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1 | INTRODUCTION

Abstract

Five rare-earth (RE) disilicates (RE,Si, 07, RE = Sc, Nd, Er, Yb, or Lu) were syn-
thesized and exposed to high-velocity steam (up to 235 m/s) for 125 hours at
1400°C. Water vapor reaction products, mass loss, average reaction depths, and
product phase microstructural evolution were analyzed for each material after
exposure. Similar to steam testing results in the literature, RE,Si, O, (RE = Er,
Yb, Lu) underwent silica depletion producing gaseous silicon hydroxide species,
RE,SiOs, and RE,O5 product phases. Sc,Si, 0, reacted with high-velocity steam
to produce only a Sc,05 product layer with no stable Sc,SiO5 phase detected by X-
ray diffraction or microscopy techniques. Further, Nd,Si, 05 rapidly reacted with
steam to produce Ndg 33[ ]y 6751056 With no Nd,SiO5 or Nd,O; reaction prod-
ucts. All RE,Si, 0, that produced a silicate reaction product (RE = Nd, Er, Yb, Lu)
showed densification of the product phase at steam velocities above 150 m/s that
resulted in enhanced resistance. The results presented in this work demonstrate
that rare-earth silicates show diverse steam reaction products, reaction product
microstructures, and total reaction depths after high-temperature high-velocity
steam exposure. Of the materials in this study, RE,Si, O, (RE = Yb, Lu) were most
stable in high-temperature high-velocity steam, making them most desirable as
environmental barrier coating candidates.
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chemical resistance to both steam (gas turbine combustion
byproduct) and CMAS (ingested debris). Rare-earth (RE)

Environmental barrier coatings (EBCs) are required for the
protection of high-temperature structural ceramics, such
as SiC, in gas-turbine applications. EBCs must protect their
underlying substrate by limiting substrate and silicon bond
coat oxidation, steam degradation, and molten CaO-MgO-
Al,05-Si0, (CMAS) attack over extended time periods
and thermal cycles. Therefore, EBC candidates must pos-
sess a high melting temperature, minimal thermal expan-
sion mismatch with SiC, chemical stability with SiC, and

disilicates, RE,Si,0, represent the current standard for
EBC materials. The relative steam reactivity of rare-earth
silicates remains not well understood due to the variety of
experimental facilities used to test these materials.

SiC, a composite structural material for lightweight tur-
bine components, is known to form a silica (SiO,) ther-
mally grown oxide after exposure to oxygen at elevated
temperatures (Equation 1). The oxide scale reacts with
steam from combustion environments to produce a silicon
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hydroxide (Si(OH), (g)) gas species (Equation 2) that
inevitably result in component degradation':

SiC + g 0, (8) — Si0, + CO(8), @

Si0, + 2H,0 (&) — Si(OH), (8). @)

RE,Si,0; are silicate ceramics, and thus also react with
steam to form Si(OH), (g), although at a reduced rate com-
pared to pure SiO, due to a decreased silica activity. It
has been assumed that all RE,Si,O; behave similarly in
steam environments through the production of a Si(OH),
(g) species as shown in Equation (3).

REzsi207 + 2H20 (g) b d RE28105 + SI(OH)4 (g) + pOI‘OSity.

3)

Thesilica activity for the RE,SiO5-RE,Si,0; (RE=Y, Yb,
and Lu) dual-phase field has been calculated to be near
0.3 at 1500°C.2* The disilicates in these Y, Yb, and Lu
silicate systems are all the monoclinic S-phase RE,Si, 0,
polymorph, which implies that rare-earth disilicates with
the same polymorph and similar rare-earth cation size will
have comparable silica activities. The silica activities for
other RE,Si, 0, polymorphs have not yet been determined.

1.1 | RE,Si,0,

RE = Sc, Er, Yb, and Lu disilicates all are monoclinic
with space group C2/m, termed 3-phase disilicates,’ at the
temperatures of interest in this work. This phase is the
desired phase for EBC candidates due to the associated
low coefficient of thermal expansion (CTE) in the range
of 3.9-5.4 x 107%/°C.% Nd,Si,0; is a tetragonal P41 space
group, often termed A-phase, and has a much higher lin-
ear thermal expansion of 10.5 X 107/°C.” Due to the ther-
mal expansion mismatch, Nd,Si, 0, is therefore not a desir-
able standalone EBC coating material on SiC, which has
a CTE of 4.5-5.5 x 107%/°C.? Both RE = Er and Nd also
have a polymorph transition in the temperature range of
turbine applications, which would make them unsuitable
as EBC candidates without stabilizing a single phase up to
1600°C. Phase stabilization has been shown in the litera-
ture, where the high-temperature polymorphs for Y,Si, 0,
and Er,Si,0; were avoided through stabilization of the -
phase via mixing of multiple rare-earth cations in solid
solution.”!”

The Yb,05-Si0,11, Sc,03-Si0,12, and Nd,03-Si0,13
pseudobinary phase diagrams have been overlaid in Fig-
ure 1. The Yb,03-SiO, diagram is representative of RE = Er
or Lu phase diagrams in terms of stable line compounds.

