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bstract

he temperature dependence of the hot gas corrosion behaviour of various ceramic materials (Al2O3, ZrO2 (Y-TZP), mullite, ZrSiO4 and YAG)
as investigated. The tests were performed in a high temperature burner rig at temperatures between 1200 ◦C and 1500 ◦C, a total pressure of 1 atm
ith a water vapour partial pressure of 0.24 atm, a gas flow velocity of 100 m/s and test times of about 130–300 h.
ZrO2 (Y-TZP) showed absolutely no corrosion, however, a very high susceptibility to thermal shock and phase transformation was observed.
The other materials suffered degradation above 1300 ◦C. This was the consequence of the formation and evaporation of volatile hydroxides (e.g.

i(OH) and Al(OH) ). YAG showed a low corrosion rate and the formation of a protective surface layer. The corrosion susceptibility of these
4 3

aterials was found to be higher with increasing temperature.
Thermochemical calculations of the partial pressure of volatile species formed in reaction with water vapour, affirm the observed differences in

orrosion behaviour.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The main strategic goal for future generations of gas turbine
ngines is the increase of the thermal efficiency of the turbine.
his can be obtained by an increase of the hot gas temperature in

he turbine. However, simultaneously a decrease of the emissions
s required. For that reason lean combustion concepts with a
ower amount of cooling air are needed. This means that the
ise in thermal loading of the turbine components cannot be
ompensated by additional cooling. The components in the hot
as path have to withstand higher material temperatures.

Oxide and non oxide ceramic materials are promising
andidates for gas turbine components operating at elevated
emperatures.1 However, the common structural ceramics like
iC, Si3N4 and Al2O3 showed insufficient stability in high
elocity combustion environments. Especially, water vapour

n the combustion gas attacks the ceramic surface by the for-
ation and evaporation of Si-hydroxides2–5 (SiC, Si3N4) and
l-hydroxides6,7 (Al2O3). Recession rates in the range of about
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.5–1 �m/h were observed for advanced Si3N4, SiC and Al2O3
aterials destroying the materials after service in application

elevant times (>10,000 h).2–6 Therefore, the development of
nvironmental barrier coatings (EBC) or material concepts,
hich have thermodynamic stability in hot gas environment, are
eeded. Oxide ceramics are promising candidates for environ-
ental barrier coating systems, due to their natural stability in

xidative environments. However, a comprehensive understand-
ng about the stability of these materials in hot gas environment
s additional required.

In the present study the hot gas stability of various oxide
eramic materials will be presented.

. Experimental

The corrosion behaviour of selected ceramics (Table 1) was
nvestigated. Dense Al2O3 (AKP50 HC Stark), ZrO2 (ZrO2-
ZP 3Y TOSOH), mullite (AKP50 HC Stark and SiO2 Hereaus)
nd ZrSiO4 (ZrO2-TZP 3Y TOSOH and SiO2 Hereaus) were

abricated by stoichiometric mixture of the starting powders and
ot pressing at 1600 ◦C. YAG was fabricated by stoichiometric
ixture of the starting powders (AKP50 and Y2O3 HC Stark)

nd hot pressing at 1700 ◦C. Bending bars were cut and ground

mailto:marco.fritsch@ikts.fraunhofer.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.01.015
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Table 1
Summary of the materials investigated

Material Composition Densification Density (g/cm3)

�-Al2O3 �-Al2O3 Hot pressed 3.98
ZrO2 ZrO2 (Y-TZP incl. 3 mol.% Y2O3) Hot pressed 6.00
M
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ullite Al2O3, 28.2 wt.% SiO2

rSiO4 ZrO2 (Y-TZP incl. 3 mol.% Y2O3), 33 wt.% S
AG Y3Al5O12

ith a geometry of 3.8 mm × 3 mm × 36 mm as samples for the
orrosion tests.

