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Abstract

The overarching objective of this program was to develop fundamental insight into the degrada-
tion mechanisms that may limit the durability of environmental barrier coatings (EBCs) when
exposed to calcium-magnesium alumino-silicate (CMAS) melts. A corollary objective was to
identify strategies to enhance the environmental robustness of the underlying CMC matrix in the
event of spallation or cracking of the EBC. In addition to generating fundamental understand-
ing, the program sought to identify science-based solutions to these problems, explore their im-
plementation and evaluate their performance in a faboratory setting.

The EBC materials of primary interest were the rare earth silicates, exemplified by Y,SiOs
(YMS) and Y;Si,07 (YDS). A model CMAS with composition CassMggAl13Siss, used in previous
ONR work, was selected for the majority of the studies. Because YMS was found to be only
moderately resistant to CMAS and YDS arguably less, the overall system design may require
three environmental barriers, one for oxidation (SiO; TGO), one for volatilization (YDS/YMS)
and one for CMAS (RE zirconate or hafnate). This complex multi-layer architecture creates crit-
ical issues of thermo-chemical and thermo-mechanical compatibility when selecting system ma-
terials. The enhancement of environmental robustness of the CMC was approached by modifi-
cations of the SiC matrix and outer layer of the CMC to enable it to grow an EBC-like scale, i.e.
resistant to volatilization, when exposed directly to the oxidative environment at places where
the original EBC has failed. The proposed matrix compositions were also selected with due
consideration to the problem of oxidation embrittlement (“pesting”) of SiC CMCs at intermediate
temperatures. Suitable additives are Y compounds which upon concurrent oxidation with SiC
may form YMS or YDS. B additions are also expected to promote a lower temperature, fluid
glass formation for enhancing resistance to oxidative embrittlement. Matrix additives explored
include YB, in combination with Y20s3, Y58i3 and Al;Oa.

Progress Statement

Substantial insight was gained from the studies of CMAS interactions with EBCs, which re-
vealed that both BSAS and YMS experienced significant degradation when exposed to the
model CMAS used in this study. YMS was found to perform better than BSAS in avoiding grain
boundary penetration by CMAS and forming a nearly dense layer of apatite at the reaction front,
but the rate of recession at 1300°C was still deemed to be inadequate for practical applications.
The lessons learned in this project were subsequently used in a study of a multilayer concept
based on Yb silicates and hafnates, through an AFOSR-STTR with DVTI and Rolls Royce.

The concepts for robust matrices were largely explored on monolithic compacts produced by
powder + polymer impregnation and pyrolysis (PIP) or current assisted densification (CAD)
methods. It was shown that formulations based on SiC/YB,/YsSis/Al,O3 produced scales with
the desirable characteristics, comprising primarily YDS with minor amounts of YMS and YAG. It
was also found that residual porosity enabled some internal oxidation that led to Y migration to
the oxidizing surface, which could be desirable in crack healing scenarios but led to excessive
thick scales. When density was improved by CAD the Y redistribution was largely eliminated
and the thickness of the scale substantially reduced without changing its protective potential.
The functionality of the concept was also demonstrated by showing that the EBC layer could be
generated in a damaged area on a Si-covered matrix compact. Preliminary tests in flowing wa-
ter vapor revealed enhanced thickening of the scale that suggest further refinement of the ma-
trix chemical composition is needed. Thermodynamic measurements on the Y-B system were
initiated, with the future goal of developing a thermodynamic database to guide the design of
future SiC matrices with robust environmental stability. These efforts involved collaborations
with Karlsruhe Institute of Technology in Germany.
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Design of Multilayer Thermal/Environmental Barrier Coatings
The concept of a multilayered coating system for CMC's

is motivated by the lack of a suitable material to simulta- 3 T8C

neously protect the SiO, thermally grown oxide (TGO) ;

from volatilization and resist CMAS attack. The silicates of | = N
interest for EBCs have marginal to poor CMAS resistance | & eSS F.;E S0
while the rare earth zirconates (REZO®) that show prom- |3 Si-graced EBC >
ise for CMAS resistance must be applied with a segment- % 5% gesio
ed or porous structure to minimize the thermal stresses |3 203

and therefore are a poor water vapor and oxidation barri-
er. The envisioned coating system, shown schematically
in Figure 1 includes a layer of a CMAS-resistant RE zir-
conate/hafnate applied to a dense silicate EBC ' this
coating system has been termed a T/EBC® due the simi-
larity of the topcoat to conventional TBCs and the oppor-
tunity to provide thermal protection in internally cooled
components.

Efforts supported by this program focused on improving
the science base for designing multilayer architectures via
phase equilibrium and thermo-physical property determi-
nation, thermo-mechanical modeling, and comparison of
the thermal-cyclic durability and CMAS infiltration re-
sistance of coatings produced using electron beam physi-
cal vapor deposition (EB-PVD) and current assisted den-
sification (CAD) facilities at UCSB. The research also in-
volved the systematic evaluation of the interaction be-
tween sintered pellets of candidate coating compositions
and CMAS melts to determine the importance of factors including caton substitution and tem-
perature on the expected performance of in-service coatings. Knowledge emerging ‘rom these
activities was integrated into related efforts on TBCs under grant NOCQ14-08-1-0522 and an
AFOSR-STTR Phase Il focusing on multilayer EBC systems.

