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Abstract

Dissolution of different rare earth oxides &z and cyclosilicate GRE,(Si;Og), was studied

at 1200°C in a pseudo-ternary CAS melt. This investigation is relevant to CMAS resistant
thermal barrier coatings (TBC) used in aircraft engines. CMAS is a generic term for the
molten siliceous deposits resulting from the ingestion of mineral particles with the intake air.
The aim was to assess the influence of the rare earth on the reaction kinetics, solubility limits
and underlying phase equilibria in a model CAS melt:(RERE = Nd, Sm, Gd, Dy and Yb)

were selected to span a wide range of trivalent lanthanide sesquioxides and Lewis basicities.
Powders dispersed in CAS glass-beads were reacted at 1200°C and quenched after several
durations. All the RED; led to the formation of metastable apatite, and then to stabilization of
cyclosilicate in CAS. Disilicate Yi%i,0; was also obtained in ¥03; bead-sample during
early-stage of interaction. However, R¥ oxide basicity has a direct influence on silicates
(apatite, disilicate and cyclosilicate) solubility limits in CAS, on RE-apatite crystal growth as
well as on induction time for RE-cyclosilicate nucleation. The results are discussed in the
light of crystal chemistry, thermodynamic considerations and RE cation field strength (Z/r?)

which is alternative to define oxide basicity.
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1. Introduction

Fine contaminants as sand, dust or volcanic asigested by aircraft engines are
well-known to induce damage in standard ThermalriBarCoatings (TBC, Zr@8wit.
%Y,03). In service, these mineral particles deposit onTBC surfaceX 1200°C) as molten
silicate and infiltrate porous microstructure ofaiting [1-4]. Composition of silicate deposits
closely depends on their geological source andr tlransport across continents when
suspended in the atmosphere. Analysis of ex-seoocgponents reveal that, in addition to
primary silica (SiQ), alumina (AbO3), alkaline-earth oxides (CaO, MgO), but also metallic
oxides (TiQ, FeQ) are generally found in varying proportions [5-7].

Model silicate deposits limited to a few constittee(CMAS, i.e. CaO-MgO-ADs-

SiQ,) are thus mainly employed in the laboratory tadgtthe thermochemical interaction
with novel TBC compositions which potentially infilCMAS infiltration. Many tests are
conducted under isothermal conditions for simplititus neglecting thermal gradient across
TBC. In addition to deposition technology (Elect®aam Physical Vapor Deposition (EB-
PVD), Atmospheric (APS) and Suspension Plasma Si88$)), dense ceramic pellets or less
frequently powders are also used to simulate TB@tieg material. Gadolinium zirconate
GdZr,0; TBC has first shown efficiency to mitigate syntbeg€MAS infiltration due to its
reactivity with CMAS. Indeed, the dissolution reant leads to the extremely fast and
simultaneous formation, in the TBC flow channelstgicolumnar gaps for EB-PVD
coatings), of a sealing-layer constituted of criisia zirconia Zr(Ca,Gd)Q and
CaGds(SiOy)60, apatite [8]. Most of rare earth oxides Rk can replace yttria in Zribased
TBC as both zirconia and apatite phases can accoaie@a broad range of lanthanide

elements within their structures [9-10].

at

RE:O5) and multi-component CMAS system. In this cont@xderschket al. have previously
proposed a thermodynamic study of the CaO,$t€0; subsystem (RE = Y and Gd)




TBC) may redirect the dissolution pathway, thisdgtuelies on the diagrams produced by
Poerschkeet al. [11,12], which indicate that low concentrations rafe earth oxide are
required to remain in equilibrium with the liquid.

In a previous authors’ work [13], the relative slip of the precipitated Gd-apatite
and Gd-cyclosilicate phases was investigated. Toein dissolution reactions eutectic
CaO0-ALOs-SIO, (CAS) melt at 1200°C, as well as that of,Gg¢l systematically led to Gd-
cyclosilicate phase in equilibrium with CAS melt fong interaction times. Conversely, Gd-
apatite crystals formed at @k/CAS interface during early-stage were in metastabl
equilibrium with CAS melt. It has also been shoWwattother rare earth silicates may compete
with apatite crystallization and a change in RRubity limit may result depending on both
RE,O; and CMAS composition. Garnet silicate, orthostkcaCaRE,SisO;, as well as
disilicate RESi,O; phases have been previously reported as CMAS/TBCtiom product
[14-17]. Re-precipitation of zirconia Zp@ontaining RE and/or Ca in solid solution has been
regularly observed when the Zr saturation limitti@® melt is exceeded [15-19] whereas
zircon ZrSiQ or Ca,Zr-rich phases were occasionally noticedli83.8,19]. These two kinds
of crystallization reactions also induce modificatiof the melt composition leading to
intrinsic precipitation of Zr,RE-free silicates. éuthite CaA}Si,Os, diopside CaMg$0s and
melilite Ca(Mg,Al)[(Al,Si)SIO;] are current examples of the many phases whichbsan
precipitated [13-15]. In our previous work [13],erhical analysis of CAS melt (1200°C)
composition over time also evidenced the local airmient in Al induced by Gd-apatite
formation which further led to anorthite precipibat

Nevertheless, phase equilibria only provide infarora on overall crystallization
reaction and are thus relevant to coating chendecabbility in CMAS melts once their
infiltration is stopped. Thermodynamic data, theref do not determine the efficiency of
CMAS infiltration mitigation which occurs during g stage of interaction. Indeed, local and
non-equilibrium conditions during short times inwelthe appearance of metastable phase(s)
before the formation of stable phase(s). Kinetiomsterations are also a fundamental

requirement to understand CMAS/TBC interaction.

