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Abstract

The thermochemical interaction between a Gd,Zr,O7 thermal barrier coating synthesized by elec-
tron-beam physical vapor deposition and a model 33Ca0-9MgO-13Al103/,-45S10, (CMAS) melt
with a melting point of ~1240°C was investigated. A dense, fine-grained, ~6 pm thick reaction
layer formed after 4h of isothermal exposure to 1300°C. It consisted primarily of an apatite
phase based on GdsCa;(Si04)s0; and fluorite ZrO, with Gd and Ca in solid solution. Remarka-
bly, melt infiltration into the intercolumnar gaps was largely suppressed, with penetration rarely
exceeding ~30 pum below the original surface. The microstructural evidence suggests a mecha-
nism in which CMAS infiltration is arrested by rapid filling of the gaps with crystalline reaction

products, followed by slow attack of the column tips.
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1. Introduction

Rare-earth zirconates (REZ) have generated substantial interest as novel thermal barrier coatings
(TBC) based primarily on their intrinsically lower thermal conductivity and higher resistance to
sintering than the state-of-the-art ZrO,-7wt.%Y»,0s3 (7YSZ) [1-4]. In addition, the pyrochlore
zirconates (RE,Zr,07) are stable as single phases at all relevant temperatures, from <1550°C for
GdyZr,07 [5] to <2300°C for La,Zr,O7 [6], circumventing the phase stability problem that ulti-
mately limits the temperature capability of 7YSZ [7]. In principle, this combination of attributes
should enable higher gas path temperatures with a comparable coating thickness while maintain-

ing the metal surface within allowable limits.

Increases in operating temperature associated with current TBC technology have clear benefits in
engine efficiency [8] but also unintended consequences by introducing new modes of coating
degradation that threaten further progress. Of particular interest to aircraft engines is the inges-
tion of siliceous particulate (dust, sand, volcanic ash, runway debris) with the intake air [9]. At
lower temperatures these particles may impact the airfoil surfaces and cause erosive wear or lo-
cal spallation of the TBC [10-12]. As engine temperatures rise, the finer debris tends to adhere
to the coating surface [13] and form calcium magnesium alumino-silicate (CMAS) melts that
penetrate the open void spaces in the coating [9]. Upon cooling at the end of an operation cycle
the melt freezes and the infiltrated volume of the coating becomes rigid, losing its ability to ac-
commodate strains arising from the thermal expansion mismatch with the underlying metal. The
coating develops delamination cracks that lead to its progressive exfoliation with concomitant
loss of insulation efficiency and accelerated degradation of the metallic layers underneath [14].
Concurrent with the thermomechanical damage 7YSZ coatings undergo significant chemical at-

tack by the CMAS melt [9, 15].

The present investigation addresses the potential effect of CMAS on Gd,Zr,07 (GZO) as a can-
didate higher-temperature TBC material. The focus is on coatings produced by electron-beam
physical vapor deposition (EB-PVD) but similar phenomena are expected to occur in those de-
posited by atmospheric plasma spray (APS). The results are discussed in the context of recent

studies of a similar nature on 7YSZ [15, 16].
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II. Experimental procedures

Gd,Zr,07 was deposited on polycrystalline alumina substrates (25 X 25 x 0.6mm, 99.5% purity,
CoorsTek) using an in-house dedicated EB-PVD facility [17] fed with pre-alloyed ingots (Trans-
Tech, Adamston, MD). Ceramic substrates were selected to facilitate heating the system iso-
thermally above the melting point of the CMAS (>1200°C), which would cause excessive degra-
dation of superalloy substrates. One important difference with 7YSZ is that Gd,Zr,07 tends to
react with Al,Os to form a GdAIlO; interphase, as reported elsewhere [18]. However, the times
involved in the present experiments were relatively short and in practice did not to unduly com-
promise the coating adherence. 200 um thick coatings were deposited at ~2 pm/min on sub-
strates held at 1000°C and mounted on a tubular ceramic holder rotating over the source at a rate

of 8 rpm, as described elsewhere [17].

