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Volcanic Ash-Induced Decomposition of EB-PVD Gd,Zr,O, Thermal Barrier
Coatings to Gd-Oxyapatite, Zircon, and Gd, Fe-Zirconolite

Peter Mechnich® and Wolfgang Braue

German Aerospace Center (DLR), Institute of Materials Research, Koln 51170, Germany

The resistance of EB-PVD Gd,Zr,0, thermal barrier coatings
against high-temperature infiltration and subsequent degrada-
tion by molten volcanic ash is investigated by microstructural
analysis. At 1200°C, EB-PVD Gd,Zr,0 coatings with silica-
rich, artificial volcanic ash (AVA) overlay show a highly
dynamic and complex recession scenario. Gd,O5 is leached out
from Gd,Zr,0O, by AVA and rapidly crystallizes as an oxyapa-
tite-type solid-solution (Ca,Gd),(Gd,Zr)g(Si,Al)sO,6. The sec-
ond product of Gd,Zr,O; decomposition is Gd,O3 fully
stabilized ZrO, (Gd-FSZ). Both reaction products are forming
an interpenetrating network filling open coating porosity. How-
ever, first-generation Gd-oxyapatite and Gd-FSZ are exhibit-
ing chemical evolution in the long term. The chemical
composition of Gd-oxyapatite does evolve from Ca,Zr
enriched to Gd-rich. AVA continuously leaches out Gd,O;
from Gd-FSZ followed by destabilization to the monoclinic
ZrO, polymorph. Finally, zircon (ZrSiO,) is formed. In addi-
tion to the prevalent formation of Gd-oxyapatite, a Gd-, Zr-,
Fe-, and Ti-rich oxide is observed. From chemical analysis and
electron diffraction it is concluded that this phase belongs to
the zirconolite-type family (zirconolite CaZrTi,0,), exhibit-
ing an almost full substitution Ca’>* + Ti** < Gd°* + Fe3™".
As all Gd,Zr,0O; decomposition products with the exception of
ZxSiQ4 exhibit considerable solid solubility ranges, it is diffi-
cult to conclusively assess the resistance of EB-PVD Gd,Zr,0-
coatings versus volcanic ash attack.

I. Introduction

A EROENGINES are prone to in-service degradation by the
ingestion of airborne inorganic particles which are par-
tially or fully melted in the combustion flame and subse-
quently deposited on hot surfaces. Evidently, the surfaces of
first-stage high-pressure turbine blades and vanes are affected
most severely. In most modern turbine engines these airfoils
are protected by ~200-pum-thick thermal barrier coatings
(TBC) consisting of tetragonal, 7 wt% Y,O; partially stabi-
lized ZrO, (7-YSZ). Airfoil TBCs are fabricated by electron-
beam physical vapor deposition (EB-PVD) which produces a
characteristic columnar and highly porous microstructure
showing beneficial strain tolerance.'

As airborne particles originate from geogenic sediments,
their chemical composition typically reflects the chemical
composition of sediment-forming oxide minerals. Dominating
oxides are CaO, MgO, Al,O;, and SiO,, hence this mecha-
nism commonly is referred to as CMAS-type hot corrosion
(CMAS = calcia-magnesia—alumina-silica). The CMAS-type
hot corrosion of state-of-the-art EB-PVD 7-YSZ coatings has
been examined extensively in field studies.>® For laboratory
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studies synthetic four-component CMAS exhibiting quasi-
congruent melting at ~1240°C is frequently employed.” Upon
melting, CMAS rapidly infiltrates columnar EB-PVD YSZ
coatings. Ex-solution of Y,Oj3 from tetragonal YSZ may lead
to undesired, critical phase transformation to monoclinic
ZrO, (baddelyite) and cubic Ca,Y costabilized ZrO,. CMAS
infiltration of TBC porosity can cause severe mechanical
stresses upon thermal cycling, eventually leading to crack for-
mation and subsequent TBC spallation. An infiltration depth
of 30 um has been considered as being critical ®

Among CMAS-type corrosion scenarios, ingestion and
deposition of volcanic ashes (VA) rates as a severe threat to
aeroengines.”'? VA include different proportions of major
rock-forming minerals (alkaline-, alkaline-earth feldspars,
pyroxenes, olivines, etc.) which are frequently embedded in
SiO,-rich glassy matrices. Thus, in addition to CMAS con-
stituents, alkaline metal oxides (Na,O, K,O) and transition
metal oxides (FeO, TiO,) are abundant. Owing to their min-
eralogical complexity and a high silica-glass content VA typi-
cally exhibit a broad softening/melting range, which is in
strong contrast to the quasi-congruent melting behavior of
four-component CMAS.

