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Abstract

Experimental studies were undertaken to assess the environmental effects on ultra-high temperature tensile creep behavior of directionally
solidified Al2O3/Y3Al5O12(YAG) and Al2O3/GdAlO3(GAP) eutectic ceramics. Tensile creep deformation tests conducted under constant
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tress ranging 100–200 MPa at temperature range of 1673–1873 K at different environmental conditions consisting of air and
ater vapor pressure,pH2O, up to 0.6 MPa. These eutectic ceramics exhibited a stress exponent of about 4.9–11.6, indicative of ten
ehavior characteristic of dislocation mechanism. The apparent activation energy for creep deformation was 737–984 kJ/mol of A2O3/YAG
nd 957 kJ/mol of Al2O3/GAP in air, while it was 529–645 kJ/mol of Al2O3/YAG and 611 kJ/mol of Al2O3/GAP atpH2O = 0.06 MPa an
70–620 kJ/mol of Al2O3/YAG at pH2O = 0.6 MPa. The presence of moisture accelerated the creep rate by about 1.4–4 orders of m

or pH2O = 0.06 MPa, about five orders of magnitude forpH2O = 0.4 MPa and about 5–7 orders of magnitude forpH2O = 0.6 MPa as compare
ith that in air at 1773 K. Results of this study and reasonable estimates in changes of the water vapor pressure indicated accel
ehavior by the presence of moisture.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Directionally solidified oxide eutectic ceramics, named
elt growth composites (MGCs), have been developed
nd studied in bulk processed materials; some MGCs
re Al2O3/Y3Al5O12(YAG), Al 2O3/GdAlO3(GAP), Al2O3/
r3Al3O12(EAG) binary systems and Al2O3/EAG/ZrO2

ernary system.1–6 The Al2O3/YAG system has a new mi-
rostructure in which single-crystals Al2O3 and YAG consist
f fine lamellar and three-dimensional networking structures.
his material is thermally stable even at the high tempera-

ure of 1973 K for 1000 h in air. It has an excellent strength
ver 1773 K and a good productivity of complex structural
omponents compared to conventional sintered engineering

∗ Corresponding author. Tel.: +81 29 861 7169; fax: +81 29 861 7853.
E-mail address:harada.y@aist.go.jp (Y. Harada).

ceramics. Such a material is potential candidate for u
high temperature structural materials in power genera
and aerospace industries. However, in such applicatio
considerable amount of water vapor can be encounter
the service environment. In addition, it involves synerg
interactions between corrosion and deformation proce
In metals and alloys, hydrogen impurities in moist envir
ments are fast diffusing species that can be trapped b
locations and grain boundaries.7 This leads to the hydroge
embrittlement. In metal oxides, hydrogen impurities ge
ally diffuse much more slowly than in metals,8 however, lea
to pronounced reductions in the strength.9–11

It is well established that slow crack growth in alum
and sapphire is promoted by moisture in air,12,13thus decreas
ing fracture strength in atmospheric environments. Much
is known about reductions of strengths with interstitial
drogen defects. Heuer et al.14 reported that polycrystallin

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.01.028
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Al2O3 subjects to high pressure (1400 MPa) water vapor con-
ditions, similar to those used to weaken quartz,15 is found to
deform at stresses far lower than those measured in dry tests
at 1473 K. A recent study of hydrothermally grown sapphire
suggests that “wet”�-Al2O3 crystals exhibit enhanced dis-
location processes.11 Such extensive research on mechanical
properties at high-temperatures has been conducted over the
past decades, but little attention has been given to effects of
several environments, especially moist environments.16,17

We are the first to construct a material testing system that
simulates severe environments such as ultra-high temperature
and high-pressurized water vapor.16 The equipment conducts
mechanical tests at ultra-high temperature up to 1973 K, and
high pressures to 0.98 MPa in air, moist, and gas environ-
ments. We have used it to study tensile creep behavior of
Al2O3/YAG system at 1773–1873 K.16,17 This study used
tensile creep test at ultra-high temperature in air and at differ-
ent high-pressurized water vapor to evaluate environmental
effects on creep deformation in Al2O3/YAG and Al2O3/GAP
systems.