This study deals with the dissolution of differeate earth single (RBs) and multi-
metal oxide (RE-apatite or RE-cyclosilicate) inemiic CAS melt (1200°C) using powders
dispersed in glass-beads. These investigations a@ntinuation of previous work dealing



with the GdO;3 dissolution mechanisms in CAS. The aim is to assles influence of rare
earth (relative to GMDs) on reaction kinetics, solubility limit and undgrlg phase equilibria
in the CAS melt. For this, N@3;, SmyO3, Dy,O3 andYb,O3 were first selected to cover a wide
range of Lewis oxide basicity. Then, multiple arlmgatimes and quenching were performed
to provide information on kinetics in a timescatempatible with early stage of CMAS/TBC
interaction as well as on phase equilibria for Emgmes. Powder XRD and SEM-EDS
analysis were employed for phase identificationlevhmounts of RE dissolved in CAS were
measured overtime by EPMA. The results are discugseahe light of crystal chemistry,
thermodynamic considerations and RE cation fieleéngjth (Z/r2) which is alternative to

define oxide basicity.
2. Experimental procedures

21 Precursor materials

The pseudo-ternary eutectic (1170°C) compositi@9SiCG-16.9A10, 524.1Ca0 mol. %
(61.5SiQ-15A1,03-23.5Ca0 wt. %, CAS), was selected in this study CA4AS melt
subsystem. The choice of this simplified CAS conipms as well as the details on glass
preparation are reported in a previous work [19]as& was obtained from suitable
proportions of CaC®(99%, Prolabo), AlDs; (99.7%, Cerac) and amorphous $5i©9.9%,
Aldrich) raw reagents.

Commercial powders of rare-earth oxides,@fwere used as starting solute for the
dissolution experiments in CAS melt. Their charastes given by the suppliers are
summarized in table 1. These compositions weretsgleo span a wide range of trivalent
lanthanide sesquioxides and Lewis basicities

Rare-earth cyclosilicate powders with:R&,(SizOg), composition were prepared by solid
state reaction between rare-earth oxides, calcanmonate CaC&and SiQ reagent powders.
Two steps of 6h-calcination at 1400°C were perfalmgth intermediate regrinding to
achieve homogeneous mixture and promote surfaceaoarea between particles. Finally,
nitric acid HNQ was added to the resulting RE-cyclosilicate powderd a vacuum filtration

wash was performed to remove unreacted@powders [20].



2.2 Dissolution experiment and equilibration

The procedure used to study the dissolution of eamth oxides or cyclosilicatés'in CAS
has been described in a previous work [13]. Fig#AS-glass beads containing dispersed
RE;O3 or RE-cyclosilicate powder were elaborated at 2200Then bead samples were
suspended with a Pt wire and annealed in air a®@X20for durations from 5 min te 72 h.
They were finally quenched in air to retain thelhtgmperature configuration. Short duration
intervals (from 5 min to 1h30 annealing) were perfed to provide information on kinetics
in a timescale compatible with'the early stage BAS/TBC interaction. Conversely, long-
term annealing (up t§'460h) was performed to atteachieving equilibrium between the
liquid and the precipitated phases dictated byntioglynamics.

2.3  Sample preparation and characterization

Cross-sections of the beads mixture containing KiHeo were prepared after epoxy
embedding, successive polishing to ¥4 um and cacbating. Backscattered electron imaging
(BSE, Zeiss DSM962 SEM) was used to characterize rthcrostructure of eacRE-
oxide/CAS bead after annealing, and more precigehave a first estimation of the amount,
the morphology and the size of the precipitatedsphaElemental composition of the various
phases was measured using energy dispersive sgpmuigoin the SEM (SEM-EDS, Kevex
Quantum type EDS analyzer).

Electron Probe Micro-Analyzer (EPMA) CAMECA SX10Ga# employed to quantify the

amount of rare earth cation BEvhich was dissolved in CAS beads. For this, RE el#mas
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well as Ca, Al and Si were analyzed at 10 pm ofpttezipitated RE-silicate§. ThiS Vicinity

involves a short period of chemical diffusion amsieres the measurement of the highest RE
content in'the glass matrix for Short times. Thilis of the quantification are averaged from

10 measurements and the error bars correspondrtdastl deviations.

When large enough, the RE-rich precipitates wergo gbrobed to establish their
composition. The conditions used for microanalygse an accelerating voltage of 15 kV, a
focused beam current of 10 nA and a time analysibos per element. The used standards
were andradite GRex(SiO4); for Ca alumina for Al, albite NaAlISOg for Si, lanthanide
sesquisulfide RES;for Yb, Dy, Gd and lanthanide phosphate RER®D Sm, Nd.

X-Ray Diffraction (XRD) data were collected on a gyrean diffractometer using CuoK

emission {«,=0.15406 nm) in a @ range from 10 to 90°@. A order to get a higher

For this analysis, all the samples were groundediria powder to reduce preferential
orientation. Indexation of XRD patterns using ICBfstallographic database (PANanlytical
XPERT HighScore) was first performed for crystalirphases identification. Rietveld

refinement from the RE-oxide/CAS diffraction datasmthen performed by the mean of
Fullprof Suite software. The relative volume fractiof RE-silicate phases was subsequently
guantified regardless of amorphous content.