Recently, we reported on 7-YSZ TBC recession experi-
ments employing a sol-gel-derived artificial volcanic ash
(AVA) matching the chemical composition of the
Eyjafjallajokull (Iceland) volcanic ashes ejected during the
spring 2010 eruption.'> AVA is virtually amorphous and
hence considered a well-suited model for genuine volcanic
ashes melted in the turbine combustor prior to deposition on
hot TBC surfaces. Annealing experiments using AVA/TBC
diffusion couples revealed that even moderate temperatures
of 1000°C and short times generated significant effects. In
case of EBPVD-YSZ partial coating infiltration and signifi-
cant Y-depletion of 7-YSZ was observed even at 1100°C. At
1200°C, almost full coating infiltration and partial decompo-
sition of tetragonal 7-YSZ to monoclinic ZrO, and forma-
tion of ZrSiO4 was observed.

The development of new TBC materials raises the question
whether CMAS-type corrosion produces similar detrimental
effects. Pyrochlore-type gadolinium zirconate (Gd2Zr2079 is
employed as next-generation “low x” TBC material."*!?
Gd,Zr,05 provides low-thermal conductivity, high phase
stability, and low sintering kinetics as compared with the
state-of-the-art tetragonal 7-YSZ.'®

The thermochemical interaction of molten four-component
CMAS and an EB-PVD Gd,Zr,0; TBC was studied in labo-
ratory by annealing at 1300°C.'7 After 4 h, an apatite-type
Ca,Gdg(Si04)60, phase (“Gd-oxyapatite”) and cubic Gd/Ca
costabilized ZrO, were found as crystalline reaction products
at the CMAS/Gd,Zr,0- interface. In contrast to standard
EB-PVD YSZ coatings, infiltration of liquid CMAS was
mitigated: the infiltration depth was limited to ~30 um.
This favorable behavior is explained by rapid formation
of crystalline reaction products sealing the pore channels of
EB-PVD GdzZFzO7.

A favorable mitigation of volcanic ash infiltration had
been observed for APS Gd,Zr,O; coatings as well.'® In
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analogy to the CMAS case, the decomposition of Gd,Zr,0,
to Gd-oxyapatite and residual Gd-stabilized ZrO, is consid-
ered being the key mitigation mechanism.

In the present work, we investigate the thermochemical
interaction of EB-PVD Gd,Zr,O; TBCs and AVA overlays
upon isothermal annealing at 1200°C up to 100 h. We
focus on the formation and stability of Gd-oxyapatite and
Gd-stabilized ZrO, envisaged for long-term infiltration miti-
gation. The reaction sequence and microstructural develop-
ment at the AVA/Gd,Zr,O; interface is monitored by
analytical electron microscopy. Supplementary experiments
using powder mixtures are performed to verify reactions and
phase relationships.

II. Experimental Procedure

Approximately 220—um-thick Gd,Zr,O; TBC were deposited
by electron-beam physical vapor deposition (EB-PVD, von
Ardenne Anlagentechnik, Dresden, Germany) on alumina sub-
strates. Gd»Zr,O; powders were synthesized using by code-
composition of Gd(NO3)3;-6H,O and Zr(NOs3),-4H,O (Alfa
Aesar, Karlsruhe, Germany), and subsequent annealing at
1200°C. Phase purity and crystallinity were confirmed
by XRD analyses, respectively. The starting materials for
the sol-gel synthesis of an artificial volcanic ash (AVA) were
Al(NO3);-9H,0, Fe(NO;);-9H,0, Mg(NO3),-6H,O, Ca
(NO3)»-4H,0, NaNOj;, KNO3;, Mn(NO;),-4H-0, tetra-cthyl
orthosilicate (TEOS), tetra-ethyl orthotitanate (TEOT), and
(NH4),HPO,4 (Merck, Darmstadt, Germany). After drying and
annealing at 800°C AVA mostly is X-ray amorphous. The
crystalline fraction predominantly consists of nanoscaled
hematite Fe,O;. After ball-milling (Pulverisette 7 premium
line, Fritsch, Idar-Oberstein, Germany), AVA basically exhib-
its a continuous grain-size distribution between 0.5 and 70 pum,
a maximum volume fraction at about 15 pm, and a ds, value
of ~12 pm. Details of the yreparation and characterization of
AVA are given elsewhere. !

