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1. Introduction

Thermal barrier coatings have long been used to extend the service temperatures of
components in the hot section of gas turbine engines.!” These coatings are
susceptible to damage when flying in ash- or sand-laden environments. Ingested
ash or sand melts and forms calcia—magnesia—alumina—silicate (CMAS) glass when
it enters the hot section of the gas turbine engine, causing CMAS buildup on
components and/or causing coating exfoliation.> Rare-earth oxides (REOs) react
with CMAS, potentially suppressing infiltration and, therefore, could be used to
protect and extend the life of thermal barrier coatings.*’ Rare-earth-based
solutions, like gadolinium zirconate, can suffer from poor mechanical properties
such as low fracture toughness and poor erosion resistance.®’

In previous work, the authors mechanically blended yttria-stabilized zirconia (YSZ)
with gadolinium oxide (Gd>O3) powder and deposited it as a coating with air plasma
spray (APS) to create a banded composite structure with discrete layers of YSZ and
Gd205.!° The idea was to combine the excellent strength and toughness of YSZ
with the CMAS resistance of Gd»20s. A range of blends from 2 to 32 vol% Gd>0O3
were tested and found that increasing the Gd,Os; ratio decreased the adhesion of
CMAS to the coating. At 32 vol% Gd2O3, the CMAS completely delaminated from
the coating, although significant CMAS buildup was noted. The powders from that
study were mechanically mixed and had powder particle sizes with poor flowability
(i.e., poor processability) for APS, which limits scale-up and industrial application
of this coating. In addition, the use of YSZ mixed with other REOs could potentially
have additional CMAS-resistant qualities that are of interest. To improve
processability, powders were spray-dried and sintered as a composite YSZ-REO
particulate with an appropriate size distribution for APS. The experimental powders
consisted of YSZ mixed with Gd>Os, cerium oxide (CeO2), samarium oxide
(Sm20:3), and hafnium oxide (HfO»), respectively. The powders and coating were
characterized, and CMAS behavior in the form of contact angle measurements is
discussed.

2. Experimental

Powders were manufactured at Oerlikon Metco (Westbury, NY). A NiCoCrAl
(Amdry 365-2) commercial powder was used as the bond coat for all topcoat
depositions. A commercially available YSZ (Metco 204NS) powder was used as
the baseline for comparison. Four experimental powders were examined in this
study which were a mixture of YSZ and 30 vol% REO, where the REO was either
CeO2, Smx03, Gd203, or HfO2. A 30 vol% REO to 70 vol% Y SZ was targeted based



on previous work with Gd>O3, which exhibited enhanced CMAS resistance at
32 vol% compared to lower REO concentrations.!” The powders were produced
through a combination of milling, spray drying, and sintering to improve cohesion
of each powder particle. Table 1 is a list of the chemistries for each ceramic powder
that was used as a topcoat in this study.

Table 1 Chemistry of topcoat powders

ID ZrO; (wt%) Y203 (Wt%) REO REO (Wt%)
YSZ 92-93 7-8 N/A N/A
YSZ-CeO: 60—66 5 CeO, 30-35
YSZ-Sm:03 55-62 5 Sm,0; 35-40
YSZ-Gd:0;3 58-63 -6 Gd»03 33-36
YSZ-HfO; 53-57 5 HfO, 3842

WA WA

Scanning electron microscopy (SEM) of the powders loosely sprinkled onto carbon
tape was completed using a Phenom XL G2 SEM (Thermo Fisher Scientific,
Waltham, MA) to examine the powder size and morphology. Particle size
distribution of the powders was measured with a QIQPIC RODOS/L + VIBRI/L
(Sympatec GmbH, Clausthal-Zellerfeld, Germany) particle size analyzer with
dynamic image analysis in dry mode. The phase of each powder was examined via
X-ray diffraction (XRD) with a D2 Phaser (Bruker, Billerica, MA) equipped with
a Cu source operating at 30 kV and 10 mA. The XRD spectra was collected from
20° to 90° with a step size of 0.02°, sample rotation of 15 rpm and a dwell time of
2 s per step. A Brookfield (Middleboro, MA) powder flow tester (PFT) was used
to characterize the flowability of the powder using the flow function test with the
5-inch vane and trough.

