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Abstract
Lanthanides (Ln,03) and elements like Zr and Y find application in the high-

est temperature-resistant thermal and/or environmental barrier coatings. Such
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coatings are routinely exposed to silicate particles (e.g., sand, dust, volcanic
ash), leading to chemical reactions that degrade the coating. The dissolution
of 13.5 wt.% Ln, O3 into a calcium-magnesium-aluminum-silicate (CMAS) melt
leads to a viscosity reduction for the light lanthanides, while viscosity increases
toward heavier lanthanides. For Gd, Y, and Zr, various amounts up to 13.5 wt.%
(Gd,03, Y,03, ZrO,) were added to the CMAS melt, showing a tendency of

increased viscosity for low concentrations (2.5-3 wt.%) and a decreasing viscosity
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for higher values of the added component.
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1 | INTRODUCTION

In the push toward ever higher turbine temperatures in
order to increase combustion efficiency, the state-of-the-
art TBC material of yttria-stabilized zirconia (YSZ; 7-
8 wt.% Y,05 doped ZrO,) has reached its limits of stability'
and is going to be replaced by alternative materials.
New technologies involving phases with major element
concentrations of lanthanides (i.e., jet turbine thermal
barrier coatings/environmental barrier coatings [T/EBCs])
have thrust the need for a proper and systematic set of
parametrizations of the properties of lanthanides in silicate
phases into the global research spotlight.>* Many of these
applications appeal to the extremely high-temperature sta-
bility and low thermal conductivity of lanthanide-based
ceramics.” However, a major drawback is their potential
susceptibility to chemical “attack” (i.e., chemical reaction
between lanthanide-based ceramics and silicate melts).> 3

The interaction between a silicate melt and TBC/EBC
is characterized by a (partial) dissolution of the coating
and/or the leaching of specific elements from the coating
into the melt.!*!® Viscosity is the dominating melt prop-
erty influencing the successive stages (e.g., spreading and
infiltration) of the physical interaction of silicate melts
and TBCs / EBCs,>'7 while It also serves as an inverse
proxy for the diffusivities of several major chemical com-
ponents of these reacting systems.'® In recent studies the
impact of YSZ and gadolinium zirconate (GZO) dissolved
into (1) volcanic ash melts ' and (2) calcium-magnesium-
aluminum-silicate (CMAS) melts % on the viscosities of
the melts at high temperatures have been investigated. For
all the volcanic ash melts the dissolution of YSZ and GZO
leads to a significant reduction of viscosity, whereas for the
CMAS melts the viscosity change depends on the chemical
composition of the melt, the temperature, and the dopant
(YSZ, GZO) amount. In order to rationalize and be able
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to generalize these results, we have recognized the need
for a systematic set of synthetic studies of the influence
of the individual major components of TBC/EBCs on the
viscosity of silicate melt compositions.

2 | MATERIALS AND METHODS

2.1 | Synthesis of the materials
The base material for this study is a CMAS consisting of
CaO (33.16 wt.%), MgO (6.50 wt.%), Al,O5 (11.88 wt.%), and
SiO, (48.46 wt.%). This CMAS composition represents the
composition published by Borom et al.,”! and was already
used for a previous study,”’ where YSZ or GZO were added
in order to investigate the viscosity change of the melt.
Two series of CMAS samples were prepared (Supporting
Material S1):

(a) CMAS + 13.5wt.% Ln, O3 (excluding Pm)
(b) CMAS + two series of 3, 6.5, 10, 13.5 wt.% Gd,05 and
Y,0; and one series of 2.5, 6.5, 8.5, 13.5 wt.% ZrO,.

The feedstock powders for synthesis were a cal-
cium carbonate (CaCO;—Merck, >98.5%) for Ca and
pure oxides for Mg, Al, Si, Y, Zr and the lanthanides
(MgO—Merck, p.a., =97 %; Al,O;—Merck, >99 %; SiO,
- ChemPUR, 99.9%; Y,0;—ChemPUR, 99.9%; ZrO,—
ChemPUR 99.995% with 0.5% Hf; La,0;—Alfa Aesar,
99.9%; CeO,—ChemPUR, 99.99%; PrqO;;—Alfa Aesar,
99.9%; Nd,O;—Alfa Aesar, 99.9%; Sm,0;—Alfa Aesar,
99.99%; Eu,0;—ChemPUR, 99.9%; Gd,0;—Alfa Aesar,
99.9%; Tb,O,—Alfa Aesar, 99.9%; Dy,0;—Alfa Aesar,
99.9%; Ho,0;—ChemPUR, 99.99%; Er,0;—Alfa Aesar,
99.9%; Tm,0;—ChemPUR, 99.99%; Yb,0;—Alfa Aesar,
99.9%; Lu,03;—ChemPUR 99.9%). These powders were
dried at 110°C overnight before they were weighed to
get the appropriate compositions. The lanthanides were
assumed to be present in a 3+ oxidation state at high
temperatures,22 so that the required amounts of CeO,,
Pr¢Oy;, and Tb,0O, were recalculated.