Diffusion couples were prepared by depositing about
20 mg/em® of AVA powder on top of EB-PVD Gd,Zr,0-,
coated coupons. All heat treatments were carried out in air
in a resistor-heated chamber furnace (HTC 03/15,
Nabertherm, Lilienthal, Germany) with annealing times of
0.1, 1 10, and 100 h, respectively. A DSM Ultra 55 scanning
electron microscope (SEM) (Carl Zeiss NTS, Wetzlar, Ger-
many) equipped with an energy dispersive X-ray spectros-
copy (EDS) system (Inca, Oxford Instruments, Abingdon,
UK) was used for microstructural analyses. Focused ion
beam (FIB)-assisted analytical transmission electron micros-
copy (TEM) was performed in a Strata 205 FIB system and
a Tecnai F30 TEM-STEM utilizing a field-emission gun (FEI
Inc., Eindhoven, The Netherlands). X-ray powder diffraction
(XRD) (Siemens D5000, CuKo radiation, and secondary
graphite monochromator, EVA/Topas 4.2 software package,
Bruker AXS, Karlsruhe, Germany) was used for phase anal-
ysis of powder samples.

III. Results and Discussion

(1) Microstructural Evolution of GdyZr,0~TBC with
AV A Deposits Upon Annealing at 1200°C for 0.1, 1, 10, and
100 h
The infiltration behavior, microstructural evolution, and
reaction sequence at the AVA/Gd,Zr,O; reaction front was
studied by means of SEM and EDS analysis. A general fea-
ture of all SEM images is dark-contrasted areas associated
with silica-rich, glaze-like AVA present as overlay and filling
of TBC porosity. Faceted, light-contrasted grains growing in
AVA are consisting predominantly of Fe,Os;, along with
some TiO, and MgO, indicative of hematite-type solid solu-
tions.

After annealing for 0.1 h at 1200°C, the development of a
porous reaction zone at the top of the Gd,Zr,O; columns is
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Fig. 1. SEM close-up of an EB-PVD Gd,Zr,0; coating with AVA
overlay upon annealing for 0.1 h at 1200°C. Adjacent to the AVA
overlay, the Gd,Zr,0O; column tip shows an interpenetrating network
of Gd-oxyapatite and ZrO,, a porous ZrO, zone, and few faceted
Gd-oxyapatite grains. Note the undulated reaction front.

clearly visible (Fig 1). In addition, an extensive filling of
Gd,Zr,0 feather arms by a newly formed phase is obvious.
Prismatic, light-contrasted grains with a size of 1-2 pm are
seemingly located at the initial Gd,Zr,O;/AVA interface. EDS
analyses revealed that these grains are Gd-oxyapatite-type Ca-,
Gd-silicate being the typical reaction product in the CMAS-
type corrosion of Gd,Zr,0-."” Below the Gd-oxyapatite grains
there exists a 2-um-thick zone characterized by nonfaceted 0.5
—1 um ZrO, grains enveloped by SiO,-rich AVA. These ZrO,
grains are apparently residues of Gd,Zr,O; decomposition.
Right behind the well-defined, undulated reaction front there
exists a zone of two differently contrasted phases. From the
scenario observed on top of the coating it is concluded that
this zone features an interpenetrating network of Gd-oxyapa-
tite and ZrO, which is due to AVA infiltration of Gd,Zr,0O4
feather-arm  porosity and subsequent (Gd-oxyapatite
formation.

Upon annealing for 1 h at 1200°C significant ZrO, grain
growth and pore coalescence has occurred in the recession
zone (Fig. 2). ZrO, grains are still blunted; some of them
even exhibit droplet-like shapes. The pores are still filled with
SiO,-rich AVA. Gd-oxyapatite is now predominantly found
as large, platelet-like, and partially facetted grains growing in
intercolumnar gaps of the EB-PVD coating. The interpene-
trating network of Gd-oxyapatite and ZrO, now is clearly
visible and the reaction front has moved considerably into
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Fig. 2. EB-PVD Gd,Zr,0; coating with AVA overlay upon
annealing for 1 h at 1200°C. Significant ZrO, grain growth and pore
coalescence has occurred in the porous recession zone. Clearly visible
are the interpenetrating Gd-oxyapatite/ZrO, network and platelet-
like Gd-oxyapatite grains located between Gd,Zr,O; columns.
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Fig. 3. EB-PVD Gd,Zr,0; coating with AVA overlay upon
annealing for 10 h at 1200°C. ZrO, grains in the porous recession
zone are much smaller. Gd-oxyapatite grains now are exhibiting
idiomorphic, hexagonal shapes. Ti-rich grains are arranged chain-like
above the porous ZrO, zone.

the Gd,Zr,0; columns. Quantitative EDS analyses unambig-
uously revealed that in this reaction stage large ZrO, grains
have a composition of ~91 mol% ZrO, and 9 mol% Gd,Os,
hence are cubic Gd,O; fully stabilized ZrO, (Gd-FSZ). A
costabilization with CaO, as observed by other authors in
the CMAS case,'” could not be proved unequivocally: EDS
analysis yielded a value of ~0.3 mol% CaO, evidently close
to the detection limit.