A model CMAS composition of 35Ca0O-10MgO-7A1,03-48Si0, (all in mole percent) or
C33MyA13S45 (in atomic percent cation) was selected for consistency with prior studies. It was
based on the average of melts found to have penetrated TBCs on turboshaft shrouds operated in a
desert environment [9], excluding the minor components believed to originate mainly from the
engine (Fe and Ni). Earlier work revealed that this composition starts to melt at approximately
1235°C when made from the constituent oxides, is completely molten at 1240°C and remains
amorphous upon cooling [15]. The model CMAS was prepared by mixing reagent-grade fine
powders of the individual oxides and milling them in water to form a thick paste, which was sub-
sequently applied to the surface of the TBC specimens well in excess of the amount needed to
infiltrate all the porosity in the coating (~8 mg/cm®). After drying, the specimens were heated to

1300°C for 4h with ramp up and down rates of 6°C/min.

Cross sections of the specimens exposed to CMAS were cut along a plane perpendicular to the
rotation axis. These were embedded in epoxy and subsequently polished for examination by
scanning electron microscopy (SEM) in both secondary (SE) and back-scattered electron (BSE)
imaging modes. Transmission electron microscopy (TEM) specimens were cut from selected
areas of the polished cross sections using a focused ion beam (FIB). This technique is particu-
larly advantageous in the present specimens because it allows precise sampling of locations ex-

hibiting specific microstructural features or reaction products. TEM analysis included bright
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field (BF), dark field (DF), high-angle annular dark-field (HAADF) imaging, as well as selected
area diffraction (SAD) and energy dispersive X-ray spectroscopy (EDS).

III. Results

The first sign that gadolinium zirconate reacts significantly differently to the CMAS exposure
than 7YSZ was immediately evident on the macroscopic scale. CMAS on 7YSZ heated to
1300°C penetrated quickly and locally the TBC and spread laterally within the coating, leaving
behind a shallow glassy droplet completely contained within the limits of the original deposit—
Fig. 1(a). When applied to the GZO TBC under the same conditions the CMAS melt spread over
the entire sample leaving a continuous layer with a flat glassy surface—Fig. 1(b). Cross sec-
tional examination revealed the CMAS layer to be ~30 um thick. At the boundary between
CMAS and TBC the originally pointed column tips had been replaced by a ~6-8 pm thick layer
of reaction products with seemingly crystalline protrusions extending into the CMAS (Fig. 2).
The intermediate contrast of the reaction product in BSEI is consistent with the incorporation of

lighter elements from the CMAS (darker) and heavier elements from the GZO (brighter).

The most striking observation was that the CMAS melt infiltrated the inter-columnar porosity in
GZO only to a depth of <30 um below the original TBC surface after a 4h exposure (Fig. 2),
whereaas full penetration occurs within minutes in 7YSZ under the same conditions [15]. In
some locations CMAS penetrated no further than the lower boundary of the reaction layer in the
neighboring columns. The distinction between open and infiltrated porosity is clearly made by
combining SE and BSE imaging of the same area (Fig. 3). The inset in Fig. 3(a) also reveals
traces of CMAS within the fine feathery porosity surrounding an otherwise empty intercolumnar
pore beneath the main infiltration front, suggesting preferential spreading along the column
walls. However, this effect is limited to a few micrometers with no evidence of CMAS found in

the lower three quarters of the TBC thickness.

The thermochemical interaction between GZO and CMAS is arguably linked to the arrest of the
CMAS infiltration and thus deserves further analysis. Closer examination of the reaction layer in
Fig. 2 reveals a modulated structure with periodicity dictated by the intercolumnar spacing (Fig.
4). The microstructure can be conveniently divided into three types of regions. The first one is

associated with the former intercolumnar gaps, which are now filled with reaction products and
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extend into the bulk reaction layer leaving an intriguing “ghost” trace as denoted by the arrow in
Fig. 4. These regions appear to show little or no residual CMAS relative to the rest of the reac-
tion layer, and retain features reminiscent of the feathery pattern within the partially penetrated
gaps. The second type of microstructure within the reaction layer corresponds to the locations
formerly occupied by column tips, which show a graded structure consisting of crystalline reac-
tion products within an interpenetrating CMAS network. Both the relative amount of CMAS and
the scale of the crystalline products decrease toward the interface between the reaction layer and
the residual GZO, becoming irresolvable at the scale of the image in Fig. 5. The third and up-
permost part of the reaction layer consists primarily of large acicular faceted crystals protruding

into the residual CMAS on top of the coating, interspersed with non-faceted globular particles.

Microstructural and microchemical characterization of the reaction layer was undertaken by
TEM analysis of FIB samples extracted from the locations schematically illustrated in Fig. 4.
The issues of interest were (i) the identification of the reaction products, (ii) the structure of the
infiltrated column gaps, both between remaining columns as well as within the reaction zone,
(ii1) the constitution and morphology of the reaction zone above a column core, and (iv) the in-

terface between the latter and the residual GZO.

