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ABSTRACT oxidation [1-6] and surface loss/recession due to ,SiO
Barium Strontium Aluminosilicate (BSAS)-based environmentaiolatilization.[7,8] There has been a significant amount of research
barrier coatings (EBCs) have been used successfully to protectdheng the past several years in the area of EBC development for the
surface of Si-based fiber-reinforced ceramic-matrix composite (CM@)ptection of Si-based CMCs and monolithics.[9,10] Protective
combustor liners in Solar Turbines Centaur 50S gas turbine engisesface coatings (specifically EBCs) are absolutely required to prevent
Two such EBC/CMC combustor liner sets were engine-exposed di@gradation of oxidation- and volatilization-susceptible ceramic
times >14,000h. However, extensive microstructural characterizatgubstrates during use in high,® pressure environments typical of
of the EBC/CMC liners after the long-term engine exposures showsnbustion turbines.
a significant loss/recession of the BSAS-based EBC. The mechanisms Environmental barrier coatings based on the BSAS and mullite
by which BSAS recession occurs and the rate at which the BS#&tem are the current system of choice for engine hot-section
recesses as a function of pressure, gas velocity, temperature, etccargponents.[11-13] These EBCs were initially developed as part of
not fully understood but such information will be necessary f&WASA's High Speed Civil Transport and Enabling Propulsion
improving the life to >>15,000h in order for the materials to bDéaterials Programs. The same EBC system was optimized and scaled-
acceptable for use in an engine application. To this end, thg under the U.S. Department of Energy’s Ceramic Stationary Gas
thermochemical stabilities of candidate EBCs are being evaluafedibine Program for application on SiC/SiC CMC combustor liners
analytically and experimentally at very high® pressures in a high- utilized in a Solar Turbines Centaur 50S gas turbine. As part of the
temperature, high-pressure furnace (Oak Ridge National Laborato§SGT Program, CMC/EBC liners ran in the two most recently-
“Keiser Rig”). Calculations based on generalized volatility reactioesmpleted engine tests for 13,937 h [11,12] and 15,144 h.[13] The
and mass flux of volatilized species have shown that high Happlication of EBCs to the gas-path surfaces significantly increased the
pressures can be used to compensate for the low gas-flow velocitiembustor liner engine-life compared with unprotected SiC/SiC liners,
the Keiser Rig. An examination of the phase stability/volatilization bbwever, several life-limiting factors were identified following the
state-of-the-art EBC compositions (Ba- and Sr-based aluminosilicates)y-term engine tests, the most significant of which was volatilization
has been conducted through equilibrium thermodynamic calculati@figshe BSAS top coat.[11-13]
and initial experiments to validate assumptions via Keiser Rig The measurable volatilization of the BSAS phase during engine
exposures of the same EBC formulations conducted at 1250°C ande®ing was unexpected and demonstrated the critical need for an

atm H,0. inexpensive laboratory exposure test to screen candidate EBC
compositions for volatility before testing in an actual engine. The
INTRODUCTION high-temperature, high-pressure exposure facility at Oak Ridge

Structural, Si-based ceramic materials (SiC, SiC/SiC CMQSational Laboratory (ORNL) has been used to screen EBCs at
SisN,) are being developed for use as hot section components in rgdatively high HO pressures (0.3-2.0 atm) in terms of (1) thermal
turbine and microturbine engines as a result of their excellent highability of the coating and interfacial region at elevated temperature
temperature stability and property retention when compared with th@it00°C-1350°C) and (2) permeation resistance to oxidizing species
metallic counterparts. However, the exposure of unprotected Si-ba@wmarily steam). [14] Because of the low gas-flow velocities in the
materials to the high temperature and high water-vapor pressufeiser Rig (5-33X1@ m/s), volatilization could not be fully assessed.
typical of gas turbine combustion environments results in ragifbre recently, as a result of the BSAS volatilization observed during