Upon annealing for 10 h at 1200°C the recession zone is
remarkably changing (Fig. 3): formerly large, blunted ZrO,
grains are now much smaller and consequently, the AVA-
filled porosity has expanded significantly. Again, prismatic
Gd-oxyapatite grains are visible, but now are located at
the interface of the porous AVA infiltrated zone and the
Gd-oxyapatite/Gd-FSZ interpenetrating network. Coarsen-
ing of Gd-oxyapatite seems to occur within the Gd-oxyapa-
tite/Gd-FSZ network, observable at the bottom of Fig. 5. A
new feature appears on top of the ZrO,-dominated porous
zone: 0.2-1 pm sized, faceted grains are arranged in an
almost straight, chain-like manner. EDS analyses revealed a
significant enrichment of Ti in these crystals.

Upon annealing for 100 h at 1200°C the microstructure
of the reactive interface shows again a significant evolution
(Fig. 4): small ZrO, grains from the porous zone are
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Fig. 4. EB-PVD Gd,Zr,O; coating with AVA overlay upon
annealing for 100 h at 1200°C. Small ZrO, grains in the porous
recession zone are now arranged in clusters and clearly show twin
lamellae due to martensitic transformation. Large Gd-oxyapatite
grains are characterized by horizontal cracks. A large ZrSiOy4 crystal
has grown around Gd-oxyapatite and m-ZrO,.Ti-rich grains are
mostly localized on top of the reaction zone.

now arranged in clusters separated by large platelet-like
Gd-oxyapatite crystals. The ZrO, grains clearly show twin-
ning lamellac related to the martensitic transformation
being distinctive for monoclinic ZrO,. Horizontal segmenta-
tion cracks may occur in Gd-oxyapatite crystals separating
m-ZrO,. A newly appearing, darker contrasted phase exhib-
iting very large grains of 10 um and beyond is identified by
EDS as zircon ZrSiO4. All ZrSiO, grains are located
directly on top of the former column tips and frequently
show inclusions of Gd-oxyapatite, occasionally m-ZrO, is
observed too. The Ti-rich phase first observed in the sample
annealed for 10 h appears typically as AVA-enveloped rela-
tive large-faceted grains in the upper region of the reactive
interface, however, also directly in contact to Gd-oxyapatite
and m-ZrO..

(2) Phase Formation and Mitigation Performance at the
AVA|GdyZr,0; Interface

Figure 5 shows the time-dependent spatial distribution of sili-
con (bright contrasted) being representative for infiltrated
silica-rich AVA. Evidently, infiltration of AVA is continu-
ously increasing with time. Whereas only the topmost 50 um
of the EB-PVD Gd,Zr,O; coating are affected after 0.1 h,
the infiltration extends to more than 150 um after 100 h at
1200°C. Despite a certain deceleration, there seems to be no
full arrest of the infiltration front. This raises the question
whether the concept of long-term infiltration mitigation by
rapid formation of crystalline Gd,Zr,0O, decomposition prod-
ucts is viable. The microstructural evolution of the AVA/
Gd,Zr,05 diffusion couples indicates a highly complex reac-
tion sequence. Gd,Zr,0O; decomposes to Gd-oxyapatite and
a Gd,O;3 fully stabilized ZrO, (Gd-FSZ). Gd-oxyapatite
seems to form initially in Gd,Zr,O; feather-arm porosity,
but much larger, presumably second-generation apatites grow
in the AVA overlay. A Ti-rich phase appears in intermediate
reaction stages. ZrSiO4 appears in later reaction stages. An
assessment of these observations is difficult without supple-
mentary information on the constituents’ crystal chemistry
and phase stability. Therefore, we performed supplementary
XRD, SEM, and TEM analyses.

(A) Chemical Evolution of Gd-Oxyapatite Evidently,
the formation of an interpenetrating Gd-oxyapatite/GdSZ
network designates the primary stage of AVA-related
Gd,Zr,07 decomposition. On the other hand, a porous GdSZ,
AVA filled and almost Gd-oxyapatite-free zone is observed in
the top region which reasonably must be interpreted as the
residuum of subsequent Gd-oxyapatite decomposition, pre-
sumably via dissolution in AVA. In fact, higher magnification
SEM imagining gives strong evidence for dissolution from
first-generation apatite from the interpenetration network
(Fig. 6). The undulated reaction front still contains Gd-oxyap-
atite and Gd-FSZ with similar grain sizes. On top of this zone,
much larger and blunted Gd-FSZ grains enveloped by AVA
are visible, some of them obviously still separated by thin

0.1h 1h 10h 100 h

Fig. 5. EDS mapping of the EB-PVD Gd,Zr,0; coating with AVA
overlay upon annealing between 0.1 and 100 h at 1200°C. The
spatial distribution of Si is indicative for a continuously increasing
AVA infiltration.
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Fig. 6. Darker contrasted bridges between ZrO, grains (open
circles) provide strong evidence for dissolution of first-generation
apatite out of the interpenetration network and subsequent free
growth of idiomorphic second-generation apatite in AVA.