The nature of the larger needles was investigated on a FIB lamella from location A in Fig. 4,
whose bright field image is shown in Fig. 5. Electron diffraction revealed a structure with hex-
agonal symmetry and lattice constants a=9.5A and ¢=6.9A, while TEM/EDS analysis suggested
a silicate containing Gd, Ca and a smaller amount of Zr (Table I). The evidence is consistent
with an apatite-type phase similar to LagSr2Sis026 [19], which has been studied extensively ow-
ing to its potential as a solid oxide ion conductor [20]. The long axes of the needles are parallel
to the [0001] direction of the apatite unit cell, while the facets bounding the transverse sections
are of the {1010) type. The amorphous matrix in Fig. 5(a) is CMAS modified with small

amounts of Gd and Zr in solid solution (Table I).

The structures along sections C and B in Fig. 4, corresponding to an infiltrated gap and its
“ghost” extension into the bulk reaction zone, are depicted together with their surroundings in
Fig. 6. The denser region in the middle of Fig. 6(a) is the former intercolumnar gap filled with
reaction products, while the neighboring regions correspond to the microstructure within a for-

mer column tip. Both areas contain a mixture of apatite crystals of composition similar to the
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larger needles in the upper reaction zone and a fluorite phase containing Zr, Gd and some Ca in
solid solution (Table I). However, while the region above the column core contains significant
amounts of a residual glassy phase (darker pockets), much less is present in the former intercol-
umnar gap. Where surrounded by CMAS the apatite and fluorite crystals can be readily distin-
guished by the faceted boundaries of the former and more globular appearance of the latter. That
difference is less evident within the intercolumnar gap “ghost”, where apatite crystals appear to

be more abundant.

TEM analysis of section C in Fig. 4, taken 2 um below the lower boundary of the reaction zone
at the same column gap as in section B, revealed a continuous chain of apatite grains between the
two columns—Fig. 6(b). The specimen in this figure was tilted so that both columns were close
to the (100) zone axis, corresponding to the texture induced by the deposition conditions [21].
The strong diffraction condition darkened the columns and enhanced the visibility of the apatite
phase (a) in the channel. Protrusions (z’) extending from the column cores into the apatite phase
were identified as fluorite ZrO, with a higher GdO; 5 content (20-30%) than in the upper reaction
layer (~13%) but a similar amount of CaO (~3%). The diffraction contrast in Fig. 6(b) indicates
that the fluorite protrusions grew epitaxially onto the parent column. Small pockets of other

phases noted in Fig. 6(b) were identified as spinel and residual crystallized CMAS.

The variation in microstructure above the column core with distance from the GZO interface is
shown in Fig. 7. The micrographs correspond to in-plane sections taken at distances of 5 um,
2 um and 800 nm from the interface with the remaining GZO column. The relative amount of
CMAS clearly decreases toward the interface, forming a thin grain boundary phase with small
pockets at grain corners in the lower parts of the reaction layer, Fig. 7(b), which appears rather
indistinct in Fig. 4. The scale of the reaction products also decreases with distance from the in-
terface, from ~400 nm at 5 um, Fig. 7(a), to ~100 nm at 800 nm, Fig. 7(c). The faceted nature of
the apatite grains becomes less distinct closer to the interface, and the fluorite particles become
less globular and meander around the apatite crystals, as illustrated in Fig. 7(c), similar to the
protrusions in the intercolumnar gaps—Fig. 6(b). The Gd content in the fluorite was found to
increase from ~13% at the 5 um level to ~24% 800 nm above the interface whereas the Ca:Gd
ratio in the apatite decreases concomitantly from 0.4 to 0.25 (Table I). Area analysis suggested

approximately equal amounts of fluorite and apatite near the interface.
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A FIB TEM lamella cut along location D in Fig. 4 revealed a structure of elongated grains within
the reaction zone closest to the interface (Fig. 8). The grains, ~50 nm wide, comprise alternating
apatite and fluorite phases, the latter with up to ~30%GdO; 5 and ~2%CaO. The composition of
GZO directly underneath the interface shows no deviation from bulk values. Thin dark lines in
the Z-contrast image of Fig. 8 denote amorphous grain boundary films, which are distinguishable
down to ~200 nm above the interface. No amorphous phase was detected at the interface, possi-
bly because of the associated roughness. However, dark field analysis showed no evidence of
epitaxial relationships between the parent GZO and the product fluorite (Fig. 9) such as those
observed in the column gaps, allowing the possibility of a thin amorphous film at the interface.
Figure 9 also shows that the growth of the apatite and fluorite phases near the interface is colum-
nar, suggesting a cooperative mechanism. Diffraction analysis reveals that the apatite grains are
textured with a preferred [0001] orientation that is tilted relative to the primary (100) axis of the