3. Results

3.1 Phase evolution during CAS / RE,O; interaction
3.1.1 Short-times interaction

Back-Scattered SEM images resulting from interactid different REO; powders
with CAS melt are shown in Fig. 1 and Fig. 2 afiemin dwell-time at 1200°C. Based on

overall observation, it can be first noticed thd,8; agglomerates (bright contrast) never



coexist directly with{the CAS melt. Indeed, a soliderphase composed of RE-apatite
separates all RB; powders from the melt. This phase was identifiedh®ycombination of
XRD and EDS analysis. Hexagonal structure with/f@&pace group was obtained for all RE-
apatite. Indeed, the alkaline-earth {Qaapatite structure is well-known to accommodate
complete lanthanide series [9]. Both cationé'@ad RE" are distributed within the 4f (CN
9) and 6h (CN 7) sites. A wide range of?@RE>" substitution in RE-apatite may also be
obtained considering the existence of cation vaearand/or oxygen vacancies [9].

Variation in the size and the morphology of RE-#paprecipitates can also be
observed between the different . The SEM micrographs display a change in the shape
of RE-apatite from a thin-nearly continuous layer ¥b,O3 (Fig. 2b) to a conglomerate of
needle-like crystals for N@s (Fig. 1a). This latter acicular arrangement for tapawvas
commonly found in various glass-ceramic and isroissociated with a preferential growth
aligned along the c axis [21]. An Intermediate Riatde microstructure was obtained for
Dy,0; (Fig. 1d), GdOs; (Fig. 1c) andSm,O3 (Fig. 1b). It consists in elongated crystals
growing outwardly from a thin denser layer at tHe8; interface. After 5 min, several stages
of apatite crystal growth (in terms of acicularitygan be observed between the different
RE;O3 and appear to be enhanced in the following ordeO¥< Dy,03 < GdbO3 < SnpO3 <
Nd,Os. Moreover, it can be noticed that the amount op@Ehat already reacteglobally
increases on the whole sample according tgO¢k Dy,O3 < GdbO3 < SmpO3 < Nd,O3. For
the CAS-bead mixture containing p@k, almost all the initial powder was already conedrt
into Nd-apatite. This is another evidence of tHatiee trend in forming RE-apatite in CAS
melt. It can be concluded from these short timerattions that the formation of apatite is
favored for rare earths with larger ionic radius.

In addition to RE-apatite, a second RE-rich sikcphase was detected in both,Oy
and YBO; samples. This phase was identified as RE-cyclasdic CgRE,(SizOy)2
crystallizing in the monoclinic structure with CZpace group. Only a limited amount of Dy-
cyclosilicate was noticed in CAS compared to Yblogticate crystals which were
abundantly found. Previous work already showed @@O; indirectly dissolved in CAS by
first forming very rapidly Gd-apatite, which gradlyaedissolved in CAS before precipitating
stable CaGdy(SizOg), cyclosilicate [13]. The same kind of mechanisnihése observed for
the DyOs; and YBOs; samples. The location, for short times, of Yb angldyclosilicate
around RE-apatite crystals is suggestive of vesy ¢gclosilicate germination kinetics (less

7



than 5 min for Yb and Dy-cyclosilicate). For XI samples, another Yb-silicate with same
BSE chemical contrast as Yb-apatite was observewas as a Yb-free aluminosilicate
(crystals in darker contrast than CAS matrix) (F2g-b). These both phases located in the
apatite-rich regions were respectively identifiesl ‘4b,Si,O; disilicate and CaABi,Og
anorthite using EDS elemental maps (Fig. 2c-d) ARd analysis. Some YAD; was also
found as inclusions inside disilicate phases sugges competitive crystallization between
Yb-disilicate and Yb-apatite at the X®s/CAS interface. The crystalline structure of the
disilicate phase was indexed with the monoclinic/ni€Zpace group and the anorthite
crystallizes with a triclinic (P-1) structure. Aft& min, YipOs, Yb-apatite, YBSi,O; and
CaAl,Si,Og solid phases are thus coexisting with residual @#® in a limited area entirely
surrounded by Yb-cyclosilicate. Anorthite intringicecipitation from CAS melt has already
been observed after a local enrichment ipQAlinduced by CaO and SjQepletion during
RE-silicate formation [13, 18]. Disilicate §%i,O;) formation was already reported
elsewhere, resulting from 1300°C isothermal intioac between yttria and CAS melt
(70SiIQ-15A10; 5-15Ca0 mol.%) with lower content of CaO [15]. Thedgnamics ¥Os-
Al,O3-SiO, phase diagram also reveals thaS¥O; is in equilibrium with the liquid phase in
the ALOs-lean region [22]. Therefore, a decrease in CaO Aln@; activity in CAS melt
arising from concomitant crystallization of Ca afdrich phases may explain Yb-disilicate

formation.
3.1.2 long-timesinteraction

Results from the dissolution sequence of the difieREO; after 72h annealing time
at 1200°C are shown in Fig. 3. X is not presented here as no changes in the piiasity
and the local arrangement could be noticed aft@irb Indeed, the Yb-cyclosilicate phase is
surrounding the various Yb-silicates and thus kntiiteir contacts with the melt, consequently

leading to a much slower evolution.