the two long-term engine tests, the potential use of the Keiser Rigekposure in the Keiser Rig. Pre- and post-exposure cross-section
evaluate volatility of candidate EBCs has been explored. Calculatispgcimens were imaged in a scanning electron microscope (SEM)
based on generalized volatility reactions and mass flux of volatilizequipped with a backscatter detector and compositionally analyzed
species have shown that high®Hpressures can be used to compensaising an electron probe microanalyzer (EPMA). In this way, reaction
for the low gas-flow velocities used in the Keiser Rig. Substantialoducts (or lack thereof) that formed during exposure, as well as any
fluxes of volatile species can be obtained by increasing #@ Hother microstructural changes, were identified, characterized with
pressure from 1.5 atm (typical value corresponding to water vap@spect to their spatial dimensions, and compared to the as-processed
pressure in a gas turbine combustor) to 20 atm. High ptessure microstructures.
exposures are currently being conducted in a modified Keiser Riggta —
validate the analytical treatments (described in detail below). Init \\ \\’ \1\5
v .1 :

results from these experiments are presented. \
EXPERIMENTAL PROCEDURE = W
All laboratory exposures were conducted in ORNL's hig Q

temperature, high-pressure facility which comprises three differd
“Keiser Rigs”. The Keiser Rig used for this study consisted of a la
box furnace which contained two 92 cm long X 9 cm diameter S
pressure vessels and a multiple-flow gas-supply/manifold system
shown in Figure 1.[15] Samples are hung on the outside of a slo
alumina tube using Pt wire which is suspended inside a SiC tube.[6
slow-flow gas supply system (5-33X%#0n/s) provides a pressurized
mixture of steam and air to each SiC tube. Previous high-temperat
high-pressure exposures of EBC/CMC materials in the Keiser F
were conducted to evaluate the thermal-stability and protecti
capability of different EBC formulations using exposure conditio
which best simulated the temperature, pressure, and principal reaq
gas species (§0) of combustor environments.[6,14] For example, {
evaluate materials for use in a Solar Turbines Centaur 50S engine
Keiser Rig exposures of EBC/SIC-SiC CMCs were conducted
~1200°C (2200°F), 1.5 atmB (balance air), and 10 atm total syste
pressure. In the present study, an extremely high pressure (20

atm) and elevated temperature (1250°C) are being utilized to: ) ) ) ) )
Fig. 1. The ORNL Keiser Rig used in the current experiments

(1) validate that very high water vapor-pressures can be use: . >
induce volatility in the Keiser Rig (i.e., high,8 pressures consisted of a large box furnace and gas supply systems for 2 SiC
tubes.

to compensate for low gas-flow velocities in the Keiser Rig,

(2) to measure the volatility of candidate EBCs.
To accommodate the much higher water-vapor pressures used in this
study (compared to conditions typically used in previous exposurdSYALUATING VOLATILITY AT HIGH H ,O PRESSURES IN
several modifications were made to the Keiser Rig's gas supply ®ENL'S KEISER RIG
exhaust systems (described in detail in subsequent section). Volatilization of Si-based ceramics can be the life-limiting

There were several “proof-of-principle” specimens included fiactor for the use of these materials in combustion environments,
the initial high water-vapor-pressure exposures to demonstrate ainre high temperatures, elevated oxidizing potentials, and significant
measure volatilization in the Keiser Rig. High purity SiC (produced loyas-flow velocities exacerbate the volatilization process. This
chemical vapor deposition) and quartz have been well-characteridedradation mechanism has been shown to be of specific relevance for
after exposure to high water vapor-pressures [1,16] and were inclu8&d and SjN,, where SiQ forms by oxidation and then readily reacts
as standards in the initial high-pressure Keiser Rig runs. Also, simith environmental HO to form volatile species.[7,8,17,18] Of the
the primary purpose of these experiments was to measure \theous volatilization reactions, the one forming Si(@H)
volatilization rates of currently-used, state-of-the-art EBCs, specimens
of plasma-sprayed BSAS (mechanically removed from the surface of SiO, + 2H,0 = Si(OH), (1)
an EBC/CMC) as well hot-pressed BSAS, Barium Aluminosilicate
(BAS), and Strontium Aluminosilicate (SAS) materials were exposéds been shown to be predominant in combustion environments.[18] It
simultaneously with the standards. The hot-pressed oxides wierg¢herefore of interest to examine the various factors involved in
prepared by United Technologies Research Center. The 7.5 cm Xvolatilization under oxidizing conditions as part of studies that are
cm hot-pressed plates were each cut into six 2.5 cm X 2.5 cm coupaimeed at developing and characterizing materials that are stable at the
All of the samples to be exposed in the ORNL furnace had thhigh water-vapor pressures associated with various combustion
surfaces mechanically ground flat and parallel and polished with 6 conditions.
diamond paste. Each sample was weighed and measured. The BSAS, For the present work, it is assumed that the release of a
BAS, and SAS coupons were also microstructurally characterizedvolatile species is controlled by diffusion through a gaseous boundary
the as-processed condition for comparison with the same material détger adjacent to the solid oxide surface under laminar-flow conditions.



