-temperature structural appli-
cations in gas turbines or heat shields of aerospace re-entry ve-
hicles. In oxidative environments, protective coatings are
required because of the degradation of carbon at temperatures
above 673 K. The coating has to be oxidation resistant and has
to prevent oxygen diffusion inwards as well as carbon diffusion
outwards in order to avoid oxidation or carbothermic reduction.
During the atmospheric re-entry maneuver of a space vehicle,
the low-pressure environment and the surrounding high-velocity
plasma flow have to be considered. Therefore, the coating ma-
terial must possess low volatility to prevent excessive surface
erosion. To provide adequate adhesion between the coating and
the substrate, and mechanical stability of the system, the coef-
ficient of thermal expansion (CTE) of both have to be as similar

as possible. It is generally accepted that to fulfill all these fun-
damental requirements in a high-temperature oxidizing environ-
ment, a multilayer coating is needed rather than a single-layer
coating.1–3

Silicon-based ceramic coatings, like SiC or Si3N4, are attrac-
tive materials for oxidation protection at elevated temperatures
for extended time periods because of their thermophysical prop-
erties, as well as the formation of a thin amorphous SiO2 scale
with simultaneous low oxidation rate.4 The occurrence of mi-
crocracks within the coating, which is a result of thermo-
mechanically induced stress, is problematic and to avoid this
effect it is proposed to introduce single layers or inlays of a glass-
forming phase to provide self-healing capabilities.2,3 Many mul-
tilayer systems have been developed, containing one or more
glass sealant layers covered with inner and outer ceramic layers.3

In view of applicability as a coating material, Ogura et al.5

investigated the thermal properties of monosilicates from lan-
thanides (Ln2SiO5) and yttrium (Y2SiO5). It has been demon-
strated that yttrium monosilicate (Y2SiO5, MS) has the potential
to be used as an erosion-resistant layer. Therefore, a two-layer
system for C/C composites has been proposed, consisting of an
inner SiC bonding layer and an outer oxidation/erosion protec-
tion layer of yttriummonosilicate. The aim is to design a coating
system that is inherently crack resistant without using expensive
sealing layers,6 as for example B4C applied by chemical vapor
deposition (CVD). Because of the low Young’s modulus of
Y2SiO5 and the high compatibility of the CTEs between SiC and
Y2SiO5, the mechanical-induced stress at the Y2SiO5–SiC inter-
face is decreasing significantly.5 On the other hand, the forma-
tion of gaseous oxidation products between the oxide and the
carbide layers becomes serious with increasing temperature.3,7–9

To produce dense yttrium silicate coatings, it has been found
that the presence of yttrium disilicate (Y2Si2O7, DS) in the outer
yttrium silicate layer is useful.9,10 In this work, a low-pressure
plasma spray (LPPS) technique is used to produce yttrium sil-
icate coatings on CVD-SiC-precoated C/C–SiC specimens
(58.4% carbon fiber content), manufactured via liquid silicon
infiltration.11 The oxidation and erosion protection efficiency
under simulated atmospheric re-entry conditions are compared
with specimens protected only with a CVD-SiC layer and with
industrial-manufactured multilayer coatings, based on SiC.
During the tests in a plasma wind tunnel facility, at tempera-
tures above 1923 K,10 a sudden coating failure has been
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observed, identified as the formation of blisters. Spallation of a
yttrium silicate coating was also observed by Webster et al.9

during continuous isothermal mass change measurements in air
at 1873 K. Discussed as a mismatch of CTE,10 the aim of this
work is to give an explanation for the failure mechanism. The
thermal expansion behavior of Y2SiO5 and Y2Si2O7 is investi-
gated and compared with published results. Apparently, the
mismatch in CTE cannot be the only reason for the observed
coating failure. Thermodynamic calculations are carried out to
understand possible interface reactions between yttrium silicate
and SiC with increasing oxygen partial pressure.