2. Experimental procedures

High-purity commercial �-Al2O3 powders (AKP-30,
99.99%; Sumitomo Chemical Co. Ltd.), YO (Y O -SU,
9
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Fig. 1. Geometry of the tensile creep specimen.

within ±1 K of the set point throughout each test after a 2 h
soak at the test temperature (after a 5 h soak in the case of a
moist environment). Jigs made of Al2O3/YAG system applied
the load to the specimen.

Test environments in the present investigation consid-
ered of dry synthetic air (relative humidity: 30%) and high-
pressurized water vapor up topH2O = 0.6 MPa. For the test
in a moist environment, the slow flowing H2O (1.0 mL/min)
was injected into a water vapor stream above the condensation
point and heated to the exposure temperature in the interior
of an alumina chamber. A pre-load of 5 MPa was applied to
avoid any alignment changes during heating. Constant stress
on the specimen was controlled to within 1 MPa. Specimen
displacement was measured through a linear variable differ-
ential transducer with a resolution of 0.5�m connected to an
extensometer, which was attached to load train. The displace-
ment and time were continuously monitored during creep
tests.

Hydroxyl concentrations of several samples were deter-
mined using Fourier transform infrared (FTIR) spectrome-
ter (2000; Perkin Elmer, Inc.). Experimental specimens were
cut with their axis perpendicular to the direction of solidi-
fication in the gage section. Central areas of these samples
were ground and polished on both sides to thicknesses of
0.5–2 mm. The FTIR spectra were taken in 2000–4000 cm−1

range at room temperature in a chamber of the spectrome-
t mm
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9.999%; Shin-etsu Chemical Co., Ltd.) and Gd2O3 (Gd2O3-
U, 99.999%; Shin-etsu Chemical Co., Ltd.) were u

or starting materials. These powders were ball-mille
thanol with 82 mol.% Al2O3–18 mol.% Y2O3 or 78 mol.%
l2O3–22 mol.% Gd2O3 to form a material with 50 vol.% o
ach Al2O3 and YAG (GAP) phase. After removing etha
nd drying the slurry with a rotary evaporator, these p
ers were pre-melted to yield an ingot that was subsequ
laced in a molybdenum crucible. It was fabricated by un
ectional solidification in a crucible using a Bridgman-ty
pparatus (Japan Ultra-high Temperature Materials Res
enter, Ube, Japan) at a melting temperature of 2173 K,
ring the crucible at 1.39× 10−6 m/s.1–3 Cylindrical tensile
reep specimens were machined with their axis parall
he direction of solidification. The specimen geometry
pproximately 2.5 mm in gage-diameter, with a 10 mm g

ength and 65 mm long overall (seeFig. 1). All specimens
ere heated at 1873 K for 1 h in air after machining.
Constant-load tensile creep tests were conducted in

ral environments using an ultra-high temperature mate
esting system developed for simulating severe environm
as described in Ref.16). This apparatus was configured w
evere environmental simulator generating an ultra-high
erature over 1773 K and high pressure range up to 0.98
sing a slow strain rate testing machine as a basic unit

esting machine was controlled with the crosshead s
ange of 0.0001–0.1 mm/min and maximum load up to 20
sing a closed loop servomotor. Test temperature was
ured by two sets of B-type (Pt–Rh) thermocouples loc
ear the specimen gage length. Temperature was main
er with IR radiation passing through a large aperture (2
iameter) centered on the specimen surface. After

ng a background correction using a third-order polyno
t to the background absorbance, hydroxyl concentra
as calculated from infrared spectra by integrating ac

he hydroxyl bands. Specifically, the hydroxyl concentra
as determined from the following relationship based
eer–Lambert law between total integrated molar absorb
nd wave number reported by Kronenberg et al.18:

OH] = 0.641∆, (1)

here [OH] is hydroxyl concentration in ppm (number of
er 106 Al ions) and∆ is integrated absorbance (in 1 cm−2).