GZO column but aligned approximately with the interface normal.
IV. Discussion

The crucial finding of this work is that CMAS infiltration into a columnar GZO TBC (and ar-
guably any APS analog) can be largely suppressed even in the absence of a thermal gradient
across the coating. To the limited extent that the intercolumnar channels were penetrated, typi-
cally <30um from the original coating surface, they were filled with a mixture of predominantly
crystalline phases. This is in striking contrast with the results of identical experiments on 7YSZ
coatings, where the channels were completely filled by amorphous CMAS with only minor

amounts of Zr and Y in solid solution [15].

The observations are consistent with a scenario wherein CMAS infiltration into GZO is sup-
pressed by crystallization occurring concurrently with the inward flow of the silicate melt and at
temperatures above the melting point of the original CMAS deposit (~1240°C). This is obvi-
ously possible only if (i) the CMAS composition is dynamically modified by dissolution of the
base GZO material as it penetrates into the coating, (ii) the characteristic time scales of the pene-
tration, dissolution and crystallization kinetics are all comparable, and (iii) the process consumes
a large fraction of the melt and yields sufficient volume of crystalline product to fill the gap close

to the surface and preclude further percolation downward. (Possible effects of the modified
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composition on the viscosity and wetting ability of the melt are discussed later). It is therefore
important to understand first the chemical interaction between CMAS and GZO and the nature of

the reaction products.
(1) Reaction Products and Mass Balance

As a first approximation the chemical reaction between the model CMAS and stoichiometric

GZO may be written as:

Co33M0.09080.135045T 1.6 G 5255 = 1.2 Co.125G0.550.375(apatite)

+ Z4G g 20 (fluorite)+ 0.2 My 32A o (spinel)+ 0.2 C M) |, (residue)

(M

where the oxides are identified by the cation first letter and all formulae are given on the basis of
one gr-atom of cations. There are three distinct crystalline products (apatite, fluorite and spinel)

written here in their simplest form, and some residue to be discussed later.

The key product is the apatite phase (hexagonal, P3 [19, 20]), nominally based on
GdsCax(Si04)s0O2 which melts congruently at 1930°C [22]. The structure consists of isolated
(Si04) tetrahedra arranged around two types of channels running parallel to the c-axis [20]. The
larger of these channels, passing through the origin, contains a row of ionic O along its axis sur-
rounded by cations that are coordinated by 7 anions (heretofore 7C sites). Analyses of related
structures suggest these sites to be predominantly occupied by Gd>* [20, 23]. The smaller chan-
nels contain rows of alternating Ca®" and Gd’" at their center, each coordinated by 9 anions from
the covalently bonded SiO, tetrahedra (9C sites). The apatite formula may thus be re-written as
Gds[Gd2Caz](S104)60,, where cations in square brackets are 9C, those outside are 7C, and the
ionic O is explicitly distinguished from that tied to Si tetrahedral units. The distinction between

the sites is relevant to understanding the observed deviations from the apatite stoichiometry (Ta-

ble I).

Apatite is the only intermediate compound in the quasibinary CaSiO3-Gd,SiOs [22], where it ex-
hibits a finite homogeneity range Gd»Ca(1-x)(S104)Oayx.1, with 0.6 <x < 0.75 at 1300°C. Studies
in related structures suggest that excess Ca (0.6 < x <2/3) is accommodated by substitution for
Gd in the 9C sites, with concurrent creation of vacancies in the ionic O lattice. Conversely, ex-
cess Gd is likely to substitute for Ca on 9C sites with concomitant creation of vacancies in that

