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Abstract

Environmental barrier coatings (EBCs) are used tevgnt oxidation of
underlying ceramic-matrix composite (CMC) structuc@mponents in aircraft gas-
turbine engines. As operating temperatures increiaggested airborne sand poses a
serious threat to the stability of these coatimgssause the sand adheres to the hot EBC
surfaces and melts, forming calcium-magnesium-atosilicate (CMAS) glass. The
reaction of EBCs with molten CMAS can lead to EB&athination. Additionally, the
interaction of water vapor with the CMAS-reacted@®Bcan result in the formation of
undesirable phases. ¥31,0; has been identified as a promising EBC ceramisetban
its desirable properties: phase stability up toG60 low thermal expansion coefficient
mismatch with common CMCs, and potential resistaag&nst degradation by CMAS
and water vapor. As-sintered X3»,0; and CMAS-coated Yi5i,O; are tested in an air
environment and in a water vapor environment, tehgerature of 130C in both cases.
The behavior of these ceramics is compared todhegference materials. Results from

oxidation and chemical stability studies and aredyare presented.
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Chapter 1: Introduction

In the push for more efficient aerospace jet ergjiperating temperatures are
being driven higher and higher. As a result, tmacstiral components in the hot section
of the engine, typically composed of metal supeyal] are beginning to reach their
temperature limits, even with thermal barrier coggi (TBCs) providing additional high
temperature capabilities. For this reason, theeenwvement toward using silicon-based
ceramic matrix composites (CMCs) for these strateomponents. When a Si-based
CMC is exposed to high temperature in an envirorinvgnere oxygen is present,
however, it will develop a protective Siayer. In a water vapor environment, typically
caused by hydrocarbons from combustion, this,3&yer will volatilize and produce
Si(OH),. As the SiQ layer develops and volatilizes repeatedly, théaser of the CMC
component will recede, threatening the physicatégnty of the part and potentially
leading to failure of the component. Environmeibtirier coatings (EBCs) are needed to
protect the underlying Si-based CMC from the negagiffects of air and moisture.

An additional challenge that develops with highest jengine operating
temperatures is the reaction of component matewils ingested silica-rich particles.
This can become a more serious problem in regibtiseonvorld where airborne sand can
be more readily ingested into the engines. Shohisl $and, or calcium-magnesium-

aluminosilicate (CMAS), reach the hot section of #ngine where temperatures rise



above 1208C, the CMAS will have reached a temperature abdsemelting region
(~1160C). Above this temperature, CMAS behaves as a giambinstead of impinging
upon the surfaces of jet engine components andghssing through the engine, it will
adhere to surfaces and react with the componerdriaist More robust TBCs for metal
superalloy components are currently being engietremitigate the effects of CMAS
attack; however, little research has been donbaematea of identifying an EBC material
that can resist thermochemical reactions with CMAS.

The objective of this study is to identify an EBGterial that is resistant to both
CMAS glassy deposits and high temperature wateowvaprrosion. A comprehensive
matrix of experiments, ranging in length from 24uf®to 168 hours, was developed
(Table 1). Many conditions found in a natural jetgme environment (i.e., higher
pressure, air velocity) could not be simulated e fab. Due to limitations in the
laboratory set-up, the primary goal of this studgswio evaluate the thermochemical
interactions between ¥%Bi,O; and CMAS in an environment of dry air or air with
moisture content around the average found in tk&l.fiThe behavior of the EBC
materials in a water vapor environment were congpaveh their behavior in an air
environment to better evaluate the effects of watgror on both CMAS-coated and —
uncoated samples. One indicator of a material’'seqtility to silica volatilization in
water vapor is the observation of mass loss oymared of time. To help study the mass
loss effects of water vapor on the EBC samplesoumitiCMAS, experiments in the water

vapor environment included a Si@ference sample as a comparison.



EBC with CMAS | EBC without CMAS | SiO, reference sample
24h | Air / Water Vapor| Air / Water Vapor Water Vapor
72h | Air / Water Vapor Water Vapor Water Vapor
120h | Air / Water Vapor Water Vapor Water Vapor
168h | Air / Water Vapor|  Air / Water Vapor Water Vapor

Table 1. Environment-specific experiments, perfatrae1300°C, for EBC materials and
reference materials

In order to meet the primary objective of this stutthese basic studies on CMAS
molten-deposit attack on EBCs with and withoutitifeience of high temperature water
vapor corrosion must be performed. Several rartreslicates have been identified as
potential EBC ceramics, based on their desirabd@gities: phase stability, low thermal
expansion coefficient (CTE) mismatch with common C3such as SiC andsSi, and
promising resistance against degradation by CMAS8 waater vapor. The following
chapter provides a more in-depth look at the pymBBC materials that have been

previously or are currently being studied.