——Yb,0,-5i0, [11]
——8¢,0,-5i0, [12]
——Nd,0,-Si0,[13]

24004
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FIGURE 1 Overlaid pseudobinary phase diagrams of the
Yb,05-Si0,," Sc,0;-Si0,,"? and Nd,05-Si0," systems

Stable line compounds include SiO,, RE,Si, 0, RE4Siz Oy,
RE,SiOs, and RE,O3. For RE = Er, Yb, and Lu systems, the
intermediate rare earth apatite phase (RE4Si;Oy,) is only
stable at high temperatures (1750-1920°C for RE = Yb)
outside the range of interest so that the disilicate and
monosilicate line compounds are the only stable phases
of interest. The intermediate apatite line compound
(Sc4Si304,) is not present for the Sc,05-SiO, system. The
Nd,05-SiO, system shows greater stability of the apatite
phase, with variability in the stable temperature region and
composition reported in the literature. The Nd,05-SiO,
phase diagram by Toropov displays the Nd,Si;O,, apatite
line compound with predicted stability to temperatures
as low as 1500°C." Toropov and Kougiya later showed
that the Nd,Si; O, apatite phase was not a line compound
but instead was a stable phase across ~7 mol % Nd,O; at
1400°C."* The apatite phase composition has also been
represented experimentally as Ndg 33 < 75104, a cation
deficient apatite structure.”” More recent computational
modeling has also predicted that the apatite phase is better
represented by Ndg 33y 67516026 than Nd,SizO;,, where
small fluctuations in the Nd concentration are accounted
for through site vacancies.'®'” The melting temperatures
for the line compounds are presented in Table 1 for
reference.

1.2 | Steam reactivity of RE,Si,0,

Steam reactivity of silicate EBC materials occurs through
silica depletion via the production of Si(OH), (g). Steam
testing described in the literature has often been limited
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TABLE 1 Melting temperatures of line compounds in the
RE,0;-Si0, pseudobinary phase diagrams

Melting temperatures (°C)

Rare earth  RE,O0; RE,SiOs RE,Si;0;;, RE,Si,0,
Sct? 2472 1950 N/A 1860
Nd® 2284 1980 1960 1750
Er'® 2282 1980 1900 1800
Yb! 2250 1950 1920 1850
Lu® 2510 2000 1869 1860

to experimental setups with low steam velocities or low
water vapor partial pressures, which do not approach the
extreme environment of a gas turbine. As presented in
Table 2 for steam testing described in the literature, near
stagnant gas flow steam testing has often resulted in linear
reaction kinetics, whereas high-velocity testing results in
parabolic reaction kinetics.

Yb,Si,0; is one of the more extensively studied
RE,Si,O; described in the literature due to its opti-
mum thermal expansion match with SiC and accept-
able high-temperature mechanical and chemical stability.
Most literature states that Yb,Si, O, reacts with steam to
form porous Yb,Si0Os.>>* For high-velocity testing above
1200°C, parabolic reaction kinetics have been reported,
which imply diffusion-controlled kinetics. Low steam
velocity experimental setups often result in linear reac-
tion kinetics and impurity uptake from furnace ware. The
Yb,Si, O, data obtained at 1400°C from our laboratory

TABLE 2 Steam testing of RE,Si, 05 in the literature
H,0

Temperature Exposure velocity P(H,0)
Material (°C) time (h) (m/s) (atm)
Yb,Si,0, 1500 100 0.044 0.5

1316 2000 0.044 0.9

1450 100-700 100 0.27

1200, 1300, 60, 125, 250 240 1

1400
Lu,Si, 0, 1300, 1500 100 50 Not
provided

1500 310 0.13 0.3
Sc,Si,0, 1500 100 0.044 0.5

1450 100-700 100 0.27
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are presented later in this work and have been described
in detail elsewhere.”®> Ueno et al. have also extensively
studied the Lu,Si,O; reaction in both low- and high-
velocity steam. While SiO, at the starting grain bound-
aries limited steam reaction, Lu,SiOs and trace Lu,0;
were observed after steam exposure.”® It is assumed that
Lu,Si,0; behaves similarly to Yb,Si,O in terms of both
steam resistance and steam reaction mechanism.

Only two studies of Sc,Si, 0, steam resistance are found
in the literature. Thermogravimetric analysis at near stag-
nant gas velocities showed non-linear mass loss with
no reaction products, where mass loss can be attributed
to excess SiO, volatility in steam.?’ Klemm et al. also
reported burner rig testing of bulk Sc,Si,0; and Sc,SiOs
samples.”? Their results indicated that Sc,Si,0, decom-
posed to Sc,SiO5 upon steam reaction and that Sc,SiOs
bulk samples decomposed to form Sc,05 on the surfaces.
All RE,SiOs in their work were shown to be highly resis-
tant to steam reaction. While the reaction products for
Sc,Si,07 and Sc,SiOs were found to be the same as those
for RE = Yb and Lu, the stability of Sc silicates in steam
environments was predicted to be less than that of other
rare-earth silicates.”