Gd-oxyapatite platelets (open circles) which obviously are
the remains of Gd-oxyapatite dissolution. Coalescence
and growth of Gd-FSZ are hence enhanced by disappearing
Gd-oxyapatite grains. On the other hand, large-faceted
Gd-oxyapatite grains are appearing in AVA close to the inter-
face, i.e., only a few microns away there is obviously no driv-
ing force for dissolution. To study this seeming paradox we
carried out a supplementary series of annealing experiments.
A phase pure, crystalline Gd-oxyapatite powder was syn-
thesized at 1300°C using Ca(NOj3),-4H>O, Gd(NO;)3-6H-,O
and fumed SiO,. Gd-oxyapatite/AVA powder mixtures
were annealed at 1200°C for 1 h, respectively. Figure 7 dis-
plays the XRD analyses of two selected powder mixtures.
The 20/80 wt% mixture (Fig. 7, left hand side) exhibits
Gd-oxyapatite XRD peaks in the initial state (lower XRD
profile) as well after annealing at 1200°C (upper XRD
profile). In addition, hematite has crystallized from AVA
at 1200°C. On the contrary, only hematite is observed as crys-
talline phase after 1200°C annealing of the 10/90 wt% Gd-
oxyapatite/AVA powder mixture (Fig. 7, right hand side).
Evidently, Gd-oxyapatite has been completely decomposed
due to AVA supersaturation. On the other hand, Gd-oxyapa-
tite crystallizes if the local Gd content of AVA is exceeding
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Fig. 8. Time-dependent evolution of the cation composition of Gd-
oxyapatites upon annealing at 1200°C (normalized EDS data). A
simultaneous decrease in Ca, Zr and increase in Gd is evident. (note
logarithmic timescale).

the threshold for nucleation. This explains the rapid forma-
tion of first-generation Gd-oxyapatite preferably in feather-
arm pores. The formation of the porous ZrO, zone is hence
due to the redissolution of first-generation Gd-oxyapatite,
presumably caused by an evolving Gd-concentration gradient
in AVA. Coexisting AVA is evidently becoming Gd-rich,
providing stabilization of second-generation Gd-oxyapatite.
As silicate-apatite structures exhibit high chemical
variability and significant solid solution ranges' and present

(ii) 10 wt-% CGS + 90 wt-% AVA
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Fig. 7. XRD analysis of a 20/80 wt% Gd-oxyapatite/AVA mixture (left-hand) exhibits Gd-oxyapatite peaks in the initial state (lower profile) as
well after annealing at 1200°C (upper profile) and hematite. Only hematite is observed as crystalline phase after 1200°C annealing of a 10/90 wt
% Gd-oxyapatite/AVA powder mixture (right-hand). Gd-oxyapatite decomposition is due to AVA supersaturation.
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Table I. Calculation of Gd-Oxyapatite Crystal Chemistry from EDS Quantification

Cation Ca®" Gd** 't
[at.%] 12.5 50.0 -
Wyckhoff pos 4f 41,6 h 6 h

Si** AP Empirical Gd-oxyapatite
37.5 - CazGngi()Ozé
6h 6h (hexagonal, space-group P63/m (#176))

EDS data normalized to

Normalized to

Sample (Ca + Gd + Zr) = 62.5 at.% (Si + Al) =375 Gd-oxyapatite calculated from normalized EDS
0.1 h/1200°C 11.88 46.24 438 35.60 1.90 (Cag.95Gdo.05)>(Gdo.01Zr0.00)s(Sio.05A10.05)6026 25
1 h/lZOOOC 11.18 47.43 3.89 35.59 1.91 (Cao'ngo'1)2(Gd0'9252r0'075)5(si0‘95A10'05)6026'25
10 h/1200°C 10.58 49.75 2.16 35.76 1.74 (Cagg5Gdo.15)2(Gdg.0625Z10.0375)8(Si0.05A10.05)6026.15
100 h/] 200°C 7.94 53.74 1.09 35.88 1.62 (Cao'625Gdo'375)2(Gd0'9821”0'02)8(Si0‘95A10.05)6026'3

' hematite,

Fig. 9. Formation of Gd-doped fully stabilized zirconia (Gd-FSZ)
next to hematite and Gd,Zr,O; upon 1 h annealing (STEM high-
angle annular dark-field (HAADF) image, upper part). [111] zone
axis pattern obtained from Gd-FSZ grain marked (lower part).