Chapter 2: Environmental Barrier Coating Selection

2.1: Background

In the process of identifying a promising EBC mialechoice, options were
weighted against a series of ideal material charmtics: phase stability through 1300°C;
low CTE mismatch with SiC and $Bl;, common CMCs proposed for hot section jet
engine components;chemical compatibility with Si@d aSgN4; relatively low silica
activity; and low material cost. The material mbhstdense to help prevent exposure of

the underlying substrate to water vapor.

2.2: Barium-Strontium-Alumino-Silicate (BSAS)

EBCs are a multilayered coating system, used teepteoxidation of underlying
ceramic-matrix composite (CMC) structural composantaircraft gas-turbine engines.
A conventional layered system includes an initayer of dense Si on the CMC,
providing a close CTE match. This is followed byager that consists of a mixture of
mullite and Ba.SKAISiOg (BSAS),to help prevent oxidation. Often, the detogeoat
consists of BSAS to help increase oxidation restdaand slow Si©volatilization. A

cross-sectional SEM image of a representative ilagetructure is presented in Figure 1.
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Figure 1: Cross-sectional SEM image of common E8@iiing system containing
BSAS'

This BSAS layered system works well, to a degreis. ¢hallenged by increasing
jet engine operating temperatures and environmelgadands. Of particular interest is
the reaction between BSAS and CMAS when these tipgreemperatures provide an
environment conducive to creating glassy CMAS depas the hot section components.
CMAS reacts with the BSAS and penetrates the cgalfihis reaction product increases
SiO, volatility of the EBC system. Backscattered elect(BSE) images of this reaction

can be seen in Figure 2.



Figure 2: BSE images of reaction between BSAS avid& at 1300°C after (a) 1 hour
and (b) 4 hours

Since the robustness of the conventional BSASréalysystem is questionable at
higher temperatures and in the presence of CMA&rqgbossible EBC materials were

investigated for this study.

2.3: Rare-earth Silicates

Rare earth silicates are a group of materials gt many of the qualities that
are necessary for an ideal EBC. In particular, mdicates and disilicates containing
yttrium, ytterbium, or lutetium are of the greategéerest. Many of these materials exhibit
phase stability through 1300°C and low CTE mismatith SiC and SiN4, as shown in
Table 2. Additionally, their silica activity is wgively low, they show chemical

compatibility with SiC and 3N4, and have a relatively low material cost.



SiC SisNs | Y2SiOs | YD,SiOs | Y2ShO7 | Yb,SiOr
45-55| 34 5-6 3.5-45| 34 4-5
Table 2: Reported coefficients of thermal expangioh0°® °C™) of potential RE-silicates
EBCs and underlying CMGs

Lu,Si:O; exhibits a CTE of 3.7 x 10C*, which minimizes the risk of
delamination or cracking due to CTE mismatch wiile.S.u,Si,O; also exhibits an
improvement in thermal expansion upon another sdméwommon EBC system
comprised of BSAS (CTE: 4 to 5 x 1Y) with yttria-stabilized zirconia (CTE: 10 to
11 x 10°°C™) topcoat.

In Figure 3, Felsche has documented rare eartlicdisi phase stability with
respect to the ionic radius of the rare earth efgpwver the temperature range of 800
to 1800C. The rare earth elements are listed on the hu@ataxis at the top of the chart
at locations corresponding to their ionic radii.eTlnes separating the phase regions
indicate where a phase change occurs. (Phases shdwgure 3: A: tetragonal; B and F:
trigonal; C and D: monoclinic; E: orthorhombic; @seudo-orthorhombic.) Both Lu-
silicates and Yb-silicates exhibit monoclinic phadability up to 1600C. Due to the

significantly higher cost of Lu, Yb was investigateore closely.
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As seen in the YiDs-SiO, phase diagram (Figure 4), ¥X3iOs and YbSi,O; are
both line compounds, showing phase stability upl®0C (Yb,SiOs) and 1850C
(Yb2Si,O;). Rare earth monosilicates (FOs) exhibit greater chemical stability with
H,0O than rare earth disilicates (F80-). In a water vapor environment, the $i@ the
disilicate will volatilize and produce Si(Ok) potentially leading to the eventual
transformation of the disilicate to a monosilicaiéie monosilicate is more chemically

stable, so Si@within the EBC is less likely to volatilize.
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Figure 4: YbO; - SiO;, phase diagram with monosilicate and disilicate laompounds