Layer Architectures and Compatibility

Figure 1: Envisioned robust environ-
mental protection system for SiC based
CMC includng modified matrix and
multilayered, multifunctional coating
system.

The materials and architecture selected for the T/EBC multilayer systen must satisfy multiple
design criteria. Specifically, the EBC should exhibit low SiO; activity, be phase stable over the
operating temperature range, thermodynamically compatible with the "GO and TBC, and mini-
mize the CTE mismatch with SiC to facilitate the application of a dense zoating. The outer TBC
layer must also be volatilization resistant, phase stable and compatible with the EBC but the op-
tion for application of a segmented microstructure with low in-plane modulus relaxes the re-
quirement for CTE matching. Thermochemical compatibility between the TGO and EBC is

® Oxides are abbreviated using the first letter of the cation except for Yb, The ordered pyrochlore

(RE;M07, RE = Gd, Nd, Sm, La) and & (RE4M304,, RE = Yb, Y) phases with M = Zr or Hf are
abbreviated REMO. Non stoicheometric compositions are reported in mole percent of oxide based on
single cation formulae; for example, 20Gd-80Zr is equivalent to 20%GdO,s+80%ZrO,. The
abbreviations REDS and REMS are used for RE;Si,O0; and RE,SiOs, respectively.

In this report the dense layer of silicate(s) serving as a water vapor barrier is referred to as the ‘EBC’
while “TBC’ is used to describe the segmented zirconate/hafnate layer intendad to mitigate CMAS at-
tack and provide thermal protection. These labels are based on the historic dJevelopment of the sepa-
rate coating concepts; functional overlap between the layers exists in the present application.
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Table 1: Layer properties used in thermomechanical  gchieved with a layer of disilicate at this
calculations; E and a measured in this study. interface. Preliminary evidence, however,

Material Thickness E o suggests that the application of a RE
{um) {GPa) (ppm/K) | monosilicate directly to the SiO; leads to

SiC 3000 400 | 0.2 5.0 formation of the necessary disilicate layer
SiO, 3 67 0.2 2.0 at the interface without compromising
YbDS (C2/m) 75 147 | 02 49 coating adherence. The phase .equilibria
YDS (P2,/a) 75 153 |02 | 42 bet""eteg, TdB(é, a”t‘: EB% mf‘;‘?”a's were
not studied directly under this program

£dps (Fna2y) L 172 J02) >4 but based on phase equilibria in the SiO,-
DS 12Ia) L2 AT RO el YbO, s-HfO, system? it is assumed that
YMS (12/a) IS 122 ) 00 0.5 monosilicates are preferred in contact
GdMS (P2,/c) 73 148 |02 ] 93 with the REZO/REHO of interest to pre-

vent detrimental interactions .

Development of RE silicate EBCs has generally focused on the smaller Lu, Yb, and Y cations to
take advantage of the favorable bulk CTE of the (/3 (c2/m, P24/a) disilicate polymorphs.® The
Lu- and Yb-systems are preferred because there arz no phase transformations in the disilicates
while the lower cost of YDS is desired assuming the processing route avoids the potential for
phase transformation.* EBCs based on GdDS/GdMS have received less attention due to issues
with phase transformation and CTE mismatch but were considered in the present study due to
interest in Gd-based topcoat compositions.

The implications of the thermomechanical propertizs of proposed coating materials are often
discussed in general terms but efforts to use modeling to guide the optimization of the coating
architecture focused on earlier BSAS/mullite-based systems.5 The need for improved materials
property data for RE silicates and a framework for modeling multilayer EBCs were addressed
under this program. The average bulk CTE and modulus (E) for Yb, Y, and Gd mono- and di-
silicates were measured using dilatometry and nancindentation, respectively. The results of the-
se measurements are reported in Table 1; these values are generally in agreement with proper-
ties previously reported in the literature. The CTEs “or the disilicates are closely matched to SiC
with YDS slightly lower and GdDS slightly higher than SiC. The CTEs for the monosilicates are
significantly higher than SiC and increase with RE cation radius. The modulus for both families
of silicates increases with the RE cation size. These material properties and the coating param-
eters listed in Table 1 were used for the thermomechanical modeling.
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Figure 2: The (a) stress, (b) energy release rate, (c) and phase angle for bilayer Y,Yb, and Gd-DS/MS
coatings on SiC cooled from 1400°C. (NB, in (b) G, for tte Gd silicate system, labeled on the left ordinate
axis are a factor of five greater than for Y- and Yb-silicates, labeled on the left ordinate)
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The T/EBC layers are inherently prone to degradation by cracking during thermal cycling due to
the CTE mismatch between coating and substrate. The variation in properties between coating
layers has a strong influence on the expected crack pattern. Considering first the simplest case
of monolayer coatings cooled from a relaxed stress state at the deposition or operation tem-
perature, YbDS and YDS coatings will be under compression that could lead to edge delamina-
tion or buckling dependent on the size of interface flaws, the interface toughness, and the coat-
ing thickness. Monolayer coatings of GdDS and all monosilicates are expected to be in tension
during cooling leading to Mode | channel cracks that could, based on mode mixity for a specific
case, deflect along the interface leading to coating delamination.