Microstructural observation was performed by scan
lectron microscopy (JEOL6400Fs; JEOL, Ltd.) and tr
ission electron microscopy (JEOL200CX; JEOL, Lt
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TEM foils were prepared by dimple polishing on one side
and ion beam thinning of both sides. Density of creep spec-
imens was measured by Archimedes’ method in ethanol
(99.8%) before and after creep testing. Specimens were
cleaned in ethanol and dried prior to measurement. Den-
sity measurements of specimens in the gage-section indicated
density of 4.30± 0.01 g/cm3 for the Al2O3/YAG system and
5.71± 0.02 g/cm3 for the Al2O3/GAP system indicated no
significant density changes after creep testing.

3. Results

3.1. Microstructure

Fig. 2 shows scanning electron micrograph of the cross-
section parallel to the solidified direction of Al2O3/YAG
and Al2O3/GAP systems. InFig. 2(a), the bright area is
the YAG phase; the dark area is the Al2O3 phase. The as-
received homogeneous microstructure shows a fine lamel-
lar structure consisting of 1–20�m in width of each phase,
and a three-dimensional network structure containing a
single-crystal YAG with a garnet structure distributed in a
single-crystal Al2O3 with a corundum structure.Fig. 2(b)
shows a SEM image of the Al2O3/GAP system. The bright
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of quasi-cleavage and limited ductile deformation are
observed (seeFig. 3(b) and (d)). Fundamentally, there
was no difference in the creep failure mechanism for air
and moist environments, which is assigned to the local
microstructure.

3.2. Creep behavior in air

Fig. 4(a) shows stress dependence of minimum creep rate
for Al2O3/YAG and Al2O3/GAP systems at 1673–1873 K
in air. These minimum creep rates increase with increasing
applied stresses, according to a power-law relationship. The
minimum creep rate,̇ε, is related to the applied stress,σ, by
the following relationship:19

ε̇ = Aσnexp

(
− Q

RT

)
, (2)

wheren is the stress exponent,A is a material constant,T
is the absolute temperature,Q is the activation energy for
creep andR is the gas constant.Fig. 3(a) illustrates that the
stress exponent of the Al2O3/YAG system decreases with in-
creasing temperatures (fromn= 11.6 at 1673 K ton= 9.5 at
1723 K,n= 9.2 at 1773 K,n= 8.0 at 1873 K in Al2O3/YAG).
The Al2O3/GAP system withn= 6.4 at 1773 K exhibits a
slight increase in creep rate by about twice that of Al2O3/YAG
s uiva-
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8 The
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c AG or
rea is the GAP phase; the dark area is the Al2O3 phase
he Al2O3/GAP system has a single-crystal Al2O3 and a
ingle-crystal GAP with a perovskite structure consistin
–10�m in width of each phase. The microstructure h
ner structure than that for the Al2O3/YAG system. In both
ystems no pores or no colonies is observed at as-rec
onditions.

Fig. 3 shows SEM images of the fracture surface
l2O3/YAG and Al2O3/GAP systems that has been s

ected to creep at 1773 K and a water vapor pressure,pH2O,
f 0.06 MPa. InFig. 3(a) and (c), both systems fractu
re initiated at internal flaws (marked with a circle) t
ay be attributable to shrinkage voids or micropores. T
EM images show that the brittle fracture morphol

ig. 2. Scanning electron micrograph of the cross-section parallel to
onditions. The dark area is the Al2O3 phase and the bright area is the Y
ystem at lower stresses of 100–130 MPa and an eq
ent in creep rate to Al2O3/YAG system at higher stresses
50–180 MPa, corresponding to results from different m

ng points (2103 K in Al2O3/YAG, 2033 K in Al2O3/GAP).
ig. 4(b) shows minimum creep rate as a function of inve

emperature for Al2O3/YAG and Al2O3/GAP systems in ai
pparent activation energies for creep deformation were

ained from the slope of semi-logarithmic Arrhenius p
f creep rate vs. inverse temperature. Activation ene
f the Al2O3/YAG system are 737–984 kJ/mol (on avera
64± 127 kJ/mol) over the stress range 130–200 MPa.
alue of the Al2O3/GAP system is 957 kJ/mol at the stres
50 MPa, which is slightly larger than those of Al2O3/YAG
ystem.

lidified direction of (a) Al2O3/YAG and (b) Al2O3/GAP systems at as-receiv
GAP phase.
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Fig. 3. SEM images of the fracture surface for Al2O3/YAG and Al2O3/GAP systems after creep at 1773 K and a water vapor pressure of 0.06 MPa. (a) and (c)
indicate crack initiation in the specimen interior, which is marked with a circle. (b) and (d) indicate brittle fracture of quasi-cleavage.