The story changes completely when CMAS is consdléi¢hen CMAS interacts
with the monosilicate, the silica from the CMAS iehes the monosilicate, eventually
transforming it into a disilicate. An unpredictaljbase change based on environmental
factors would be detrimental to the integrity oé ttomponent. However, when CMAS
comes into contact with the disilicate, the disitec is already saturated with silica, and
the system remains chemically stable with no plcaseges. Therefore, R&,O; shows

greater chemical stability with CMAS than FOs. Also, there is little CTE mismatch



between YBSi,O; and the proposed CMCs, as compared to the CTE attbnibetween
Yb,SiOs and the CMCs. Y15i,0; has been identified as a promising EBC materidl an

pursued.
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Chapter 3: Experimental Procedure

3.1: YBSLO; Preparation

The environmental barrier coatings used in thiglgtwere made via reaction
sintering. A stoichiometric molar ratio of ¥03(99.99% purity, MTI Corporation,
Richmond, CA) and Si© (reagent grade, Supelco Analytical, Bellefonte, ) PA
(Yb203:SIiO, = 1:2) powders wereball milled in ethanol for 48uhs. The resulting slurry
was then dried on a hot plate while continuousigrest. Using a hydraulic press, the
powder was pressed into 0.5-inch diameter pellets @messure of 2500 |bs. Using cold
isostatic pressing (CIP), the green body was stdgjeto a pressure of 205 MPa. The
resulting pellet was then sintered in a platinunrcitile at 1650C for 24 hours, resulting
in at least 97% theoretical density € 6.13 g/cm), as measured using Archimedes’
principle. X-ray diffraction (XRD) was performed @ach pellet to confirmat least 90%
estimated phase purity, using an X-ray diffract@ne(XDS 2000, Scintag Inc.,
Cupertino, CA). A representative XRD scan is shanvRigure 5, with primary Y§5i,0;
peaks indicated by triangles, and a dashed-limdecaround the region where the primary
Yb,SiOs peaks would appear if the monosilicate were ptedémmarked peaks include

minor Yb,Si,O; peaks, unreacted SiCand XRD background.

11



' Yb25i207 v

v
2
7]
2
£
v
v
v v viy ‘
vv'
WMJU_.JM mmltu
20 30, 7 40

20

Figure 5: Representative XRD pattern of EBC pelgh acceptable phase purity for
testing

3.2: CMAS Preparation

In order to maintain a consistent sand composif@mnexperiments, simulated
CMAS glass frit, based on a representative sandposition (Table 3), was used. The
composition of the simulated CMAS was determinennfractual sand deposits found in
the field, provided by Naval Air Systems CommandtuRent River, MD, for a previous

study?®
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Composition | SIO, CaO MgO Al,O3 Na,O K,O FeO,

mol% 50.0 | 380 | 5.0 4.0 1.0 1.0 1.0 (B

wt% 49.7 35.3 3.3 6.7 1.0 1.6 2.4 (FeO)

Table 3: Composition of the sand used to prepasithulated CMAS glass

Procedures for preparation of the simulated CMA&Sglfrit were established by
Aygun® and are as follows. Reagent grade powders of xite® represented in Table 3
(Fisher Scientific, Pittsburgh, PA) were mixed ameélted twice: first in a platinum
crucible in a box furnace (Thermolyne, Dubuque, idxir for 4 hours at 158G, and
then the resulting glass was crushed and remeltedbedore in order to ensure
homogeneity. The glass resulting from this secoetting was crushed and sieved using

#500 mesHi.The composition of the CMAS is comparable to thased in other studies.

3.3: Testing Preparation

All Yb,Si,O; EBC pellets to be tested were polished to ani finish using
standard metallographic techniques to produce & dlaface with a mirror finish.
Specimens being tested for CMAS/EBC interactionenwgrepared using the following
procedure.CMAS-frit paste was uniformly appliedhe top surface of an ¥8i,0; EBC
pellet, such that a uniform CMAS concentration peit EBC area of 35 mg/cfrwas

maintained on the top surface of the sample. Spawnbeing tested without CMAS did

13



not require further preparation. SiQeference samples were prepared by cutting
specimens comparable in size to the EBC samples &&iQ slide. The dimensions of
each sample were measured using calipers and aagles including applied CMAS if

applicable, was weighed prior to testing.