The more relevant case for the development of T/EBC architectures is the stress state a bilayer
DS||MS EBC. The mechanics of thermally cycling this architecture were analyzed based on the
work of Evans, Suo, He, and Hutchinson.®® The stress within the individual layers, shown in
Figure 2(a), is equivalent to the case of monolayers of the respective materials. For the Yb and
Y coatings, the stress shifts from compression to tension at the DS||MS interface. The maximum
energy release rate (ERR), Figure 2(b), is located at the MS/DS interface. For the Gd coatings,
both the DS and MS layers are in tension, however, the maximum ERR remains at the DS/MS
interface. For delamination in the MS layer, the fracture is mixed mode but the phase angle re-
mains constant. Within the DS layer the phase angle is depth dependent, and as shown Figure
2(c), increases through the layer thickness and is entirely Mode 1l by the TGO||DS interface.

A free edge must be present for delamination cracks to propagate in the bilayer coating. The
most probable source of a free edge is a channel crack. Channel cracks initiated at the coating
surface will propagate unstably into the coating if the coating is in a state of residual tension.
Thus, cracks are expected to propagate through Gd-silicate bilayer to the SiC substrate and
from the outer MS surface to the MS||DS interface in the Yb/Y systems. At the interface, the
crack can arrest, penetrate into the layer below, or deflect along the interface. It is therefore
most likely for delaminations to form at any location in the Gd-silicate coating. In Y/Yb-based
coatings, edge delamination is most likely
to initiate in the MS layer, near the MS||DS
interface. In this scenario, the crack will
grow stably into the compressive film and
the penetration depth will be determined by
stored energy in the coating.

(b) Tl Bevu, e pren

Iut.ar;slty (a..w)

bbb | This analysis suggests that the combina-
IR W e tion of well-matched CTE and comparative-

ly low moduli make Yb-based EBCs most
resistant to thermomechanical damage in
the configuration considered, and that the
stress/ERR for the Gd-based system is un-
acceptably high. Channel cracks are most
likely to form in the outer MS layer and the-
se cracks could either extend into the DS
layer or deflect along the DS||MS interface.
Although this modeling considered a single
coating geometry with different material
properties, the methods developed can be
used in future studies to optimize the archi-
tectures to minimize the peak ERR to im-

Figure 3: Multilayer YDS||YMS||YZO T/EBC applied
to monolithic SiC. (a-c) show microstructures and
XRD in as-deposited condition. The microstructure . -
after 200 1h cycles to 1400°C is shown in (d). prgveCasting drainliy;
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To validate the conclusions of the modeling activities, bilayer EBCs and trilayer T/EBCs based
on the Yb, Y, and Gd systems were produced. Isothermal and cyclic heat treatments were used
to assess the relative durability of the architectures. SiC disks containing 5wt% YO, s sintering
aid were produced by CAD for use as substrates for coating deposition. The EBC layers were
applied by spreading slurries of the respective silicates onto the substrate. Following binder
burnout the layers were co-sintered and bonded to the substrate by CAD. There was generally
limited evidence of cracking following EBC sintering for the Yb-based system and moderate
channel cracking in the Y-based system. It was not possible to produce a dense GdDS||GdMS
bilayer without delamination and spallation of the coating consistent with the higher calculated
ERR; as a result it was impractical to produce trilayer Gd-based architectures.

The outer zirconate layers were deposited by EB-PVD using ingots with the nominal composi-
tion RE4Zr;042. Figure 3 (a,c) shows the typical as-deposited structure for the YDS||[YMS||YZO
coating system. Channel cracks, formed when the specimen was cooled from the deposition
temperature, penetrate through the YZO and YMS layers and appear to arrest at the YDS||YMS
interface consistent with tension in these layers upon cooling. The architectures appear to be
relatively stable during isothermal heat treatment. During thermal cycling, however, the deflec-
tion of the channel cracks, visible in Figure 3 (d), along the interfaces or through the YDS layer
ultimately compromises the integrity of the coatings. The equivalent Yb-based coating, not
shown, suffered from enhanced sintering in the YbZO leading to additional channel cracking in
this layer. These sintering-induced cracks deflect along the YbMS||YbZO interface and eventu-
ally link causing local delamination of the outer layer. It is currently not clear whether the differ-
ence in sintering behavior is inherent to the coating composition or instead related to differences
in the as deposited coating microstructure (e.g. column spacing, size). While the program did
not permit the refinement of the processing methods or optimization of the layer architecture for
extended performance, the initial results are an important proof the T/EBC concept.