3.3. Creep behavior in moisture

Fig. 5(a) shows stress dependence of minimum creep rate
for Al2O3/YAG and Al2O3/GAP systems at 1673–1773 K
and a water vapor pressurepH2O = 0.06 MPa. For comparison

creep deformation data in air fromFig. 4(a) is included in
Fig. 5(a). In both systems, at a given stress over the tem-
perature of 1673–1773 K, minimum creep rates are larger
than those data in air, showing the great difference of creep
rates between in air and in moisture atpH2O = 0.06 MPa at

Fig. 4. (a) Minimum creep rate as a function of stress for Al2O3/YAG and Al2O3/GAP systems at 1673–1873 K in air. In the figure, stress exponents indicate. (b)
Minimum creep rate as a function of inverse temperature for Al2O3/YAG and Al2O3/GAP systems in air. In the figure, activation energies for creep deformation
i
ndicate.
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Fig. 5. (a) Minimum creep rate as a function of stress for Al2O3/YAG and Al2O3/GAP systems at 1673–1773 K and a water vapor pressure of 0.06 MPa. The
broken line shows creep data in air. In the figure, stress exponents indicate. (b) Minimum creep rate as a function of inverse temperature for Al2O3/YAG and
Al2O3/GAP systems at a water vapor pressure of 0.06 MPa. In the figure, activation energies for creep deformation indicate.

lower temperatures of 1673–1723 K. The stress exponent
varies between 7.0 and 7.6 in the Al2O3/YAG system. The
Al2O3/GAP system withn= 4.9 at 1773 K exhibits a slight
increase in creep rate by about 0.5–2 that of Al2O3/YAG
system at lower stresses of 100–130 MPa and an equivalent in
creep rate to it at a higher stress of 180 MPa.Fig. 5(b) shows
minimum creep rate as a function of inverse temperature for
Al2O3/YAG and Al2O3/GAP systems atpH2O = 0.06 MPa.
The slopes of plots of the Al2O3/YAG system show ac-
tivation energies of 529–645 kJ/mol over the stress range
120–140 MPa. The average value is about 579± 66 kJ/mol,
which is about 285 kJ/mol smaller than that in air. The value
of the Al2O3/GAP system is 611 kJ/mol at the stress of
130 MPa.

Fig. 6(a) shows stress dependence of minimum creep
rate for the Al2O3/YAG system at 1673–1773 K and
pH2O = 0.6 MPa, together with creep deformation data in
air from Fig. 4(a). At a given stress, over the temperature
1673–1773 K, the creep data atpH2O = 0.6 MPa indicates a
much larger creep rate than that in air and is slightly larger
than that atpH2O = 0.06 MPa. At lower temperature ranges,
there was much deference of creep rate between in air and in
moisture atpH2O = 0.6 MPa as well as the comparison creep
data atpH2O = 0.06 MPa with that in air. The stress exponent
is about 6.0–7.0, which is the same, within experimental error,
as that atpH2O = 0.06 MPa.Fig. 6(b) shows minimum creep
rate as a function of inverse temperature for the Al2O3/YAG
system atpH2O = 0.6 MPa. Apparent activation energies

F system en line
s inimu
w creep
ig. 6. (a) Minimum creep rate as a function of stress for the Al2O3/YAG
hows creep data in air. In the figure, stress exponents indicate. (b) M
ater vapor pressure of 0.6 MPa. In the figure, activation energies for
at 1673–1773 K and a water vapor pressure of 0.6 MPa. The brok
m creep rate as a function of inverse temperature for the Al2O3/YAG system at a
deformation indicate.
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Table 1
Experimental activation energies for creep deformation of Al2O3/YAG and Al2O3/GAP systems