To prepare the substrate for coating, Inconel 718 discs (1.0 inch diameter) were grit
blasted with 60 grit aluminum oxide particles at 60 psi with a 2 in standoff for
approximately 5 s. After grit blasting, the discs were ultrasonically cleaned in
ethanol for 5 min and allowed to air dry. A SG-100 (Aimtek, Auburn, MA) plasma
spray gun using a mixture of argon and helium gas was used to deposit all coatings.
Argon was used as the powder carrier gas. Full APS processing conditions can be
found in a supplementary document.!! The as-sprayed coating surface roughness
was measured with an OLS5100 confocal laser scanning microscope (Olympus,
Waltham, MA). Coatings were metallographically polished to a 0.02 um finish
using colloidal silica and examined with a Hitachi SU3500 (Minato-ku, Tokyo)
SEM operating in low-vacuum mode at 30 Pa. Porosity of the coatings was
determined through image analysis of the coatings as imaged under SEM via a
simple thresholding technique using F1J1 software.!? The coating porosity measured
included areas from both voids and any microcracking. XRD of the coatings was
collected using the same system and methods as described for the powder XRD.



3. Results and Discussion

3.1 Powder Characterization

The powder size distribution and morphology affect not only the flow behavior
through the powder feeder to the gun but also the in-flight melt behavior of the
particles through the plasma spray gun. Secondary electron (SE) SEM micrographs
of the powders sprinkled onto carbon tape can be found in Fig. 1. The commercial
bond coat powder, NiCoCrAl, has a uniform size distribution of spherical particles
with few satellites (see Fig. la). The commercial YSZ powder has a wide
distribution of powder particle sizes with mostly smaller particles present (see
Fig. 1b). The particles are completely smooth and spherical, which is expected to
lead to excellent flowability. The YSZ—CeO2 (Fig. 1c), YSZ-Sm,0Os (Fig. 1d), and
YSZ-Gdx0; (Fig. le) all have a larger particle size with a tighter distribution than
YSZ. All powders have a smooth surface but some, especially the YSZ—CeO, and
the YSZ-Sm>Os3, appear to have a concave portion of the particles suggesting large
internal porosity. The YSZ-HfO> powder shows extreme internal powder porosity
such that the shape is deformed and less spherical than the others. Differences in
the particle size distribution of the milled YSZ/REO powders may have caused
differing spray behavior during the spray drying process resulting in the differing
morphologies and porosities. A summary of the particle size for the YSZ and YSZ—
REO powders is in Table 2. The YSZ-REOQO particle size is very similar regardless
of chemistry but larger than the YSZ powder.



Fig.1  SEM SE micrographs of APS powder sprinkled on carbon tape taken in SE mode:
a) NiCoCrAl, b) YSZ, ¢) YSZ-CeO2, d) YSZ-Sm203, ¢) YSZ-Gd:03, and f) YSZ-HfO:

Table 2 Particle size distribution of each oxide powder

Powder D10 D50 D90
(pm) (pm) (pm)
YSZ 26.24 57.89 96.5
YSZ—CeO: 51.5 83.01 121.95
YSZ—Sm:03  50.88 82.64 132.44
YSZ-Gd:03  50.48 76.72 111.79
YSZ—HfO; 54.13 84.69 122.55

The experimental powders were examined by XRD to determine if the sintering
process, used to help solidify and strengthen the powders, caused chemical changes
to the YSZ-REO powders. The XRD spectrum for YSZ powder is in Fig. 2. As
expected, the predominate phase is tetragonal YSZ with minor amounts of cubic
Y203 and monoclinic ZrO» present.
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Fig.2  XRD spectrum for YSZ powder

The YSZ—CeO: powder XRD spectrum is shown in Fig. 3. There are strong peaks
for YSZ but the majority of the CeO> phase has reacted with the YSZ to form a
fluorite yttrium, cerium-stabilized zirconia, although small peaks of CeO, can still
be found in the pattern.
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Fig.3  XRD spectrum for YSZ—CeO2 powder



Similarly, the YSZ-Sm>O3 powder also reacted with the YSZ to form several
phases including samarium zirconate, Sm>Zr207, and a fluorite, samarium-
stabilized zirconia, (Sm,Zr)O> (Fig. 4). Sm»03 peaks were not found in the XRD

spectrum.
< 0
15
- >3
<3
o
°
2 &
b= L £
> ]
8 £ —YSZ-Sm203 powder
=]
2 2 -
= ® YsZ
(1]
£
3 O (Sm,Zr)02
& Sm2Zr207