pressures (typically 0.3-2.0 atm) on oxidation of Si-based ceramics and
These assumptions have been shown to be appropriate for combusgigftonmental barrier coatings.[2,6,14,16] However, as shown by
associated with moderate gas-flow velocities (~40 m/s) [18] agfuation (8), mass fluxes for a giverran be increased substantially
should also apply to the slow-flow, large-diameter, flat-specimey using higher KO pressures, particularly if z > 1.
conditions of the Keiser ng The mass flux associated with An examp|e of how h|gher iﬂ) pressures can be used to
volatilization,J, can be described as [18] generate more readily measurable mass fluxes can be determined from

that of SiGQ (equation (1)), where, from equations (4) and (8)
J a (pvL/n)Y(n/p'D)Y3(DpiL) @)

_ _ o o _ Javl2e exp (-AGsion)/RT) * Pu,0° asio/(Pod?  (9)
wherev is the linear gas velocity is the gas viscosity, D is the

interdiffusion coefficient of the volatile species in the major gagqg &0, = 1. Relatively high fluxes of Si(Oii)xan be achieved by
Componentp is the concentration of the volatile Species at the SOliﬁTcreasing pzo sinceld is proportiona| to the square of the water-vapor
gas interfacep’ is the concentration of the major gas component, apgessure. Therefore, if there is no change in mechanism, low gas-flow
L is the characteristic specimen length parallel to the flow directigBlocities can be offset by higheyg. This is illustrated in Figure 2,

and over which the volatility is averaged. which plotsJ/J, versus p.o for the case represented by equation (9)
For the conditions associated with the Keiser Rig, equatigiere J, is the Si(OH) flux for typical combustor liner conditions
(2) reduces to (v=35 m/s, p,o=1.5 atm, T=1200°C) and is for the same
temperature withv = 6X104 m/s (typical gas-flow velocity in the

Ja (V23p,o)/ (pop 2 (3) Keiser Rig). Note from Figure 2 that the normalized flux can be

increased by approximately two orders of magnitude by increasing
where R, is the partial pressure of a volatile species ggdipthe Ph,o from 1.5 atm (pressure typically used) to 20 atm.
total system pressure. The results shown in Figure 2 show that the high-
For the present case, in which the primary interest is {@mperature, high-pressure capability offered by a Keiser Rig (or
volatilization of oxides in the presence of water vapor, the formationgilar exposure facility) can be used to yield relatively high volatility
a volatile hydroxide product,®,,,H,, can be generally representediuxes by conducting experiments at substantially higher water-vapor
as pressures. As such, this approach can be used to screen the volatility
resistance of candidate ceramics for use in combustion environments
AxOy (s) + zH0 (g) = AOy.,H>, (9) (4)  as bulk materials or protective surface coatings (such as needed for
EBCs). However, such use is predicated on no change in the rate-
The equilibrium constant for this reactiong,kcan be expressed incontrolling volatilization mechanism as the water-vapor pressure is