The corrosion tests were performed in a high temperature
urner rig. The burner rig consisted of a combustor and a follow-
ng test section. The inner walls of the combustor and the sample
older in the following test section consisted on SiC tubes with
n inner diameter of 30 mm. Natural gas (mainly CH4) was used
s fuel for the combustor. To obtain a higher water vapour partial
ressure in the combustion gas, water vapour was introduced
eparately to the air/fuel gas stream using an evaporator. The
emperature was controlled by a Pt–Rh thermocouple near to
he sample holder. A summary of the test conditions is given in
able 2.

The calculated composition of the combustion gas was
btained from the theoretical stoichiometric combustion equa-
ions and found to be in agreement to calculation performed with
he computer program FactSage® (version 5.3.1). This computer
rogram is based on the principle of minimizing the Gibbs free
nergy of the system.

To determine the influence of the temperature on the corro-
ion behaviour, it is important to keep other influencing factors,
ike the water vapour content, constant. Therefore the amount
f added water steam to the gas flow was modified for each
emperature.

The recession of the specimens was obtained by measuring
he weight difference before and after the corrosion test. It is
xpressed by weight change �W (mg/cm2) relating to the area
f the test specimen exposed to the gas flow. From the weight
hance �W with time the weight loss rate Kw (mg/cm2 h) was
etermined. For linear corrosion kinetics the weight loss rate

w can be calculated with a linear fit. The tests were conducted

or 130–300 h at temperatures between 1200 and 1500 ◦C. The
eight loss rate was calculated after reaching equilibrium con-

able 2
ummary of the test conditions

efinition Symbol (units) Value

emperature T (◦C) 1200–1500
as flow velocity v (m/s) 100
otal pressure P (atm) 1
est time for each temperature t (h) 130–300

alculated composition of the combustion gas
Partialpressure of pH2O pH2O (atm) 0.24
Partialpressure of pN2 pN2 (atm) 0.64
Partialpressure of pO2 pO2 (atm) 0.08
Partialpressure of pCO2 pCO2 (atm) 0.04
Equivalence ratio Φ 0.5–0.6 (fuel lean)
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Hot pressed 3.20
Hot pressed 4.23
Hot pressed 4.55

itions (after 30–50 h). The recession rate Kr (�m/h) gives infor-
ation about the volume degradation and can be derived from

he weight loss rate by using the density of the specimen.
The activation energy was determined using the Arrhenius

aw. It was calculated with a linear fit between the weight loss
ate Kw (logarithmic plot) and the temperature (inverse plot).

In order to specify the corrosion attack, the sample surfaces
ere analysed before and after the corrosion test by XRD.
ased on these measurements the quantitative phase compo-

itions were calculated with the computer program AutoQuan®

version 2.6.2.0). Information about microstructure alterations
ere obtained through observations of the sample surfaces and
olished cross sections with element distributions of volatile
pecies in the SEM.

Recession rate prediction was made based on the mass trans-
er theory of volatile species. The mass flux of volatile species
nder turbulent gas flow conditions can be obtained from the
ollowing formula6:

≈ v4/5

P
1/5
total

(
pH2O

)n (1)

here J is the amount of mass transfer, v the gas flow velocity,
total the system pressure, pH2O the water vapour partial pres-
ure and n the water vapour partial pressure exponent.Under
he test conditions of Table 2 (v = 100 m/s, pH2O = 0.24 atm
nd Ptotal = 1 atm) the evaluated data were fitted to the following
ormula:

w = a exp

(−E

RT

)
v4/5(pH2O

)n(Ptotal)
−1/5 (2)

here Kw is the weight loss rate (mg/cm2 h), a a constant,
the activation energy (KJ/mol), R the general gas constant

8.31 J/mol K), T the temperature (K), v the gas flow velocity
/s), pH2O the water vapour partial pressure (atm), n the water

apour partial pressure exponent and Ptotal the system pressure
atm).