Gd-oxyapatites coexist with chemically variable AVA,
a chemical evolution upon annealing is anticipated for
Gd-oxyapatites as well. Cross-sections of hexagonal basal
planes of second-generation Gd-oxyapatite grains were exclu-
sively selected for quantitative EDS spot analyses. Apart
from the main constituents (Gd, Si, and Ca) we found signifi-
cant dissolution of Zr in the apatite grains. This is in good
agreement to the observations in the CMAS case,” where
the authors detected 4-6 mol% ZrO, dissolved in the
Gd-oxyapatite structure at 1300°C. A significant Al content
was detected as well. In contrast to data published by other
authors for APS Gd,Zr,0;/volcanic ash diffusion couples,18
Mg and Fe dissolution in Gd-oxyapatite was found close to
detection limits.

In Fig. 8 the mean relative content of apatite constituents
is plotted versus the annealing time at 1200°C, respectively.
Note that the timescale is logarithmic and only cations are
considered. Evidently, there is a significant time-dependent
evolution of the apatite’s chemical composition. The Gd

Fig. 10. Zircon (ZrSiO,) envelope established on twinned m-ZrO,
upon 100 h annealing at 1200°C (bright-field (BF)-TEM, upper
part). Convergent-beam electron-diffraction (CBED) pattern of
zircon oriented parallel to the [001] zone axis (lower part).

content increases significantly from ~46.5 to 54 at.%,
whereas Ca and Zr seem to decrease simultaneously from 12
to 8 and from 4.5 to 1 at.%, respectively. On the contrary,
contents of Si (35 at.%) and minor Al (2 at.%) seem to
remain almost constant. These EDS findings can be linked to
apatite crystal chemistry: considering only cations and
assuming a fully occupied apatite structure (space-group P63/
m, no. 176) empirical Gd-oxyapatite (Ca,GdgSigO»s) includes
12.5 at.% Ca, 50 at.% Gd, and 37.5 at.% Si, respectively.
Taking into account effective ionic radii,”® AF* (0.039 nm)
is obviously substituting Si** (0.026 nm) in tetrahedral



6 Journal of the American Ceramic Society—Mechnich and Braue

Fig. 11. EDS mapping of the EB-PVD Gd,Zr,0; coating with AVA overlay (100 h at 1200°C, see Fig 4). Spatial element distribution shows

accumulation of Gd, Zr, Ti, and Fe in an individual crystalline phase.

oxygen coordination. Charge balance may be achieved by
coupled substitution of Ca”* or Gd** by Zr*". Basically,
the Gd-oxyapatite lattice offers two sites occupied either pre-
dominantly by Ca®>* (Wyckhoff position 4 h, 8-fold coordi-
nated by oxygen) or by Gd*" (Wyckhoff 6f position, 7-fold
coordinated by oxygen). From ionic radii data, it is antici-
pated that Zr** (20.078 nm) is rather substituting Gd*>"
(0.100 nm) than Ca®* (0.106 nm). Our model implicates that
AT and Si** add to 37.5 at.%, whereas Ca>", Gd*", and
Zr** sum up to 62.5 at.%. The EDS analyses were normal-
ized with respect to these constraints and formulae of
Gd-oxyapatites were calculated, respectively (Table I). The
observed Gd enrichment and simultaneous Ca depletion of
oxyapatites upon long-term annealing is hence explained by
increasing substitution of Ca®" by Gd>" on position 4 h
and simultaneous decreasing Zr*" content on position 6f.
Our data provide strong evidence that rapidly formed, first-
generation Gd-oxyapatite is metastable and hence does not
provide a long-term stable AVA infiltration barrier.

(B) Formation and Destabilization of ZrO, Polymor-
phs  From the previous findings the destabilization of pri-
mary Gd-oxyapatite by AVA is the most plausible rationale
for the formation of a porous ZrO, zone. In early stages of
AVA infiltration the ZrO, polymorph is still rich in Gd,Os.
The chemical composition of Gd-FSZ (91.2 mol% ZrO, and
8.8 mol% Gd,0s3) is indicative for a fully stabilized, cubic
polymorph, which typically exhibits pronounced grain
growth. However, the presence of much smaller, presumably
monoclinic ZrO, grains in later reaction stages indicates
ongoing dissolution of Gd,O; from Gd-FSZ by AVA until
transformation to m-ZrO, occurs.