3.4: Air Environment Testing

For each air environment test, an,8bO; specimen with CMAS on the top
surface and an ¥%Bi,O; specimen without CMAS were laid flat in a platinanmucible.
They were then heat-treated isothermally at 180@r 24, 72, 120, or 168 hours in air

using a thermal cycling furnace (CM Furnaces IBtopmfield, NJ).

3.5: Water Vapor Environment Testing

Each water vapor environment test was conductea @ontrolled-environment
fused quartz tube furnace (SentroTech, Berea, ©®&bing the tube material choice on
the experimental set-up of Opila, et’dfor each test, three specimens were placed in a
fused quartz combustion boat. These specimensdedla SiQ reference sample, an
Yb,SiO; sample without CMAS applied, and an ;830; sample with a uniform layer
of CMAS on its top surface. These samples wereeplas the combustion boat in this
order and inserted into the tube furnace so thatain-water flow would reach the
Yb,Si,O; sample last, in order to reduce the possibilitgioborne CMAS contaminating
the other samples. The samples were tested simeoligty in order to compare each

material’'s response when exposed to the same camglitThese specimens were heat-

14



treated isothermally at 1300 for 24, 72, 120, or 168 hours in 50% air — 50%ewa
vapor (8 L/min volumetric flow) in the aforementexh controlled-environment fused
quartz tube furnace. The water vapor exiting theetturnace was cooled via a radiator

system and collected to ensure consistent air-vilatgr

3.6: Characterization Methods

Following each test, each sample was measured usihgers and weighed.
Using this data, dimensional changes in the petletéd be detected, as well as any mass
gain or loss.

XRD patterns of the top surface of EBCs with anthait CMAS applied were
obtained using an X-ray diffractometer.

As-pressed EBC specimens, heat-treated EBC spesiméghout CMAS, and
CMAS-interacted EBC specimens were mounted in e/ ground approximately 5
mm in depth to produce cross-sections. The moutress-sections were polished to a 1
pm finish using routine metallographic techniqued abserved in a scanning electron
microscope (SEM; Sirion, FEI, Hillsboro, OR) equegpwith an energy dispersive
spectrometer (EDS; EDAX, Mahwah, NJ). EDS was udedcreate elemental
composition maps of representative CMAS-EBC reacgieas.

Transmission electron microscopy (TEM) specimenEBIAS-interacted EBCs
were prepared using a focused ion beam (FIB; H&@3 FEI, Hillsboro, OR). These
specimens were observed in a Techai TEM (Tecnaj FEQ, Hillsboro, OR; 200 kV)

equipped with an EDS.

15



Chapter 4: Results

4.1: Air Environment Testing
Figure 6 shows a cross-sectional BSE image of asindsred YbSi,O; EBC
pellet adjacent to cross-sectional BSE images oEK0- pellets that have been exposed

to a 1300C air environment for 24 and 168 hours, respectiv@lver time, little change

in microstructure was observed.

Figure 6: Cross-sectional BSE images obSiHO; pellets: (I-r) as-sintered, after 24h in
air environment, after 168h in air environment

In Figures 7 through 10, a BSE image of a sampbssesection from each air
environment test is displayed alongside EDS mapsatdfium, ytterbium, and silicon.

Due to EDS peak overlap of magnesium and aluminutim yiterbium and silicon, the

16



presence of calcium is the strongest qualitatiekcator of CMAS penetration into the
EBC. Many of the ytterbium maps indicate the preseof Yb in the reaction layer,
showing that the EBC is in fact reacting with thRIAS, and the presence of CMAS in
the EBC is not limited to grain boundary penetratim the BSE image in Figure 7, the
darker gray region in the upper half of the imag@rimarily residual CMAS sitting on
top of the EBC, and the lighter-colored grainsesation product can be seen not only in
the reaction layer, but scattered in the CMAS lagwell. As time progresses, the EBC
and amorphous CMAS continue to react, forming atatiine reaction layer that helps to

prevent bulk CMAS penetration into EBC grain bouneta

17



Figure 7: (clockwise from upper left) BSE imageddDS maps of Ca, Si, and Yb in
specimen exposed to air environment at 1300°C4drdurs