It can be first observed that anorthite crystalrccontrast) in the CAS matrix were
present in all samples. As discussed for shortgjnte formation is the consequence of an Al-

enrichment of CAS melt due to the precipitatiorR&f silicates.

For Gd0Os; and Dy,O3; RE-apatite phase (Fig. 3a-b) was fully converte IRE-
cyclosilicate during 72h interaction time. Dy-cysilicate crystal growth was observed

between 5 min and 72h (Fig. 1-d compared to Fig) B4th a crystal size increasing from few
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microns to several tens microns. In our previouskwa similar change in Gd-cyclosilicate
crystal size was noticed between 1h30 and 72h eiwadl at 1200°C [13].

Conversely, RE-apatite in S@; andNd,O3 samples (Fig. 3c-d) was still remaining in
CAS melt with a characteristic needle shape in lwatbes. Cyclosilicate crystals rich in Sm
and Nd were still not detected in CAS melt afteh.78Vith increasing time, some Sm-
cyclosilicate crystals finally appeared after 1@dhsothermal treatment (1200°C) and were
located relatively far away from the apatite-ricegion (Fig. 3f). The size of these
cyclosilicate crystals was larger than Yb, Gd anglisdmorphs and nearly reached the
hundred microns. No Nd-cyclosilicate crystals caugddetected in the NGs/CAS bead after

160h which may suggest a delayed nucleation onres. ti

The duration of the different steps in the reacsequence during RE3 dissolution
(1200°C) are summarized in table 3. It can be $iesinthat the annealing times required to
completely dissolve initial RIO; powders globally decreases from ;@3 to N&b,Os. For
Yb,03, competitive formation of Yb-apatite and X830, disilicate occurred during the early-
stage of interaction between the oxide powder apddAS melt. Moreover, Yb-cyclosilicate
crystals were also observed in a great extentda than 5 min. Thus, many initial oxide
powders remain trapped in those solid phases, tieguh longer time to be dissolved.
Conversely, NgO3; powderswvere fully converted into Nd-apatite in short tilnéeraction and
no Nd-cyclosilicate crystals could be detectedraf&Oh. The reactivity of D¥Ds;, Gd,0O3 and
SmOzwith CAS to crystallize RE-apatite and then prdei@ cyclosilicate from the melt was
intermediate. It appears here that for long timeSIREO; interactions the formation of
cyclosilicate is favored for rare earths with sraibnic radius.

3.1.3 Cyclosilicate crystallization kinetics

To confirm the trends observed above on RE-cycdtagé crystallization kinetics in
CAS melt, the relative proportions (in volume fiaotand weight fraction) of crystalline RE-
silicates (1200°C) were also quantified after lhealing by XRD Rietveld refinement
regardless of the amorphous phase. In figure 4axample of XRD pattern after refinement
is given for GdOs; sample. It can be seen from the residual curveth®acalculated pattern
accurately fits experimental data in the 10-8®) (&nge. The other refinements performed
on the different REDs/CAS diffractograms were also suitable for phasiexation and phase

guantification. Recalculated Bragg peaks position RE-cyclosilicate compounds was
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consistent with the available ©&(SisOg), crystalline structure data [23]. The volume
fraction of the different RE-silicates dispersedhe whole sample is reported in a diagram
(Fig. 4b). In addition, it can be noticed that therease in the amount of & to 30 wt.%
does not modify the nature of the precipitated phasompared to the previous CAS-bead
samples.

For NdbO; and SmOs, quantification results in 100 vol. % of crystai RE-apatite
which is consistent with the observed absence otyRriosilicate precipitation in glass beads
in"this time 'Scale. The RE-apatite proportion in.Gdand DyOs; samplesdecreases
respectively to 83 and 51 vol. % fraction (i89 and 63 wt. % Conversely, the volume
fraction of RE-cyclosilicate which crystallizes meases to respectively 17 and 49 vol. % (i.e
11 and 37 wt. %) for G&@s; and DyOs. Phase quantification for Y0 yields the highest
amount of precipitated Yb-cyclosilicate (52 vol. ke. 40 wt. %) and the presence of
Yb2Si,O7, Yb-apatite at 20 vol. % and 29 vol. % (i28 wt. % and 37 wt. %) respectively.
This clearly confirms the favorable tendency tow#ntming RE-cyclosilicate in the order
Nd,03<Sm0O3<Gd,03<Dy,03< Yb,0s3.

3.2  Dissolution kinetics and solubility limits
3.2.1 Indirect RE;O3 dissolution

The RE content (in at. %) dissolved in CAS melt RiE,O35/CAS samples was
measured by EPMA for durations comprised betweemrband 72h. The evolution of this
content as a function of the square root of time than plotted in figure 5. Due to differences
in crystallization kinetics previously describe@os analyses were performed in the vicinity
of different RE-silicates (at 10 um) accordinghe tonsidered RB:s.

The high dispersion in the values of RE amountalbiRE,O3; during early stage of
dissolution can be noticed from standard deviafresulting from 10 analyses) in figure 5 a-
b. This indicates that RE is still not homogenegpustorporated on the whole sample within
the 10 um area. For longer times, local equilibricomditions between CAS melt and RE-

silicates are attained resulting in very low dispan values.