Specimen Test temperature (K) Test atmosphere Activation energy,Q (kJ/mol)

Applied stress 100 MPa 120 MPa 130 MPa 140 MPa 150 MPa 160 MPa

Al2O3/YAG system 1673–1873 Air – – 799 – – 984
1673–1773 pH2O = 0.06 MPa – 562 529 645 – –
1673–1773 pH2O = 0.6 MPa 570 620 – – – –

Al2O3/GAP system 1673–1773 Air – – – – 957 –
1673–1773 pH2O = 0.06 MPa – – – – 611 –

for creep are 570–620 kJ/mol. The average value is about
595± 25 kJ/mol, which is close to that atpH2O = 0.06 MPa,
but is about 269 kJ/mol smaller than that in air.Table 1
summarizes activation energies for creep deformation of
Al2O3/YAG and Al2O3/GAP systems obtained in this work.

3.4. Moisture absorption during creep deformation

Typical infrared absorption spectra measured at room tem-
perature are shown inFig. 7 for the Al2O3/YAG system af-
ter creep at 1773 K; (A)σ = 140 MPa for 12 h in air, (B)
σ = 140 MPa for 18 h in moisture atpH2O = 0.06 MPa, (C)
σ = 150 MPa for 38 h atpH2O = 0.6 MPa; (D) after exposure
at 1773 K for 38 h atpH2O = 0.6 MPa and (E) for 200 h at
pH2O = 0.6 MPa. All spectra are normalized to a 1 cm optical-
path length, so that absorbance of different samples with
varying thicknesses could be compared directly. The type
of hydroxyl absorption consists of a broad, isotropic band
at 3400 cm−1 that may extend over 3600–3050 cm−1. Most
of the hydroxyl related to molecular water was found in this
region of broad band absorption that includes grain, resem-
bling more closely hydroxyl bands of hydrothermally grown

F r
e pectra
r n
m ,
a

sapphire.18 This type of hydroxyl in the present investiga-
tion is the result of molecular water. Hydroxyl concentra-
tions were calculated from Eq. (1), as shown inTable 2.
For exposure specimens at 1773 K and atpH2O = 0.6 MPa,
hydroxyl concentrations are very low (about 0.52 ppm for
38 h and 2.14 ppm for 200 h). Creep deformed specimens in
both air and moist environments exhibit increased absorption
bands caused by hydrogen impurities related to molecular
water. This is marked in comparison to an exposure speci-
men atpH2O = 0.6 MPa, for which hydroxyl concentrations
associated with broad band absorptions are about 5 ppm in
air, 8 ppm atpH2O = 0.06 MPa and 10 ppm atpH2O = 0.6 MPa,
depending on water vapor pressure. These concentrations are
less than those for hydrothermally grown sapphire (750 ppm),
and hydrothermally annealed and deformed sapphire speci-
men (25–80 ppm;T= 1173 K andpH2O = 1500 MPa annealed
for 83 h and then 6.9% deformed at 973 K) reported by Kro-
nenberg et al. (Table 3).18

3.5. Dislocation structures

Fig. 8shows bright-filed TEM images of the Al2O3/YAG
system after creep at 1773 K in air and atpH2O = 0.06,
0.6 MPa. InFig. 8(a) and (b) subjected to creep at a strain of
about 2.5 % and a stress of 140 MPa in air show that the high
d
p evi-
d cates
t ated
d is-
t s of
1 ss of
1 ases
a ev-
i pec-
i tion
i ized
g that
r

