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Abstract

Experimental studies were undertaken to assess the environmental effects on ultra-high temperature tensile creep behavior of directionally
solidified ALOs/Y3Als012(YAG) and Al,Os/GdAIO3;(GAP) eutectic ceramics. Tensile creep deformation tests conducted under constant
stress ranging 100—200 MPa at temperature range of 1673-1873 K at different environmental conditions consisting of air and at different
water vapor pressurey,o, up to 0.6 MPa. These eutectic ceramics exhibited a stress exponent of about 4.9-11.6, indicative of tensile creep
behavior characteristic of dislocation mechanism. The apparent activation energy for creep deformation was 737-984 kJ@aOfAGAI
and 957 kJ/mol of AIOs/GAP in air, while it was 529-645 kJ/mol of ADs/YAG and 611 kJ/mol of AIOs/GAP at py,0 =0.06 MPa and
570-620 kJ/mol of AIOs/YAG at pn,0 =0.6 MPa. The presence of moisture accelerated the creep rate by about 1.4-4 orders of magnitude
for pu,0=0.06 MPa, about five orders of magnitude fgy,0 = 0.4 MPa and about 5-7 orders of magnitudeigjo = 0.6 MPa as compared
with that in air at 1773 K. Results of this study and reasonable estimates in changes of the water vapor pressure indicated accelerated creey
behavior by the presence of moisture.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Direcionally solidification; Creep; A3

1. Introduction ceramics. Such a material is potential candidate for ultra-
high temperature structural materials in power generation
Directionally solidified oxide eutectic ceramics, named and aerospace industries. However, in such applications, a
melt growth composites (MGCs), have been developed considerable amount of water vapor can be encountered in
and studied in bulk processed materials; some MGCs the service environment. In addition, it involves synergistic
are AbO3/Y 3AI5012(YAG), Al203/GdAIO3(GAP), Al,O3/ interactions between corrosion and deformation processes.
ErsAl3012(EAG) binary systems and AD3/EAG/ZrO; In metals and alloys, hydrogen impurities in moist environ-
ternary system—® The ALOs/YAG system has a new mi- ments are fast diffusing species that can be trapped by dis-
crostructure in which single-crystals Abs and YAG consist locations and grain boundariég his leads to the hydrogen
of fine lamellar and three-dimensional networking structures. embrittlement. In metal oxides, hydrogen impurities gener-
This material is thermally stable even at the high tempera- ally diffuse much more slowly than in metdl$iowever, lead
ture of 1973 K for 1000 h in air. It has an excellent strength to pronounced reductions in the strengtht
over 1773 K and a good productivity of complex structural It is well established that slow crack growth in alumina
components compared to conventional sintered engineeringand sapphire is promoted by moisture in'&it3thus decreas-
ing fracture strength in atmospheric environments. Much less
* Corresponding author. Tel.: +81 29 861 7169; fax: +81 29 861 7853. 1S known about reductions of strengths with interstitial hy-
E-mail addressharada.y@aist.go.jp (Y. Harada). drogen defects. Heuer et l.reported that polycrystalline
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Al>0O3 subjects to high pressure (1400 MPa) water vapor con-
ditions, similar to those used to weaken quatis found to o
deform at stresses far lower than those measured in dry tests &
at 1473 K. A recent study of hydrothermally grown sapphire
suggests that “wet&-Al ;O3 crystals exhibit enhanced dis-
location processe's. Such extensive research on mechanical / 10
properties at high-temperatures has been conducted over the
past decades, but little attention has been given to effects of
several environments, especially moist environméhig. 15
We are the first to construct a material testing system that 65
simulates severe environments such as ultra-high temperature
and high-pressurized water vap8iThe 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
Al,03/YAG system at 1773-1873 K17 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 A3/ YAG and Al,O3/GAP
systems.