The resulting powder mixtures were transferred into
thin-walled Pt-crucibles and put into a Nabertherm fur-
nace at 1400°C for 1 h. To obtain glasses for viscometry
the melt was removed from the furnace and quenched on
a stainless-steel plate.

2.2 | Viscometry

Each of the previously synthesized glasses was remelted
in a PtggRh,, thick-walled viscometry crucible and then
transferred into a viscometry furnace. Viscosity determina-
tion was carried out by continuously recording the torque

of a PtgyRh,y spindle immersed in the melt while tem-
perature was stepwise reduced by 25°C starting from the
highest temperature of 1490°C (1587°C for sample S4 Zr
13.5). 2*?* Measurement stopped when crystallization of
the melt occurred or the limits of the instrument were
reached. To check for instrument drift each sample was re-
heated to the initial temperature of 1490°C (1587°C) and
the viscosity was redetermined. Postexperiment the sam-
ples were subsequently removed from the furnace and
quenched in air. For calibration, the standard DGG-1* was
used.

2.3 | Electronprobe microanalysis

Chips of the post-viscometry glasses were prepared for
electronprobe microanalysis (EPMA) and measured with
a Cameca SX-100 microprobe. Analytical conditions were
15 kV, 5 nA, and a defocused beam of 10 pm. The follow-
ing standards were used: wollastonite (Ca), periclase (Mg),
synth. Al,O5; (Al), albite (Si), cubic zirconia (Y, Zr), and
rare earth phosphates for the lanthanides.

3 | RESULTS

The postviscometry glass chips were analyzed by EPMA,
confirming the stoichiometry of the weight compositions
within a relative error of 3 % (Supporting Material S1).

3.1 | Constant Ln,0; dopant level of
13.5 wt.%

For the purpose of easier identification, the lanthanides
are separated into two groups of seven elements roughly
representing the light rare earths (LREE; La, Ce, Pr, Nd,
Sm, Eu, Gd) and the heavy rare earths (HREE; Tb, Dy,
Ho, Er, Tm, Yb, Lu; Figure 1). Figure 1A1 and A2 show the
viscosities of all 13.5 wt.% lanthanide doped CMAS melts
as well as the undoped CMAS melt in relation to the tem-
perature in an Arrhenian plot (logarithmic viscosity versus
reciprocal absolute temperature). In Figure 1B1 and B2,
the differences in viscosity (Alog 7 = 10g 710203 doped —108
7pure) Versus the temperature are shown. The effect of the
lanthanide doping can mostly be considered to be viscosity
decreasing. However, the slight nonlinearity indicates
a non-Arrhenian behavior for all samples (doped and
undoped). This curvature, also describable as the fragility
of the sample, is stronger for the lanthanide-doped samples
leading to a viscosity crossover at lower temperatures with
the undoped CMAS melt. This crossover is responsible
for a viscosity-increasing effect of the HREE toward lower
temperatures (Figure 1B2). Notably, viscometry of the
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FIGURE 1 (Al and A2) Arrhenian viscosity plots for the pure CMAS melt (dashed line) and the lanthanide-doped CMAS melts. The

error of +£0.02 Pa s is roughly represented by the symbol size. (B1 and B2) Delta viscosity plots (Alog 7 vs. temperature) for all

lanthanide-doped CMAS melts. The error of +0.04 Pa s is only shown for the Ce sample, while it is valid for all data points. For simplicity the

lanthanide dopants are only labeled as elements, while they are considered as oxides (Ln,03).

Tb-doped CMAS melt was difficult, so that reliable
data could only be obtained between a temperature of
1490-1319°C. At lower temperatures, the viscosity of the
Tb-doped sample drifts away from the high-temperature
trend (inset in Figure 1A2). On a first inspection of Figure 2,
it appears that viscosity linearly correlates with the atomic
number, with the exception of Ce. However, this observa-
tion needs to be seen in the light of a constant lanthanide
doping level of 13.5 wt.%, leading to shifting molar con-
centrations from 2.78 mol% (La,03) to 2.29 mol% (Lu,053).