same lattice. This view is supported by the site occupancies in the defect apatite Lag 33(Si04)60-
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[19] also formed by Nd [24], Gd [25] and Dy [23]. Interestingly, those silicates show substantial
solubility of Al [24]; but no significant Al was detected in the present crystals even though they
grow from an Al-bearing melt. Instead, they incorporate Zr*" (Table I), presumably in the 7C
sites given the smaller size of this ion relative to Gd>" and Ca®" and its preferred coordination in
ZrO; [26]. Measured Ca:Gd ratios vary from 0.45 to 0.25, the latter corresponding to the
stoichiometric apatite. The excess Ca*" helps compensate for the higher Zr*" charge so that
fewer anion or cation vacancies need to be created, with attendant benefits to the stability of the
structure. Because the measured Zr*" is generally in excess of the amount that can be compen-
sated by the Ca®", the apatite of interest is likely to contain vacant 9C sites, whereupon its formu-
lation becomes Gde.yZry[Gdy-(2,+y)3Ca2+,](S104)sO> (y > z). Taking average concentrations of
15%Ca0 and 5%ZrO; the corresponding Si and Gd contents are ~38% and ~42%, respectively,
reasonably close to the measured compositions (Table I). The corresponding site occupancy

would imply that ~3% of the 9C sites are vacant.

Because the apatite has a much higher Gd:Zr ratio than GZO, the observed ZrO,-rich fluorite is
expected from mass balance considerations. This phase is found to incorporate Gd over a wide
composition range (0.12-0.3GdO;s), but always as a minor component, as well as a small
amount of Ca (0.03-0.04Ca0). In that respect the reaction is similar to that with 7YSZ in which
the TBC dissolves to precipitate a tetragonal phase with lower Y and some Ca incorporated from
the CMAS melt [15]. That process, however, does not yield other crystalline products and the
excess Y simply remains in solid solution in the residual amorphous CMAS, whose composition
does not change significantly. In contrast, the substantial depletion of Ca and Si from the melt
when reacting with GZO to form apatite and the apparent inability of apatite and fluorite to in-
corporate significant amounts of Mg or Al lead to the supersaturation of these oxides in the melt
and their precipitation as spinel, the third crystalline product of the reaction. This is fully consis-
tent with the expected melt evolution path in the quaternary liquidus projection of the CaO-
MgO-AlL,03-S10; system (Fig. 2647 in [27]). The small amounts of Zr and Gd detected in the

spinel presumably substitute for Al on octahedral sites.

Considering now the actual compositions of the different phases, on average, the balanced reac-

tion may be rewritten as:
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Co33M0.0080.1350.451 120 G 5320 47 = 1.19 Co.15G0.4zzo.osso.38(ap)

+0.65 Z 717G 20C0.03 (ﬂ)+ 0.21 M, 3346320028 0.02 (Sp)+ 0.15CpgeMy 14 (res)

)

Note that the yield of crystalline products is 93% of the reactants on a molar basis. Given molar
volumes (in cm’ per gr-atom of cations) of 20.7 (CMAS), 20.3 (apatite), 22.1 (GZO), 20.8 (fluo-
rite), and 13.3 (spinel),' the volumetric yield of the reaction excluding the residue is ~86%, just
below the typical threshold for percolation. This is evidently an underestimate since the residue
is diluted by additional reactants as indicated by the measured compositions of fourth phase
pockets in the reaction zone. Nevertheless, the reaction does lead in practice to the sealing of the
intercolumnar gaps probably because the “residual” CMAS observed in them is also crystalline.
A comparison of reactions (1) and (2) indicates that the incorporation of Zr*" into the apatite sig-
nificantly reduces the amount of GZO that needs to be dissolved to produce the same volume of
this crucial phase and, in principle, to seal the gaps. The broader aspects of the sealing mecha-

nism and its interplay with the above reaction are now examined.
(2) The Infiltration-Inhibiting Mechanism

The microstructure of the reaction zone appears to have evolved in two major stages, as sche-
matically illustrated in Fig. 10. The first one involves the sealing of the intercolumnar gaps soon
after the deposit starts melting and the first liquid begins to flow into the coating. The mecha-
nism is one of rapid dissolution of the GZO upon contact with the melt and nearly concurrent
precipitation of multiple crystalline phases following approximately reaction (2). The very lim-
ited penetration suggests that the infiltration rate may be initially controlled by the availability of
melt, and hence by the melting kinetics, rather than by the resistance to capillary-driven flow into
a porous bed from a liquid reservoir at the surface, as assumed in the 7YSZ study [15]. (The de-
tails are not as critical in 7YSZ because the dissolution/re-precipitation process does not change
significantly the volume of the melt or its flow/crystallization behaviors.) The envisaged process
starts with the incipient melt trickling down the sides of the column gap, infiltrating the feathery
porosity and thus the surface exposed to dissolution, and at some point downstream nucleating

the apatite phase—Fig. 10(a). Whether the fluorite phase might nucleate upstream at an earlier