20 30 40 50 60
2 theta
Fig.4  XRD spectrum for YSZ-Sm:0; powder

The YSZ—-Gd20;3 powder reacted to primarily form a fluorite, gadolinium-stabilized
zirconium oxide, (Gd,Zr)O>, with only minor amounts of YSZ and Gd,0;
remaining in the powder (Fig. 5).
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Fig.5  XRD spectrum for YSZ-Gd:03 powder




Only the YSZ-HfO; powder (Fig. 6) did not show any signs of alloying, with only
YSZ and HfO; detected via XRD.
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Fig. 6  XRD spectrum for YSZ-HfO: powder

A summary of the phases observed for all XRD spectrums is provided in Table 3.
The primary phase observed in each spectrum is bolded for easy reference. In the
experimental powders, all powders showed signs of YSZ-REO alloying except the
Y SZ—-H{O; powder. Of the powders that reacted, only the YSZ—CeO- retained YSZ
as a primary phase. YSZ-CeO; and YSZ-Gd>O;3 both alloyed to form a fluorite,
REO-stabilized zirconia, as the primary phase. YSZ-Sm>O3 was the only powder
to form a REO-based zirconate. The powder diffraction file (PDF) chemistry for
each phase identified is provided in Table 3 for reference but the specific chemistry
of each phase was not determined in this study. Although the phases can and do
change as a result of the APS process, it is helpful to know what is present before
spraying to understand the effects of APS processing on the final chemistry.




Table 3 Summary of phases observed in each powder

Phases  Crystal PDF

Powder Prevalence . PDF no.
present  structure chemical formula
YSZ tetragonal primary 710.92Y0.0801.96 00-048-0224
YSZ Y,0; cubic minor Y203 00-043-0661
Y4{0)) monoclinic minor ZrO2 00-037-1484
YSZ tetragonal primary 710.92Y0.0801.96 00-048-0224
YSZ—CeO: (Y,Ce,Zr)O: cubic primary  Y0.21Ce0.367r0.4301.89 04-020-7368
CeOs cubic minor Ce02 00-034-0394
YSZ tetragonal minor 710.92Y0.0801.96 00-048-0224
YSZ—Sm203 (Sm,Zr)O, cubic moderate Sm0.37r0.701.85 04-024-6386
Sm:Zr:07 cubic primary Sm2Zr207 00-024-1012
YSZ tetragonal minor 710.92Y0.0801.96 00-048-0224
YSZ—Gd:03 Gd,O3  cubic minor Gd203 00-012-0797
(Gd,Zr)O; cubic primary (Gd0.267r0.7401.87  04-017-4773
YSZ tetragonal primary 710.92Y0.0801.96 00-048-0224
YSZ-HIO: 6, monoclinic  primary HfO2 00-072-0468

Note: Primary phase observed in each spectrum is bolded.

The powder flowability of the experimental YSZ—REO powders, which were spray
dried and sintered, were compared with historical data for manually blended
YSZ-32vo01%Gd203 and YSZ-32vol%Sm203 powders. Blended YSZ with Gd203
was very difficult to process via APS due to poor powder flowability, which was
limited by the fine Gd,Os particle size.!® An additional study by the authors
explored blending YSZ with Sm2O3 but the flowability of these blends was so poor
it could not be processed via APS. Both the blended YSZ-Gd»03 and YSZ—Sm>03
powders were tested with the PFT and the results are presented in Fig. 7. In general,
powders with curves at or below the “free flowing” line in Fig. 7 are easy to process
through standard thermal spray powder feeders. The flowability of the powders
produced by spray drying and sintering were all at or below the “free flowing” line
and, therefore, all the YSZ-REO powders were shown to be suitable for APS
processing.
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Fig.7 Powder flowability of experimental YSZ-REO powders compared to YSZ and
previously tested YSZ-REO blended powders

The primary aim of this work was to create an easier-to-process powder that was a
mixture of YSZ and REO. Based on the results here, the powder was expected to
be much easier to process via APS processing; however, many of the powders no
longer retained the original desired chemistry. Regardless, the powders were
sprayed via APS.

3.2 Coating Characterization

The coatings were characterized to understand the quality of deposition from APS
processing, which included chemical analysis, surface roughness, and
microstructure—all of which affect coating performance. The coating surface
roughness is an important metric to measure because a high roughness will reduce
engine efficiency due to reductions in the pressure ratio'® but is also expected to
influence the interaction behavior of CMAS on the coating surface. A
representative height map of the YSZ-coated disc is in Fig. 8.
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Fig.8  Height map of YSZ-coated disc in the as-sprayed condition

All coatings shared similar morphologies where the height is generally skewed in
the positive direction, indicative of an additive, deposition process with a few peaks
homogenously spread throughout the coating. Table 4 compares the surface
roughness for all coatings. The YSZ coating was smoother than the experimental
coatings, with the YSZ—-Gd,Os coating having the largest S, and S..