The evolution of Gd amount in CAS melt with timeigF5a) has already been
described and analysed in a previous work [13]. fidpd rise in Gd content during short

times durations is associated with Gd-apatite disiem @s'it quickly surrounds the initial
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Ga0;. This metastable phase sufficiently remains intacnwith CAS melt over time to
reach a saturation concentration i.e. Gd-apatikebday limit. For longer times (> 4h) Gd-
cyclosilicate precipitation and growth lead to amin Gd amount in CAS melt tending
toward new equilibrium concentration. MeasuremdotsNd,O; and SmO; (Fig. 5a), only
provide information on RE-apatite crystals dissolut For both oxides, a concentration
plateau is quickly reached before 4h indicating thesolution kinetics is relatively high. This
saturation value is related to metastable equilibrbetween RE-apatite and CAS melt. A
drop in RE amount induced by RE-cyclosilicate graation would be expected for longer
times, as for GgDs. For Dy,:0Ozand YkOs (Fig. 5b),/a rapid crystallization of RE-cyclosiie
occurs for very short times in addition to the fpitation of apatite. The kinetics thus
correspondsto'asiower equilibration’process. raaom plateau is reached after 4h and’8h for

Dy203 and YBO; respectively. The RE saturation concentratiorhia melt for the different
RE;Ozas well as CAS composition are reported in table 4.

These saturation values may be associated to Rifeapalubility limit in CAS for
Gd,03, Sm0O; and NdO:TFOF Y05 and Dy205 the saturation values cannot be reliably
assigned to the RE-cyclosilicate solubility limimdeed, successive and independent
measurements around RE-apatite and RE-cyclosilieaee not achievable as both RE-
sSilicate phases were preséak short timesThe RE amount incorporated in CAS melt at
1200°C increases in the order X < Dy,0s < GOz < SmpOs < Nd:Os. Iifadditiony it must
be noted that the composition of the CAS meltgstly modified due to the dissolution of
fare'earth'oxides and to'the precipitation of aficphases. However, no significant variation

in CAS melt composition is observed between thiediht RRO3 despite the precipitation of

different silicate phases (RE-apatite or RE-cytioetie). This is in agreement with the
1200°C isothermal section of CAS diagram predicangarrow liquid region around eutectic
composition [24]. For all RfDs, anorthite is precipitated and observed to beguildrium
with CAS melt containing up to 6.50 at. % of Al.

3.2.2 Direct dissolution of synthetic RE-cyclosilicate

Experiments in section 3.1 showed that interactiogisveen RED; and CAS led to
the stabilization of RE-cyclosilicate whatever tunsidered RE was (assuming®d would
also form Nd-cyclosilicate in CAS). However, RE-ma&ilicate solubility limit could not be

properly determine dlithe timescale-indeed, Relesjlicate precipitation iS neverobserved
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It is therefore required to also study RE-cyclasite crystals dissolution in CAS melt.
For this, CAS-bead mixtures containing the différR&-cyclosilicate powders (previously
elaborated via solid state synthesis) were annesl@gd00°C for various durations.

SEM observations (not shown here) reveal that tolessolution took place between
the synthesized RE-cyclosilicate and CAS melt. Mueg, the dissolution of the different
RE-cyclosilicates did not lead to intrinsic cry$italtion of CAS melt. For longer times up to
144h, RE-cyclosilicate was the unique phase finedigxisting with CAS melt in all samples.
This may confirm previous observations made on@EAS beads which suggested a
thermodynamic equilibrium between RE-cyclosilicatel CAS melt at 1200°C. However, the
final CAS melt composition has to be comparablbath cases to validate such a statement.

Therefore, EPMA measurements were also performedhe vicinity of RE-
cyclosilicate during dissolution process. The etioluof RE content dissolved in CAS melt
vs. square root of time is reported on Fig. 6 a-bMarous RE-cyclosilicate/CAS mixtures.
For all samples, time to reach RE equilibrium cornicdion varies according to the
considered RE-cyclosilicate. Indeed, equilibratkometics of Yb and Dy-cyclosilicate in CAS
(Fig. 6b) are faster than for Nd, Sm-cyclosilicated in a lesser extent than for Gd-
cyclosilicate (Fig. 6a). An increasing saturatiaalue referring to RE-cyclosilicate solubility
limit is noticed from Yb to Nd isomorph compounds.

These values are reported in table 5 as well & ©AS composition around the RE-
cyclosilicate crystals. Contrary to the composisi@stablished from the dissolution of JRE
powders (table 4), this CAS melt composition becomeher in Ca and lower in Si and Al.
This is in accordance with the dissolution of GadrCaRE,(SisOg), cyclosilicate. However,
the differences in CAS composition resulting frore,8s/CAS and RE-cyclosilicate/CAS
experiments (table 4 vs table 5) are relatively ldwe to the limited liquid field in CaO-
Al,0O3-SiO, system at 1200°C [24]. This implies that both sys may reasonably be

12



considered as comparable and that RE-cyclosilisagtable in CAS whatever the RE-oxide

mixed with (REO3 OF RE-Cyclosilicate).

4. Discussion

The dissolution mechanism for all the rare earifthé same as that of &} [13] and
results in a very fast formation of RE-apalitefa interface with REs. The apatite phase is

locally in equilibrium with the oxide but not withe melt. This drive§ Soon thereafter the RE-
apatite dissolution into the unsaturated CAS tanfdhe more stable cyclosilicate phase

overtime. However, differences can be obsefved@&anihe various RBz on the solubility
limits in CAS melt, as well as on the reaction kicetand the RE=silicates crystal growth.

