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Research on advanced thermal barrier coating (TBC) materials capable of operating beyond
1200°C has primariljocused on the rare earth zirconate pyrochlgpasticularly gadolinium
zirconate (Gedzr,0O; — GZ0O). The drawback of this material is a significant reduction in
durability _due _to a low fracture toughness. This studyestigates utilization of a
thermodynamically compatible gadokralumina perovské (GdAIO; — GAP) toughening phase

to improve.thedurability of GZODense pellets were fabricated to assess the material properties
with minimal™microstructural influence. Thermal stabilitylasgtic modulus, hardness,
indentation “fracture resistanand erosion durabilitywere evaluatedor GZO, GAP, and
composite pellets containing 10, 30, and 50 wt.% GhARvas demonstrated that GAP and GZO
are thermadynamically compatible through 1600°C and thus capable of operatirmgpyeeld

the limits oftraditional 7 wt.% yttria stabilized zirconia (YSZ)Grain sizes are maintained due

to a lack of diffusion, and thus microstructural stability is enhancdthe GAP fracture
toughness was shown to be over 2X that of GA@llenexhibitinga lower elastic moduk and
similar hardness. The 50:50 GZ&AP composite exhibited a 63% reduction in the absolute
erosion ratepwdemonstrating thenmense toughening capabilities of this system.The
implications farcomposit&BCsuutilizing this system are discussed, alovith future work.
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1. Introduction

The next generation of thermal barrier coatings (TBCs) are sought to replacg& 7 wt
yttria stabilized zirconia (7YSZ). The most commonly studied advanced TBC cibimmpare
based on the rare earth zirconate pyrochlore family,ZRIO;). In particular, gadolinium
zirconate (GeZr,0O; - GZO) is a leading candidate due to its phase #tabip to 1550°Cand
~2600°C for thepyrochlore and fluorite polymorpls, respectively(l). GZO also has a
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significantly lower bulk thermal conductivity (1.4 W/m-K) than 7YSZ (2.2 W/m(Z)) good
thermal cyclic durability (when utilizing the appropriate 7YSZ interlayer to prevent interaction
with the ALO3; TGO), andmprovedresistance to calcimagnesiumaluminasilicate (CMAS)
degradation(3), .a necessary criterion for materials operating above the ~1200°C capability
threshold of.2YSZ The primary drawback of GZO is thatpossesses a lofracture toughness

of ~1 MPaln (4) whichreduces erosion durability an order of magnitudeompared tdhat of

7YSZ (5). “Therefore, a means of improving the erosion durability of pyrochlore matenisis

be developeifthey are to be adapted for TBC applicatiomparticulateladen environments.

Two methods present themselves for enhancing the durability oft§a&ed coatinggi)
modifying thesintrinsic toughness @&Z0O andbr (ii) modfying the extrinsictoughness of the
coating system'by changing the morphologgdesign architectureA direct comparison of these
approaches hdseen carried out by the authors and demonstrated the strengths and weaknesses
of each metho@6). For the intrinsic approacheeral authors have investigated the effects of
RE zirconate chemistry and stoichiometry on toughr{dss9). Unfortunately, the changes are
not well waderstood andgtill result in toughness values significantly lower than thal\#%Z,
ultimately “limiting their applicability Conversely, extrinsically modifying the apparent
toughnesswby incorporating secondary toughening phases hagpieseyusly shown by the
authors__te*"produce significant improvements time erosion durability for two design
architectures(multilayer and composite}5,6,10-12).It was shown that by incorporating a
secondary., phase&vith higher toughness, the overall durability of the coatsygtem was
improved. #~Furthermore, therosion durabilityimprovements inthe compositecoatings
exhibited asnervolumetric effectin which small additionshad a large impacton coating
performance Previous work utilized &E-modified YSZ (' Lowk) as the toughening phase
which exhibits erosion durability roughly equivalent to tha?66Z (5), but withlower thermal
conductivity.and slightly higher phase stabilityUnfortunately this material is neither phase
stable to 1400°C for prolonged periaafstime, nor thermochemically compatible wi@zO (5).