Steam stability of rare-earth disilicates with a stable
apatite compound in the temperature regions of EBC appli-
cation, such as Nd,Si, O in the Nd,05-SiO, system, have
not yet been reported in the literature. It is therefore
unknown if the apatite phase will remain a stable product
phase after the steam reaction. The authors have not found

P(Total) Reaction Reaction

(atm) products kinetics Notes

1 Al;Yb;0,, Linear Thermogravimetric
analysis, excess
Yb,SiOs in starting
material®

1 Yb,SiOs N/A Steam cycling furnace,
air plasma sprayed
Yb,Si, 0, on Si+SiC*

1 Yb,SiO; Parabolic ~ Burner rig?

1 Yb,SiOs, Parabolic  Steam jet*

Yb,0;
1 Lu,SiOs, N/A Excess SiO, in starting
Lu,Si,0, material**
1 Al;Lu;0;, Not Al(OH); and Si(OH),
linear (g) saturation from
furnace ware”

1 None Linear Thermogravimetric
analysis, excess SiO,
in starting material*

1 Sc,SiO; Linear Burner rig*
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previous steam testing results for Nd,Si, O or Er,Si,0O5 in
the literature. Both the high-velocity steam reactivity and
steam reaction products are not yet systematically investi-
gated for all rare-earth silicate materials. This work com-
pares RE,Si,O; (RE = Sc, Nd, Er, Yb, Lu) to verify steam
stabilities and compare the microstructural evolution of
steam reaction products.

2 | EXPERIMENTAL

2.1 | Processing

Samples were produced from high purity pre-reacted
RE,Si,0; (Praxair). RE,Si,0; (RE = Sc, Er,, Lu) granules
were annealed at 900°C for 30 min to bake off organics
supporting the granules to result in sub-micron powder
sizes, followed by ball milling with yttria-stabilized zirco-
nia milling media for 24 h. Both Nd,Si,O; and Yb,Si,0,
powders were ball-milled particulate as-received with a
particulate size of ~1 um and therefore were not heat-
treated or ball-milled prior to processing. Powders were
loaded into a 20-mm diameter graphite die and sintered in
an argon atmosphere using spark plasma sintering (DCS
25-10 SPS, Thermal Technologies) at 65 MPa with maxi-
mum temperatures of 1560-1600°C for 30 min. The result-
ing pucks were then placed in an open-air box furnace (CM
Rapid Furnace) for 24 h at 1400-1500°C to restore oxy-
gen stoichiometry. All samples displayed relative densities
>93%, determined from the Archimedes method. Sample
coupons were sectioned from the annealed pucks to pro-
duce 10 X 10 X 1 mm coupons and polished to 0.25 um with
diamond suspension prior to characterization and steam
exposure.

2.2 | Steam testing

Steam testing was performed in a modified Al,O3 tube fur-
nace, termed a steam jet. More detailed information on the
steam jet experimental setup can be found elsewhere.?’~%
Deionized water was pumped at 2 ml/min into a 1-mm
inner diameter platinum/rhodium alloy capillary centered
in a preheater at 900°C. As the liquid water vaporizes, the
liquid-to-gas volume expansion leads to accelerated steam
velocities exiting the capillary into the tube furnace. The
sample is fixed on an Al,O5 support stand with platinum
foil and wire at a 45° angle and a 1-mm distance rela-
tive to the capillary outlet in the center of the tube fur-
nace hot zone. The proximity of the sample to the capil-
lary outlet allows for high-velocity steam to impinge upon
the sample surface with a water vapor partial pressure
of 1 atm, thus preventing tube furnace impurities from

FIGURE 2 ANSYS steam velocity distribution across the
sample face at 1400°C for a 2 ml/min water flow rate

reacting with most of the coupon face. The gas velocity
across the coupons was calculated with ANSYS computa-
tional fluid dynamics (CFD) module (Canonsburg) to cor-
relate local sample morphologies to steam velocities, rang-
ing from near stagnant gas flow to a maximum of ~235 m/s
at the sample impingement site as shown in Figure 2.

Each RE,Si, 0, coupon was exposed to steam at 1400°C
for 125 h. Sample mass was recorded before and after expo-
sure (MS105DU, Mettler-Toledo). X-ray diffraction (XRD,
Panalytical Empyrean X-ray diffractometer) and scanning
electron microscopy (SEM: FEI Quanta 650) with energy
dispersive spectroscopy (EDS: Oxford Instruments) were
used for analysis in plan view to determine surface reaction
products. Coupons were then mounted in cross-section
and polished through the center of the highest velocity
impingement site for further SEM/EDS analysis to mea-
sure reaction depths and morphology changes. Pore for-
mation and cross-section SEM images were analyzed in
Image] Analysis Suite. Reaction depth measurements were
taken around 70-110 um apart across 2—-7 mm cross-section
distances, depending on the region of interest.