The FactSage® software package (version 5.3.1) was used for
hermodynamic calculations and evaluation of the partial pres-
ure of volatile species, formed by reaction with water vapour
pH2O = 0.24 atm, Ptotal = 1 atm). The thermodynamic data nec-
ssary for calculations were obtained from SGPS database

revised 2004) and Fact53 compound database (2004). For the
AG, YAM and Y2SiO5 phases a special data set of the System
–Al–Si–C–O from SGTE8 based on the data set of Groebner9

as used. The data set for Si(OH)4 was implemented from the
iterature.10,11
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Fig. 2. Corrosion kinetic of YAG at 1450 ◦C.
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Fig. 1. Corrosion kinetic at 1450 ◦C.

. Results and discussions

A summary of the corrosion test results is given in Table 3.
ig. 1 demonstrates the corrosion behaviour as weight loss as
function of time for the various ceramics at 1450 ◦C. Fig. 2

hows the corrosion kinetics of YAG for longer times.
A linear corrosion kinetics was found for Al2O3, mullite,

rSiO4 and YAG. This indicates a surface reaction controlled
orrosion mechanism. YAG showed a significantly lower corro-
ion rate in comparison with the other ceramics. In the case of
rO2 (Y-TZP) hot gas corrosion was not found.

All samples showed at 1200 ◦C a very low corrosion rate,
hich is in the range of the uncertainty of the measurement.
herefore the calculation of the activation energy was restricted

o the temperature range between 1300 and 1500 ◦C. Fig. 3
hows the Arrhenius plot of selected ceramics. ZrO2 (Y-TZP)

nd ZrSiO4 are left out, because ZrO2 (Y-TZP) showed no
etectable corrosion and ZrSiO4 could not be manufactured in
onophase. The derived activation energies from the Arrhenius

elationship are summarized in Table 4.

c
t

t

able 3
ummary of corrosion test results of oxide ceramic materials

aterial T (◦C) Time (h) �mt (mg

-Al2O3

1200 131 –a

1300 135 3.3
1450 168 17.0
1500 135 24.1

rO2 (Y-TZP) 1200–1500 –

ullite

1200 131 –
1300 135 12.7
1450 139 22.5
1500 145 27.6

rSiO4

1200 131 –
1300 127 5.5
1450 168 8.0
1500 145 13.8

AG

1200 131 –
1300 135 –
1450 300 2.8
1500 145 2.1

a Results are within the uncertainty of the measurement.
Fig. 3. Arrhenius plot of selected ceramics.

Table 5 shows the comparison of the crystalline surface phase
ompositions of the test samples before and after the corrosion

est measured by XRD.

From the observed corrosion behaviour of the ceramics inves-
igated, the corrosion reactions in Table 6 were deduced. Several

) Kw (mg/cm2 h) Kr (�m/h) R2 fit Kw

– – –
6.16 × 10−3 1.55 × 10−2 99.98
2.77 × 10−2 6.96 × 10−2 99.99
4.72 × 10−2 1.19 × 10−1 99.93

– – –

– – –
2.39 × 10−2 7.47 × 10−2 99.97
3.79 × 10−2 1.18 × 10−1 99.96
4.81 × 10−2 1.50 × 10−1 99.95

– – –
9.06 × 10−3 2.14 × 10−2 99.71
1.21 × 10−2 2.86 × 10−2 99.92
2.35 × 10−2 5.56 × 10−2 99.09

– – –
– – –
2.12 × 10−3 4.66 × 10−3 99.91
3.58 × 10−3 7.87 × 10−3 97.98
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Table 4
Activation energy

Material �Q (kJ/mol) R2 fit �Q

�-Al2O3 233 ± 8 99.96
Mullite 78 ± 10 99.95
YAG 266 –

Table 5
Phase composition of the surface before and after hot gas exposure

Material Phase composition
after manufacturing
(wt.%)

Phase composition of
surface after hot gas
corrosion (wt.%)

�-Al2O3 100 �-Al2O3 100 �-Al2O3

ZrO2 (Y-TZP) 100 t,c-ZrO2 32 t,c-ZrO2 + 68 m-ZrO2

Mullite 100 Al6Si2O13 70 Al6Si2O13 + 30 �-Al2O3

ZrSiO4 73 ZrSiO4 + 25
t,c-ZrO2 + 2 SiO2

32 t,c-ZrO2 + 68 m-ZrO2
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formation of Al-hydroxide (Eq. (8)).
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(