M16

5 001

016

Fig. 1. Geometry of the tensile creep specimen.

within +1 K of the set point throughout each test aftera 2h
soak at the test temperature (after a 5h soak in the case of a
moist environment). Jigs made of &3/ 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 4,0 =0.6 MPa. For the test
in a moist environment, the slow flowing® (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 QuBn 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-

2. Experimental procedures

High-purity commercial a-Al,03 powders (AKP-30,
99.99%; Sumitomo Chemical Co. Ltd.),»®3 (Y203-SU,
99.999%; Shin-etsu Chemical Co., Ltd.) andGd (GdrO3-

RU, 99.999%; Shin-etsu Chemical Co., Ltd.) were used
for starting materials. These powders were ball-milled in
ethanol with 82 mol.% AlO3-18 mol.% Y>O3 or 78 mol.%
Al>203-22 mol.% GdOs3 to form a material with 50 vol.% of
each ApO3 and YAG (GAP) phase. After removing ethanol
and drying the slurry with a rotary evaporator, these pow-

ders were pre-melted to yleld.an ingot that was subsequgn_tlyter (2000; Perkin Elmer, Inc.). Experimental specimens were
placed in a molybdenum crucible. It was fabricated by unidi- ; o : ST -
cut with their axis perpendicular to the direction of solidi-

rectional solidification in a crucible using a Bridgman-type fication in the gage section. Central areas of these samples
apparatus (Japan Ultra-high Temperature Materials Research 9ag ’ b

Center, Ube, Japan) at a melting temperature of 2173 K, low- \(I)V?;;r—ez?rr]cr)r:Jrllgih:rllc'irIpRogsz(e;'ﬂaovr\]/eertthalfg]eii ;%égfzgggie:] of
ering the crucible at 1.39 10-% m/s1~3 Cylindrical tensile : ' P

. . . : : range at room temperature in a chamber of the spectrome-
creep specimens were machined with their axis parallel to ; L .
L R . ter with IR radiation passing through a large aperture (2 mm
the direction of solidification. The specimen geometry was ]
. X . . diameter) centered on the specimen surface. After mak-
approximately 2.5 mm in gage-diameter, with a 10 mm gage- ing a background correction using a third-order polynomial
length and 65 mm long overall (séég. 1). All specimens 9 9 9 Poly

were heated at 1873 K for 1 h in air after machining. fit to the background absorbance, hydroxyl concentration

Constant-load tensile creep tests were conducted in sey Vas calculated from infrared spectra by integrating across

: . . . _the hydroxyl bands. Specifically, the hydroxyl concentration
eral environments using an ultra-high temperature materials . . : :
. : . . was determined from the following relationship based on
testing system developed for simulating severe environments .
; : 6 . : . Beer—Lambertlaw between total integrated molar absorbance
(as described in Ret®). This apparatus was configured with
and wave number reported by Kronenberg éfal.

severe environmental simulator generating an ultra-high tem-
perature over 1773 K and high pressure range up t0 0.98 MPgoH] — 0.6414, (1)
using a slow strain rate testing machine as a basic unit. The

testing machine was controlled with the crosshead speedwhere [OH]is hydroxyl concentration in ppm (number of OH
range of 0.0001-0.1 mm/min and maximum load up to 20 kN per 1® Al ions) andA is integrated absorbance (in 1 Th).
using a closed loop servomotor. Test temperature was mea- Microstructural observation was performed by scanning
sured by two sets of B-type (Pt—Rh) thermocouples located electron microscopy (JEOL6400Fs; JEOL, Ltd.) and trans-
near the specimen gage length. Temperature was maintainedhission electron microscopy (JEOL200CX; JEOL, Ltd.).
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TEM foils were prepared by dimple polishing on one side of quasi-cleavage and limited ductile deformation are
and ion beam thinning of both sides. Density of creep spec- observed (sed-ig. 3b) and (d)). Fundamentally, there
imens was measured by Archimedes’ method in ethanolwas no difference in the creep failure mechanism for air
(99.8%) before and after creep testing. Specimens wereand moist environments, which is assigned to the local
cleaned in ethanol and dried prior to measurement. Den-microstructure.
sity measurements of specimens in the gage-section indicated
density of 4.30t 0.01 g/cnd for the AlbO3/YAG system and 3.2. Creep behavior in air
5.7140.02 g/cn? for the AlLO3/GAP system indicated no
significant density changes after creep testing. Fig. 4(a) shows stress dependence of minimum creep rate
for Al,O3/YAG and AlbO3/GAP systems at 1673—-1873 K
in air. These minimum creep rates increase with increasing
3. Results applied stresses, according to a power-law relationship. The
minimum creep rate;, is related to the applied stress,by