18



Figure 8: (clockwise from upper left) BSE imageddDS maps of Ca, Si, and Yb in
specimen exposed to air environment at 1300°C2drours

19



Figure 9: (clockwise from upper left) BSE imageddDS maps of Ca, Si, and Yb in
specimen exposed to air environment at 1300°C26rHours

20



Figure 10: (clockwise from upper left) BSE imaged&DS maps of Ca, Si, and Yb in
specimen exposed to air environment at 1300°C68rHbours

21



Figure 11 shows a time-based progression of BSE EBGs-sectional images
following air environment testing in the present€MAS. These cross-sectional images
offer a more comprehensive view of the extent ef BEBC-CMAS reaction. The visual
clarity of the resulting reaction microstructurenist as great as after testing in water

vapor environment, shown in Section 4.2.
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Table 4 shows the calculation of the change in nfasp with respect to the
original top surface area of the sample {cfor each sample in each air environment test.
Each measurement shows the change in mass thasdomo t = 0. YBSi,O; samples
without CMAS were not tested, as the microstructofethe 24 hour and 168 hour
samples were similar and showed negligible vamatirom the as-sintered
microstructure; therefore, it was determined tiég sample condition did not warrant
further testing in air environment. Values of détecmass change less than 1 X 10

mg/cnf are reported as zero.

Yb28207 without CMAS szS|207W|th CMAS
24h | - 0.0556 -1.615
72h | N/A - 0.00124
120h | N/A - 0.00104
168h | O -2.928

Table 4: Mass change datsnfg/cnf) for air environment testing

4.2: Water Vapor Environment Testing

Figure 12 shows a cross-sectional BSE image ofsasirdered YESi,O; EBC
pellet adjacent to a cross-sectional BSE image mofyh,Si,O; pellet that has been
exposed to a 130G air environment for 24 hours. Figure 13 showsdfass-sectional
BSE image of an as-sintered ;8»0; EBC pellet next to the cross-sectional BSE image
of an YbSi,O; pellet that has been exposed to a 280&ir environment for 168 hours.

In both cases, little change in microstructure wlaserved over time.
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Figure 12: Cross-sectional BSE images ofMHD; pellets as-sintered (left) and
after 24h in water vapor environment (right)

Figure 13: Cross-sectional BSE images ofM§D; pellets as-sintered (left) and
after 168h in water vapor environment (right)
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In Figures 14 through 17, a BSE image of a samassesection from each water
vapor environment test is displayed alongside EDgpsmof calcium, ytterbium, and
silicon. As above, the presence of calcium is thengest qualitative indicator of CMAS
penetration into the EBC. In the BSE images in fégul4 through 16, the darker gray
region in the upper half of the image is primarngsidual CMAS sitting on top of the
EBC, where the microstructure of the reaction pobdtan be clearly seen. As time
progresses, the EBC and amorphous CMAS continuedot, forming a crystalline
reaction layer that helps to prevent bulk CMAS peximn into EBC grain boundaries.
Also, the CMAS and water vapor continue to readiras progresses, creating complex

reaction products which are discussed further iapddr 5.
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Figure 14: (clockwise from upper left) BSE imagadd&DS maps of Ca, Si, and Yb in
specimen exposed to water vapor environment at°C3@y 24 hours
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Figure 15: (clockwise from upper left) BSE imaged&DS maps of Ca, Si, and Yb of
specimen exposed to water vapor environment at°’C3@fr 72 hours
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Figure 16: (clockwise from upper left) BSE imagad&DS maps of Ca, Si, and Yb of
specimen exposed to water vapor environment at°C3@fr 120 hours
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Figure 17: (clockwise from upper left) BSE imaged&DS maps of Ca, Si, and Yb of
specimen exposed to water vapor environment at°C3@fr 168 hours
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Figure 18 shows a sequential progression of EBGsesections following water
vapor environment testing in the presence of CMR&se cross-sectional images offer a
more comprehensive view of the extent of the EBCASWreaction, in addition to the

character of the resulting reaction microstructure.
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Table 5 shows the calculation of the change in nfagp with respect to the
original top surface area of the sample {crfor each sample in each water vapor

environment test. Each measurement shows the changass that occurs from t = O.

Values of detected mass change less than I°xificnt are reported as zero.