AG 100 Y3Al5O12 49 Y3Al5O12 + 18
Y4Al2O9 + 33 Y2SiO5

tudies show that under combustion atmospheres with a high
ater vapour content, the predominant volatile hydroxide for

lumina is Al(OH)3
6,7 and for SiO2 is Si(OH)4.2 This is consis-

ent with our thermochemical calculations.
Fig. 4 summarises the calculated partial pressures of the

olatile species for each material and various temperatures for
H2O = 0.24 atm and Ptotal = 1 atm. Even if the calculations of

he partial pressure of volatile species represent the thermody-
amic equilibrium, which is maybe even locally not achieved
nder test conditions (due to the gas flow), the calculated rank-
ng of the different ceramics is in agreement with the corrosion
esults.

Recession rate prediction was made based on Eq. (2). For
l2O3, mullite and YAG the following weight loss rate formulas
ere derived:
w,Al2O3 = 6.96 × 104 exp

(−233

RT

)
v4/5(pH2O

)1.5(Ptotal)
−1/5

(14)
m
P

able 6
roposed corrosion reactions with water vapour

aterial Corrosion reaction

-Al2O3 0.5Al2O3(s) + 1.5H2O (g) ↔ Al(OH)3 (g)
SiO2) SiO2 (s) + 2H2O (g) ↔ Si(OH)4 (g)
rO2 –

ullite
0.5Al6Si2O13 (s) + 2H2O (g) ↔ Si(OH)4 (g) + 1.5Al2O3 (s
0.167Al6Si2O13 (s) + 1.5H2O (g) ↔ Al(OH)3 (g) + 0.33Si

rSiO4 ZrSiO4 (s) + 2H2O (g) ↔ ZrO2 (tet, s) + Si(OH)4 (g)

AG

0.286Y3Al5O12[YAG] (s) + 1.5H2O (g) ↔ Al(OH)3 (g) +
0.5Y4Al2O9[YAM] (s) + 1.5H2O (g) ↔ Al(OH)3 (g) + Y2

0.2Y3Al5O12[YAG] (s) + 0.3Si(OH)4 (g) + 0.9H2O ↔ 0.3
0.5Y4Al2O9[YAM] (s) + Si(OH)4 (g) + Y2SiO5 (s) + Al(O
Y2O3 (s) + Si(OH)4 (g) ↔ Y2SiO5 (s) + 2H2O (g)

Y2SiO5) Y2SiO5 (s) + 2H2O (g) ↔ Si(OH)4 (g) + Y2O3 (s)
ig. 4. Calculated partial pressure of volatile species Si(OH)4 and Al(OH)3 over
ifferent solid phases at a total pressure of 1 atm and a partial pressure of water
apour of 0.24 atm.

w,Mullite = 3.72 exp

(−78

RT

)
v4/5(pH2O

)2(Ptotal)
−1/5 (15)

w,YAG = 5.00 × 104 exp

(−266

RT

)
v4/5(pH2O

)1.5(Ptotal)
−1/5

(16)

here Kw is the weight loss rate (mg/cm2 h), the first number the
t constant a, R the general gas constant (8.31 J/mol K), v the
as flow velocity (m/s), pH2O the water vapour partial pressure
atm) and Ptotal the total system pressure (atm). For Al2O3 the
ater vapour exponent is 1.5 according to the theoretical for-
ation of volatile hydroxide alumina (Eq. (3)). For mullite the
ater vapour exponent should lie within 1.5–2 according to the

ormation of Si-hydroxide (Eq. (5)) and Al-hydroxide (Eq. (6)).
n Eq. (15), the exponent is assumed to be 2, because mullite
uffers degradation mainly caused by silica volatilisation. For
AG the water vapour exponent should be 1.5 according to the
Fig. 5 shows the recession rate prediction for Al2O3,
ullite and YAG under gas turbine conditions (v = 150 m/s,
total = 15 atm, PH2O = 1.5 atm) for various temperatures and