terms of the activity of the oxidea g, and partial pressures as increased. Given the nature of the process described above (diffusion
of volatile product across a laminar gas-boundary region), it is not
K4 = Pa,0y. ./ (PH,0* 80,) (5)  expected that changes in pressures over the range indicted in Figure 2
and is also related to the free energy of formation gdAHo,, ' '
BGp0,. Hy/ e 1200°C
xy+z127 4
T v=6x10"m/s -
Ky = exp (-AGo,.1,/RT) (6)
- g
= e
where T is the absolute temperature and R is the universal gas cong E __,--""
Combining equations (5) and (6) yields = P
E 0.1 + --.. -
o " .
prOy+zHZZ = eXp (-AgxoyﬂHZz/RT) ° pZHZO ¢ QA><Oy (7) z ‘-‘--
g -’
Assuming the reaction shown in equation (4) generates the d % ',"
volatile species and using equation (3), the mass flux of vola E !
species can be described as g 0.01 '.' —
[
[ ]
Ja Vllz' eXp('Aqxoyﬁsz/RT) . szZO. anOy/(ptOt)llz (8) "'
A flux equation of the form shown in equation (8) has been shown
describe measurements of SiC andNgirecession controlled by 0.001 ' ' ‘
volatilization of SiQ quite well.[8,17] However, at low gas-flow 0 5 10 15 20
velocities and modest pressures, as employed in many laboral H,O Pressure (atm)

experiments, specimen mass losses due to volatilization are s
(equation (8)) and, thus, difficult to measure, particularly because
large mass gains due to accelerated solid-state oxidation at elev
PH,0[1.2,16] This was the case for experiments previously conduc
in the Keiser Rig, which focused on the effects of elevatgd H pressure of BO.

an
Figure 2. Plot of flux of Si(OH)due to volatilization of Si@in an
H,O-containing environment at 1200°C, a total pressure of 20 atm,
and a gas flow velocity of 6X1#m/s as a function of the partial



would result in a change in mechanism. when the SiC pressure vessel failed. All the samples included in this
Referring to equation (8), it is important to note that theun were destroyed. It was assumed that the SiC tube had a critical
ability to use higher water-vapor pressures to screen the volatilizatftaw unable to withstand the higher pressures utilized in the
resistance of candidate materials in systems using low gas-flexperiment.
velocities depends critically on z, the number of moles4 Heeded The second Keiser Rig exposure at 18.2 ay® KRO atm
to form one mole of volatile product (see equation (4)). Alow z valtetal pressure) and 1250°C also ended prematurely due to another SiC
would make it more difficult to achieve easily measurable volatitebe failure, but in this case, ~328 h of sample exposure had
fluxes by increasing the water-vapor pressure over a reasonable raaggumulated. Subsequent examination of the day-to-day furnace/rig
As an example, the difference in the normalized flux between z=1 amkration data accumulated during the run revealed that the use of the
z=2 is shown in Figure 3 far= 6X104 m/s and 1200°C. While there very high HO pressures had caused problems apparently related to
is about an order of magnitude increase in the volatile flux whgp p volatilization of products from the SiC containment tube and
is increased from 1.5 to 20 atm for z=1, this enhancement is still abspcimens. The outlet (exhaust) lines and filters for the flowy@r H
10X less than for z=2. Thus, it is important to understand the naturdéaolfen gas and the backpressure regulating valve accumulated deposits
the predominant volatility reaction (equation (4)) to determing ip of volatile species which led to malfunction of the valve and
elevation will yield the desired measurements and to effectivalgnsequent failure of the SiC tube by overpressurization. In addition
compare relative results fdrfor different oxides. to a premature end of the exposure period (originally scheduled for 500
h) and loss of many specimens, failure also caused extensive damage
to the furnace’s insulation and heating elements, which had to be
replaced. To avoid future problems, the gas supply and exhaust
systems were modified; filters with higher-conductance manifolding
were installed to protect the regulating valve and all the 0.3175 and
0.635 cm (OD) gas lines were replaced with 0.9525 cm tubing to
prevent plugging by deposits (between regularly scheduled
- maintenance periods). The outlet system has been redesigned so that
0.1 - ,-" I filters can be easily replaced after each run (typically 500 h). A
pressure relief valve was installed on the gas inlet side.
Following the second high-pressure run in the Keiser Rig,

1200°C
1+ v=6x10*"m/se -
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the BSAS, BAS, and SAS samples were salvaged from the bottom of
the furnace (albeit with somewhat damaged surface areas) after being
exposed for 328 h. The standard samples (CVD SiC and quartz) were
not recovered. Since the three oxide samples salvaged after the
explosion were only slightly damaged, an analysis was conducted to
determine whether any volatilization had occurred during the run at
18.2 atm HO.