3.1 Microstructure the following relationshig?

Fig. 2 shows scanning electron micrograph of the cross- € = A"neXp(—R_QT) ) ()
section parallel to the solidified direction of &Ab3/YAG
and AbO3/GAP systems. IrFig. 2a), the bright area is  Wheren is the stress exponend is a material constant]
the YAG phase; the dark area is theo@®k phase. The as- is the absolute temperatur®, is the activation energy for
received homogeneous microstructure shows a fine lamel-creep andRis the gas constankig. 3(a) illustrates that the
lar structure consisting of 1-20m in width of each phase,  stress exponent of the AD3/YAG system decreases with in-
and a three-dimensional network structure containing a creasing temperatures (fron+11.6 at 1673K tm=9.5 at
single-crystal YAG with a garnet structure distributed in a 1723K,n=9.2at1773Kn=8.0 at 1873 K in AO3/YAG).
single-crystal A}Os with a corundum structurerig. 2(b) The ALOs/GAP system withn=6.4 at 1773K exhibits a
shows a SEM image of the ADs/GAP system. The bright  slightincrease in creep rate by abouttwice that of2/'YAG
area is the GAP phase; the dark area is thgDAlphase. system at lower stresses of 100-130 MPa and an equiva-
The AbOs/GAP system has a single-crystalo®; and a lent in creep rate to AO3/YAG system at higher stresses of
single-crystal GAP with a perovskite structure consisting of 150-180 MPa, corresponding to results from different melt-
1-10pum in width of each phase. The microstructure has a ing points (2103 K in AJOs/YAG, 2033 K in Al,O3/GAP).
finer structure than that for the ZD3/YAG system. In both  Fig. 4(b) shows minimum creep rate as a function of inverse
systems no pores or no colonies is observed at as-receivedemperature for AOs/YAG and ALO3/GAP systems in air.
conditions. Apparent activation energies for creep deformation were ob-

Fig. 3 shows SEM images of the fracture surface for tained from the slope of semi-logarithmic Arrhenius plots
Al,03/YAG and ALOs/GAP systems that has been sub- Of creep rate vs. inverse temperature. Activation energies
jected to creep at 1773 K and a water vapor presguy, of the AbO3/YAG system are 737-984 kJ/mol (on average;
of 0.06 MPa. InFig. 3a) and (c), both systems fractures 864+ 127kJ/mol) over the stress range 130-200 MPa. The
are initiated at internal flaws (marked with a circle) that Vvalue of the AbOs/GAP system is 957 kd/mol at the stress of
may be attributable to shrinkage voids or micropores. These 150 MPa, which is slightly larger than those of,@k/YAG
SEM images show that the brittle fracture morphology System.

Fig. 2. Scanning electron micrograph of the cross-section parallel to the solidified direction obQa)¥AG and (b) AbO3s/GAP systems at as-received
conditions. The dark area is the 83 phase and the bright area is the YAG or GAP phase.
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Fig. 3. SEM images of the fracture surface fop®b/YAG and Al,O3/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 creep deformation data in air froffig. 4(a) is included in
Fig. 5a). In both systems, at a given stress over the tem-
Fig. 5a) shows stress dependence of minimum creep rateperature of 1673-1773 K, minimum creep rates are larger
for Al,O3/YAG and AlLbO3/GAP systems at 1673-1773K  than those data in air, showing the great difference of creep
and a water vapor pressyrg,o = 0.06 MPa. For comparison  rates between in air and in moistureat,o = 0.06 MPa at
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Fig. 4. (a) Minimum creep rate as a function of stress faY'YAG and Al,O3/GAP systems at 1673-1873 K in air. In the figure, stress exponents indicate. (b)
Minimum creep rate as a function of inverse temperature foOMYAG and Al,O3/GAP systems in air. In the figure, activation energies for creep deformation
indicate.
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Fig. 5. (a) Minimum creep rate as a function of stress faiQ&/'YAG and Al,O3/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 temperddgreAQ and
Al,O3/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 Fig. 6a) shows stress dependence of minimum creep
varies between 7.0 and 7.6 in theo@®B/YAG system. The rate for the APO3/YAG system at 1673-1773K and
Al>O03/GAP system wit=4.9 at 1773 K exhibits a slight  pn,0=0.6 MPa, together with creep deformation data in
increase in creep rate by about 0.5-2 that of&WYAG air from Fig. 4(a). At a given stress, over the temperature
system at lower stresses of 100—-130 MPa and an equivalentirl673-1773 K, the creep data g,0 = 0.6 MPa indicates a
creep rate to it at a higher stress of 180 MPig. 5b) shows much larger creep rate than that in air and is slightly larger
minimum creep rate as a function of inverse temperature for than that atpy,0 = 0.06 MPa. At lower temperature ranges,
Al>O03/YAG and AlO3/GAP systems aph,o=0.06 MPa. there was much deference of creep rate between in air and in
The slopes of plots of the AD3/YAG system show ac-  moisture atpy,0 = 0.6 MPa as well as the comparison creep
tivation energies of 529-645 kJ/mol over the stress range data atpn,o =0.06 MPa with that in air. The stress exponent
120-140 MPa. The average value is about &85 kJ/mol, isabout 6.0-7.0, whichisthe same, within experimental error,
which is about 285 kJ/mol smaller than that in air. The value as that afpn,0 =0.06 MPaFig. 6(b) shows minimum creep