Factors Influencing the CMAS-resistance of RE Zirconates and Hafnates

The interaction between a CMAS deposit and T/EBC system would ideally be confined to the
outer layer without degrading the performance of the EBC or CMC. Suitable materials for the
TBC layer must be able to arrest the silicate melt penetration into open features in the coating.
Conventional TBC compositions such as 8YSZ are not suitable for the T/EBC application. "
Previous ONR efforts, however, revealed that at 1300°C zirconates with a higher rare earth cat-
ion fraction limit infiltration by crystallizing the melt through a sequence of rapid dissolu-
tion/precipitation reactions. This process is exemplified by Gd,Zr,0O; (GZO) coatings that form a
Ca:RE apatite silicate, nominally Ca,Gdg(Si04)s02, that blocks open passages in the microstruc-
ture.' The dissolved ZrO, re-precipitates as a Gd-lean cubic fluorite phase and the Si- and Ca-
depleted melt converts to crystalline silicates with little or no Gd. Studies involving EB-PVD and
APS coatings and sintered pellets of TBC compositions provide evidence that this reactive crys-
tallization process is active in other rare earth zirconates.'"® The current program further de-
veloped the fundamental understanding of reactive crystallization in two key areas related to the
design of T/EBCs. First, the effect of changing the reactive cations on the interaction with CMAS
melts was studied. Second, the potential for utilizing reactive crystallization to mitigate CMAS
attack at 1500°C, the surface temperatures envisioned for coated CMCs, was investigated.

Because phase stability and thermomechanical considerations preclude the use of Gd-silicate
EBCs, T/EBCs with the architecture YbDS||YbMS||YbHO have been considered to avoid poten-
tial compatibility issues with a GZO TBC applied directly to a Yb-silicate EBC.? Experiments on
coatings in this system, however, revealed that the CMAS/YbHO interaction at 1300°C did not
prevent penetration of the silicate melt into the intercolumnar gaps.'* The inferior behavior of the
Yb-based TBC relative to GZO is apparently associated with diminished formation of the desira-




Levi: Final Report Grant NO0014-06-1-0322 Page 7 of 17

ble apatite phase. Further analysis of the YbHO system, supported by this program, revealed
that a portion of the YbO, 5 dissolved into the melt promotes the crystallization of a garnet sili-
cate that grows too slowly to arrest CMAS infiltration. Additionally, the YbO,s concentration in
the reprecipitated fluorite is higher than the comparable phase in the GZO system. As a result,
additional coating dissolution and/or a higher YbO,s composition in the original coating is re-
quired to form an equivalent volume of apatite.™

If it is assumed that the coating behavior is dictated by the RE cation, the results for the YbHO
system contradict work suggesting that YbZO resists infiltration better than GZO by generating
more apatite per mole of dissolved coating.'? The earlier finding was rationalized by considering
the crystal chemistry of the apatite phase, represented by the formula M'sM"(Si04)sOx Where
the 9-fold coordinate M' sites may accommodate larger cations than the 7-fold coordinate M"
sites. In the case of the apatite formed during CMAS/GZO reactions, the Gd cation is sufficiently
large to occupy a fraction of the M' sites. Drexler et al. hypothesized that the smaller Yb cations
should be less likely to occupy the M' site, increasing the Ca consumed from the melt,
CasYbe(Si04)s0 vs. (CaxGd,)Gds(Si04)s0;, but the actual composition of the apatite formed dur-
ing the CMAS/YbZO interaction was not reported.'?

A systematic comparison was made between Yb, Gd, and La zirconate and hafnate phases to
clarify the role of the RE cation radius on the apatite chemistry and assess whether subtleties in
the reactions with ZrO, vs. HfO, systems influence the composition of the reaction products.
Experiments were performed on sintered pellets of the respective compositions using powders
synthesized by reverse co-precipitation.? Crystalline CMAS with the nominal composition 33Ca-
9Mg-13AI-45Si and a melting temperature of ~1235°C was used for consistency with related
studies.'®"" Thin CMAS disks were prepared as described by Grant et al.”® to achieve an areal
loading of 15+2 mg/cm?. The CMAS wafers were placed in the center of the specimen and the
assemblies were annealed for 4h at 1300°C, enabling comparison with the TBC literature, or
1500°C, which is more relevant for the T/EBC application.

The characterization of the mechanism(s) of attack and identification of reaction products in-
volved a combination of microstructure, crystallographic and composition data to develop a
clear understanding of the phenomena relevant to the design of engineered coatings. The spec-
imens were first analyzed via XRD and SEM. TEM lamellae were extracted from representative
regions using focused ion beam (FIB). Selected area electron diffraction (SAED) was employed
to confirm the crystal structure of select reaction products. Due to small grain size, the composi-
tions of the apatite and fluorite reaction products were determined primarily using energy dis-
persive spectroscopy in the TEM (TEM-EDS). The RE, Zr, Hf, and Ca concentrations were cali-
brated with REZO/REHO and amorphous CMAS standards verified by inductively coupled
plasma mass spectrometry (ICP-MS). Because of overlap between the Mg-, Al-, and Si-K ener-
gies and the Yb- and Hf-M energies in EDS, selected larger grains were analyzed using EPMA.
The TEM-EDS peak areas for the phases analyzed by EPMA were matched with the spectra
from other locations/specimens to aid the identification of equivalent phases with grains too
small to analyze by EPMA.