The as-processed microstructures of the three oxide samples
are shown in Figures 4, 5, and 6, for the hot-pressed BAS, SAS, and
BSAS, respectively. Each of the oxides exhibited a 2-phase structure

(brightly-imaging dispersed second phase) and extensive porosity in
Figure 3. Plot of flux of a volatile species in apCHcontaining the as-fabricated state. The matrix composition for each oxide is given
environment at 1200°C, a total pressure of 20 atm, and a gas fiewTable | along with the composition of the second phase (as
velocity of 6X10% m/s as a function of z and of the partial pressure dfetermined by EPMA). X-ray diffraction data identifying the major
H,0. crystalline phase in each specimen are also given in Table I.

After exposure for 328 h at 1250°C and 18.2 aty®Hhe
Besides z, there are other factors that need to be consideéhictkness of each sample was measured from undamaged specimen

in analyzing volatility results from such experiments. As shown areas (mass measurements were not reliable due to tube failure). For
equation (3), the total volatile flux is a sum of all potential reactiorthe BAS and BSAS specimens, an ~8% increase in specimen thickness
so it is possible to have measured values that are not specific to @eurred while the SAS specimen exhibited an ~2% thickness
species if there are several products with comparable vapor pressuiesease. Microstructural changes for each oxide specimen were also
This can be the case for complex mixed oxides with different z valwdsracterized after exposure. X-ray diffraction data from exposed
and/or that form oxides as well as hydroxides with high vapsurfaces of the SAS and BSAS samples showed no change in the major
pressures. Strict interpretation of results from such mixed oxides witystalline phase due to high-temperature, higHpressure
also be complicated by uncertainties in the activities of the varioesposure. The data for BAS showed only B&AOg with no
components (see equation (8)) as these may deviate significantly froridentified second phase (as observed in as-fabricated BAS, Table 1).
what is expected for ideal solution behavior. Comparable BSE images (to Figures 4, 5, and 6) for the BAS, SAS,

and BSAS cross-sections after exposure for 328 h are shown in Figures
INITIAL MATERIAL EXPOSURES AT HIGH H ,O PRESSURES 7, 8, and 9, respectively.

The initial Keiser Rig exposure at 20 atm (~18 atg@®Hand

1250°C ended prematurely (after < 100 h at temperature and pressure)



Figure 4. As-processed microstructure of hot-pressed BAS.
micrograph shows distribution of second phase particles.

Figure 5. As-processed microstructure of hot-pressed SAS.
micrograph shows distribution of second phase particles.

Figure 6. As-processed microstructure of hot-pressed BSAS.
micrograph shows distribution of second phase particles.

BAS SAS BSAS
Matrix Phase Ba 7.9 Sr 76 g? 155
Composition Al 155 Al 151 :
P . . Al 154
(at%) Si  15.0 Si 156 Ssi 153
o 616 © 617 O 616
Secondary Ba 10.8 st 88 ga 54‘;
Phase Al 184 Al 130 Alr ia
Composition Si 10.5 Si  16.0 Si 13'7
%% X .
(at%) (0] 60.3 O 622 o 622
In Primal ;
Crvet "TY BaAl ,Si,Og
rystalline . .
SrAl,Si,O IBag 75Sr(.25A1,Si,0,
Phase (major second phase z72-e 075°70.25712=72'8
(XRD) not identified by XRD)

Table 1. Composition and X-ray diffraction data for as-processed
BAS, SAS, and BSAS materials used for Keiser Rig exposures.

Microstructural analysis was conducted not only to evaluate
bulk microstructural changes in the specimens as a result of exposure
to the high HO pressures, but to assess any material recession/loss or
change in surface structure/composition after exposure. As evidenced
in Figures 7, 8, and 9, surface morphological changes were observed
for all three oxide specimens after exposure. Clear densification of the
surfaces accompanied by changes in phase distribution were noted for
each sample and was especially evident for the BAS. Figure 7(a)
shows that the BAS underwent extensive grain growth
(recrystallization) and redistribution of the porosity and second phase
at the surface. A denser surface region ~4@hick was completely
devoid of the Ba-rich second phase (identified in the as-fabricated