of the ALO3/GAP system is 611kJ/mol at the stress of rate as a function of inverse temperature for thgQ&/' YAG

130 MPa. system at pn,0=0.6 MPa. Apparent activation energies
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Fig. 6. (a) Minimum creep rate as a function of stress for thgOAIYAG system at 1673-1773 K and a water vapor pressure of 0.6 MPa. The broken line
shows creep data in air. In the figure, stress exponents indicate. (b) Minimum creep rate as a function of inverse temperatureJefvthé Aystem at a
water vapor pressure of 0.6 MPa. In the figure, activation energies for creep deformation indicate.



1280

Y. Harada et al. / Journal of the European Ceramic Society 25 (2005) 1275-1283

Table 1
Experimental activation energies for creep deformation @3IYAG and Al,O3/GAP systems
Specimen Test temperature (K)  Test atmosphere  Activation er@igd/mol)
Applied stress 100MPa 120MPa 130MPa 140MPa 150MPa 160 MPa
Al,O03/YAG system  1673-1873 Air - - 799 - - 984
1673-1773 PH,0=0.06 MPa - 562 529 645 - -
1673-1773 PH,0=0.6 MPa 570 620 - — - -
Al,O3/GAP system  1673-1773 Air — - - — 957 -
1673-1773 PH,0=0.06 MPa - - - — 611 -

for creep are 570-620kJ/mol. The average value is aboutsapphire'® This type of hydroxyl in the present investiga-

5954+ 25 kJ/mol, which is close to that @i,0=0.06 MPa,
but is about 269 kJ/mol smaller than that in aiable 1

tion is the result of molecular water. Hydroxyl concentra-
tions were calculated from Eq. (1), as shownTiable 2

summarizes activation energies for creep deformation of For exposure specimens at 1773K angpaso =0.6 MPa,

Al>,03/YAG and AlbO3/GAP systems obtained in this work.

3.4. Moisture absorption during creep deformation

hydroxyl concentrations are very low (about 0.52 ppm for

38h 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

Typical infrared absorption spectra measured at room tem-water. This is marked in comparison to an exposure speci-

perature are shown iRig. 7 for the AlbO3/YAG system af-
ter creep at 1773K; (Ap =140 MPa for 12h in air, (B)
o =140MPa for 18 h in moisture gtn,0=0.06 MPa, (C)
0 =150 MPa for 38 h apn,0 = 0.6 MPa; (D) after exposure
at 1773K for 38 h atpn,0=0.6 MPa and (E) for 200 h at

men atpn,0 =0.6 MPa, for which hydroxyl concentrations
associated with broad band absorptions are about 5ppm in
air, 8 ppm apn,o0 = 0.06 MPa and 10 ppm at,0 = 0.6 MPa,
depending on water vapor pressure. These concentrations are
less than those for hydrothermally grown sapphire (750 ppm),

pH,0 = 0.6 MPa. All spectra are normalized to a 1 cm optical- and hydrothermally annealed and deformed sapphire speci-
path length, so that absorbance of different samples with men (25-80 ppnif =1173 Kandpn,o0 = 1500 MPa annealed
varying thicknesses could be compared directly. The type for 83 h and then 6.9% deformed at 973 K) reported by Kro-
of hydroxyl absorption consists of a broad, isotropic band nenberg et al.Table 3.18

at 3400 cmr! that may extend over 3600—-3050 ¢ha Most

of the hydroxyl related to molecular water was found in this 3.5. Dislocation structures

region of broad band absorption that includes grain, resem-

bling more closely hydroxyl bands of hydrothermally grown Fig. 8shows bright-filed TEM images of the #D3/YAG