Figure 4 and Figure 5 show the microstructures of the interaction zones under the CMAS de-
posit for each composition tested at 1300°C and 1500°C, respectively. The identity and meas-
ured compositions of the primary reaction products are reported in Table 2 and Table 3. At
1300°C residual glass is evident on the surface of each pellet and the infiltration into the open
porosity extends no more than few tens of microns below the original pellet surface. The reac-
tion products formed for the Yb-based compositions include apatite, fluorite and garnet. Near
the advancing dissolution/reprecipitation front the faceted apatite and globular fluorite grains, all
of order 1um, are suspended in much larger garnet grains suggesting that the latter form more
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slowly, engulfing the finer grains as it grows outward. The reaction products for both Gd-based
compositions include apatite and fluorite. Interaction with the GHO produces the lowest volume
fraction of crystalline reaction products although the increased interaction with the GZO may be
due in part to increased porosity, and therefore open surface area, in the original pellet. The
volume of residual glass is lowest for the La-based materials suggesting that these composi-
tions may be most effective in crystallizing the melt. For LZO the primary reaction products are
again apatite and fluorite, but unlike the Yb- and Gd-based systems the fluorite is stabilized pri-
marily by Ca rather than La. The CMAS/LHO reaction produces apatite and monoclinic HfO,
with negligible Ca or La solubility.

= A

Figure 4: Microstructure of the region of interaction between molten CMAS and sintered pellets of (a)
YbZO, (b) GZO, (c) LZO, {d) YbHO, (e) GHO, and (f) LHO after 4h at 1300°C. The insets show the repre-
sentative microstructure near the advancing reaction front. Phases are labeled according to Table 2; addi-
tional discussion and comparison of the microstructure features is included in the text.

Following 4h at 1500°C, Figure 5, there is no residual CMAS glass. Silicate grains are observed
further below the pellet surface than at 1300°C. In addition to apatite, present in all specimens,
a second YbO, s-rich silicate was observed. This phase is identified as a sorosilicate in the cus-
pidine family, nominally A4(T,070 )X2."® The A cations, typically Ca or RE, occupy a nominally
octahedral site, the tetrahedral T site incorporates Si and/or Al, and X can include F, OH, N,
and/or O. Compositional flexibility is enabled by the accommodation of oxygen anions between
the T,O; groups in the site denoted ‘0 '. Based on the crystal chemistry and EPMA measure-
ments (Table 3), the tentative composition is (Ybolsacaolstgolo7Hfolo4)4((Sio,77A|0423)207Oo.13)02.
Excluding the minor HfO, and MgO content, this phase is effectively a quaternary solid solution
between a calcium silicate’’, Cay(Si;07)(OH),, and ytterbium aluminate, Yb4(Al,0)O,
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(YbAM)'®'® The latter is structurally equivalent to the more familiar Y4Al,Og (YAM) phase, which
has been reported to have ~18mol% SiO; solubility®.
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Figure 5: Microstructure of the region of interaction between molten CMAS and sintered pellets of (a)
YbZO, (b) GZO, (c) LZO, (d) YbHO, (e) GHO, and (f) LHO after 4h at 1500°C. The insets show the repre--
sentative microstructure features approximately 50um below the surface. Phases labeled according to
Table 2. The dashed line in (d) indicates the apparent transition from apatite to U2 as the primary silicate
reaction product, determined by EPMA.

The more severe interaction at 1500°C is consistent with increased reaction and penetration
rates and an evolution in the equilibrium phases as the temperature is increased. The interac-
tion is generally divided into two zones. Near the surface a layer 25um-50um thick is character-
ized by dissolution of the pellet material and precipitation of a significant volume fraction of sili-
cate reaction products. This layer is most evident for the La-based composition due to favorable
contrast between the phases but EPMA measurements and TEM analysis suggest that similar
layers exist in the other specimens. Increasingly sporadic silicate grains surrounded by zir-
conate/hafnate material partially depleted in RE relative the reprecipitated grains near the sur-
face extend several hundred microns below this layer. In the envisaged reaction sequence, the
CMAS begins to infiltrate into open porosity

in the pellets when the melt forms. The Table 2: CMAS reaction product abbreviations
penetrating melt becomes increasingly en-
riched in RE until it is sufficiently saturated
to precipitate a crystalline silicate, slowing
the infiltration and leaving a thin layer of = "
CMAS on the surface. This residual melt is |22 RE/C'S'"C"’,t,e dpaiie
consumed through dissolution/reprecipita- 9 RE/CMA.'.S'I'Cate gar.ngt
tion reactions due to the accelerated reac- LSYS REL -Slieaecispiding

Phase | Description

F Ca and RE stabilized cubic ZrO,/HfO,
m Monoclinic HfO,
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Table 3: Measured reaction product ccmpositions in pellet-based CMAS/TBC experiments.