Molar volumes were calculated from the CMAS density measured in [15], and for the crystalline materials
from the compositions in reaction (2) and lattice parameters for apatite from this work, and for the zirconate,
fluorite and spinel phases from the literature [28, 29].
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time is not critical to the apatite formation since its volume would be smaller than that of the dis-
solved GZO and would still lead to a net increase in the Gd content of the melt. The apatite crys-
tals could nucleate within the melt and travel downstream until they get trapped at a narrow point
in the channel, or heterogeneously on the column surfaces. The same process arguably occurs
within the feathery pores, limiting the penetration of the melt into the column core although fac-
tors such as pore breakdown upon thermal exposure could play an equally important role. As
more melt trickles into the channel and additional apatite and fluorite form, both the area avail-
able for flow and volume of melt decrease until the latter freezes into a mixture of spinel and re-

sidual aluminosilicate hindering further penetration—Fig. 10(b).

The melt-starved infiltration scenario has two important implications: (i) it makes the dissolution
and crystallization processes more competitive with the infiltration kinetics, and (ii) because the
incipient melt is unlikely to have the composition of the bulk CMAS the relative proportions of
crystalline products in reaction (2) could be different, presumably accounting for the smaller
amounts of the spinel and residual CMAS observed in practice. (Sampling statistics, always an
issue in TEM, could obviously play a role too.) Elucidation of these early infiltration stages is

the subject of ongoing research and will be reported in a subsequent paper.
(3) Reaction with the Column Tips

The “ghost” traces of the intercolumnar gaps within the main reaction layer suggest that their
filling with crystalline products occurred very early in the process, while the column tips had ex-
perienced only minimal attack. Once the channels are blocked the increasing volume of melt
spreads laterally covering the entire surface as noted in Fig. 1(a). The second major stage in the
reaction mechanism thus involves the recession of the column tips as a result of further reaction
with the melt—Fig. 10(c). The larger volume of melt above the TBC, relative to that within the
channels, is believed to hinder the formation of a dense “barrier” layer equivalent to the structure
formed between columns, since it never becomes sufficiently saturated to crystallize completely.
Indeed, no spinel or crystalline residual CMAS were found in the microstructure above the col-
umn cores, leaving a volume of melt through which the transport necessary for additional disso-

lution could take place.
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The above scenario is broadly similar to the attack of the column tips on 7YSZ under similar
conditions [15], with some important differences. The upper reaction zone in 7YSZ comprises
loose agglomerates of t-ZrO; globules embedded in a CMAS matrix sufficiently abundant to al-
low substantial contact with the underlying columns and the persistence of the dissolution-
reprecipitation process. In contrast, the reaction with the GZO tips generates a layer of alternat-
ing apatite and fluorite elongated grains with an intergranular amorphous phase that becomes
progressively thinner near the interface with the remaining GZO column core (Figs. 7-9). The
transport of species needed to sustain the reaction, i.e. Ca and Si toward the interface, and excess
Zr and Gd away from it, presumably takes place through this amorphous phase. Whether the lat-
ter extends to the interface, as suggested by the absence of a crystallographic relationship be-

tween GZO and the fluorite growing from it, and mediates the reaction is yet to be ascertained.

The details of the column core attack are still under investigation and are not essential to the
main subject of this paper, i.e. the mechanism by which access of the CMAS melt to the majority
of the pore space in the coating is impeded. The recession of the column cores arguably takes
place over a much longer time scale than the sealing of the gaps. The structure of the near inter-
face layer suggests that the rate decreases over time and becomes controlled by diffusion through
the network of amorphous boundary films. The interfacial reaction apparently yields phases with
compositions that are not fully compatible with the melt above, notably a higher Gd content in
the fluorite phase. Away from the interface the phases experience melt mediated coarsening, ad-
justing their composition in the process. The larger acicular crystals at the top could evolve par-
tially under these conditions but probably develop their elongated shape as a result of additional
growth upon cooling—Fig. 10(d). Remarkably, the “ghost” microstructure produced by the ear-
lier reaction within the intercolumnar gaps remains substantially unaltered, as seen in Fig. 4.
This resilience is probably the result of phase compositions that are closer to equilibrium with
the melt, and the absence of significant amounts of percolating amorphous phase as shown, for
example, in Fig. 6(a). Whether some melt penetration and coarsening may occur near the sur-
face, as suggested by Fig. 4, is not particularly critical as long as the gaps remain sealed further
down. It is of some concern that the recession front might reach the bottom of the filled length