system after creep at 1773K in air and a,0=0.06,

0.6 MPa. InFig. 8a) and (b) subjected to creep at a strain of
about 2.5 % and a stress of 140 MPa in air show that the high
dislocation structure is observed in the;@®k and the YAG
phases. Recovery occurs mainly by dislocation climb as evi-
dences by subgrain boundaries. This microstructure indicates
that the creep deformation occurs by climb-accommodated
dislocation motionFig. 8c)—(f) subjected to creep in mois-
ture atpn,0 = 0.06 MPa (a strain of about 2.5% and a stress of
140 MPa) and 0.6 MPa (a strain of about 2.5% and a stress of
150 MPa), indicate high dislocation structure in both phases
as well as in air. The AlO3 phase exhibits that abundant ev-
idence of dislocation motion compared with that of the spec-
imen tested in air. Moderately increased dislocation motion
is observed in the YAG phase. However, no recrystallized
grains or subgrain boundaries are observed, indicating that
recovery is limited.

0.4 T T T T T

A:crept for 12 h at 1773 K,c =140 MPa, in air

B: crept for 18 h at 1773 K,6 =140 MPa, py;,,=0.06 MPa
C: crept for 38 h at 1773 K,c =150 MPa, p,0=0.6 MPa
D: exposure for 38 h at 1773 K, p;,0=0.6 MPa

0.3 [ E:exposure for 200 h at 1773 K, p,0=0.6 MPa B

0.2

0.1

Thickness normalized absorption (cm ™)

o P
3600

3500

3400 3300 3200 3100 3000

Wave number (cm™)

Fig. 7. Infrared absorption spectra for the.@k/YAG system after creep or 4. Discussion
exposure specimen at 1773 K in air and moist environments. These spectra

represent creep at 1773 K aad- 140 MPa for 12 h in air (A), for 18 h in
moisture atpp,0=0.06 (B),o =150 MPa for 38 h apn,0=0.6 MPa (C),
and exposure at 1773 K for 38 h g0 = 0.6 MPa (D) and for 200 h (E).

Figs. 4—6indicate that significant differences can be ob-
served when comparing the creep behavior in air and to that
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Table 2
Hydroxyl concentration in the ADs/YAG system and single-crystal alumina examined by IR absorption
Treatment: temperature, duration, environment Type of OH Atomic concentratioPQHIAI (ppm) References
1773K, 38 h,py,0=0.6 MPa Broad 0.52 This work
1773K, 200 hpH,0 =0.6 MPa Broad 214 This work
1773K, 12h, creep at =140 MPa, air Broad 4.86 This work
1773K, 18h, creep at =140 MPa,p,0 = 0.06 MPa Broad 7.84 This work
1773K, 33 h, creep at =150 MPa,py,0 = 0.6 MPa Broad 10.4 This work
Dry seed Sharp <0.9 Kronenbétg
Hydrothermal growth Broad 750 Kronenbétg
1173 K, 83 h,pH,0=1500 MPa; 6.9% deformed at 973K Broad 25-80 KronentSerg

Concentrations are indicated in ppm (OH pef 20ions).

Table 3
Experimental creep data for AD3/YAG and Al,O3/GAP systems in this work

Specimen Test temperatuiie(K) Applied stress, Method Test atmosphere Stress exponent, Activation energy,
o (MPa) Q (kJ/mol)
Al03/YAG system 1673-1873 100-200 CLT Air 8.0-11.6 799-984
1673-1773 120-160 CLT PpH,0=0.06 MPa 7.0-7.6 529-645
1773 100-140 CLT PH,0=0.4MPa 7.2 -
1673-1773 100-150 CLT pH,0=0.6 MPa 6.0-7.0 570-620
Al>,03/GAP system 1673-1773 100-180 CLT Air 6.4 957
1673-1773 100-150 CLT PH,0 =0.06 MPa 4.9 611

CLT: constant load tension.

in moisture Fig. 9shows a direct comparison of creep behav- approximately 6.0-7.2n=6 at pn,0=0.6 MPa,n=7.2 at

ior in air and moisture at 1773 K for the AD3/YAG system. PH,0=0.06 MPa, angn,o0 = 0.4 MPa); it decreases slightly
Compared to that in air at a given stress, the minimum creepwith increasing water vapor pressure. Data taken firign 9

rate in moist environments is higher by about 1.4—4 orders of at a given differential stress are plotted on log—log axes in
magnitude fopn,o = 0.06 MPa, about 5 orders of magnitude Fig. 10to quantify dependence of minimum creep rate on
for pn,0=0.4 MPa, and about 5-7 orders of magnitude for water vapor pressure. Here, the water vapor pressure in air is
PH,0=0.6 MPa. Creep resistance decreases with increasingdefined agpH,o0 = 0.03 MPa. Therefore, the simple formula-
water vapor pressure up to 0.6 MPa. The stress exponent igion as shown by Norton E¢2), cannot be used to analyze