II. Thermodynamic Database

The CALPHAD (CALculation of PHAse Diagrams12) method
is used to determine phase equilibria and phase reactions in
multicomponent systems. A consistent set of thermodynamic
data for the Y–Si–C–O was developed and the calculations were
carried out using ThermoCalc software.13 The unary data for
the pure elements and the description for the gaseous species
were taken from the SGTE substance database.14 The thermo-
dynamic description for the binary systems Y–Si, Y–C, Si–C,
and Y–O were derived by thermodynamic optimization15,16 and
the system Si–O was taken from the literature.17 Based on phase
diagram data and measurements of enthalpy of formation and
heat capacity for the solid phases,18,19 a thermodynamic assess-
ment of the system Y2O3–SiO2 was performed.20 For the de-
scription of the liquid phase, the two-sublattice liquid model was
used. The descriptions were combined in one single database
to calculate the phase equilibria in the quaternary Y–Si–C–O
system.

III. The Pseudobinary System Y2O3–SiO2

In the system Y2O3–SiO2, two yttrium silicate compounds are
known: Y2SiO5 and Y2Si2O7.

21,22 The monosilicate (Y2SiO5)
occurs in two different modifications (designated as X1 and X2)
and the disilicate (Y2Si2O7) occurs in four different modifica-
tions (referred to as a, b, g, and d; in order of increasing tem-
perature). The phase transitions are of reconstructive character
and the transition temperatures are given by Felsche.21 Those
between the Y2Si2O7 modifications are very sluggish. The mod-
ification change of Y2SiO5 is martensitic;23 both Y2SiO5 struc-
tures are of monoclinic symmetry and crystallize within point
group 2/c. The difference lies in the unit cell: While the high-
temperature modification (X2) is base centered, X1 crystallizes in
a primitive cell.22 The calculated pseudobinary system is shown
in Fig. 1.20 The calculations do not take into account the poly-
morphic transformation of Y2SiO5. According to the calcula-
tions, Y2SiO5 melts congruently at 2232 K, and d-Y2Si2O7 melts
incongruently at 2060 K.

IV. Experimental Procedure

Y2SiO5 and Y2Si2O7 were prepared by the mixed-oxide tech-
nique. Starting materials were powders of high purity of Y2O3

(Alfa, 99.99%, o1 mm, Alfa Aesar, Karlsruhe, Germany) and
SiO2 (Chempur, 99.99%, o45 mm, Karlsruhe, Germany). Prior
to use, the oxides were dried at 1273 and 1073 K, respectively,
and subsequently stored in a desiccator. Appropriate amounts
of oxides were mixed for 24 h in a 3-D powder mixer. The pow-
der mixtures were isostatically cold pressed at 800 kPa and an-
nealed for 120 h at 1873 K in air, with intermediate milling. By
this treatment, pure yttrium silicates were obtained as confirmed
by XRD and energy-dispersive X-ray spectroscopy (EDS) meas-
urements.

The CTEs of the pure yttrium silicates (MS and DS)
were measured on cylindrical samples (0.5 cm� 0.3 cm, 98.7%
theoretical density) with a differential dilatometer (Model
802, Bähr, Hüllhorst, Germany) and heating up to 1673 K in
air with a gradient of 5 K/min.

To examine possible reactions between SiC and Y2SiO5, the
Y2SiO5 was milled and mixed with b-SiC (Cerac Inc., 99.9%,
o1 mm, Milwaukee, WI). Bulk samples were prepared as de-
scribed above and annealed for 8 and 128 h, respectively, at 1923
K in air. Additionally, thermogravimetric analysis (TGA) was
carried out on these samples in air up to 1923 K (Bähr STA501)
using an Al2O3 crucible, which was covered inside with platinum
foil. The phase compositions were analyzed by XRD (Siemens
Diffractometer D5000/Kristalloflex, CuKa1 radiation, Bruker
AXS, Karlsruhe, Germany). The evaluation was performed by
using Bruker AXS DIFFRACAT software, comparing with the
Powder Diffraction File data of the International Centre for
Diffraction Data.