Pellet Temp. Reaction MO,-Based (cat%) Apatite {(cat%)

Composition (4h) Products | Hf/zr RE Ca Si HfiZr | RE Ca
YbHO 1300°C | F+ap+g 62 37 1 37.5° 2 47 14
YbZO 1300°C F+ap+g 67 32 1 37.5° 2 46 15
GdHO 1300°C F+ap 73 21 7 36 2 48 14
GdzO 1300°C F+ap 78 | 17 5 36 3 45 16
LaHO 1300°C m+ap 99 1 0 36 1 49 14
LazO 1300°C F+ap 83 g 14 36 1 50 13
YbHO? 1500°C | F+ap+cus 53 46 1 36 3 48 13
YbZO 1500°C | F+ap+cus 56 43 1 37.5° 2 47 14
GdHO 1500°C F+ap 55 42 3 37 1 48 14
GdzO 1500°C F+ap 59 37 4 36 1 51 12
LaHO 1500°C m-+ap 100 0 0 38 1 50 12
LazO 1500°C F+ap 81 8 11 38 1 48 13

Ca Mg e Si Yb Hf

46Hf-54Yb° | 1300°C garnet 25 14 13 35 11 3

46Hf-54Yb° 1500°C | cuspidine 18 4 8 26 42 3

? Compositions determined by EPMA; limitad overlap with adjacent grains possible.
Due to overlap between Yb-M and Si-K energies composition computed assuming 6 Si cations per formula unit.
° EPMA measurements; compositions of respective phases assumed to be similar in other instance (i.e. g in YbZO)

ton rate at the higher temperature. In this sequence, the phases present closest to the surface
presumably better represent the pseudo-equilibrium between the melt and crystalline reaction
products while the partially depleted zirconate/hafnate phases present further below the surface
arise from transient interaction with tre penetrating meilt.

The salient findings of the pellet-based experiments are derived from the relative distribution of
the constituents of the zirconate/hafrate and CMAS melt between the reaction products. In the
ideal scenario, a low ratio of RE to Zr/Hf in the reprecipitated fluorite maximizes the RE availa-
ble to crystallize the melt while a high fraction of Ca in the apatite increases the volume of the
apatite formed. The solubility of Ca in fluorite and Zr/Hf in apatite, while limited, further promote
crystallization. The measured compositions of the respective phases are plotted in based on
these relationships in Figure 6. Seve-al trends are evident for the reprecipitated ZrO,/HfO,, Fig-
ure 6(a). First, the concentration of RE decreases with increasing RE cation radius such that at
~300°C almost half of the Yb is retained in the reprecipitated phase while for the La-based sys-
teams there is essentially no La in the reprecipitated fluorite; this trend is magnified at 1500°C.
The RE concentration is generally slightly lower for the zirconates than the hafnates under
equivalent conditions but this effect is less pronounced than that of either temperature or RE
cation radius. Conversely, there is nc apparent trend in the apatite composition as a function of
either temperature or pellet compos tion. Instead, all measured apatite compositions fall near
the ratio Ca:RE~4, Figure 6(b). The reported reaction product compositions for experiments on
coatings based on various RE cations, also plotted in Figure 6, support the trends in the pellet-
based experiments. It is not immedictely evident whether these results are explicitly tied to the
equilibrium between the respective apatite and fluorite phases, and therefore independent of the
CMAS composition, or instead related to the kinetics of the growth for each phase, making them
dependent on the melt chemistry. These questions deserve attention in future studies.



Levi: Final Report Grant NO0014-06-1-0322 Page 11 of 17

14 3 3 % 7
@ (b}~ Ca RE (80 ) 0
REMD1s (3 phasel ) ot IR
12 ) 6 .ol TUENY

Ao

REMOr [Pyrochlore)

- 130 M-

’&; & « e 1 M2y g Y 4
9 18 o, =) t B
= il
=+
x "o [§]
4
1
( RE,_ (50 )
0 i Yo ¥ Gt S&m Nd La
1 105 14 115 ) 1 1.0 11 115 12
RE Cation Radius (A) RE Cation Radius (A)

Figure 6: Composition of the (a) reprecipitated MO, and (b) precipitated apatite phases formed during the
interaction of CMAS with sintered pellets of REMO at 1300°C and 1500°C. Open symbols represent
comparable experiments performed on EB-PVD coatings including YbHO at 1300°C", YZO at 1300°C %',
GZO at 1300°C "', SZO at 1250°C #*, and NZO+CAS at 1200°C **. Dotted lines in (a) represent the ratio
for the respective starting compositions while those in (b) represent the limits of Ca solubility in apatite
based on crystal chemistry and the nominal Ca,Re,(Si0O4)s0, composition expected to form when CMAS-
type melts interact with TBC and EBC materials.

The results carry important implications for the design of
CMAS-resistant coatings. The conventional wisdom in
the literature describing RE zirconate/CMAS interaction
is that there is limited competition for the RE cation be- §
tween the precipitating fluorite, apatite, and other reac-
tion products. It has been proposed that apatite grows
in local equilibrium with the RE-enriched melt and that
the RE content in the fluorite is a reflection of the ex-
cess dissolved RE not consumed through apatite pre- 53
cipitation. This understanding is based on the range of &
theoretical RE solubility in ZrO,-fluorite and the variation 4
in the reprecipitated fluorite composition as a function of

the measurement location relative to the initial coating

structure ''. This study, however, reveals that absent

the effects of a coating microstructure there is competi-

tion for the RE between the precipitating silicate and

ZrO,/HfO, grains. In combination with the apparent 10um
temperature and composition insensitivity of the apatite o
chemistry, the results suggest that coatings based on Figyre 7: CMAS infiltration into interco-
the larger RE cations should offer benefits at higher |ymnar gaps in the EB-PVD YbZO coat-
temperatures and in coatings with lower bulk RE con- ing. The large garnet grains at coating
centration. surface in (a) are similar to those ob-
The pellet-based experiments suggest that as the tem- sEnverlinihe pE/IEhbEseu st e/l s