3 | RESULTS

3.1 | Initial RE,Si,0, characterization
Prior to steam testing, the sample purity, starting
microstructure, and pore fraction were determined
with both XRD and SEM/EDS. Backscattered electron
SEM of the starting samples are presented in Figure 3,
and the starting material properties are shown on Table 3.
Both Er,Si,0; and Nd,Si,O; displayed sample cracking
from high-temperature phase transformations near 1325
and 1410°C, respectively, resulting in decreased sample
density compared to RE,Si,0; (RE = Sc, Yb, Lu).
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FIGURE 3
TABLE 3
Porosity
Area Minor phase
Sample Percent fraction
Sc,Si, 0, 2% Z10,, 2%
Nd,Si,0, 10% N/A
Er,Si, 0, 6% N/A
Yb,Si, 0, 4% Yb,SiOs, 2%
Lu,Si,0, 4% N/A

3.2 | RE,Si,0, (Re = Er, Yb, Lu)
Figure 4 displays XRD patterns for RE = Er, Yb, and Lu
coupons before and after steam exposure at 1400°C for 125
h. For all three materials, the RE,SiOs monosilicate phase
is the predominant product species that forms upon steam
reaction. Additionally, RE, O3 oxide patterns were matched
to each scan, representing a secondary reaction product
that is fully depleted of SiO,. The Yb,Si,O; coupon addi-
tionally displayed Yb;AlsO;, peaks that are representative
of impurity deposition from AI(OH); (g) resulting from
reaction of the alumina furnace ware with H,O (g). Alu-
mina uptake was seen by SEM only at sample edges for all
samples, yet XRD peaks for alumina uptake could not be
identified on the RE = Er, Lu coupons. It will be shown
that alumina impurity-containing phases are not forming
in the regions of interest for analysis.

Plan view backscattered SEM imaging of RE,Si,0,
(RE = Er, Yb, Lu) allows for visual analysis of various
regions across the coupons where steam velocity and water

Starting microstructures of RE,Si,0,. (A) Sc,Si,05, (B) Nd,Si,0,, (C) Er,Si,0,, (D) Yb,Si,0,, and (E) Lu,Si,0,

Porosity Area Percent, secondary phases, crystal structure, and densities for the processed RE,Si, 0,

Archimedes
Theoretical (g/cm?), %
Stable density theoretical
phase (g/cm3) density
B,C2/m 3.396*° 3.31+0.01, 98%
A, P41 5.45% 51+ 0.1,93%
B, C2/m 6.099% 5.7+ 0.2,93%
5 m 5.15 .05 + 0.05, 0
C2/ 1513 6.03 + 0.03, 98%
B, C2/m 6.249% 6.10 + 0.03, 98%

vapor partial pressure can vary. Figure 5A displays the sam-
ple region underneath the platinum foil sample holder,
where gas velocities are near stagnant. Initial RE,SiOs for-
mation in this region (light gray) forms along cracks and
grain boundaries as a fairly dense surface layer on the
RE,Si, 0, base material (dark gray). No rare earth oxide
formation is seen under the platinum foil . Figure 5B dis-
plays the RE,SiOs product layer morphology at interme-
diate gas velocities of 80-115 m/s. RE = Er, Yb, and Lu
coupons all display a fine porous structure where the prod-
uct grain size is independent of the starting coupon grain
size. At the highest velocities, shown in Figure 5C, RE,03
formation is dominant on the surface. Gas velocities in this
region are calculated to be 150-200 m/s. The oxide forma-
tion shows increased porosity formation, compared to the
RE,SiOs product layer in Figure 5B.

Figure 6 displays RE = Er, Yb, Lu coupon cross-sections
so that the reaction depth can be analyzed. All three
materials displayed similar behavior in steam. Figure 6A
is representative of the 80-115 m/s velocity range shown



« | Journal

RIDLEY AND OPILA

i American Ceramic Society

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

FIGURE 4 X-ay diffraction (XRD) of RE,Si,0, (RE = Er, Yb,
and Lu) before and after steam exposure at 1400°C for 125 h

earlier in the plan view. Here, porous RE,SiOs forms
on the coupons, with porosity oriented perpendicular
to the reaction interface. Increasing the gas velocity to
115-150 m/s, Figure 6B shows densification of the outer
layer of the RE,SiO5 product phase. Densification of the
product layer limits gas ingress to the reaction layer so
that the total reaction depth decreased, compared to the
intermediate gas velocity regime of 80-115 m/s. Finally,
Figure 6C shows RE,0O; formation occurring on top of
the densified RE,SiO5 layer with a continual decrease
in total reaction thickness. Oxide formation implies that
the dense RE,SiOs layer is preventing steam reaction
with the RE,Si, 0, coupons. Therefore, oxide formation is
occurring as a secondary reaction of the RE,SiOs product
phase.

33 | Sc,Si,0,

Sc,Si, 0, shows unique behavior, compared to the previous
RE,Si,07 (RE = Er, Yb, Lu), in that Sc, 05 is the only prod-
uct detected after steam exposure. XRD of Sc,Si, 0, before
and after steam exposure is shown in Figure 7. All peaks
were matched to either the baseline Sc,Si,O; pattern or
Sc,03. The largest Sc,05 peak (222 hkl plane) displayed a
higher intensity, compared to the predicted peak heights
for Sc,03, representing the preferential orientation of the
oxide after the steam reaction.