Yttrium silicate coatings were deposited on CVD-SiC-pre-
coated C/C–SiC specimens by an LPPS technique.10 This proc-
ess is based on the generation of a plasma jet consisting of an
argon gas flow with admixtures of hydrogen and helium. The
gas flow is ionized while passing a high current arc discharge
within the plasma torch. The plasma jet leaves the torch by
passing a Laval-nozzle with a plasma jet velocity of up to 3000
m/s. When powder is injected into the plasma jet, the particles
will be accelerated (4800 m/s) and molten before being pro-
jected onto the substrate.24 Two yttrium silicate powders of
different composition were sprayed, as given in Table I. The
coating thickness of the yttrium silicate layers varied between
100 and 200 mm.25

The C/C–SiC specimens with coatings obtained by spray
powder 1 (Table I) were tested within a plasma wind tunnel
test facility26 to assess the oxidation and erosion resistance un-
der simulated atmospheric re-entry conditions. The vacuum
chamber of the test facility is a 5 m long steel tank with a di-
ameter of 2 m, divided into three cylindrical segments, which all
have a double-wall cooling segment.10 The sample geometry is
shown in Fig. 2. During these tests, the sample was attached to a
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Fig. 1. The calculated Y2O3–SiO2 system.20

Table I. Chemical Composition and Particle Size Fraction of
the Plasma-Sprayed Powders

Spray powder 1 Spray powder 2

Composition Y2O3:SiO2 50:50 wt% 75.5:24.5 wt%
21:79 at.% 45:55 at.%

Particle size distribution
(mm)

8–25 5–30

Median size (mm) 19.9 16.7
Phase content Y2Si2O71SiO2 Y2SiO51Y2Si2O7
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water-cooled support system, which is mounted on a movable
platform of the positioning system. The sample itself was
mounted inside a sample support cap, which is made of sinte-
red SiC and faced toward the plasma source. As indicated by the
arrow in Fig. 2 (plasma flow direction), a circular-shaped area of
the sample’s surface (diameter: 26.5 mm) was exposed to a plas-
ma flow of approximately 800 m/s.

The chosen test parameters were the same as those from pre-
vious successful test campaigns of other projects,10,27 with CVD-
SiC-coated C/C–SiC and multilayer-coated C/SiC samples sup-
plied byMAN Technology (Munich, Germany) and by Astrium
(Friedrichshafen, Germany), respectively. With mass flow rates
of 1.6 g/s N2 and 0.4 g/s O2, respectively, the stagnation pressure
was approximately 4.1 mbar. For the possibility of direct com-
parison of specimens with different coating systems, the first
tests with the two-layer LPPS/CVD coating system were per-
formed at 1623 K for 23 min at maximum temperature. The
following tests at 1773, 1873, and 1923 K, respectively, were
performed by increasing the current of the plasma generator.
The specific mass loss was determined by the sample’s change in
mass versus testing time.

V. Results and Discussion

(1) Mass Loss During Plasma Wind Tunnel Tests

After 23 min at 1623 K in the plasma wind tunnel, the visual
appearance of the test specimens with yttrium silicate coatings
obtained from powder 1 changed. The typical gray color of the
coating turned into white—just as the color of the original spray
powder—and the coating surface appeared smoother because of

sintering effects. However, investigations by SEM did not show
any apparent degradation within the C/C–SiC substrate mate-
rial. As shown in Fig. 3, at 1623 K, the weight change of C/C–
SiC specimens with yttrium silicate protection is less than 10%
that of samples with a CVD-SiC coating. Also, the C/SiC ma-
terial with coating systems from industrial suppliers show a
weight loss approximately six times (MAN Technology)27 and
10 times (Astrium)27 higher than that of C/C–SiC material with
an LPPS-yttrium silicate coating. Higher weight loss indicates
higher erosion and/or active oxidation of the materials.

At temperatures above 1923 K,10 a sudden coating failure
was observed by visual inspection of the samples during the
running tests. The failure always started with the formation of
some local hot spots on the sample’s surface. Overheating effects
like this may be set off by additional heat fluxes resulting from
catalytic interaction between the coating’s surface and high re-
active components of the plasma flow, as for example the re-
combination reaction of atomic oxygen. By the following SEM
investigation, these hot-spot areas have been identified as areas
of blister formation. As an example, Fig. 4 shows the beginning
spallation of yttrium silicate coating that was obtained with
spray powder of type 2 (Table I). Besides the cracks with parallel
orientation to the Y2SiO5/Y2Si2O7–SiC interface, numerous
small cavities or bubble-like structures are visible within the
loosened silicate layer, which indicates increasing porosity and
gaseous reaction products. These areas are in contrast to the
almost undisturbed coating in between the blisters (Fig. 4, mid-
dle). Here the original low-pressure plasma-sprayed coating with
its dense microstructure (porosity r1%) as obtained with spray
powder 2 is still visible.