In nuclear aluminoborosilicate glasses [25, 26], addition to the spontaneous
precipitation of RE-apatites, théy also noticed tinere favorable formation when the ionic
radius of the incorporated rare earth is closenad of C&". Indeed, apatite structure offers
two types of sites for cationic species with higloiination numbers (i.e. more favorable for
large cations): 6h sites and 4f sites with cooritimanumbers of 7 and 9 respectively. All 6h
sites are occupied by 6 REcations whereas 4f sites are occupied by boifi REd'C&
cations. The two types of cations occupy 4f siesl the larger the REcations are, the more
favorable the formation of apatite phase is. Theaesreported in Table 6 clearly show that
the difference of ionic radii between €and RE" is maximum for YB" and minimum for
Nd®**. This can explain, here, the favored precipitatiinRE-apatite when ionic radii are

increasing from Yb to NdiFUirhermore, assumingsiee frend in stability as that of Casfree
would effectively become lower (more favorable) witie ionic radius of rare earth increases
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On the contrary, data concerning the formation aptbs of RE-cyclosilicate
CaRE:SisO1s phases (which is isotype of §¥aSigOig [23]) are not availablel Dué ol its
crystal structure, the precipitation of cyclositizanight involve a complicated rearrangement
of the silicate network to three-fold rings of;Gi. This may explain the much faster
crystallization of apatite over cyclosilicate. metcase of nuclear glasses [25], the formation

of a phase with formula GaRExSiO; (with x [10.18) has been observed and may be similar
to cyclosilicate. The precipitation of this phasems to be favored for the rare earths with
smaller ionic radii (from Y to Lu), which is congst with the results observed here. In
cyclosilicate phases, the cations can occupy 3skaidgites with coordination numbers of 6 (1
site), 7 (2 sites) and 8 (3 sites) [23]. The 3 sypésites are occupied by both’Cand ¥**
cations: the smallest sites (CN = 6) are prefeaiytoccupied by the small cations (i.€3"Y

and the largest sites (CN = 8) are preferentiatiyupied by the large cations (i.e.”a

The reactivity of REO; in silicate melts can also be discussed in conisigehe oxo-
basicity theory [29], which is linked to the polaation of the M-O bond. Many equivalent
criteria based on the RE effective charge (Z) amdciradius (r) account for bond strength
such as cation polarizability, RE ionic potentiairf or RE®* cation field strength (Z/r2) [30].
The optical basicity concept can also be used fmeleanetal oxides weakly bonded [31].
Cation field strength (Z/r?) of the different BEcations has thus been evaluated and reported
in table 6. In a first approach, ionic radii copending to a coordination number equal to 6

have been chosen [3Z]Onfigure 7. We have regddtie solubility limits of REin CAS,
determined from RED; and RE-cyclosilicate dissolution experiments ¢abl and 5), as a

the unique and the stable phase overtime, the tegbaralues (filled circles) are thus the
solubility limit of this phase in CAS at 1200°C.

When starting from RDs;, with RE = Nd, Sm or Gd, only RE-apatite is in tzurt
with CAS for several hours. Consequently, the RE) values reported in figure [Z (filled
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squares) are the solubility limits of the corresing RE-apatiteS. Those values are higher
than that for the stable cyclosilicate, which iseteteristic of a RE oversaturation in the
CASIFor Dy and b, the'sitlation‘is'diffefent @averal phases simultaneously precipitate:

the measured RE contents can thus not be compartdtse obtained with the other rare
earths. Additional experiments have therefore beemormed at higher temperatures (from
1250°C to 1400°C) to promote RE-apatite crystdilora Durations of 4 hours have been
chosen, with addition of 20 wt. % RB; in CAS. The aim was to measure the solubility timi
of the high temperature phase and then to extragpaldown to 1200°C assuming Arrhenius
temperature dependence. Linear correlation betweefat. %(RE)) and the reciprocal

temperature has been found (Fig. 8). In the caslgsgrosium, only apatite is detected at high
temperature, and the value extrapolated at 120010 (at. %(Dy)) is close to the measured

one (1.17 at. %(Dy)itable 4):This confirms i measured value, despite the presence of
precipitated  cyclosilicate, is a dysprosium ovarsation in the melt, corresponding to
metastable equilibrium between Dy-apatite and CAg.m

The behavior of ytterbium is different as the staphasé 0bSefved at high temperature
is not Yb-apatite but disilicate ¥8i,0;. The extrapolation of Yb content down to 1200°C
leads to a value of 1.75 at. %(Yb) which is mucghler than the measured one (0.99 at.
%(Yb), fablé 4). Considering the high differencéwaen these values, it can be assumed that
the measured Yb content is not the solubility limitYb-disilicate. [FHoweVer, it cannot be

Indeed, to dissolve in melts, RB; reacts with silicate network according to an acid-

base reaction, Ris and CaO are basic oxides and SiOan acidic oxide. In the case of this
CAS, which is peralkaline (CaO/Abs >1), silica SiQ and alumina AOs are network
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bridging oxygen (B.O) into non-bridging oxygen (NB@ enter in the glass structure.
Consequently, the dissolution [of iR acidic'CAS Will increase with!its basicity. Thisk

between acido-basicity and cation solubility haabeen highlighted on the dissolution of
chromitim'species'in'molten'silicates[33]. On omad) CY' which has a small radius and a

high electric charge (and thus a high Z/r?) is vacidic and exhibits a higher solubility limit
when it is dissolved in silicate melts of increasbasicity. On the other hand, basi¢ Qow
ZIr?) sees its solubility limit increasing in meltgth low basicity. In the same way, similar
behavior is observed for cerium (and C&) in borosilicate melts [34, 35].