At the end of this reaction sequence ZrSiOy4 is formed at
the expense of m-ZrO, typically close to the porous
zone. ZrSiOy4 has also been observed as reaction product of
EB-PVD 4 mol% Y,O0s-stabilized ZrO, (7-YSZ) TBCs and
AVA, however, the formation was observed even upon
annealing for only 1 h at 1200°C."* Obviously, the formation
of ZrSiO, is favored or even triggered by the destabilization
of cubic or tetragonal ZrO, to monoclinic ZrO,. Destabiliza-
tion is evidently much faster in case of 7-YSZ having a

relative low amount of solute serving as stabilizer. A detailed
analysis by FIB-TEM was performed to disclose the evolu-
tion of the Gd-FSZ-ZrSiO, reaction sequence. Figure 9
(STEM HAADF) image shows the globular Gd-FSZ grains
embedded in glassy AVA matrix along with residual
Gd,Zr,0; (bottom) and a hematite-type grain (top). The
cubic structure obtained from electron diffraction (Fig. 9,
bottom) proves the full stabilization of ZrO, by Gd,Os.
Figure 10 is representative for the decomposition of Gd-FSZ
to globular destabilized m-ZrO, exhibiting characteristic
twinning due to martensitic transformation. The prismatic
grain enveloping globular m-ZrO, is unequivocally identified
as ZrSiO4 by convergent-beam electron diffraction (CBED,
Fig. 10, bottom). This scenario supports the concept of a
ZrSi04 formation from quasi fully destabilized m-ZrO, only.
Again, our data prove that the first, rapidly formed decom-
position product (Gd-FSZ) is not stable and not providing
long-term mitigation of infiltration.

(C) Identification and Analysis of a New, Zirconolite-
Type Recession Product Upon annealing at 1200°C for 10
and 100 h, a Ti-rich, obviously crystalline recession product
was observed. The EDS mapping depicted in Fig. 11 shows
the spatial distribution of Gd, Zr, Ti, and Fe in the area
depicted in Fig. 4 (100 h 1200°C sample). Obviously, the
Ti-rich phase holds Gd, Zr, and Fe as well. Spot analy-
sis revealed also a low Al content: EDS quantification
yielded a mean composition of ~30 at.% Zr, 24 at.% Gd,
21 at.% Ti, 20 at.% Fe, and 5 at.% Al, respectively (only
cations considered). On the basis of this finding a literature
review provided strong evidence that the unknown phase
may belong to the zirconolite-type structure family. Zircono-
lite, having the idealized empirical formula CaZrTi,O; has
been considered as potential host material for the immobili-
zation of heavy radionuclides.?' Interestingly, CaZrTi,O,
or calzirtite (Ca,ZrsTi,O¢) was recently detected on an
ex-service EB-PVD 7-YSZ TBC, and their formation was
explained by crystallization of Ti-bearing and Zr-enriched
CMAS.? The zirconolite crystal structure is closely related
to the pyrochlore-type structure family**** and exhibits a
large solubility for rare-earth as well as transition-metal
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Fig. 12. Upper part: faceted Gd,Fe-zirconolite grain and m-ZrO,
embedded in noncrystalline AVA upon 100 h annealing at 1200°C
(BF-TEM). Lower part: [130]zone axis pattern of zirconolite
confirming the monoclinic 2M polytype. Note extensive streaking
parallel to c*.

cations.”>*® An isomorphic cosubstitution of zirconolite fol-
lowing Ca’>" + Ti*" < Gd*" + Fe*" has been proposed
previously.?” Uptake of AI>* and an associated enrichment of
Zr*" above the “ideal” value of 1 has been considered as well.
The crystal structure of Gd,Fe-substituted zirconolites was
mostly found to be monoclinic, belonging to the space-group
C2/m (no.12). In the present case, the above EDS analysis
would translate to a charge-balanced, zirconolite-type solid
solution with a composition close to GdggsZry5Feps-
Tig.9Alp 0. To validate this hypothesis we performed FIB-
TEM and electron diffraction. Figure 12 shows faceted zircon-
olite-type grains along with m-ZrO, embedded in glassy AVA.
The related ED pattern (lower part) could be indexed success-
fully in monoclinic symmetry with lattice parameters close to
those reported in literature. A characteristic streaking of the
diffraction pattern parallel to c* is observed in a similar
manner to previous work.?” To our best knowledge, we are
reporting on such a Gd,Fe-zirconolite recession product for
the first time in the open TBC literature. Interestinglg/, the
formation of a garnet-type phase, in particular kimzeyite™ was
not observed although relative high amounts of major constit-
uents, in particular, Ca, Zr, Ti, and Fe, are available in the
present Gd»Zr,O;-AVA system.

ceir  Ca,Gd-Oxyapatite,,  Gericn |

Gd,Fe-Zirconolite,; |

0.1 1 10 100
Time [h] >

Fig. 13. Schematic of the Gd,Zr,O;-AVA reaction sequence. (note
logarithmic timescale)

(3) Reaction Sequence and Possible Implications for
Long-Term TBC Performance

Based on the microstructural analyses and the results
retrieved from powder mixtures, it is possible to discriminate
five key reaction stages explaining the recession scenario of
EB-PVD Gd,Zr,0; coatings with an artificial volcanic ash
(AVA) overlay:

1. Gd,O3 is leached out from Gd,Zr,O; until AVA
locally exceeds the Gd,O5; concentration level required
for nucleation of a Gd-oxyapatite solid solution. This
process occurs rapidly inside of Gd,Zr,0 feather-arm
porosity.  Progressive  ex-solution  of  Gd,O3
from Gd,Zr,0O; eventually leads to formation of cubic
Gd-FSZ. Both primary decomposition products coexist
as a kind of interpenetrating network.