�G
◦
1450 ◦C (kJ)

(3) 196.72
(4) 174.20

–

) (5) 187.83
O2 (s) (6) 201.65

(7) 175.61

0.214Y4Al2O9 (s)[YAM] (8) 245.62
O3 (s) (9) 284.64
Y2SiO5 (s) + Al(OH)3 (g) + H2O (g) (10) +150.31
H)3 (g) + 0.5H2O (g) (11) −33.06

(12) −317.70

(13) 317.70
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xposure time of 10,000 h. It is assumed that in a real gas tur-
ine the flow velocity and the total pressure are higher compared
o the test conditions in this study. The water vapour content is

ssumed to be 10% of the total pressure. Interpreting the reces-
ion data it should be considered, that the data for mullite and
AG might underestimate the real corrosion damage of the mate-

ials due to the formation of porous surface layers.

1
a
c
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Fig. 6. Surface of Al2O3 (a and b)

Fig. 7. Surface of ZrO2 (Y-TZP) (a an
eramic Society 26 (2006) 3557–3565 3561

.1. Corrosion of alumina

The weight loss rate of alumina shows a strong dependence
ith temperature in Fig. 3. The activation energy in Table 4 is

omparable to other studies (Yuri et al.6 246 kJ/mol and Opila7

10 kJ/mol). The main corrosion reaction should be the forma-
ion of Al-hydroxides like Al(OH)3 with water vapour from the
ombustion gas (Eq. (3)). Fig. 6 shows the surface of an alu-
ina sample after corrosion at 1500 ◦C. Clearly the alumina

rains can be seen, suggesting surface etching. It is plausible
hat the water vapour favours the attack of the grain bound-
ries, due to segregation and accumulation of impurities in them
r simply to the less stable atomic bonding. Furthermore, it
an be suggested that whole grains of alumina can fall out,
f the cohesion of the grains becomes insufficient. The cross
ection of the alumina sample showed no corrosion layer. That
grees with the linear corrosion kinetics found for alumina in this
tudy.

Recession rate prediction for alumina in Fig. 5 shows that
nder gas turbine conditions at elevated temperature between

◦
300 and 1600 C the recession within 10,000 h lay between 1.8
nd 32 mm. That will be too high for a structural gas turbine
omponent. Therefore, alumina needs to be protected with EBC
gainst corrosion.

after corrosion at 1500 ◦C.

d b) after corrosion at 1450 ◦C.
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Fig. 8. Surface (a) and polished cross section (b) of mullite af

.2. Corrosion of ZrO2 (Y-TZP)

ZrO2 (Y-TZP) showed absolutely no weight loss above
he uncertainty of the measurement in the temperature range
etween 1200 and 1500 ◦C. Fig. 7 shows the surface of a ZrO2
Y-TZP) sample after corrosion at 1450 ◦C. Various cracks and
rinding marks consulting from the manufacturing of the bend-
ng bar are visible. XRD observations of the sample surface
fter manufacturing revealed that, beside the tetragonal phase,
ubic ZrO2 was present. Because these two phases overlap each
ther in the XRD pattern, an explicit determination is difficult,
nd as a consequence they are listed in the Table 5 together.
he corroded surface revealed that the initial tetragonal/cubic
hase was destabilized. After the corrosion test a large amount
f the monocline phase is observed. This transformation led to
olume increase and subsequently to stress induced cracks. The
ransformation problem of ZrO2 (Y-TZP) is well known in the
iterature.12,13

Due to its high corrosion stability, ZrO2 (Y-TZP) is an EBC
andidate, but the large mismatch in thermal expansion between
rO2 (Y-TZP) and structural ceramics like SiC, Si3N4 and
l2O3 make it difficult to use as a coating. As a consequence

pecial focus has to be placed on thermal expansion and phase
tability of ZrO2 (Y-TZP) for use as an EBC material.
.3. Corrosion of mullite