5. Conclusion

The influence of rare earth on the reaction kirsetisolubility limits and phase
equilibria of REO; and CgRE,(Sis0g), (RE = Nd, Sm, Gd, Dy, Yb) was studied at 1200°C in
pseudo-ternary CAS melt using powders enclosedassegbeads. This investigation follows
previous work on GgD; dissolution mechanisms in CAS, which is relevaat the
development of CMAS resistant TBC.

For all REOs, indirect dissolution in CAS melt first occurreddawas controlled by
interface reaction resulting in RE-apatite formatidhe kinetics of RE-apatite crystal growth
and their solubility limit was found to be enhanded Nd, Sm and Gd compared to Yb and
Dy. During early-stage of interaction, Yb-disilieatvas competitively crystallized around
Yb,O3 powders. For longer durations, RE-cyclosilicateaggh which precipitates at the
expanse of metastable RE-apatite, was observeel ito dquilibrium with CAS melt. Delay in

RE-cyclosilicate phase nucleation increases fromrfenutes for Ykand Dy, to few hours for

Gd and to hundred hours for Sm (and probably moréNt). [This delayed nucleation might
be purely kinetic and/or linked to the respectivabiities of RE-apatites and RE-
cyclosilicates.

The dissolution of synthetic RE-cyclosilicate in EAnelt was then investigated,
exhibiting direct dissolution. The solubility liméind the time to reach equilibrium conditions
were noticed to increase from Yb to Nd. RE-cycloate solubility limits were also found to
be lower than that of RE-apatite and disilicateggisa Relative stabilities of RE-apatite and
RE-cyclosilicate were discussed in the light ofstay chemistry as well as thermodynamic

considerations such as free energy of formatioe. iégtwork modifier role of RE cations and
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the cation field strength (Z/r2) - which accourds RE-O bond strength in crystals - were also
used to describe RE-silicates (RE-apatite and Rilesilicate) acid-base dissolution in CAS
melt. Indeed, the RE solubility of the apatitescyelosilicates coexisting with CAS melt was
found to be inversely related to the magnitudéhefdifferent RE cation field strengths.

The results obtained on the behavior of rare-eaxtles in CAS melt may help in a
comparative study of rare-earth zirconates intevactith CMAS. Indeed, it has been shown
that RE cations with large radius will provide tlaeger volume of apatite during early stage
of the reaction with CAS, which would be more efiee to limit CMAS infiltration.
However, as the RE-apatite solubility limit woule thigh, increasing from Gd to Nd,
(considering also that large RE cations ratheritgantinto the apatite than into the fluorite
phase [14]), the amount of RB; required to initiate RE-apatite precipitation wbube
higher, resulting in a higher TBC coating recessidme appearance of secondary phases with
lowers RE solubility in melt, such as RE-cyclosilies, may however be beneficial as they act
as diffusion barriers between the sealing layer #mel CMAS, thus limiting apatite

redissolution.
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Figures

Figurel. SEM micrographs of different RE3s/CAS beads section annealed at 1200°C for 5
min. REOs; = Nd,O3 (a), SmO;3 (b), GgO3 (c) and DyOs (d).




Figure2. Low (a) and high (b) magnification SEM microgragha YlbO3s/CAS bead section
annealed at 1200°C for 5 min. And correspondingYd) (c) and Ca (&) (d) EDS

elemental maps. The insert in figure 2a showgOglsurrounded by Yb-apatite crystals.




Figure 3. SEM micrographs of different RBs/CAS beads section annealed at 1200°C for
72 h: GdOs3 (a), DyOs (b), NdbOs (c) and SrpOs (d). And annealed at 1200°C for 160 h:
Nd,O; (e) and Si0;s (f).




Intensity (a. u.)

Figure4. Rietveld refinement on XRD pattern of a 30/70 %@thOz/CAS powder mixture
annealed at 1200°C for 1 h (a). And RE-silicates-@atite, RE-cyclosilicate and RK&,0;)
guantitative phase analysis of the different 30/ai@t. RE,O3/CAS powder mixture (RED; =
Nd,O3, Sm0O3, Gd,O3, DY,03 and YBO3 ) annealed 1 h at 1200°C (b).
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Figure 5. Evolution of the RE dissolved content in CAS mel1200°C as a function of the

square root of time for G@3;, SmO3; and NdO3(a) and YBO3, Dy,O3(b) CAS beads

mixture.
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Figure 6. Evolution of the RE dissolved content in CAS mel1200°C as a function of the

square root of time for Gd, Sm and Nd-cyclosilig@eand Yb, Dy-cyclosilicate (b) CAS

beads mixture.
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Figure 7. RE solubilitylimits in CAS melt at 1200°C of the different RBisate phases (RE-
apatite and RE-cyclosilicate) determined frompy@Fand RE-cyclosilicate dissolution
experiments, as a function of cation field stren@htical basicity (OB) values of RE;

have also been reported on the X-axis.
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Figure 8. Arrhenius plot of the RE content dissolved in CAZAt.%RE)) as a function of
the reciprocal temperature (1/T) for X33 and DyO3s/CAS beads mixture annealed at 1400,
1350, 1300 and 1250°C for 4 h and then extrapoldbeeh to 1200°C.
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Tables