Plan view SEM images of Sc,Si, 05 after steam exposure
are shown in Figure 8. Figure 8A displays the highest veloc-
ity impingement site, where excess material loss attributed
to mechanical erosion was recorded. Under the platinum
foil at near-stagnant gas velocities (Figure 8B), Sc,05 read-
ily formed across the surface. No Sc,SiO; formation was
identified by SEM/EDS in this region even though the local
environment was less extreme than at other regions across
the sample face. Figure 8C is representative of the major-
ity of the sample surface for all gas velocities 80-200 m/s.
Here, sub-micron grain size Sc,0; formation is present
across the sample face with a high amount of sample
porosity.

A representative backscattered SEM image of the reac-
tion depth for Sc,Si,O; after steam exposure is shown
in Figure 9A. Sc,0; formation on Sc,Si,0; did not show
notable velocity dependence across the majority of the
sample, where gas velocities are calculated to be 80-
200 m/s. The Sc,0; morphology is additionally constant
throughout the thickness of the reaction layer. Figure 9B
displays sub-micron Sc,0; particulate formed with orien-
tation preference perpendicular to the reaction interface.
An EDS line scan across the reaction interface in Figure 9C
confirms that Sc,SiOs is not forming at the reaction inter-
face and that Sc,0; is the dominant reaction product for
the Sc,Si,05-steam reaction.

3.4 | Nd,Si,0,

XRD results of the Nd,Si,O; surface before and after
steam exposure for 124 h at 1400°C are shown in Fig-
ure 10. A-phase Nd,Si,O; readily reacted with steam
to form an apatite phase, Ndg33[]y75i5026- While
Nd,;Siz 0y, (2Nd,03-35i0,) rather than Ndg 330 67516026
(7Nd,05-9Si0,) is shown on the Nd,05-SiO, phase dia-
gram, Ndg33[ 67515056 is extensively reported in the
XRD database and in the literature as the stable Nd sili-
cate cation deficient apatite phase.>>*® Preferential orien-
tation of the (n00) n = 1-6 hkl planes was observed for
the Ndg 330 67510,6 phase, with relative peak intensities
2.5-3.3 times greater than the reference pattern.
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FIGURE 5

The impingement site, stagnant velocity region under
the platinum foil sample holder, and the high-velocity
regions of the sample are shown in backscattered elec-
tron images in Figure 11. The impingement site showed
extensive material loss and a large through-crack that
extended completely through the coupon. Under the
platinum foil, the hexagonal structure Ndg 33[y.67Si5026
phase was present as a dense and heavily faceted reac-
tion layer. All high-velocity regions (80-190 m/s) exhibit a
porous Ndg 33[ ]y 675i50,6 product phase where the grains
are interconnected, analogous to faceting planes viewed in
Figure 11B.

Cross-section analysis of Nd,Si, O after steam exposure
is shown in Figure 12. An excessively large porosity net-
work is readily visible for both velocity regions displayed.
Similar to RE,Si,O; (RE = Er, Yb, Lu), densification of
the top-layer of the Ndg 33[ ]y 675i602¢ product phase was
seen when gas velocities are 150-190 m/s that resulted in
a slightly decreased total reaction thickness, compared to
intermediate velocities of 80-115 m/s. Figure 12C shows
the EDS of the densified region in Figure 12B, where some
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Representative backscattered electron scanning electron microscopy (SEM) images of RE,Si,0; (RE = Er, Yb, Lu) after
steam exposure at 1400°C and 125 h for (A) stagnant steam velocity region showing the initial formation of RE,SiOs (brighter phase), (B)
intermediate steam velocity region where porous RE,SiOjs is the stable product phase (80-115 m/s), and (C) high-velocity steam region where
RE,O; is the stable product phase (165-185 m/s)

peaks correlate to the carbon epoxy and Au/Pd conductive
sample coating. EDS identification confirmed an Nd/Si
atomic % ratio of 1.56, which agrees with the Nd/Si ratio
for the Ndg 33[g.67S16046 pattern determined by XRD. No
other significant Nd/Si ratios were determined by EDS
in either plan view or cross-section across the Nd,Si,O,
coupon, further affirming that Ndg 330y 6751502 is the
only product phase forming upon steam reaction. An accu-
rate impingement erosion depth for Nd,Si,O, was not
measurable due to a through-thickness crack at the highest
velocity impingement site after steam exposure.

4 | ANALYSIS

All five disilicate materials in this study (RE,Si,O,
RE = Sc, Nd, Er, Yb, Lu) displayed porosity increases from
a chemical reaction with high-velocity steam. Steam reac-
tion products were rare-earth-rich phases, consistent with
silica volatility as a silicon hydroxide gas species. RE,Si, 0,
(RE = Er, Yb, Lu) and Nd,Si, 0O, displayed densification of
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FIGURE 6

Cross-section SEM images of RE,Si,0; (RE = Er, Yb, Lu) after steam exposure at 1400°C and 125 h for steam velocity regions

of (A) 80-115 m/s, (B) 120-140 m/s, and (C) 165-185 m/s. Lutetium silicate cross-section SEM images are provided at a higher magnification

with a different scale bar
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FIGURE 7 XRD of Sc,Si,0, baseline and after steam exposure
at1400°C for 125 h

the RE,SiOs and Ndg 33[ o 67Sis026 phases, respectively,
where local gas velocities exceeded ~150 m/s. Sc,Si,0,
uniquely did not form a silicate reaction product and did
not show signs of microstructural evolution attributed to
the high melting temperature of Sc,03. The product phase
morphologies for all samples displayed significantly less
porosity in the stagnant gas velocity regions, indicating

a change in the reaction process, compared to regions
exposed to high-velocity steam.