within a gap and melt could leak down the coating, but this appears unlikely once the dense in-
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terfacial layer develops, as indicated by the open gaps right next to the bottom of the reaction

layer in Figs. 2 and 3.
(4) Additional considerations

Various other aspects of the CMAS-GZO interaction and its potential effect on the infiltration-
governing parameters merit discussion. Modifications to the wetting characteristics of the
CMAS melt by the dissolved Gd and Zr are undoubtedly possible, but experimental evidence
suggests that the observed behavior is not due to diminished wetting ability. Indeed, the melt
spreads over nearly the entire coating, Fig. 1(a), and it readily penetrates the fine feathery pores
on the column sides. Fig. 3(a). It also wets the reaction products, as evident in Figs. 7 and 8. A
more likely effect of the dissolved species could be on the viscosity of the melt and the ensuing
inward flow. There are documented effects of rare earth additions increasing the viscosity of
aluminosilicate glasses [30] but the latter contained no other modifiers like Ca or Mg and much
higher concentrations of RE in the melt. Conversely, the crystallization of apatite would increase
the Ca:Si ratio in the melt, decreasing the connectivity of the network and, in principle, its vis-
cosity. Arguably, the effects of the dissolution of GZO into the CMAS in promoting crystalliza-

tion of the melt are more important than those on the melt viscosity.

Finally, the potential of the infiltration-inhibiting reaction needs to be assessed in the context of
more realistic conditions. The thermal gradient across the coating in actual engine operation
should further limit the penetration, as it does in 7YSZ [15], subject to the constraint that suffi-
cient dissolution must take place for the melt to crystallize and fill the gaps. Conversely, engine
operation involves thermal cycling, and hence the resistance of the reacted/infiltrated layer to
delamination is a critical issue requiring evaluation. While the modified layer is substantially
thinner than those observed in actual 7YSZ TBCs, the toughness of GZO is significantly lower
[21] and the thermal expansion properties of the reaction products are not known. The CTE for
the fluorite phase is probably similar to that of GZO (11.6 ppm-K™' [28]) but literature for other
silicate oxyapatites suggests that their CTE’s tend to be significantly lower and anisotropic, e.g.
8.9 ppm’K" and 6.6 ppm'K" along the a and ¢ axes, respectively, for the closely related
LagCay(Si04)60, [31]. It is then possible that the thermal characteristics of the reaction products
may partly counteract the benefits of the reduced penetration. These issues are under current in-

vestigation.
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V. Conclusions

The current investigation has shown that the propensity of CMAS to react with most thermal bar-
rier oxides of interest can be manipulated by careful selection of the coating material to mitigate
the penetration of the compliance-inducing features of the microstructure and the detrimental ef-
fects on the strain tolerance of the coatings. Gd zirconate has proven to be effective in this man-
ner, and the details of the reaction suggest that other rare earth zirconates may behave similarly.
In essence, the mitigation mechanism relies on the dissolution of the zirconate into the melt and
the ensuing conversion of the latter into a mixture of crystalline phases that fill the flow channels
and prevent further penetration. The extent of penetration depends on the relative competitive-
ness of the infiltration, dissolution and crystallization kinetics, all of which should be dependent
on temperature and the compositions of the melt and oxide material. Key to the effectiveness of
the mechanism is the formation of a highly stable apatite phase incorporating Ca, Gd, Si and
some Zr. After the early sealing of the flow channels the reaction continues slowly by interac-
tion of the bulk CMAS with the column tips. The mechanism and product morphology are con-
ducive to a progressive slowing of this attack, which is beneficial to the survivability of the reac-
tion layer under thermal cycling. Further research on the mechanisms and assessment of the ef-

fectiveness of this mitigation approach is in progress.
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Table I. Chemical compositions of the various constituents in the reaction zone.