Table 4 Summary of surface roughness of the as-sprayed coatings

Sample ID Sz Sa
(um) (um)
7YSZ 102.43 11.23

YSZ—CeO: 124.41 15.46
YSZ—Gd:203 151.44 17.94
YSZ—HfO; 133.13 14.59
YSZ~Sm:03 117.62 14.32

Phase and chemical changes in coatings frequently occur during APS processing
from the rapid solidification of individual splats in the presence of an air
atmosphere.'* To understand the phase and chemistry changes due to APS, XRD
was performed on all coatings. The YSZ coating consisted primarily of the
tetragonal, YSZ, phase with minor amounts of cubic, Y203, and monoclinic, ZrO>
(Fig. 9). The relative intensity of the Y203 and ZrO> peaks appear to be reduced in
the coating compared to the powder indicating a more homogeneous phase.

10
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Fig. 9  XRD spectrum of YSZ coating

For the YSZ—CeO; coating, additional alloying occurred during APS indicated by
the reduction of the YSZ peak intensity leaving the fluorite (Y,Ce,Zr)O; phase as
the predominant phase present (Fig. 10). The CeO> phase is completely absent in
the as-sprayed coating.
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Fig. 10 XRD spectrum of YSZ—CeO: coating
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For the YSZ-Sm0s3 coating, the APS process again further homogenized the
powders producing a primarily fluorite, (Sm,Zr)O;, phase with minor peaks of the

tetragonal YSZ (Fig. 11). The Sm2Zr2O7 phase was completely absent after APS
processing.
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Fig. 11 XRD spectrum of the YSZ-Sm:0; coating

In Fig. 12, the XRD spectrum for the YSZ-Gd,03 coating shows that the primary
phase is the fluorite, (Gd,Zr)O», phase with minor amounts of tetragonal YSZ. The
Gd»>0O3 phase was completely alloyed into the other phases during the APS process.
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Fig. 12 XRD spectrum of the YSZ-Gd:Os3 coating
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The YSZ-HfO; coating was the only coating where the REO can be found in the
final coating (Fig. 13); however, the REO peaks were greatly reduced after APS. It
is possible that the HfO; volatized during APS processing. The reduction of HfO>
REO is expected to reduce the resistance to CMAS.
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Fig. 13 XRD spectrum of the YSZ-HfO: coating

The chemistry of all coatings changed because of APS processing (Table 5). The
YSZ coating homogenized slightly. Three of the YSZ-REO coatings reacted with
the REO to form a fluorite, REO-ZrO», phase. It has been shown previously the
YSZ and CeO,, Smy03, or Gd»03 tended to react and form the cubic, fluorite phase
on the REO-rich side of the respective ZrO,—~REO phase diagram,'>! so it is not
surprising that they are reacting here. However, it was surprising to see how quickly
the phases reacted and homogenized even during APS, which is a rapid
solidification process. In the original YSZ—Gd>O; blended work, the coatings were
heat-treated in air at 1000 °C for 100 h with little change in phase fraction.!® It is
likely that for this study, the more uniform distribution of fine REO particulates
within the powder helped to accelerate interdiffusion. The authors were not able to
locate a binary phase diagram for ZrO,—HfO», but it appears there is less solubility
between these two chemistries as they remained separate through powder and APS
processing. However, the apparent significant HfO> loss during APS is concerning
and additional APS process development may be necessary to deposit and retain
this chemistry in future coatings.
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Table 5 Summary of coating XRD results
Coating Phases Crystal Occurrence | PDF chemical formula | PDF no.
present structure

YSZ tetragonal primary 7r0.92Y0.0801.96  |00-048-0224
YSZ Y»0; cubic minor Y203 00-043-0661
71Oy monoclinic minor 7102 00-037-1484
YSZ tetragonal minor 7r0.92Y0.0801.96  |00-048-0224
YSZ—Ce0: "y ce7r)02 | cubic primary |[Y0.21Ce0.36210.4301.89]04-020-7363
YSZ tetragonal minor 7r0.92Y0.0801.96  |00-048-0224

YSZ—Sm:03 - .
(Sm,Zr)0: cubic primary Sm0.3Zr0.701.85 04-024-6386
YSZ tetragonal minor 7r0.92Y0.0801.96  |00-048-0224
YSZ-Gd:0s1™ 4 700, cubic primary | Gd0.267:0.7401.87 |04-017-4773
YSZ tetragonal primary 7r0.92Y0.0801.96  |00-048-0224
YSZ-HIO: ™o, monoclinic | minor HFO2 00-072-0468

Note: Primary phase observed in each spectrum is bolded.