InB&S) and was composed of an intimate 2-phase mixture of the
BaAl,Si,Og matrix phase and a more predominant Si-rich (23 at%),
Al-poor (6.1 at%), isostructural phase (shown clearly in Figure 7(b)).
Phase separation (into Sitich phase(s)) will likely precede any
volatilization reactions since recession of the BAS (as well as BSAS
and SAS) will occur due to preferential volatilization of silica from the
oxide.[19] The BAS specimen has undergone the initial stage of phase
separation with minimal (if any) volatilization after only 328 h
exposure. The 8% thickness increase measured after exposure is most
likely due to significant BAS grain growth and an increase in porosity.
The SAS specimen also exhibited a very dense surface
region ~75um thick post-exposure at 18.2 atm for 328 h. However,
the extensive bulk grain growth and porosity redistribution observed in
the BAS was not observed for SAS. The SAS dense surface region
(Figure 8(a)) was, for the most part, void of any Sr-rich second phase
and also showed the start of phase separation (similar to that observed
for the BAS, but on a much finer scale) consisting of the ;5i/Dg
matrix phase dispersed throughout an isostructural phase which was
Si-rich (18.9 at%) and Al-poor (11.5 at%). The distribution of the two
surface phases is shown in Figure 8(b). The SAS specimen was the
'néﬁfy specimen to show a thickness decrease (2%) after exposure which
was likely due to shrinkage associated with the observed surface
densification.



The surface of the BSAS specimen is shown in Figure 9(
The BSAS surface (50-80m) was densified to some extent duringd
exposure to high O pressures for 328 h, but grain growth and po
size changes were not evident. The top 1p¢B0f the BSAS surface |.
showed the highest density (see Figure 9(b)) and this dense region

single phase BgSry sAl,Si,Og rather than the BgysSry o5Al,SinOg

celsian phase identified in the as-processed BSAS. Below this dde
outermost surface layer, a small amount of phase-separation to B
phase and a Si-rich (16.5 at%), Al-poor (14.3 at%) phase was obser
It is yet unclear why a significant thickness increase (~8%) W

measured on this specimen after exposure.

100pm A

)!t) ‘ o

Figure 7(a). Surface of BAS after exposure in Keiser Rig for 328 h
1250°C and 18.2 atm J@. Densified surface region (shown by

arrows) is void of Ba-rich second phase.

10 pum %
; a

Flgure 8(a). Surface of SAS after exposure in Keiser Rig for 328 h at
1250°C and 18.2 atm J@. Densified surface region (shown by
arrows) is void of Sr-rich second phase.

Figure 8(b). Within densified surface of SAS after exposure in Keiser
Rig for 328 h at 1250°C and 18.2 atm@ A 2-phase structure is
apparent in the densified surface region consisting of the (minor)
SrAl,Si,Og matrix (shown by arrows) and an isostructural (major)
phase which was Si-rich (18.9 at%) and Al-poor (11.5 at%).

CONCLUSIONS

A high-temperature, high-pressure furnace (ORNL's Keiser Rig)
has been modified to accommodate very higB Igressures of 20 atm.
Keiser Rig exposures have previously been used to accurately assess
an EBC'’s ability to effectively protect Si-based ceramics. In the work
described herein, an analysis based on volatility reactions and mass

Figure 7(b). Within densified surface of BAS after exposure in Keisftuix of volatilized species has shown that operating at very high H
Rig for 328 h at 1250°C and 18.2 atg@d A 2-phase structure is pressures can be used to compensate for the low gas velocities {~6X10

apparent in the densified surface region consisting of (minatn/s) in the Keiser Rig.

By operating at much highgD lgressures,

BaAl,Si,Og (shown by arrows) and a (major) Si-rich (23 at%), Althe use of the Keiser Rig can be expanded to evaluate the volatility of

poor (6.1 at%) phase.

candidate EBCs in addition to addressing EBC thermal stability and
protective capability issues. An initial exposure of Ba- and Sr-based
EBCs at a HO pressure of 18.2 atm and 1250°C for 328 h did not



necessarily validate the principles discussed in this paper, but dIRC sponsored by the Office of Naval Research (ONR) and the U.S.
induce the microstructural and compositional changes that likely oc@epartment of Energy, Office of Power Technologies, Distributed
prior to the onset of volatilization (i.e., the formation of a Si-rich pha&mergy Program.
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