ture is increased the RE is less potent in crystalliz it allime of apatiiefafined, W qaps
e ; o crystaliza- ) 4oes not efficiently block penetration.
tion reactions, manifested as higher RE concentrations

o g PRI S
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in the reaction products. These experiments do not, however, adequately capture the role of
increased dissolution rate on the ability of the interaction to block infiltration channels. Specifi-
cally, faster dissolution of the coating could partially counteract the lower viscosity and the re-
quirement for additional RE by liberating more RE early in the reaction sequence. To evaluate
the effectiveness of pellet-based screening tests in predicting the performance of a coating sys-
tem and validate this CMAS mitigation concept, the CMAS resistance of T/EBCs with columnar
YbZO, YZO, and GZO outer layers was studied. These coating architectures were produced
using the methods described earlier and consisted of Yb- and Y-silicate bilayer EBCs on mono-
lithic SiC with either a single layer of the corresponding zirconate or a bilayer YbZO||GZO or
YZO||GZO TBC.

Coatings with YbZO or YZO topcoats were only moderately effective in mitigating the infiltration
of the CMAS melt. At 1300°C the melt penetration extended several tens of microns down the
intercolumnar gaps in the YbZO coatings, shown in Figure 7, with slightly less penetration in the
equivalent YZO coatings. As predicted by the pellet-based tests, apatite and fluorite formation
on the YbZO system appear to be secondary to the growth of large garnet grains that fill the
gaps and extend into the residual melt at the surface of the coating. At 1500°C the silicate melt
penetrated deeper into the zirconate layer and reaches the EBC layer in multiple locations
across the analyzed cross sections. In an attempt to improve the resistance of the TBC layer
against CMAS infiltration while maintaining the desired Yb- or Y- based EBC architecture, an
outer layer of GZO was applied to the YbZO/YZO coatings. This configuration is preferred over
applying GZO directly to the Yb/Y silicate because the exchange of RE cations within the TBC
layer is arguably less detrimental than across the TBC||EBC interface. As shown in Figure 8 for
the YZO-based system, this architecture resists CMAS infiltration at 1300°C. Following the
4h/1500°C exposure, the entire GZO layer has reacted with the CMAS melt; this dense layer is
likely prone to exfoliation

during thermal cycling but B ‘”! m_

the retention of the co-

» ] !

. LA p- i Gl . t
lumnar structure in the oW et TR IR 1 N
YZO layer is preferred to ' ’g,“ "(1 R4 ;r pca e i § {8 e T t{,
complete penetration of ; £1y bt : 1 k«{gtx “,*\ *!! % * oA
the TBC observed follow- HEOHAY. RNt /{1 LR
ing 1500°C exposure in B : Vgl \ AAMIE ] .;
architectures without the ;

GZO capping layer.

The GZO-capped coating
structures illustrate the
role of coating chemistry
on the effectiveness of the
reactive crystallization

process, but the disconti- figre 8: Multilayer T/EBC with architecture YDS|[YMS|[YZO||GZO on
nuity in  the columnar monglithic SiC in (a) as deposited condition and after CMAS exposure
structure at the transition for 4h at (b) 1300°C and (c) 1500°C. (d) At 1300°C the silicate melt is
complicates the analysis. generally confined to a layer approximately 10um thick at the surface of
To further evaluate the the GZO although deeper penetration occurs along coating features
role of temperature in the that offer a wider channel for infiltration, indicated by the arrow. At
reaction process experi- 1500°C (c, e) there is evidence of significant dissolution such that the
ments were performed original columnar GZO structure is not evident. Penetration generally
using bilayer EB-PVD extends into the YZO layer but only reaches the YMS in locations
YSZ||GZO coatings on where coating defects provide a wide channel for infiltration.




Levi: Final Report Grant NO0O014-06-1-0322 Page 13 of 17

polycrystalline alumina substrates to build upon experience with GZO at 1300°C using heating
rates of 6°C/min "' and 10°C/min ?*. After exposure to CMAS for 4h at 1500°C using 10°C/min
heating and cooling rates evidence of interaction with the melt was observed through the coat-
ing thickness for the majority of the column gaps, Figure 9(c), with more significant degradation
evident in the vicinity of coating defects creating wider column gaps.

Examination of the microstructure of an infiltrated column gap and adjacent column by TEM,
Figure 10, revealed that apatite is the primary reaction product. Unlike the combination of fine
apatite and fluorite grains surrounded by residual CMAS glass observed at 1300°C in the inter-
columnar space, however, the microstructure at 1500°C consists of larger apatite grains with
limited occurrence of the globular fluorite morphology. The composition gradients across the
retained column material are consistent with solid-state diffusion of Gd cations from the coating
into the melt and corresponding Ca enrichment of the undissolved column. Adjacent the apatite,
the zirconate is depleted in GdO 5 by approximately 10mole% relative to the core of the column.
The regions closest the apatite filled channel contain approximately 3mol% dissolved CaO while
the apparent center of the column contains <1 mol% CaO. The measured CaO concentrations
are plotted in Figure 10(b) as a function of the distance from the edge of the bulk apatite. The
Ca diffusion length suggested by these measurements is similar to the diffusion profile calculat-
ed for 4h/1500°C using data for Ca diffusivity in YSZ %.