3.2 | Varying dopant levels of Gd,0;,
Y,0;, and ZrO,

In Figure 3Al1, A2, and A3 the Arrhenian plots of the
Gd,03, Y,03, and ZrO, doped CMAS melts are shown.
Comparable with the lanthanide doped samples (Figure 1)
all curves show a non-Arrhenian behavior, leading to a

crossover effect for most of the doped samples with the
undoped CMAS sample. Exceptions from that crossover
are sample Y 3 (3 wt.% Y,03) and Zr 2.5 (2.5 wt.% ZrO,).
For the Gd, 05 doped samples, the differences between the
3, 6.5, and 10 wt.% doping amounts are negligible, with
respect to the error of +0.02 log Pa s, whereas Gd 13.5
shows a significantly reduced viscosity (Figure 3Al). In
contrast, the viscosity of the Y,03 doped samples contin-
uously decreases in a significant manner with increasing
dopant amount (Figure 3A2). ZrO,-doped samples only
gave reasonable viscosity data for a dopant amount of up to
8.5 wt.% ZrO, (Figure 3A3). Viscosities for sample Zr 13.5
were only obtainable at temperatures above 1539°C (Sup-
porting Material S2). Sample Zr 8.5 has the lowest viscosity
at temperatures above ~1400°C, whereas the Alog 7 shows
a strong curvature toward lower temperatures, leading to
a crossover with sample Zr 6.5 (Figure 3B3). The sam-
ple doped with 2.5 wt.% ZrO, shows an overall increased
viscosity.
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FIGURE 2 Delta viscosity plot (Alog 7 vs. Ln,0; amount) at a

temperature of 1344°C. For simplicity the dopants are only labeled
as elements, while they are considered as oxides (Ln,05).

As two general trends for CMAS doped with varying
amounts of Gd,0;, Y,03, and ZrO, it can be observed
that (1) the viscosity differences between various dopant
amounts become more pronounced toward higher temper-
atures and (2) the viscosity increases from Gd to Y to Zr
doping of the CMAS melt.

4 | DISCUSSION

The influence of lanthanide addition to CMAS melt viscos-
ity results in an overall decreased viscosity for the addition
of LREE (La-Gd), whereas the addition of HREE (Tb-
Lu) leads to a decreased viscosity at high temperatures
only and an increased viscosity toward lower tempera-
tures. These observations correlate with the influence of
YSZ or GZO additions to a CMAS melt with the same com-
position (sample S4 in Miiller and Dingwell*°) as well as
with the addition of Ln,0; to a sodium disilicate (NS,)
melt.?

Chemical reactions between T/EBC materials and sili-
cate melts at high temperatures can lead to phase changes
(e.g., tetragonal YSZ — cubic/monoclinic YSZ), forma-
tion of new crystalline phases (e.g., REE-apatite/REE-
fluorite/REE-garnet phases) and/or a full disintegration
of the coating.*'>%” Such reactions lead to an enrichment
of the coating elements (e.g., lanthanides, Zr, Y) within
the silicate melt, modifying its physicochemical proper-
ties, like viscosity. Since viscosity is the dominating factor
for the wetting and spreading ability of the melt,>"7 it
is crucial to understand the impact of coating elements
on the melt viscosity in order to estimate the potentially
affected T/EBC regions. However, for a transfer of these

laboratory data to the application environment (T/EBCs
in turbines), it needs to be considered that especially
the chemical composition of the initial melt as well as
the amount of dissolved lanthanides and the temperature
strongly influence the viscosity changes: (1) natural vol-
canic ash behaves differently in comparison to synthetic
volcanic ash and CMAS representatives '”2°; (2) due to the
amphoteric character of the lanthanides their influence on
viscosity depends on their amount (Figure 3 and Miiller
and Dingwell?"); (3) as the fragility (curvature within the
Arrhenian plot) is different for pure and doped silicate
melts, the resulting crossover (Figures 1 and 3) leads to vis-
cosity increasing or decreasing regimes for specific dopants
(Figures 1 and 3 and compare Miiller et al.?®).