2. Gd,0Os-undersaturated AVA is able to selectively redis-
solve Gd-oxyapatite from the interpenetrating net-
work. Residual, porous Gd-FSZ is filled with AVA
and enhanced diffusion allows for Gd-FSZ grain coa-
lescence and growth.

3. Large Gd-FSZ decomposes to small, globular, mono-
clinic ZrO, via ex-solution of Gd,Os. Furthermore,
Gd-oxyapatite destabilization is prevented by the
Gd,O; enrichment of AVA, instead Gd-oxyapatite
growth occurs.

4. A zirconolite-type phase containing Gd,O3, ZrO, orig-
inating from Gd,Zr,07, and TiO,, Fe,O; originating
from AVA nucleates.

5. Large ZrSiO4 grains grow at the expense of small,
globular, monoclinic ZrO, grains and enveloping
AVA.

A schematic of the reaction sequence is shown in Fig. 13.
The fundamental driving force behind the observed phase
formation may be the “de-mixing” of Gd and Zr into differ-
ent siliceous environments: whereas Gd is preferably entering
the oxyapatite structure, Zr is stabilized as ZrSiO4. Due to
coordination chemistry both crystal structures do not provide
significant solubility for the other cation species. As a conse-
quence it can be postulated that Gd and Zr coexist only in
basically silica-free compounds such as Gd,Zr,0;. Indeed,
likewise the present zirconolite phase does not contain SiO»,.
As Ti*" does form titanates instead of silicates it is antici-
pated that the presence of Ti*", and to a lesser extent Fe*™,
is the major reason for the formation of Gd,Fe-zirconolite
which can be regarded as derivative of CaZrTi,O;, i.e.
zirconolite in sensu strictum. Taking into account these con-
siderations, a long-term arrestment of the reaction front may
be achieved only if the Si-rich AVA is mostly consumed.

As a deeper AVA infiltration and Gd,Zr,O,; decomposi-
tion is not prevented on the long term, thermophysical prop-
erties of newly formed crystalline phases are considered
relevant for TBC performance. The influence of Gd-oxyapa-
tite can be discussed in the light of literature data given for
similar compounds of the apatite-type rare-earth silicate fam-
ily. Work on isostructural, single-crystal Ca,Lag(SiO4)sO-
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revealed anisotropic coefficients of thermal expansion (CTE)
of 8.9 ppm along the a- and 6.6 ppm along the c-axis,
respectively.?” This is considerably lower than the expansion
of Gd,Zr,O; having a CTE of ~12 ppm. One can specu-
late that the horizontal cracks observed in large, elongated
Gd-oxyapatite crystals (see Fig. 5) are due to a similar aniso-
tropic CTE mismatch. In case of ZrSiO4 the mismatch is
even larger, with anisotropic CTE values of ~4.5 and
6.0 ppm for ZrSiO,, respectively.’® Thermal expansion mis-
matches may produce mechanical stresses in the TBC upon
thermal cycling which may cause coating exfoliation or spall-
ation. Regarding the zirconolite-type phases, to date only
CTE data for CaZrTi,O5 are available: with ~12 ppm there
is presumably no considerable CTE mismatch with
Gd,Zr,0,.3! Owing to their relative stability in the AVA
environment and a close chemical as well as structural rela-
tionship with Gd,Zr,O7, such Gd,Fe-zirconolites may also be
promising candidates for new, volcanic ash-resistant TBC
materials.

IV. Conclusions

In a laboratory-scale approach we employed a sol-gel-derived,
artificial volcanic ash (AVA) to study the possible long-term
effects caused by the ingestion and subsequent deposition of
volcanic ash particles on EBPVD Gd,Zr,0; thermal barrier
coatings. The thermochemical interaction of AVA and
Gd,Zr,07 EB-PVD coatings is highly complex and exhibits
features not seen before in similar, CMAS-type corrosion sce-
narios. Our observations indicate that a long-term mitigation
of AVA infiltration may be not achievable for Gd,Zr,04
TBCs. This is mainly due to large solid-solution ranges of key
reaction products, resulting in dynamic, permanently evolving
chemical equilibria. Therefore, it seems mandatory to evaluate
the concept of mitigation of infiltration by rapid decomposi-
tion/recrystallization of pyrochlore-type TBC materials via
long-term annealing experiments, at least in the x 100 h
range.
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