A summation of the measured mass loss, average reac-
tion depths for the steam velocity regions, and porosity pro-
duction for the steam reaction products are presented in
Table 4. It should be noted that mass loss data should be
treated as qualitative since it includes mass uptake around
the edges of the samples where the gas velocity is not high
enough to inhibit contamination from the alumina tube
furnace. Due to the lack of microstructural evolution and
reaction depth changes for Sc,Si, O, (Figures 8C and 9A),
the average reaction depth for Sc,Si,O; reaction repre-
sents the entire 80-200 m/s gas velocity range. The aver-
age reaction depth for the 80-115 m/s steam velocity range
is analogous to the regions where a porous reaction prod-
uct forms on the surface without microstructural evolu-
tion (Figures 5B, 6B, and 12A). The average reaction depth
for the 150-200 m/s steam velocity range corresponds to
both the densification of the reaction layer (RE = Nd, Er,
Yb, Lu) and subsequent reaction to form a second outer
product phase, such as rare-earth oxides for RE = Er, Yb,
and Lu (Figures 5C, 6C, 11C). For each region, the aver-
age porosity area fraction is calculated to compare to the-
oretical volume changes for the expected steam reactions.
The volatilization/erosion behavior at the highest velocity
impingement site is recorded since the direct impingement
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FIGURE 8 SEM images of Sc,Si,0; in plan view after steam exposure at 1400°C for 125 h, displaying (A) material mechanical erosion at
the highest velocity impingement site (200-235 m/s), (B) Sc,0; formation in the stagnant gas velocity region, and (C) Sc,0; reaction product

in the high steam velocity region (165-185 m/s)
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FIGURE 9 Cross-section SEM images of Sc,Si,0,, after steam exposure at 1400°C for 125 h, displaying (A) Sc,0; reaction product
thickness at steam velocities 80-180 m/s, (B) Sc,Si,0,-Sc,05 reaction interface, and (C) EDS line scan across the reaction interface. A Au/Pd

coating was applied to the sample surface to reduce charging in the SEM
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FIGURE 10 XRD of Nd,Si,0; baseline and after steam
exposure at 1400°C for 124 h

of high-velocity steam can provide qualitative information
on the resistance to mechanical erosion for each material.
Both RE,Si,0; (RE = Sc, Nd) exhibited larger amounts
of mass loss than RE = Er, Yb, Lu). For Sc,Si,0;, the
cause of the mass loss is due to increased SiO, loss to
directly form Sc,0; instead of Sc,SiOs formation. The
formation of a fine Sc,0; reaction product also resulted
in decreased structural integrity at the highest velocity
impingement site, resulting in a mechanical erosion depth
0f 241 + 10 um. Nd,Si, O, uniquely formed a reaction prod-
uct Ndg 3316751026, Which has a higher SiO, concen-
tration than a RE,SiOs product phase. Nd,Si, O, showed
the highest mass loss and largest average reaction depth
of the disilicates in this study, reinforcing the concept that
Nd,Si, 05 is not desirable as a standalone EBC material.
RE,Si,O; (RE = Er, Yb, Lu) all displayed compara-
ble steam reaction products, mass loss, average reaction
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FIGURE 11

SEM images of Nd,Si, 0, in plan view after steam exposure at 1400°C for 124 h, displaying (A) material mechanical erosion

at the highest velocity impingement site (200-235 m/s), (B) hexagonal Nd, 33[ ] ¢7Sis0,¢ formation in the stagnant gas velocity region, and
(C/D) the Ndy 331y 67516046 reaction product in the high steam velocity region (165-185 m/s)

FIGURE 12
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AL %

Energy, keV

Cross-section SEM images of Nd,Si, 0, after steam exposure at 1400°C for 125 h, displaying (A) Ndy 33[Jy 6751502 reaction

product thickness at steam velocities 80-130 m/s, (B) Ndy 33[ 675026 reaction product thickness at steam velocities 165-185 m/s, and (C)

EDS of the reaction product zone marked by the box on Figure 12B

depths, porosity formation, and impingement erosion
depths. Each coupon produced RE,SiOs as the major prod-
uct phase at gas velocities of 80-115 m/s. From 125-150 m/s,
densification of the RE,SiOs layer resulted in decreased
total reaction thicknesses. RE,O; was seen to form from
the dense RE,SiOs layer when gas velocities exceeded
150 m/s, which further decreased the total reaction depth.
The theoretical volume difference between Yb,Si, O, and
Yb,SiOs is —24%, between Yb,SiOs and Yb,05 is —32%,
and between Yb,Si,O; and Yb,05 is —52%. Initial poros-
ity in each material was subtracted from the porosity area
fraction measured after steam exposure to give the poros-
ity values presented in Table 4. Measured average porosity
concentrations after steam exposure correlate well with the
predicted volume changes. The thickness of the densified
intermediate RE,SiOs layer for Er was measurably denser
than that of Yb and Lu, which resulted in decreased steam
ingress to the reaction interface and thus a decreased total
reaction depth in the 150-200 m/s steam velocity range.
The cause of increased densification at higher velocities
for Er,Si, 05 is currently unknown, but may be a result of
the lower melting temperature of Er,Si,O,, compared to
RE =YD, Lu.