In view of coating failure mechanisms, the deficiencies of me-
chanical or chemical compatibility between the coating materi-
als and the substrate are important aspects to discuss.

(2) Mechanical Compatibility

Because of a mismatch in the CTE of phases within a multilayer
coating and the substrate, the cooling process after the coating
deposition will cause multiple microcracks and thus increasing
ingress of oxygen.

In Fig. 5, the results of thermal expansion measurements of
both yttrium silicates are shown. For comparison, literature
data of SiC are also shown.5,28 The mean CTE of Y2Si2O7

is determined to 4.84� 10�6/K (300–1673 K) and therefore,
it is presumed to be close to that of the SiC substrates
(4.3–5.4� 10�6/K determined in the ranges from 297 to 1144 K
and from 811 to 2477 K, respectively). This was also found
by Aparicio and Duran28 (4.6� 10�6/K for 300–1273 K). Thus
Y2Si2O7 and SiC can be considered as mechanically compatible.
Therefore, with increasing amount of Y2Si2O7/Y2SiO5 ratio, the
plasma-sprayed coating is expected to show higher mechanical
compatibility to the SiC sublayer and the C/C–SiC substrate.

Ogura et al.5 reported that the mean CTE of polycrystalline
Y2SiO5 is 4.8� 10�6/K (300–1623 K), which is also close to that
of SiC. According to Ogura’s XRD analysis, the bulk samples
contained Y2O3 as a minor constituent. Aparicio and Duran28

determined for the yttrium monosilicate a higher value of
6.9� 10�6/K in the range from 300 to 1273 K, measured on

Fig. 2. Sample geometry for the plasma wind tunnel tests.
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bulk sample prepared by mixing oxides and heat treating at
1833 K for 3 h. The preparation in this way also leads to a small
amount of residual Y2O3, as shown by XRD patterns in
Aparicio et al.29 The mean CTE of Y2O3 is 9.5� 10�6/K,28

which means that the presence of some Y2O3 should increase the
thermal expansion somewhat. As depicted in Fig. 5, both au-
thors are in disagreement with the data of this work. However,
the general shape of the mean thermal expansion curve coincides
with Ogura et al.5 At temperatures above approximately
1273 K, the curve of the MS shows obviously an increasing
gradient. This can be explained by the mentioned phase trans-
formation of Y2SiO5. According to Nowok et al.,23 the phase
transformation takes place at about 1123 K. This is in good
agreement with our result,30 observing a transformation tem-
perature of approximately 1173 K. The mean CTE was deter-
mined to 3.05� 10�6/K for 300–1173 K and 4.09� 10�6/K in
the temperature range between 1173 and 1673 K. Thus the phase
transformation of Y2SiO5 probably causes microcracks during
high-temperature application of coatings containing the mono-
silicate Y2SiO5.

(3) Chemical Compatibility

According to thermodynamic calculations by Webster et al.,6

carried out for a dense two-layer coating consisting of pure
Y2SiO5 and SiC, chemical reactions are not expected between
the two compositions at temperatures up to 2023 K. Increasing
the oxygen content at the Y2SiO5–SiC interface leads to the
formation of Y2Si2O7 and gas (CO/CO2) at 1873 K and a mass
gain of approximately 6 mass%. Possible reactions between the
silicate and the carbide material in the presence of oxygen are
given by Webster et al.6:

Y2SiO5ðsÞ þ SiCðsÞ þ 3=2O2ðgÞ¼ Y2Si2O7ðsÞ
þ COðgÞ (1)

Y2SiO5ðsÞ þ SiCðsÞ þ 2O2ðgÞ¼ Y2Si2O7ðsÞ þ CO2ðgÞ (2)