SO, Y b,Si,0; without CMAS | Yb,Si,O,with CMAS
24h | -0.138 0 -2.453
72h [-0.175 0 +0.361
120h | - 0.523 0 +0.00156
168h | - 0.427 -0.681 +1.629 x fo

Table 5: Mass change datsnfg/cnf) for water vapor environment testing

water vapor environment at 12&Dcan be found in Figures 20 and 21 in the Appendix
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Chapter 5: Discussion

As can be seen in Figures 7 through 11 and 14 ghrdi8, a thermochemical
reaction occurs in both air environments and wadgor environments at 1300. In this
study, evaluation of the reaction zone is limitedthie cross-section of the area where
each sample was sectioned after testing. In therwaipor environment, it appears that
an apatite-like reaction phase forms, as eviderimedhe needle-like microstructure
visible in Figure 16. TEM results indicate thatstieaction phase is composed of Yb-Ca-
Si-Fe, a compound of which little is known.

TEM results (Figures 20 and 21) from a 24 hour waépor environment test at
1250C show the presence of crystalline CMAS near théasa of the EBC-CMAS
sample. There is an Yb-Ca-Si-Fe reaction phasewb#tat, situated amid amorphous
CMAS glass. At the base of the evaluated regiahesYb,Si,O; EBC material. Further
studies involving this unusual Yb-Ca-Si-Fe compousdecessary in order to gain a
better understanding of the reaction phase arptofgerties.

Mass loss measurements are not a significantlghielimethod of determining the
degree to which the EBC material and/or CMAS istieg with its environment. There

are a variety of situations that can contributeamoinaccurate measure of mass loss or
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gain. In the air environment, insufficient dryingtbe glass frit-ethanol mixture prior to
the initial weighing of the sample could lead ttaksely high mass loss measurement, as
the ethanol that was weighed during the initial sse@ament would fully dry during the
experiment. Within the water vapor testing enviremiy there is the potential for
volatilization of SiQ of the fused quartz tube and fused quartz comtiustoats, as well
as the development of a film on the surface ofgpecimen which has been in contact
with the combustion boat. The stainless steel eqpd of the tube furnace also have the
potential to corrode when exposed to water vaper @vperiod of time, leading to the
possibility of material foreign to the study depgj on the specimens as the air flow
passes over them. There also is the possibilitthefcreation of reaction products that
result in a mass loss or gain, which can be coefiimia TEM analysis. In either
environment, there can be variability in the measent of the specimen dimensions,
although any errors by this method would have aigibte effect on the mass loss
calculation when compared with changes in the ramssmmeasurement. Since the
duration of these experiments reached a maximumgheaf 168 hours at 1300, any
true mass loss of the uncoated EBC material is@gddo be less than 0.263 mgfcas
reported by Maier, when evaluated without regamhirostructural developmefit.

One proposed mechanism suggests that the CMASidsatleposited on the EBC
can act as a kind of sacrificial layer. This woulegan that the SiOin the CMAS
selectively volatilizes, rather than the i@ the YbSi,O;, thereby retaining as much of

the EBC integrity as possible and protecting thdenlying CMC substrate much more
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effectively. Further studies are necessary to detex the validity of this mechanism
theory.

Another theory as to what is happening to the CMASted EBCs in a water
vapor environmentis that as the i@ the CMAS preferentially volatilizes, it shiftae
CMAS composition from amorphous Pseudo-wollastotuterystalline Gehlenite. In the
ternary phase diagram of major components of CMA@vs in Figure 19, a dashed red
oval shows the region of common CMAS compositiamsnf the field. The phase shift
due to depletion of Sifin this CMAS composition is indicated by a redoarr Pseudo-
wollastonite is difficult to crystallize; convergel Gehlenite crystallizes readily.
Amorphous CMAS more easily penetrates the EBC rangooundary attack. However,
with this shift to a crystalline phase, the nowstajline CMAS does not pose a
significant threat to the integrity of the EBC, iasrystallizes on the surface of the EBC

and does not penetrate the EBC along the graindzuigs.

36



CMAS Sand

Gehlenite

L ]
Ca-AlSi

A4 A4 A4 AV

¥ vV v ¥ v
Cao Ca;Al, CanAl, CaAl, CaAl, CallLAIO, .