The top surface of the coatings was polished to examine the microstructure of the
coatings (Fig. 14). The YSZ coating (Fig. 14a) shows a typical dense vertically
cracked structure with a few regions of porosity due to unmelted particles. The
YSZ—-CeO, and YSZ-Sm>0O3 coatings also have large regions of cracking as well
as many regions of unmelted particles causing significant porosity in the coating.
A dense phase (white particles) is found within some of the porous regions of both
coatings (see Figs. 14b and 14c, respectively). The YSZ-Gd,Os3 coating (Fig. 14d)
also has large cracking and porous regions but no dense secondary phase. The
YSZ-HfO; coating has fewer large cracking regions but many porous regions. A
lower-density phase, likely YSZ, was found uniformly dispersed in all the YSZ—
REO coatings. Figure 14f shows the darker gray phase in a higher magnification
micrograph of the YSZ—CeO: coating. Since this phase is uniformly distributed and
has an isotropic morphology, it is suspected to have precipitated while the coating
was solidifying and/or cooling.
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Fig. 14 SEM backscattered electron micrographs of the polished top surface of the YSZ and
YSZ-REO coatings: a) YSZ, b) YSZ—CeO2, ¢) YSZ-Sm:203, d) YSZ-Gd203, ¢) YSZ-HfO»,
and f) YSZ—CeO: at higher magnification

Figure 15 shows the porosity of each coating. Porosity from unmelted particles
were found in all coatings, but it is expected that the larger particle size of the
experimental YSZ-REO powders (see Table 2) resulted in more unmelted
particles—in this case roughly doubling the resultant porosity compared to the YSZ
coating. In addition, some of the powder particles were visibly hollow (see Fig. 1),
which has proven previously to incorporate porosity into APS coatings.!” If desired,
a denser coating could be produced by adjusting the APS processing conditions.
Changing the APS plasma chemistry to an Ar—H> could reduce the plasma viscosity
(increase plasma velocity resulting in faster moving molten particles) and increase
the thermal conductivity of the plasma (better heat transfer to particles).!® A more
effective melting of the particles could be achieved by increasing the powder
residence time in the plasma plume by either reducing the carrier gas flow rate or
by increasing the plasma enthalpy through increasing plasma power. Or producing
a powder with a finer particle size would also enable more rapid melting of the
powder resulting in a denser coating.
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Fig. 15 Comparison of porosity for the YSZ and YSZ-REO coatings

3.3 Coating-CMAS Behavior

The wettability of CMAS for the YSZ—CeO,, YSZ-Gd>0O3, and YSZ-Sm>03
coatings was reported elsewhere'® and will only be summarized here. The YSZ—
HfO; coating was not evaluated for CMAS interaction. In the work by Wright et
al.,! the wettability of the YSZ-REO coatings was compared to polished and
sintered pellets made from the powders, assuming the chemistry to be similar with
the goal of isolating the chemistry effect on CMAS behavior from the surface
roughness and microstructure effects. The coating porosity was similar for all the
YSZ-REO coatings tested and was therefore neglected in this analysis. The contact
angle of a molten CMAS droplet was measured as a function of time while the
sample was held at 1260 °C, which is above the melting point of the CMAS used.
For YSZ, increasing the surface roughness and porosity resulted in a smaller CMAS
contact angle than in the polished pellet case, which was attributed to the CMAS
infiltrating the rough surface of the YSZ and therefore reducing the spreading rate.
The pellets and coatings containing REO reacted with the CMAS, forming a sealing
layer. For the YSZ-REO samples, the increase in roughness resulted in an increase
in spreading rate.