According to our thermodynamic calculations, in the absence of
any oxidizing gas, the phases Y2SiO5, Y2Si2O7, and SiC are in
equilibrium up to the incongruent melting of d-Y2Si2O7 at 2060
K (Fig. 6). Therefore, the chemical compatibility is not influ-
enced by the presence of Y2Si2O7. The SEM image of such a
coating system is shown in Fig. 7. In the cross-section, the light
gray LPPS–Y2Si2O7/Y2SiO5 layer, as obtained with spray pow-
der of type 1 (Table I), and the dark gray CVD-SiC bonding
layer underneath are clearly visible. Besides the silicate phases,
the plasma-sprayed coating is interspersed by angular—some-
times even rounded—particles of amorphous silica as confirmed
by EDS analysis. Obviously, they are residuals resulting from
the spray powder that also contains free silica. Chemical reac-

tions at the interface of the LPPS-Y2Si2O7/Y2SiO5–SiO2 layer
and the CVD-SiC coating have not been observed even after
thermal treatment up to 1873 K.

Figure 8(a) shows the calculated phase distribution caused by
chemical reactions at the interface of yttrium silicates and SiC at
1923 K with increasing oxygen partial pressure (pO2). To sim-
ulate such conditions, argon (Ar) was formally introduced as an
inert gas. This simulation for a closed system is based on the
assumption of a silicate composition of 0.33 mole Y2Si2O7 and
0.67 mole Y2SiO5 to react with 1 mole of SiC. The existence of a
small amount of gaseous phase, resulting for example from the
ingress through microcracks at ambient pressure of 1 bar, was
also taken into account. Because of an accurate determination
of the partial pressure of oxygen (pO2) within the gaseous phase,
some predicted chemical reaction mechanisms can be verified.
According to Fig. 8(a), Y2SiO5, Y2Si2O7, SiC, and gas phase
stay in equilibrium as long as the pO2 does not exceed 3� 10�16

bar. Above this value, Y2SiO5 and SiC react to form Y2Si2O7

and gas phase (mainly consisting of CO), as predicted by Web-
ster et al.6 (Eqs. (1) and (2)). The calculations show that re-
maining SiC may react with oxygen according to the reaction

2SiCþ 2 1
2
O2 ! SiO2 þ SiOþ 2CO (3)

As the oxygen partial pressure pO2 exceeds 5� 10�15 bar, solid
SiO2 becomes a stable phase. According to the calculations for
higher oxygen partial pressures (including conditions in air),
Y2Si2O7 and SiO2 remain as the only stable solid phases with
a total sample mass gain of 8.6%. It is important to note that
the experimentally observed transition from active to passive
oxidation of SiC at 1923 K occurs at remarkably higher

Fig. 6. Chemical compatibility of a (Y2SiO5/Y2Si2O7) layer on a SiC
layer.
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pO2 (B10�3 bar)31–33 as compared with the calculated value of
5� 10�15 bar for the SiO2 formation. To understand this effect,
the mass balance conditions in the treated thermodynamic sys-
tem have to be taken into account as discussed in detail by
Heuer and Lou.34 However, the mechanism of active–passive
oxidation is different from the one treated in this work for re-
actions proceeding at the interface of yttrium silicate and SiC.
The coating of 100–200 mm Y2SiO5/Y2Si2O7 protects the SiC
layer until the reaction on the interface creates a gas phase of
sufficiently high pressure to delaminate the coating as discussed
below.

Figure 8(b) shows the evolution of the relative gas phase
composition related to the oxygen partial pressure at 1923 K.
The dominating gas species are CO and SiO. At low-oxygen
partial pressures, the ratio of both gaseous components is equiv-
alent because both of them are generated from oxidation of SiC
only. With higher partial pressures of oxygen, the formation of
Y2Si2O7 also increases the production of CO significantly while
SiO is not involved.