For the compositapproacho show long term viability, the seconddoughening phase should
exhibit a high,fracture toughnesshigh temperaturgphase stability to the desirédmperature
regon, andthermochemical compatibility with the primary matpkasgGZOin this casg

The present study investigates utilizing composites of GZO gaublinia alumira

perovskite GdAIO3 - GAP) in varying weight fractions to impart improved erosion durability
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with respectto monolithic GZO. GAP isa member othe RE aluminatefamily, a group of
materialswhich can exhibihigh melting temperatusef up to 2500°Candimproved toughness
with respectto the RE zirconates (13) Most importantly, the RE aluminates have
thermochemical stability with the pyrochlore zircondted4,15) as shownn the GdO3-ZrO,-

Al,0O3; system(Figure 1). In additionto thermodynamiccompatibility with GZO, GAP
possesses,phase_stabilify to itsmelting temperaturef ~2045C, as well asa reportedlyhigh
fracture toughnesgl3). This high fracture toughness has been attributed to plasticity near the
crack tip, ‘and tbreforea form of ductility in the materiall6). Thus, a GZAGGAP composite
represents a materials system that has high temperature phase stability, thermochemical
compatibility,@andthe potential to mitigate the loarosiondurability of theRE zirconatesand in
particular GZO. This studyexploresthe thermal and mechanical properties of the GZAP
composite system as possiblehigh temperature, phase stabéplacemenfor current TBC
systemsComposite pellets were fabricated with 0%, 30wt.%, and 50wt.% GAP additions

to a GZO matrix, with monolithic GAP and GZQellets serving as baselin&ense pellets were
utilized todsolate the impact of morphology on performance and enable a baseline for future
comparison with porous coating®d minimum of 50wt.% GZO wasexploredin this studyto
maintain ‘the,_beneficial properties of GZ@.d high temperature phastability, low thermal

conductivity, and CMAS resistance) while improving erosion performance

2. Experimental Procedure

Spraydried thermal spray powders of GZ6k{yWorks,Inc.) and GAP §kyWorks Inc)
were used assStarting powders. The powders were first milled separately using 7indnical!
YSZ media in ethanol, followed by subsequent milling with 2 mm spherical YSZ media in
ethanol toachieve particle sizes o660 nm To fabricatethe composite pellets, the GZO and
GAP powders,were mixed in their respective weight ratios in ethanol with 2 mm spherical YSZ
media to promote homogenization and prevent agglomeration prior to pressing. Three composite
pellet compeositions ere fabricatedh this study:90 wt.% GZ0O:10 wt.% GAP, 70 wt.% GZ0:30
wt.% GAP,"and 50 wt.% GZ0O:50 wt.% GAFPhese composite compositions are referred to as
90:10, 70:30 and 50:50 throughout this stulye powders were uniaxially pressed at 19.7 MPa
into 25.4 mm diameteby 4 mm thickpellets before cold isostatic pressing (CIP) at 200 MPa
with no hold at pressure. The pellets were thietered at 160 for 24 hours to obtain dense
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samplesMonolithic GZO and GAP pellets were fabricated similarly as IbessamplesTwo
batchesof samples were fabricated under these conditions, withsendilized for testing the
thermal stability and the other utilized fevaluation of mechanical propertie$he densities of
the sintered samples were determinsihg the Archimedes method.

Elastic.E), shear G), and bulk K) moduli were obtained by an ultrasonic pulse/echo
method. Lengitudinal\(.) and shear\(s) wave velocities were measured through the pellet

thicknesgo'calculate the elastic properties using Equations 1 through 4:

G = pV¢ 1)
_ GQVE-4vd)
E= VZ-vZ (2)
E
K= 3-6v (3)
1—2‘/—52
v= —%L (4)
Z_Z?f

wherep is the sample densigndo is Poisson’s ratio, which is calculated using Equation 4.
Hardness ) and indentation fracture resistand€gk) measurements were obtained

using a Vickers microhardness indenter (LEC00-G1 Hardness Tester, ASTM E384) at 1

kg loadeThe hardness amilentation fracture resistance, respectively, were calculated using:

1.854F
H=—; (5)
E
0.018F |—
Kirr :T\/; (6)

whereF is the applied load in Newtons, d is the diagonal of the indeneters and 1.854 is the
geometric factor used for a square pyramidal indenter tip. In Equéti@nis the elastic
modulusyH=is=the hardnessand c is the average crack lengtffen indents were made on
polished cross'sections and crack lengths were excluded if they branched, wieléndetits
were excluded_ if chipping occurred, as such indents invalidate the measuremenqugechriie
crack length was averaged for each indent and the standard deviation provitech ia
minimum of 7 total indents. Thsrain energy release rafé) was also calculated to enable
comparison to literature values, where:

_ Kem
r="4 (7)
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It should be noted that there has been debate regarding the utility of the indentation
method for measuring fracture toughness. Hence, the values here are reported asomdent
fracture resistanceK(zr). While several authors have discussed the numegrowential flaws
associated with this techniqi&,18) the indentation technique #ill useful It offers the
ability to investigate small specimens of samples, provided the guidance Heororiginal
description, of the technique is followed and underst@i®). In the case of this paper, the
materials and“morologies being compared are similar and thus the error of comparing
materials from~different classes is mitigated. Additionally, the similarity of the oxides is
expected ito produce similar failure, thus further reducing the potential ertbe @échnige.
Therefore,seven if the magnitude of the resultant fracture resistance may diffeiotinem
techniquesy‘theneasured difference values between the samples, or rankingstils quite
relevant.

Particle erosion testing was performed on the paligitsy an irhouse erosion rig and 50
um o-Al,OQg media. The erosion tests were performed at a particle impact anglé, plagiicle
velocity of«200im/sec and substrate to nozzle distance of 23 cm. The erosive aedea \at a
feed rate of 2«g/min in 5 mcrements. A total of 50 grams of media was used, resulting in ten
mass losssmeasurements per sample. The process has been described elsewhere in more detail
(20).

X-ray diffraction (XRD)6-20 scans were employed (PANalytical XPert Pro MPD) and
the ICDD Crystallographic Database were used to characterize crystal structure via Whole pa
fitting (Jade™10). Scanning electron microscopy and field emission scanning electron
microscopy=(FEI Quanta 200 ESEM, FEI Nova NanoSEM 630 FESEMg used to identify
and characterize sample morphology and grain sizie whergy dispersive spectroscaii3DS)
was performed to determine chemical compositi@maracterization of microstructural features
such as grain size is important in understanding the behavior of both single phase iphdiseult
materials,_as_imechanical properties such as hardnesscatien motion, and strestrain
relationships“depend heavily on grain structure in polycrystalline mateaéthods to
determine “average grain size for single phase materials are well understood and generally
effective however, ew standardized methods exist to characterize the grain structure of
multiphase materialsTherefore, thelinear intercept method (ASTM E1113) was used to

approximate the grain size of the monolithic GZO and GAP pelledsa separate method was
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developedfor the compositeellets This involvedimage segmentation via ImageJ software
combined with EDS compositional analysizrain images were first taken in secondary electron
(SE) micrographs, while EDS compositional maps of the regions were usecetendifite GZO

grains from GAP grains in the composites. The grain boundaries in the micrographs were
manually tracedo produce sufficient contrast between the grain boundaries and the drains.
threshold was then applied in ImageJ to produce a black amnel iwigige of the contrasted grains

and grain“boundaries. The individual grain areas were then measured in Imdgslated.
Figure 2 provides images after each step of this proc&scause the GZO and GAP grains in
both the monolithic and composite pellets were fairly equiaxed, the grain areas were treated as
areas of perfeet circles, with the sizes being calculated as the diaofeteescircles. Through

the use of'image segmentation and analysis, it was also possible to determistithiain of

the grain sizes'from the micrographs, as a distribution of grains in a sampleveamgportant

information on sintering and coarsegiprocesses.

3. Resultsand Discussion
3.1. Sintered Morphology and Density

Cross_sectios back scattered SEM of the sintereoimpositepellets are providedin
Figure 3..«Two distinct phases were observed, a bright matrix phase (GZO) and a darker
interdispersed phase (GAP). In the 90:10 pellet, the GAP phase iglisgdrsedand the
individual grainsexhibit minimal contacwith other GAP grains As the fraction of GAP phase
increases stheumberof GAP grains in contadhcreases. This enables some coarsening in the
higher GAP.fraction composites and an overall increase in the particle size @AEhphase.