Mullite showed between 1300 and 1450 ◦C the highest weight
oss rate among the investigated ceramics in the test. At 1500 ◦C,

3

w

rrosion at 1500 ◦C, EDX map of Si (c) from the cross section.

he weight loss rate equals the value of alumina. The XRD results
f the corroded mullite surface (Fig. 8) are shown in Table 5.
uring corrosion, a porous layer of alumina was formed at the

urface. EDX element distribution of Si in Fig. 8c, taken from the
ross section of the corroded mullite sample (Fig. 8b), revealed
hat the Si leaches out of the surface with time. This means that
he SiO2 of the mullite reacts with the water vapour of the com-
ustion gases. The reaction of SiO2 with water vapour (Eq. (4)) is
ell documented in the literature.2 The premier reaction should
e the forming of volatile Si-hydroxides like Si(OH)4 (Eq. (5)).
n argument for this corrosion process is further the amount of

he activity energy in Table 4. It is much lower than that of alu-
ina, and comparable to that of Si-ceramics.2,6 Nevertheless,

t is assumed that concurrently small amounts of Al-hydroxide
vaporate (Eq. (6)). The thermochemical calculations for mullite
n Fig. 4 agree with the observed preferred volatility of Si(OH)4
n comparison with Al(OH)3. The partial pressure of Si(OH)4 is
igher than that of Al(OH)3 up to 1500 ◦C.

The linear corrosion kinetics confirm that the developing
orous corrosion layer on the surface does not protect the bulk
aterial underneath from corrosion. The recession prediction

n Fig. 5 showed that mullite has a higher recession rate than
lumina and cannot be recommended as a material for EBC
oatings.
.4. Corrosion of ZrSiO4

The XRD results in Table 5 revealed that the ZrSiO4 sample
as not obtained as a monophase material after manufacturing.
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Fig. 9. Surface (a and b) and polished cross section (c) of ZrSiO4

eside ZrSiO4 there was t,c-ZrO2 and SiO2 found in the
ulk material. This showed that the stoichiometric mixture
f the starting powders of t-ZrO2 (Y-TZP) and SiO2 did not
eact completely to form ZrSiO4 under the given hot pressing
onditions.

Fig. 9 shows the surface of the ZrSiO4 after corrosion at
500 ◦C. Remarkable cracks and spalling of the outer corro-
ion layer are visible. With XRD, t,c-ZrO2 and m-ZrO2 were
ound on the surface. Fig. 9d shows the element distribution of
i, taken from the cross section in Fig. 9c. It can be seen that
i is leached out of the surface, due to the chemical reaction

o build volatile species. Based on these results two mean cor-
osion processes can be deducted. First SiO2 from the ZrSiO4
eacts with water vapour to yield volatile species which evap-
rate Eq. (7), so ZrO2 is left. The monocline m-ZrO2, found
ith XRD on the surface, belongs to the transformation of
rSiO4 to m-ZrO2. This monocline m-ZrO2 will transform

nto the tetragonal phase (or reverse) for every start and shut
own of the burner rig. It is to be supposed that this vol-
me change will cause stresses in the corrosion layer which
an consequently lead to the crack formation observed. This
eans that the outer porous ZrO2 layer gives little or no cor-

osion protection to the material underneath. Corresponding

inear corrosion kinetics were observed. It is proposed that
rSiO4, even in monophase, is unstable in water vapour con-

aining hot gas atmospheres and therefore not suitable for EBC
oatings.

t
t
b
Y

corrosion at 1500 ◦C, EDX map of Si (d) from the cross section.

.5. Corrosion of YAG

YAG showed over the complete temperature range a remark-
bly low weight loss rate in comparison to alumina and mullite.
evertheless the recession increased with time. The activation

nergy derived from the Arrhenius plot in Fig. 3 is higher than
hat for alumina.