Based on previous studies from Cicconi®® and Cicconi
et al.,”” it can be assumed that Ce and Eu are present
in multivalent states (Ce>*/4*; Eu?*/3*), what possibly
impacts the melt viscosities of the respective samples,
whereas other lanthanides are expected to be present in
3+ valence state.”” For the Ce-modified sample a signif-
icant difference is observable, as its viscosity is too low
in comparison to the neighboring samples, whereas for
the Eu-modified sample, no irregularity can be identified.
For a discussion of these two phenomena, the Eu**/(Eu?*
+ Eu?t) and Ce*t/(Ce*t + Ce*t) ratios were calculated
based on equations from Burnham et al.’* and Pinet
et al.,*! respectively:

Eu* 1
2+ 3+ =1- 6410 (1)
Eu”™ + Eu 14+ 10( 025 logfO— 22 -14.2 A+10, 1)
Ce*t 10(4 319- 22 _3.631:A-0.25l0gf0, )
3+ 44 =1- 3328 (2)
Ce’* + Ce 1+ 10(4 319- 22 _3.6314A-0.25l0gf0, )

where my,;0; denotes the Ln,O; dopant amount
(13.5wt.%), T for the temperature in K, fO, for the oxygen
fugacity (0.21 in air), and A for the optical basicity. For
the calculation of the optical basicities of the lanthanide-
doped melts, the following optical basicities of the oxides
were taken: CaO, 1.00; MgO, 0.78; Al,05,0.60; SiO,, 0.48;
Eu,0;,1.099; Ce, 05, 1.176, taken from Duffy*? and Duffy.*
The “normal” behavior of the Eu modified sample can
most probably be explained by the small concentration
Eu’* in the CMAS melt (Eu’*/(Eu’*+Eu*t) = 0.13%
at 1344°C; Figure 4), so that its potentially viscosity
modifying impact is overprinted by the error of viscosity
measurement (+ 0.02 log Pa s). Higher concentrations
of Eu** might be achievable for melt compositions with
lower optical basicities since decreasing basicity would
lead to an increasing reduction potential of the melt.**
Following the cationic field strength (CFS) theory, an
increasing presence of Eu?* should result in decreasing
viscosity, since lower CFS values (CFSgy,,; = 0.31 A2
CFSgys, = 0.55 A=2) should lead to lower viscosities.”
The observable viscosity reduction through the addition
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FIGURE 4
concentrations in the CMAS melt in a temperature range of
1125-1490°C.

Comparison between relative Eu?* and Ce**

of Ce, 03, however, contradicts the CFS theory, since the
assumed presence of significant amounts of Ce** in the
CMAS melt (Figure 4) should lead to higher viscosities
(CFScess = 0.79 A=2; CFSces, = 0.53 A=2). This obser-
vation for Ce-modified silicate melts corresponds with
studies from Guo et al.*® and Miiller et al.,’® suggesting
that the pure presence of multiple valence states can lead
to lower viscosities.

CMAS samples, doped with varying amounts of Gd, 05,
Y,03, and ZrO, compare very well with previous stud-
ies of YSZ and GZO modified CMAS melts with the same
CMAS composition.?’ The curved lines in Figure 3 C1-3
are an expression of the amphoteric character of Gd, Y,
and Zr*>*’ with an acidic behavior at lower concentrations
and more basic behavior at higher concentrations,*’° that
leads to the changing impact on CMAS melt viscosities
from an increased toward a decreased regime (from low to
high concentrations). Notably, Gd, Y, and Zr nicely follow
the CFS theory, as the viscosity of the modified samples
increases from Gd (CFS = 0.568 A=2) to Y (CFS = 0.587
A~2)to Zr (CFS = 0.812 A~2). However, for the ZrO,-doped
samples only a limited statement can be given due to crys-
tallization phenomena at higher dopant amounts. Even
though the 8.5 wt.% ZrO, doped sample shows no obvious
deviations of the viscometry signal in a temperature range
between 1490°C and 1344°C, it reveals a different behavior
in comparison to the samples with lower dopant amounts
of 3 and 6.5 wt.% ZrO, (Figure 3).

5 | CONCLUSION

In any high-temperature interaction between silicate melts
and TBCs/EBCs containing significant fractions of refrac-

tory elements (lanthanides, Y, Zr), the immediate effect
of dissolution of the TBC/EBC into the melt phase will
be a changing melt viscosity, thereby influencing fur-
ther physicochemical interaction. Enhanced spreading
and infiltration will be most severe at higher system
temperatures and higher concentrations of the dissolved
element.

Those results differ from the viscosities of YSZ/GZO-
doped natural volcanic ejecta’” that show that complex
natural chemical compositions behave differently, empha-
sizing the need for extensive data of lanthanide-modified
natural 10-component remelted volcanic ash samples.
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