Figure 19: Ternary phase diagram for primary congods of CMAS, with common
CMAS composition region indicated by dashed red‘ova
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Chapter 6: Conclusions

In both air and water vapor environments, it appdhat the formation of the
reaction product may slow the penetration of CMA@@g the grain boundaries of the
EBC. In a water vapor environment, it appears 8@ in the CMAS will preferentially
volatilize, causing the CMAS composition to shiforh an amorphous phase to a
crystalline phase. This phase shift helps to ptotke YBSi,O,EBC from SiQ
volatilization and grain boundary CMAS penetratidine complexity of the reactions
taking place in the Yi5i,0,-CMAS system and the possible contamination preasettie
laboratory set-up negate the significance of theswange measurements as a definitive
indication of the efficacy of the EBCs when exposgair or water vapor environments.
Additionally, the mass gain that occurred in soméhe samples may be due to the
formation of reaction products from the EBC, CMAfd water vapor. Further analysis
is necessary to confirm the validity of these thesor

By following the matrix of experiments outlined kar, substantial groundwork
has been laid in the evaluation of 830, as a potential EBC material in both water
vapor and air environments, as well as with andhout the presence of CMAS. Further

investigation into the behavior of ¥BIOs as a potential EBC material would be
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beneficial to determine the soundness of the argurae to whether or not rare earth
disilicates perform better than rare earth moncetdis in the two environments tested.
Also of worth would be the future development daygering system for Y{5i,0; on SiC

or SEN,4 and the assessment of the mechanical robustndbg afystem, as well as the

mechanical properties of the EBC alone.
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Appendix: Hot-pressed ¥%Bi,O;

A.1l: Experimental Procedure

The environmental barrier coatings used in thigstuere made via hot pressing.
Yb203(99.99% purity, MTI Corporation, Richmond, CA) aBdD, (99.9% fumed silica,
Cabot Corporation, Billerica, MA) powders were ndxa a 1:2 molar ratio and hot-
pressed at 55 MPa and 18C0or 3 hours, resulting in 98% theoretical density

Simulated CMAS glass frit was prepared as describe&ection 3.2 above.
CMAS/EBC interaction experiments were performed ngsi the following
procedure.CMAS-frit paste was uniformly appliecthe top surface of Yi$i,O; EBCs,
such that a constant CMAS concentration per uni€ BBea of 5 mg/cfwas maintained
in all of the experiments. These specimens werkflat in a platinum crucible for air
environment testing or in a fused quartz combuskioat for water vapor environment
testing, with the CMAS-coated EBC top surface fgaip.

For air environment testing, ¥Bi,O; specimens were heat-treated isothermally at
1250C for 24h or 120h in air using a thermal cyclingnface (CM Furnaces Inc.,
Bloomfield, NJ). For each water vapor environmeestt three specimens (a $iO
reference sample, a ¥®,0; sample without CMAS applied, and a ;8»0; sample

with a uniform 5 mg/crhCMAS layer on its top surface) were tested sinmeasly in
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order to compare each material’'s response whensexiptm the same conditions. These
specimens were heat-treated isothermally at 12%@r 24h, 48h, 72h, or 120h in 50% air
— 50% water vapor (8 L/min volumetric flow) usingcantrolled-environment fused
guartz tube furnace.

Material characterization was performed in a marsimilar to that outlined in

Section 3.6 above.

A.2: Results

Figure 20 shows TEM results from a 24 hour watgpor environment test on
hot-pressed Yi5i,O; with 5 mg/cni of CMAS evenly distributed across its top surface.
The region from where the TEM foil was extractednidicated by the rectangle on the
SEM image on the right side of the figure.FiguresBdws the indexed TEM pattern from
the crystalline CMAS region in Figure 20. This patt indicates that the crystalline

CMAS phase is Gehlenite. (TEM work courtesy of Argaledhill and Julie Drexler.)
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Yb,Si,0,

Figure 20: TEM results from ¥Bi,O; sample exposed to water vapor environment for
24 hours at 1250°C
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Figure 21: Indexed TEM pattern from crystallized &®region indicating Gehlenite

A.3: Discussion

The results from Figures 20 and 21 are discusse@hapter 5. This study,
although promising, was terminated. The proceseeattion sintering in the hot press
caused the EBC pellets to retain residual strefaging testing at 125C, these stresses
relaxed and caused buckling of the pellet to oc€ars buckling led to the opening of
pathways in the EBC pellet for CMAS to flow, theyemterfering with the surface

reaction study being performed.
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