4

ob-
s that
ig. 7. Infrared absorption spectra for the Al2O3/YAG system after creep o
xposure specimen at 1773 K in air and moist environments. These s
epresent creep at 1773 K andσ = 140 MPa for 12 h in air (A), for 18 h i
oisture atpH2O = 0.06 (B),σ = 150 MPa for 38 h atpH2O = 0.6 MPa (C)
nd exposure at 1773 K for 38 h atpH2O = 0.6 MPa (D) and for 200 h (E).
islocation structure is observed in the Al2O3 and the YAG
hases. Recovery occurs mainly by dislocation climb as
ences by subgrain boundaries. This microstructure indi

hat the creep deformation occurs by climb-accommod
islocation motion.Fig. 8(c)–(f) subjected to creep in mo

ure atpH2O = 0.06 MPa (a strain of about 2.5% and a stres
40 MPa) and 0.6 MPa (a strain of about 2.5% and a stre
50 MPa), indicate high dislocation structure in both ph
s well as in air. The Al2O3 phase exhibits that abundant

dence of dislocation motion compared with that of the s
men tested in air. Moderately increased dislocation mo
s observed in the YAG phase. However, no recrystall
rains or subgrain boundaries are observed, indicating
ecovery is limited.

. Discussion

Figs. 4–6indicate that significant differences can be
erved when comparing the creep behavior in air and to
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Table 2
Hydroxyl concentration in the Al2O3/YAG system and single-crystal alumina examined by IR absorption

Treatment: temperature, duration, environment Type of OH Atomic concentration, 10−6OH/Al (ppm) References

1773 K, 38 h,pH2O = 0.6 MPa Broad 0.52 This work
1773 K, 200 h,pH2O = 0.6 MPa Broad 2.14 This work
1773 K, 12 h, creep atσ = 140 MPa, air Broad 4.86 This work
1773 K, 18 h, creep atσ = 140 MPa,pH2O = 0.06 MPa Broad 7.84 This work
1773 K, 33 h, creep atσ = 150 MPa,pH2O = 0.6 MPa Broad 10.4 This work
Dry seed Sharp <0.9 Kronenberg18

Hydrothermal growth Broad 750 Kronenberg18

1173 K, 83 h,pH2O = 1500 MPa; 6.9% deformed at 973 K Broad 25–80 Kronenberg18

Concentrations are indicated in ppm (OH per 106 Al ions).

Table 3
Experimental creep data for Al2O3/YAG and Al2O3/GAP systems in this work

Specimen Test temperature,T (K) Applied stress,
σ (MPa)

Method Test atmosphere Stress exponent,n Activation energy,
Q (kJ/mol)

Al2O3/YAG system 1673–1873 100–200 CLT Air 8.0–11.6 799–984
1673–1773 120–160 CLT pH2O = 0.06 MPa 7.0–7.6 529–645
1773 100–140 CLT pH2O = 0.4 MPa 7.2 –
1673–1773 100–150 CLT pH2O = 0.6 MPa 6.0–7.0 570–620

Al2O3/GAP system 1673–1773 100–180 CLT Air 6.4 957
1673–1773 100–150 CLT pH2O = 0.06 MPa 4.9 611

CLT: constant load tension.

in moisture.Fig. 9shows a direct comparison of creep behav-
ior in air and moisture at 1773 K for the Al2O3/YAG system.
Compared to that in air at a given stress, the minimum creep
rate in moist environments is higher by about 1.4–4 orders of
magnitude forpH2O = 0.06 MPa, about 5 orders of magnitude
for pH2O = 0.4 MPa, and about 5–7 orders of magnitude for
pH2O = 0.6 MPa. Creep resistance decreases with increasing
water vapor pressure up to 0.6 MPa. The stress exponent is

approximately 6.0–7.2 (n= 6 at pH2O = 0.6 MPa,n= 7.2 at
pH2O = 0.06 MPa, andpH2O = 0.4 MPa); it decreases slightly
with increasing water vapor pressure. Data taken fromFig. 9
at a given differential stress are plotted on log–log axes in
Fig. 10 to quantify dependence of minimum creep rate on
water vapor pressure. Here, the water vapor pressure in air is
defined aspH2O = 0.03 MPa. Therefore, the simple formula-
tion as shown by Norton Eq.(2), cannot be used to analyze

F hase a
0

ig. 8. Bright-field TEM images showing dislocation structures of Al2O3 p
.6 MPa.
nd YAG phase after creep at 1773 K in air and in moistures atpH2O = 0.06,
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Fig. 9. Minimum creep rate as a function of stress and environments at
1773 K for the Al2O3/YAG system.