In the original YSZ-Gd,Os3 blended work, it was suspected that the direct
interaction between the CMAS and Gd»O; layers caused the formation of a “weak
interface,” which spalled during cooling.'® In the work by Wright et al.,'® the
CMAS interaction with YSZ-Sm»>O3 was examined in detail as a case study,
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supposing that the other coatings behaved similarly. For this coating, the CMAS
bonded well, forming an apatite phase that adhered after cooling. The predominant
phase in the tested YSZ—REO coatings was the fluorite, (REO,Zr)O., phase. While
this chemistry still has the propensity to react with the CMAS to form apatite, the
reaction growth rate appears to be higher than what was observed previously, '
which may be the reason for the enhanced CMAS adhesion.

The spreading rate, dCA/dt, from the contact angle measurements provides a
quantitative measurement of the kinetics of the droplet spreading across the surface
as well as provides insight on the interaction of the CMAS with the material being
tested. The difference in optical basicity, AA, between the CMAS and the tested
chemistry has been previously correlated with CMAS behavior, where a larger AA
results in higher CMAS reactivity.?’ The spreading rate plotted against optical
basicity for the YSZ and YSZ—-REO pellets and coatings is provided in Fig. 16 (data
from Wright et al.!®). There is significant scatter in the data but if circles are added
identifying the primary phase, some trends may be found. There are not enough
data points in the YSZ or YSZ-REO circle to make any solid conclusions, but it is
interesting to note that the YSZ—HfO» pellet has the smallest AA, indicating least
reactive with CMAS, yet had a much slower spreading rate than the pure YSZ
pellet. Clearly, the presence of HfO> in the coating reduced the CMAS spreading
compared to YSZ alone. Quite a few of the YSZ-REO pellets and coatings formed
a fluorite phase. There is still limited data but if the trend can be believed, higher
optical basicity change increases the CMAS spreading rate. The YSZ-CeO:
sample, which had the lowest AA of the coatings consisting of primarily fluorite,
had the highest resistance to CMAS spreading. If this relation holds true for other
rare-earth containing fluorites, it may be possible to design a chemistry with near-
zero spreading (perhaps even sand-phobic?) by finding a REO with a lower optical
basicity than YSZ—CeO: that still forms a fluorite phase.
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Fig. 16 Rate of spreading as a function of optical basicity difference from CMAS

4. Conclusion

This study attempted to validate the previously observed CMAS and YSZ-Gd>03
lack of adhesion behavior using a more robust, easier-to-process APS powder.
Other YSZ-REOs (Sm203, CeO,, and HfO,) were also manufactured to evaluate
trends for processability and coating-CMAS behavior. YSZ-REO powders with
improved processability were created using a spray drying and sintering route.
These YSZ-REO powders had a larger particle size than the commercial YSZ
powders used previously, which resulted in higher coating porosities using the same
APS processing conditions. The better mixing and smaller particle size of the YSZ—
REO particulates resulted in reaction of the YSZ with the REO during the powder
sintering process and continued during APS processing, forming a cubic fluorite
phase for all but the YSZ-HfO; chemistry. Agglomerating and sintering the REO
separate from the YSZ and then blending prior to APS may enable the deposition
of separate, banded coatings, which were observed in previous work,'® but with
enhanced processability. The YSZ-HfO, chemistry remained separate during both
sintering and APS; however, significant HfO, phase was lost during APS resulting
in a primarily YSZ coating. CMAS behavior was evaluated for all coatings except
the YSZ-HfO» coating via contact angle methods reported elsewhere.!” The REO
reacted with CMAS to form an apatite phase that sealed the coating from further
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infiltration. This sealing behavior resulted in increased spreading of the CMAS with
increasing surface roughness. Differing CMAS wettability between the pellets and
coatings may be a combined result of both the surface roughness (pellets were
polished) but also microstructure. Polishing the as-sprayed coatings may provide
additional understanding of the effect of microcracks and porosity on the wettability
of CMAS.
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List of Symbols, Abbreviations, and Acronyms

APS
ARL
CeO2
CMAS
Cu
DEVCOM
Gd20s
HfO,
ID
N/A
PDF
PFT
REO
rpm
SE
SEM
SERDP
Sm203
vol%
wt%
XRD
Y203
YSZ
71O,

air plasma spray

Army Research Laboratory
cerium oxide
calcia—magnesia—alumina—silicate
copper

US Army Combat Capabilities Development Command
gadolinium oxide

hafnium oxide

identification

not applicable

powder diffraction file

powder flow tester

rare-earth oxide

revolutions per minute

secondary electron

scanning electron microscopy
Strategic Environmental Research and Development Program
samarium oxide

percentage by volume

weight percent

X-ray diffraction

yttrium oxide

yttria-stabilized zirconia

zirconium dioxide
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