To confirm the results of the simulation, a corresponding
powder mixture of 0.67 mole Y2SiO5 and 1.0 mole SiC was iso-
statically cold pressed at 800 kPa and annealed at 1923 K in air
for 8 or 128 h, respectively. Y2Si2O7 was not added, in order to
observe its expected formation. The XRD patterns for this ex-
perimental investigation are shown in Fig. 9. After annealing the
sample for 8 h, Y2SiO5 is still present, but the formation of
Y2Si2O7 has started and SiO2 is clearly detectable. After anneal-
ing for 128 h, only Y2Si2O7 and SiO2 (cristobalite) could be

identified by XRD, in agreement with the calculations. The
TGA (Fig. 10) indicates a mass gain of 8.5 mass%, which is in
good agreement with the calculated value of 8.6 mass%.

The calculations show that the gas phase consists mainly of
CO and SiO species interacting with the solid phases of the sys-
tem (Fig. 8(b)). Figure 11 shows three calculated isothermal po-
tential phase diagrams (1853, 1903, and 2000 K) illustrating the
stabilities of the solid phases as a function of the CO and SiO
partial pressures. A triangle-shaped three-phase field can be
seen, in which SiC and Y2SiO5 are in equilibrium with the gas
phase, existing in between four-phase equilibria lines with, e.g.
Y2Si2O7 or graphite additionally in equilibrium. Since CVD-SiC
coatings often contain very small and more or less dispersed in-
clusions of residual free carbon,35 the intercept point of the
lower and upper limiting line of the triangle-shaped phase field
is of special interest. At this point, all five phases (gas, SiC,
Y2SiO5, Y2Si2O7, and graphite) are in equilibrium.

At 1903 K the five-phase equilibria point (gas, SiC, Y2SiO5,
Y2Si2O7, and graphite) reaches a pCO of 1 bar. At 2000 K, the
intersection is outside the chosen axis limit in Fig. 11. For all
temperatures, the composition of the gas phase is clearly dom-
inated by pCO (approximately 10 times higher than pSiO). Figure
12 illustrates the evolution of the vapor pressure in equilibrium
with the four solid phases, graphite, SiC, Y2SiO5, and Y2Si2O7,
as a function of temperature. As the total pressure of the gen-
erated gaseous phase increases drastically with temperature, an
equilibrium vapor pressure of approximately 10 bar was calcu-
lated for example at 2175 K. These calculations show that
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during the plasma wind tunnel testing, the generation of CO gas
and the significant pressure increase can result in the formation
of blisters (see Fig. 4) near the Y2SiO5/Y2Si2O7–SiC interface.
Certainly, the critical temperature for expected coating failure
depends on the ambient pressure and exposition time, but also
on the existence of dispersed carbon inclusions within the un-
derlying CVD-SiC bonding layer.

VI. Conclusions

Plasma wind tunnel tests between 1623 and 1923 K have shown
that a two-layer coating system of LPPS yttrium silicates de-
posited on a CVD-SiC bond coating provides good oxidation
protection and erosion resistance for C/C–SiC composites. The
relative mass loss was determined to be less than 0.6% and no
apparent degradation of the surface material was observed up to
1923 K. At higher temperatures, a formation of local hot spots
was visually detected at the sample’s surface followed by coating
spallation. Overheating effects like these may indicate catalytical
interaction between the sample’s surface and the plasma flow.
Additionally, in view of numerous possible coating failure mech-

anisms a deficiency of mechanical or chemical compatibility
between the coating materials and the substrate has to be
discussed.

Because of the difference in the thermal expansion coefficients
of Y2Si2O7 and the two modifications of Y2SiO5, the resulting
mechanical strain may also be responsible for microscopic sur-
face cracks and failure during high-temperature application.

Thermodynamic calculations indicate good chemical compat-
ibility between both layer materials, yttrium silicate and SiC.
However, increasing partial pressures of oxygen interface
reactions at high temperatures are expected from thermody-
namic calculations and verified experimentally. As evidenced by
calculated isothermal potential phase diagrams, the partial pres-
sure of a formed gaseous phase, mainly consisting of CO and
SiO, is of great influence on the interface stability. The forma-
tion of gas bubbles and blisters within the silicate layer is ob-
viously resulting from the significantly increasing equili-
brium vapor pressure of the system. For atmospheric pressure,
a critical surface temperature of 1903 K was predicted by
calculations.
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