Comparison of the expected Ca composition profile across a 7.5um diameter cylindrical column
after 4h at 1300°C and 1500°C, both shown in Figure 10(b) suggests that at 1300°C Ca accu-
mulation, and presumably Gd depletion, in the fluorite occur primarily through dissolution and
reprecipitation while at 1500°C it is plausible that there is a significant contribution from solid
state diffusion. In the envisioned reaction sequence, the penetrating melt initially dissolves the
feathery features adjacent the gap producing apatite and a thin layer of fluorite depleted in
GdO 5 and enriched in CaO relative to both the initial coating composition measurements after
4h/1500°C exposure. Once the CMAS is consumed, stopping the reaction, diffusion redistrib-
utes the Gd and Ca cations to reduce the composition gradient across the undissolved column.
This result is supported by measurements following the 20min/1500°C exposure that reveal
higher CaO and lower GdO, 5 concentrations near the apatite after the shorter interaction time.

Figure 9: SEM micrographs of GZO/YSZ multilayers illustrating the effect of thermal history on the interaction
with CMAS: (a) 1300°C/20min, (b) 1300°C/20min+1500°C/15min, (c) 1500°C/4h, and (d) 1500°C/4h. Heating
rates and additional description provided in the text.
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Figure 10: (a) BF TEM micrograph of GZO coating following
1500°C/4h CMAS exposure showing an apatite-filled interco-
lumnar gap and adjacent column. The lamella was extracted
from the area marked by the solid black line in (c). TEM-EDS
measurement of the Ca concentration in the locations
marked by ‘+’ are plotted in (b) as a function of the distance
from the edge of the primary apatite grains, indicated by the
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While these results reveal that reac-
tive crystallization is not sufficiently
fast to arrest melt penetration, the
presence of apatite in the intercolum-
nar gaps suggests that apatite is sta-
ble and can fill column gaps at
1500°C. It appears that performance
is limited by the faster infiltration ki-
netics due to the lower CMAS viscosi-
ty at 1500°C rather than an inherent
deficiency in the apatite chemistry. it
is therefore plausible that a blocking
layer formed at a lower temperature
could be effective in preventing pene-
tration at a higher temperature. This
scenario if particularly relevant to
aero turbines, which typically operate
below the peak temperature for long
periods; important therefore to deter-
mine whether a coating exposed to
CMAS at a lower temperature, such
as during cruise, can then survive
short excursions to higher tempera-
tures experienced during takeoff and

dashed line in (a). The column center, marked by the climb.

dashed vertical line in (c), is inferred based on the minimum
Ca concentration and agrees with the total column width
measured in (c). The Ca composition profile across the col-
umn was calculated using Ca diffusivity data for YSZ o

To address these questions addition-
al experiments were performed using
GZO coatings. Sister specimens un-
derwent 20min/1300°C CMAS expo-
sures using fast (>1°C/s) heating from 1150°C to the 1300°C to minimize transient effects. The
first specimen was extracted from the furnace after the 1300°C dwell and the second was heat-
ed at >1°C/s to 1500°C and held for an additional 15min. The coating tested only at 1300°C,
shown in Figure 9 (a), exhibits deeper penetration of the column gaps that reported for slower
heating rates ''?* This suggests that the CMAS resistance reported at 1300°C may be due in
fact to reactions between the coating and melt in the moments after the melt forms and before
the specimen reaches the intended test temperature. Nonetheless, the crystallization of the melit
in the channels ultimately biocks the infiltration leaving a thin layer of CMAS on the specimen
surface. After the short exposure at 1500°C, Figure 9(b), the residuai melt is consumed and
there is evidence of further penetration into the coating but the performance with the short
1300°C pretreatment is arguably better than heating the specimen directly to 1500°C (cf. Figure
9(b,c)). The additional penetration observed after the 1300°C pretreatment may result from the
dissolution of a small fraction of the reaction products into the residual melt due to higher GdO, 5
solubility as the temperature is increased. Reaction at an intermediate temperate is therefore
expected to be most effective at protecting the coating at higher temperatures if the entire melt
is consumed at the lower temperature.

Broader Impacts

The work funded under this program has contributed to the understanding of the degradation
mechanisms for conventional EBC materials and has identified viable solutions to mitigate these
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mechanisms. Multilayer T/EBCs are proposed to address the poor resistance of silicate EBCs to
attack by molten silicate (CMAS) deposits. Thermo-chemical and thermo-mechanical consider-
ations point toward the use of systems based the smaller rare earth cations (e.g. Yb), but it was
demonstrated coatings based on the larger RE cations (e.g. Gd, La) are better suited to prevent
the infiltration of a CMAS melt. Specific attention was focused on improving the understanding
of the CMAS penetration and reaction sequence in GZO coatings at 1500°C to complement
previous work with this system at lower temperatures. The results lay the foundation to optimize
these multilayer architectures in future programs.
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