Table 1. Purity, median granulometry and crystalline stmoet of the different RED;
commercial powders

Nd203 SmO; Gd203 Dy203 Yb203
Supplie Treibache Treibache  Cerac Ampere Treibache
Purity (%) 99.87 99.99 99.90 >99.90 99.99
dso (M) 2.20 3.60 / 3.00 1.03
Crystal. structure Hexagonal Mono + cubic  Cubic Cubic Cubic

Table 2. Overall composition in mol. % of single cation oaifor the CAS+RE-oxide

Table 3. Timeline of the different RED;/CAS reactive sequence after annealing beads
mixtures at 1200°C.

, . RE-
Silicate melt  Solute REOsentirely  RE-apatite cyclosilicate
converted formation .
formation
CAS NaO; <5 min <5min >160h
CAS SmO; 15 min <5min 160 h
CAS GdO, 90 min <5min 90 min
CAS Dy,0s 4 h <5min <5min

CAS Yb,O; 24 h <5min <5min




Table 4. EPMA elemental composition of CAS glasses (avetdgam the 4 latest points at

the plateau) in contact with RE-apatite or RE-cgiticate obtained from RB; indirect

dissolution reaction.

Silicate Solute Phase in CAS comp. at the plateau (at._)_
melt contact i
with CAS Ca Al Si RE (0]
. " 9.0 6.3 22.1 0.00 62.6
CAS theoretical composition

24.1 16.9 58.9 0.00 I

CAS Nd.Os Ap 8.75 (0.07) 6.24 (0.03) 21.00 (0.04) 1.54(0.02) 62.47 (0.07)
23.32(0.17) 16.63(0.07) 55.94(0.14) 4.11(0.06) I

CAS SmO; Ap 8.70 (0.05) 6.25(0.05) 21.14(0.05) 1.41(0.02) 62.49 (0.08)
23.20(0.12) 16.66 (0.12) 56.37 (0.15) 3.77(0.05) I

CAS GdOs Ap 8.80 (0.03) 6.50 (0.02) 21.00(0.02) 1.30(0.03) 62.40 (0.04)
23.31(0.06) 17.18(0.05) 56.05(0.08) 3.46(0.08) I

CAS Dy,05 Cy 8.60 (0.13) 6.47 (0.07) 21.21(0.15)1.17(0.03) 62.54 (0.13)
22.86 (0.25) 17.21(0.09) 56.82(0.20) 3.11(0.04) I

CAS Y0 Cy 8.94 (0.05) 6.25(0.02) 21.33(0.03)0.99(0.07) 62.48 (0.11)
23.82(0.12) 16.66 (0.04) 56.85(0.10) 2.66(0.18) I

Table 5. EPMA elemental composition of CAS glasses (avetdgam the 3 latest points at

the plateau for Yb, Dy and Gd-cyclosilicate/CAS d®aobtained from direct dissolution of

synthetic RE-cyclosilicate.

Silicate Phase in CAS comp. at the plateau (at. % and mol % of sicgleon oxide)
melt Solute contact
with CAS Ca Al Si RE @]
. " 9.0 6.3 221 0.00 62.6
CAS theoretical composition
241 16.9 58.9 0.00 I
CAS Nd-Cy Cy 9.31 (0.05) 5.26 (0.06) 21.52(0.06).18(0.06) 62.73 (0.08)
24.98 (0.14) 14.11(0.17) 57.75(0.20) 3.16(0.16) I
CAS Sm-Cy Cy 9.27 (0.07) 5.79(0.19) 21.18(0.27).10(0.11) 62.66 (0.25)
24.83(0.14) 15.51(0.49) 56.72(0.83) 2.95(0.28) I
CAS Gd-Cy Cy 9.11 (0.03) 5.84 (0.04) 21.65(0.030.91(0.03) 62.49 (0.05)
24.30 (0.07) 15.53(0.09) 57.74(0.09) 2.43(0.08) I
CAS Dy-Cy Cy 9.38 (0.05) 5.64 (0.11) 21.68(0.1.6D.77(0.05) 62.53(0.11)
25.04(0.17) 15.05(0.31) 57.86(0.37) 2.05(0.13) I
CAS Yb-Cy Cy 9.42 (0.06) 5.59 (0.07) 21.82(0.04p.69(0.03) 62.48 (0.07)
25.10(0.13) 14.90 (0.19) 58.16 (0.09) 1.83(0.07) I




Table 6 . Optical basicity of the different RBPs;, RE ionic radius in coordination number VI
and relative difference with Ca ionic radisgry (%), RE cation fieldstrength Z/r? (Z :
effective charge and r : ionic radius).

Optica| Basicity lonic (+|||) %Ar/rg Zlr2

(OB) radius (VI, A)  (Ca-RE/Ca)  (VI)
Nd,O3 1.01 0.983 1.7 3.10
SmO; 0.98 0.958 4.2 3.27
Gd,03 0.97 0.938 6.2 341
Dy,03 0.95 0.912 8.8 3.61
Yb,0, 0.89 0.868 13.2 3.98

CaO 1.00 1.000 / 2.00