Region (figure) Constituent CaO MgO AlO; 5 Si0, 71O, GdO; 5
CMAS 2712 101 14+1 4313 3 3
Upper RZ (5a, 6a) Apatite 16+1 - - 371 6t1 412
Fluorite 4+1 - - 83+1 13+£1
Apatite 12+1 - - 371 411 48 £2
Lower RZ (7¢)
Fluorite 311 - - - 73 4 24+5
Apatite 18+2 - - 381 411 40+2
Fluorite 3+1 - - - 76-66 20-30
Infiltrated gap (6b)
Spinel - 32 63 1 2 2
CMAS 30 9 26 26 5 4
TBC (9) GZO - - - - 47 53

All compositions are given in mol% of cations. Standard deviations of average values are given.
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Figure 1: Optical view of TBC surfaces after CMAS attack at 1300C for 4h: (a) 7YSZ
and (b) Gd zirconate. Note the distinctly different spreading behavior.
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Figure 2: BSE image of the reaction zone between CMAS and a columnar GZO TBC.
Dotted lines on the left illustrate the approximate shape and height of the original column
structure. The area marked A4 is shown in greater detail in Fig. 3.
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Figure 3: Identification of open v. infiltrated porosity by combining SE and BSE imag-
ing of the same area. (a) BSE contrast reveals the infiltrated spaces when filled by the re-
action product whose Z contrast is intermediate between CMAS and GZO whereas (b)
SE highlights empty holes due to charging at their edges that would not be evident if the
pore were filled with un-reacted CMAS. The insets are magnified (2X) views of the tran-
sition zone between filled and open porosity.
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Figure 4: BSE image of the reaction zone. The imaging conditions were adjusted to
maximize the contrast within the zone, which rendered the CMAS (above) indistinguish-
able from residual porosity (below). The lines mark positions where FIB lamellae were
extracted for TEM. “B” and “C” are exact locations for the specimens shown in Fig. 6.
“A” and “D” are representative positions for the microstructures shown in Fig. 5 and 7.
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Figure 5: Bright field TEM micrograph of an area similar to A in Fig. 4, containing crys-
talline needles extending in various directions into an amorphous CMAS matrix. The
SAD patterns correspond to the (1010 ] and [0001] zone axes of the apatite grain marked
with ‘a’ in (a).
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Figure 6: (a) HAADF TEM micrograph of the section marked “B” in Fig. 4. Z-contrast
enables a reduction in diffraction contrast within the different grains and highlights the
grain contours as well as the contrast between crystals and surrounding CMAS. (b) Bright
field TEM micrograph of section marked “C” in Fig. 4. Phases: z, z: fluorite, a: apatite ,
s: spinel, p: pore, ¢, ¢ CMAS). See Table I for chemical compositions.
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Figure 7: Microstructures of in-plane sections within the reaction zone taken at distances
of (a) 5 um, (b) ~2 pm, and (c¢) 800 nm from the GZO interface. (a, c) are recorded in
HAADF TEM mode revealing the Z-contrast between crystallites and surrounding

CMAS. The BF micrograph in (b) highlights the glassy nature of the grain boundary
films. See Table I for chemical compositions.
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Figure 8: HAADF TEM micrograph of the interface between GZO and the lower part of
the reaction zone, from a lamella taken at the position and orientation denoted by D in
Fig. 4.
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Figure 9: Bright field TEM micrograph of the interface between GZO and the lower part
of the reaction zone with the electron beam parallel to the GZO (100) zone axis. The dif-
fraction pattern (inset) at the interface reveals no special crystallographic relationship be-
tween GZO and the adjacent columnar grains of apatite and fluorite products.

DRAFT - DO NOT DISSEMINATE



Kramer et al: Infiltration-inhibiting reaction of GZO TBCs with CMAS Page 26

)
¢
<.
&
= (
o

<«
e
>
£)
g
oDy
E7 )
a8
2
3 0
’vc‘annq
NS
?0515
0o
/ 3 >0
g ¢
|
ﬁ
o=

§
%

o
T
Q&
3
'®)

.
‘.
8
0
a
]

<
-
=iy o

N
1: 9::‘
: i’i‘."".:‘:
7/
;
3

MK
00
N

»
(2
s
e
&
e

7

-
o=
Eslos

=5

3

%
>
4%

b

9
L

-
=3
R
”
2
>
/

-
=

-
—

=
®:

V) — = N
=z

\.
Sioa!
”

0Sa

a
4 T'¢
7

-
o

050

8 ¢

(335
AR

DN
2/
>

N\
7

)

O

N\
7

(d)

Figure 10: Schematic of the envisaged mechanism leading to the microstructure of the
reaction layer. (a) early stages wherein the incipient melt wicks down the column sides,
leading to the nucleation of the reaction products within the channel; (b) channel fills up
with reaction products hindering further penetration of the melt, while column tips are
only moderately attacked at this stage; (c) column tips are gradually attacked by the bulk
CMAS melt forming a graded microstructure; (d) additional growth of crystalline phases
takes place during cooling.
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