Fig. 10 shows the surface and the cross section of a YAG
ample after corrosion at 1450 ◦C. The surface seems a little
ough. The XRD observations of the corroded YAG surface in
able 5 show that, beside YAG, Y2SiO5 and Y4Al2O9 (YAM)
ere formed during corrosion. The microstructure of a pol-

shed cross section in Fig. 10c and the element distributions
f Al, Y and Si (Fig. 10d–f) taken from Fig. 10c affirm the
xistence of a surface layer. Especially the element distribu-
ion of Al shows that only the monosilicate layer was built
n the surface. The YAM phase is assumed to be at the inter-
hase between alumina and Y2SiO5. It is suggested that the
AG decomposed in contact with water vapour to YAM and
l-hydroxides (Eq. (8)). Further, the YAM can decompose in

eaction with water vapour to form Y2O3 and Al-hydroxides
Eq. (9)). The existence of Si-hydroxides in the combustion gas,
ainly from corrosion of the SiC tubes (sample holder), can lead
o a simultaneous reaction of the Y2O3 with the Si-hydroxides
o form Y2SiO5 (Eq. (12)). Further, Si(OH)4 from the com-
ustion atmosphere can be involved in the corrosion attack of
AG (Eq. (10)) or YAM (Eq. (11)). Nevertheless, the partial
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Fig. 10. Surface (a) and polished cross section (b and c) of YAG after corro

ressure of Si(OH)4 in the combustion gas should be very low
n comparison with the water vapour partial pressure. There-
ore, the water vapour attack dominates the corrosion attack
f YAG and the building of Al-hydroxides. The absorption of
ilica, in the form of Y2SiO5, on the surface led to a weight
ain of the test specimen. It is proposed that in an atmosphere
ith no Si-hydroxides the weight loss rate of YAG should be
igher.

The formation of Y2SiO5 under these environmental con-
itions confirms that rare earth monosilicates are very stable
n hot gas environment.14 Klemm et al.15 and Ueno et al.16
ound monosilicates as corrosion layers on bulk disilicates. The
etected YAM phase in Table 5 correspond to the decomposition
f YAG into YAM and Al(OH)3 (Eq. (8)). The observed higher
nvironmental stability of the YAM and Y2SiO5 phases are in

h
r
Y
w

t 1450 ◦C, XRD maps of Al (d), Y (e) and Si (f) from the cross section (c).

greement with the calculated pressures of volatile hydroxides
Eqs. (9) and (13)) for these materials in Fig. 4.

Because a distinctive parabolic corrosion kinetic was not
ound (Fig. 2), it is proposed that the developing outer porous

2SiO5 and YAM layer on the YAG surface has only a small pro-
ective influence of the bulk material underneath. The recession
ate prediction in Fig. 5 shows for YAG an order of magnitude
ower recession rates in comparison with alumina and mullite.

Further investigations are needed to clarify the corrosion
ehaviour of YAG. The results show, that water vapour led
o corrosion attack of YAG and decomposition into YAM. Si-

ydroxides from the combustion gas are involved in the cor-
osion reactions and led to a weight gain due to the building of

2SiO5. It can be assumed that YAG will show in an atmosphere
ith no Si-hydroxides a higher corrosion rate.
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. Conclusions

The temperature dependence of the hot gas corrosion
ehaviour for various ceramic materials (Al2O3, ZrO2 (Y-TZP),
ullite, ZrSiO4 and YAG) was investigated. Besides ZrO2 (Y-
ZP) all materials exhibited degradation above 1300 ◦C. This
as the consequence of formation and evaporation of volatile
ydroxides (Si(OH)4 and Al(OH)3). Al2O3, mullite and ZrSiO4
howed at temperatures above 1300 ◦C a degradation that will
e too high for environmental barrier coating applications. YAG
howed a low corrosion coupled with the formation of a stable
urface layer. ZrO2 (Y-TZP) showed absolutely no corrosion, but
s very susceptible to thermal shock and phase transformation.

All ceramics, beside ZrO2 (Y-TZP), showed a strong increase
n degradation with temperature. The thermochemical calcu-
ations are in agreement with the observed corrosion rates. If
ufficient materials data are available, the theoretical calcula-
ion of the environmental stability of materials can be a tool for
uture EBC development.
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