Using XRD and SEM/EDS analysis, the chemical reac-
tions in Equations (4) and (5) for RE = Er, Yb, and Lu were
confirmed, consistent with the literature. For RE = Sc and

Nd (Equations 6 and 7), chemical reactions are proposed
based on characterization of steam testing performed in
this work. Theoretical volume changes are used for deter-
mining porosity production for the given reactions.

(RE = Er, Yb, Lu) RE,Si,0, + 2H,0 (8) — RE,SiOs

+ Si(OH), (8) + 24% porosity, 4)

(RE = Er, Yb, Lu) RE,SiOs + 2H,0 (&) — RE,0;

+ Si(OH), (8) + 32% porosity, 5)

Sc,Si,07 + 4H,0 (8) — Sc,03 + 2Si(OH), (8)

+ 53% porosity, (6)

14Nd251207 + 20H20 (g) e 3Nd9.33|:|0.67816026

+10Si(OH), (g) + 15% porosity. (7

The formation of Sc,05 directly from Sc,Si,0; results
in the increased H,O (g) usage in the chemical reac-
tion, compared to Equation (1) with a larger theoreti-
cal volume change of —53%. The chemical reaction for
Nd,Si, 05 is considered hypothetical due to the complexity
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Summary of measured mass loss, reaction depths, and area percent porosity produced for RE,Si,0; (RE = Sc, Nd, Er, Yb, and

Lu) after high-velocity steam exposure at 1400°C for 125 h. *Sc,Si, 0, reaction depth and produced porosity amount are average values over

the entire 80-200 m/s steam velocity range

Average

Mass loss reaction depth, Porosity %,
Sample (mg/cm?) 80-115 m/s (um) 80-125 m/s
Sc,Si, 0, 7.49 44 4 2% 49%*
Nd,Si, 0, 11.36 155+ 5 47%
Er,Si,0, 2.98 50 + 3 29%
Yb,Si,0, 3.07 5142 23%
Lu,Si,0, 2.69 3242 24%

of the reaction product. The theoretical porosity forma-
tion from Nd,Si,07 to Ndg 33[g.67Sic026 is —15%, which is
much smaller than the measured porosity area fraction of
—47%.

5 | DISCUSSION

RE,Si,0; (RE = Er, Yb, Lu) displayed comparable
microstructural features across local regions of the sam-
ple surfaces. Lu,Si,O,; showed the lowest specific mass
loss and reaction depth for the 80-115 m/s steam veloc-
ity range, compared to RE = Er, Yb. At higher velocities,
the Er,SiO5 product layer densified better than RE = Yb,
Lu, which resulted in Er,Si,O, displaying smaller total
reaction depths at steam velocities of 150-200 m/s. At the
highest velocity impingement site, Yb,Si, 0, displayed the
smallest total reaction thickness with minimal mechan-
ical erosion, while RE = Er and Lu did show mechani-
cal erosion. Therefore, it is uncertain which parameter to
use as a metric for EBC stability in steam. Future work
should involve additional high-velocity steam testing to
discern mechanisms for the microstructural evolution of
RE,Si, 0.

Klemm showed that the steam stability of bulk Sc,Si, 0,
was similar to bulk Sc,SiOs after steam exposure in a
burner rig at 1450°C for 100 h.?> The results of the cur-
rent study verify the lack of stability of Sc,SiOs in steam
environments and instead confirm that Sc,Si, O, reacts
with steam to directly form Sc,0; instead of the Sc,SiOs
phase. Unlike other RE,Si, 05 in this work, the Sc,0; prod-
uct layer did not undergo densification in the 125-150 m/s
steam velocity range as was seen for the RE,SiOs (RE = Er,
Yb, Lu) product phases. The stability of Sc,05 as a product
layer may result from an increased melting temperature of
Sc, 05 (2472°C), compared to RE,SiO5 (1950-2000°C). It is
likely that the Sc,SiOs phase lacks high-temperature sta-
bility, compared to other rare-earth silicate phases. Alter-
natively, the increased steam reaction depth presented in

Average
reaction depth, Impingement
150-200 m/s Porosity %, depth,
(um) 150-200 m/s 200-235 m/s (um)
44 + 2% 49%* 241 £10
142 +7 47% N/A
16 £3 36% 42+7
22+3 43% 37+6
22+3 39% 90 +4

Table 4 could occur due to both the Sc,Si,0;-Sc,SiO5 and
Sc,Si05-Sc, 05 dual-phase fields having higher silica activ-
ities than the systems with RE = Er, Yb, or Lu. Thus, it can-
not be assumed that RE,Si, 0, of the same polymorph will
have similar silica activities as was initially hypothesized.
An increased silica activity for the scandium silicates may
result from scandium’s decreased mass and ionic radius,
compared to the rare-earth cations in the lanthanide series.
Additionally, extensive impingement site mechanical ero-
sion was measured for the Sc,Si, 0, sample. The erosion is
presumably caused by the lack of structural integrity of the
highly porous Sc,05 product phase. Therefore, Sc,Si,0; is
not recommended as a standalone EBC material.