creep data for the Al2O3/YAG system in moisture. This
behavior suggests that more than a single factor affects the
water vapor pressure dependence of minimum creep rate; one
needs at least two parameters to characterize it. The rate of
plastic deformation of silicates such as olivine aggregates20

in a water-rich (“wet”) environment can be described as:

ε̇ = Aw(pH2O)rσnexp

(
−Qw

RT

)
, (3)

whereAw is a material constant,r is a constant and, in
general, the activation energy (Qw) can differ from that
in air. In our experiment, an average,r, of the result is
0.50 (r = 0.41–0.60) at 1773 K over the stress range of
120–150 MPa. Therefore, as creep data for Al2O3/YAG sys-
tem can be followed by Eq.(3), the acceleration of creep rate

F r the
A

results from increased water vapor pressure rather than from
moisture-induced change in the activation energy for creep
(Qw = 586± 59 kJ/mol independent of water vapor pressure).

It is known that water weakening is a mechanical plastic-
weakening effect in the presence of moisture. Previous re-
search on nickel alloys in water environments showed the
environmentally enhanced creep behavior during steady-state
creep which attributed to a mechanism involving dislocation
contraction based on the hydrogen-enhanced localized plas-
ticity model.21,22 This reasoning is supported by corrosion
stresses that revealed lower internal stresses and activation ar-
eas in water than in argon, but is not definitively supported in
this work for directionally solidified oxide eutectic ceramics.
Such an effect has been observed by Castaing et al. on sap-
phire deformed in a Griggs apparatus.11,18 Molecular water
defects in deformed sapphire were detected only near spec-
imen surfaces, could be introduced in the bulk by diffusion
processes and then enhanced dislocation mobility. Castaing
et al.11 attributed the weakening effect to enhanced disloca-
tion glide. The weakening effect in quartz has been attributed
to enhanced dislocation glide,23 or climb24 due to a chemical
action on dislocation velocity in quartz. Similar mechanisms
of water incorporation may have been important in the creep
acceleration experiments on directionally solidified oxide eu-
tectic ceramics. An alternative explanation can be based on
the interaction of the Peierls potential in controlling disloca-
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ions and the influence of interstitial hydrogen, which pe
rates deep into specimen. Protons from hydrogen or mo
issolve in sapphire as proton bonded to oxygen ions to
ubstitutional hydroxide.25 In general, at high temperatu
onic diffusion becomes fast enough that the propagatio
islocations involves a significant contribution from climb
iffusion-controlled process. A climb-controlled model
een proposed to explain most high temperature deform
esults for directionally solidified oxide eutectic ceramic
ell as other ceramics.

. Conclusion

Environmental effects on ultra-high temperature ten
reep behavior of directionally solidified Al2O3/YAG and
l2O3/GAP eutectic ceramics was studied using an u
igh temperature materials testing system simulating s
nvironments: ultra-high temperatures of 1673–187
tresses from 100–200 MPa, and in air and moist e
onments at different water vapor pressures ranging u
.6 MPa. The directionally solidified oxide eutectic cera
as followed by the power-law relationship betw
inimum creep rates and applied stresses. In air, the

xponent wasn= 6.4–11.6. The apparent activation ene
or creep deformation was Q = 737–984 kJ/mol. While,
resence of moisture led to changes of creep prope
he stress exponent wasn= 4.9–7.6. The activation ener
as approximately 529–645 kJ/mol atpH2O = 0.06 MPa an
= 570–620 kJ/mol atpH2O = 0.6 MPa, independently
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water vapor pressure. The minimum creep rate accelerated by
about 1.4–4 orders of magnitude forpH2O = 0.06 MPa, about
five orders of magnitude forpH2O = 0.4 MPa and about 5–7
orders of magnitude forpH2O = 0.6 MPa as compared to that
in air at 1773 K. Creep deformed specimens in both air and
moist environments exhibited increased hydrogen impurities
related to molecular water. The microstructure indicated that
creep deformation occurred by dislocation motion, showing
abundant evidence of dislocation motion in the Al2O3 phase
and moderate motion in the YAG phase. Results of this study
and reasonable estimates in changes of the water vapor pres-
sure indicated accelerated creep behavior by the presence
of moisture.
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