Fig. 8. Bright-field TEM images showing dislocation structures gi@y phase and YAG phase after creep at 1773 K in air and in moisturgs,at=0.06,

0.6 MPa.
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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?1:22 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 apparafids:® Molecular water
defects in deformed sapphire were detected only near spec-
imen surfaces, could be introduced in the bulk by diffusion

Fig. 9. Minimum creep rate as a function of stress and environments at processes and then enhanced dislocation mobility. Castaing
1773 K for the AbO3/YAG system.

creep data for the AD3/YAG system in moisture. This

et all! attributed the weakening effect to enhanced disloca-
tion glide. The weakening effect in quartz has been attributed
to enhanced dislocation glidé or climb?* due to a chemical

behavior suggests that more than a single factor affects theaction on dislocation velocity in quartz. Similar mechanisms
water vapor pressure dependence of minimum creep rate; on@f water incorporation may have been important in the creep
needs at least two parameters to characterize it. The rate ofcceleration experiments on directionally solidified oxide eu-
plastic deformation of silicates such as olivine aggreddtes tectic ceramics. An alternative explanation can be based on

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

RT

& = Aw(pH20 ’a”exp(—&> ,

where Ay, IS a material constant, is a constant and, in
general, the activation energ@y) can differ from that

in air. In our experiment, an average, of the result is
0.50 ¢=0.41-0.60) at 1773K over the stress range of
120-150 MPa. Therefore, as creep data faiQ¥YAG sys-
tem can be followed by E¢3), the acceleration of creep rate

Minimum creep rate (s")

10° —— ——rr 3
H A 120MPa T=1773 K
@® 130MPa ]
O 140MPa
L
10° | =
107 | =
10-3 ! Lo oa il 1l
0.01 0.1 1

Water vapor pressure, p

(MPa)

H20

the interaction of the Peierls potential in controlling disloca-
tions and the influence of interstitial hydrogen, which pene-
trates deep into specimen. Protons from hydrogen or moisture
dissolve in sapphire as proton bonded to oxygen ions to form
substitutional hydroxidé® In general, at high temperature,
ionic diffusion becomes fast enough that the propagation of
dislocations involves a significant contribution from climb, a
diffusion-controlled process. A climb-controlled model has
been proposed to explain most high temperature deformation
results for directionally solidified oxide eutectic ceramics as
well as other ceramics.

5. Conclusion

Environmental effects on ultra-high temperature tensile
creep behavior of directionally solidified #AD3/YAG and
Al,O3/GAP eutectic ceramics was studied using an ultra-
high temperature materials testing system simulating severe
environments: ultra-high temperatures of 1673-1873K,
stresses from 100-200 MPa, and in air and moist envi-
ronments at different water vapor pressures ranging up to
0.6 MPa. The directionally solidified oxide eutectic ceramic
was followed by the power-law relationship between
minimum creep rates and applied stresses. In air, the stress
exponent was=6.4-11.6. The apparent activation energy
for creep deformation was Q =737-984 kJ/mol. While, the
presence of moisture led to changes of creep properties.
The stress exponent was=4.9-7.6. The activation energy

Fig. 10. Minimum creep rate as a function of water vapor pressure for the Was approximately 529-645 kJ/mol at,0 = 0.06 MPa and

Al>03/YAG system at 1773 K and stress levels of 120-150 MPa.

Q=570-620kJ/mol atpH,0=0.6 MPa, independently of
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water vapor pressure. The minimum creep rate accelerated by 9.

about 1.4—4 orders of magnitude fay,0 =0.06 MPa, about
five orders of magnitude fopn,0 =0.4 MPa and about 5-7
orders of magnitude fopn,0 = 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 11.

creep deformation occurred by dislocation motion, showing
abundant evidence of dislocation motion in the®@4 phase

and moderate motion in the YAG phase. Results of this study 15

and reasonable estimates in changes of the water vapor pres-
sure indicated accelerated creep behavior by the presence
of moisture. 1
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