Nd,Si, 0, was exposed to steam for 124 h at 1400°C
and formed a complex intermediate line compound,
Ndg 33 6751026, as the steam reaction product. Figure 1
shows two low-melting eutectics for the SiO,-Nd,Si,0,
and Nd,SiO5-Nd, O3 phase fields, both of which are lower
than those for the Sc- and Yb-silicate systems. Assum-
ing rare-earth silicate melts have similar properties, the
low-melting eutectics represent decreased stabilities of the
Nd,Si,O; and Nd,SiOs phases, compared to the other
RE,Si,0; and RE,SiOs (RE = Sc or Yb).

In addition, the Nd- apatite compound—presented on
the phase diagram as Nd4Si; O, yet now commonly known
as Ndg33[1y675i026—has an increased stability relative
to the Yb-apatite phase.*® Thus, the phase diagram is con-
sistent with experimental results of an Nd-apatite phase
forming upon steam reaction. It is hypothesized that the
silica activity of a RE,Si,0;,—-Ndg 35[Jy.675ic02¢ dual-phase
field should be higher than a RE,Si,0,-RE,SiO5 dual-
phase field simply due to an increase in SiO, content
for the apatite phase relative to the monosilicate phase.
The increased steam reactivity of Nd,Si, O, compared to
RE = Er, Yb, and Lu silicates also suggests that the A-
polymorph Nd,Si,0,-Ndg 35[1.675ic02¢ phase field has a
greater silica activity than the -polymorph RE,Si,0; -
RE,SiOs (RE = Er, Yb, or Lu) phase fields. Single rare-earth
cation RE,Si,0; EBC candidates should thus be limited to
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rare-earth systems that do not have an increased stability
of the rare-earth apatite phase, such as RE =Y, Ho, Er, Tm,
Yb, or Lu.!3:38:39

Excess mass loss and steam reactivity may be indica-
tive of the lower melting temperature of Nd,Si, 0, com-
pared to other rare-earth silicates in this study. A lower
melting temperature (higher homologous temperature)
increases atom mobility and may encourage both higher
steam reaction rates and rapid coarsening of the porous
network. Alternatively, the apatite phase may be more
prone to coarsening and texturing than the monosili-
cate phase, resulting in the coarse and aligned porosity
channels observed within the apatite phase. Additionally,
the total porosity production from the steam reaction far
exceeded the predicted porosity uptake based on Equa-
tion 7. Slater et al. showed that oxide ion conductivity is
high for the rare-earth apatite systems, and can be an order
of magnitude higher along the c-axis of the apatite unit
cell, compared to the a- and b-axes.’” After steam exposure,
the sample displayed preferential surface orientations of
the (n00) hkl planes, n = 1-6, from XRD analysis, which
are oriented parallel to the c-axis discussed by Slater et al.
Increased mobility of oxygen and vacancies parallel to the
sample surface may be contributing to the increased poros-
ity concentration and coarsening of the porosity network
in the apatite reaction product layer. The steam reaction for
rare-earth disilicates that form an apatite reaction product
should be studied further in future research.

The high-velocity steam stability of single rare-earth
cation RE,Si,O; compounds is not universal. Thus, it is
possible that multi- rare-earth silicate mixtures could pro-
mote certain steam reaction products, enhance structural
integrity to limit high-velocity mechanical erosion, and tai-
lor the steam reactivity for an optimized EBC material
candidate. Further work should involve both a thermody-
namic analysis of the rare-earth silicate compounds and
high-velocity steam testing of other RE,Si,0; to develop
trends in steam resistance and steam reaction products
with varied rare-earth cations.

6 | CONCLUSION

The reactivity of five RE,Si,O; (RE = Sc, Nd, Er, Yb, Lu)
EBC candidates was compared after exposure to high-
velocity H,O (g) at 1400°C for 125 h. RE,Si, O, for RE = Er,
Yb, and Lu underwent a primary reaction to form a porous
silica-depleted RE,SiOs, similar to prior results in the lit-
erature. The RE,SiO; further reacted with H,O (g) to form
porous RE,Os. RE = Sc and Nd both showed unique steam
reactions, where Sc,Si, 0, formed only a Sc,03 layer and
Nd,Si,O; readily formed Ndg33[ ] 7Si5026- This work
demonstrates that rare earth disilicates do not all undergo

the same behavior in high-velocity steam. Rare-earth
cation considerations are thus important to consider for
single rare-earth cation EBC coatings as well as multi-
component EBC candidate materials.
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