The densities of the asntered pellets are provided in Table 1 and are all betwed®®% of

the calculated theoretical densities, meaning that any changes in mechanical properties observed
in the study will reflect changes in composite variatioomposition and not porosity.
Theoretical densities range fron®8 g/cc for pure GO to 7.4 g/cc for pure @GP.

Grainssize was measured using secondary electron SEM imailiegxample images
provided inFigure4. For the composite pellets, EDS was utilized to confirm the presence of
aluminumand the location of the GAP grains, as showhRigure 4f-h, with the resulting grain
size analysis provided iRigure 5 and average grain sizes in Table The GZOgrain size

(Figure 5a) is initially large and broadly distributedh the monolithic pellet (solid lineyvith
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grain size decreasing and distribution narronasgGAP is added. Conversely, the Ggdin

size Figurebb) is initially small though relatively badly distributed. The wide distribution of
grain size in both the monolithic GZO and GAP pellets gives some limited insight into the
growth kinetics of the materials, with the larger grains growing at the expense of smaller grains,
as opposed.to the composite pellets, which overall have much narrower distributiobfy possi
due to limited growth. The lack of coarsening in the composites is attributed to kheflac
reactivity ‘between GAP and GZO and thus the limitation of diffusiofihe grain size
distribution narrowsn the composites, with initially smajrainsfor the GAP phase in the 90:10
which become larger as the GAP volume fraction increases, agreeing well with the qualitative
observationsdrom the BSE micrographs. However, the overall magnitude @Athgrain size
increase intthe‘composite samples was relatively small, from approxima@ly 0.37 to 1.43
0.52um. The smaller grain size, and thus higher microstructural stability of the composites is a
further illustration of the thermochemical stability between the two phases during sintering. This
behavior is_highly desirable for potential TBC applications, as sintering amdgyoavth often
contributeste=TBC failure due to the resultant increases in the coating elastic modalese
highermoduliyield increasd stresses in coatings during thermal cyclamgl therefore promote

failure.

3.2. Phase Stability and Thermomechanical Stability

X-ray diffraction patterns of the sintered monolithic and composite pellets ar@ show
Figure 6. Fheypure GAP pellet exhibits an orthorhombic perovskite structure, while the pure
GZO pelletssexhibit the cubituorite structure with very weak pyrochlore ordermgtedby the
presence fothe superstructure peaks denoted in the figure. The weak pyrochlore ordering in the
assintered state is a result of the 1600°C sintering temperature being above the ~1550°C
pyrochlore stability limit. Therefore, atomic orderimgly occurs duringthe short cooling
period in the temperature window of approximately 1550°C to 1200°C (i.e., until the temperatur
is too low ferordering to occur). The XRD patterng-igure6 for the composite pellets show a
mixture of the perovskite and fluorite/pyrochlore phases, with weight fract@loalated from
whole pattern refinement agreeing well with the expected weight ratios listed in Table 1
Additionally, no tertiaryGZO-GAP reaction phase was observed in any of the composite pellets,
confirminghigh temperature phase stabildgtween GZO and GA& 1600°C for 24 hours.
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To further demonstrate the phase stability, long term heat treatments were performed at
1425 for 500 hours with the resulting XRD patterns providedrigure 7. The monolithic
GAP and GZO pellets exhibited the expectethanttombic and pyrochlore phases, respectively.
No reaction was observed in any of the composite pellets over the duration of thredteant
in line with_the phase equilibria predicted by several authors and proviéeguiel (1,14,15).

It should be noted that althougieveralthree phase regions are pmsen the GAP
equilibria at*2250°Qblue in Figure 1) (1), practically speaking they have minimal impact on
performance as tlyeconsist of GAP plus an ordered pyrochlore and disordered flydrése.

The fluorite and pyrochlore phasiem these potential three phase regions are close enough in
chemistry to exhibit similar lattice constamisdthermomechanical behavior. Thtisey would
behave nearly‘identically and would likely caus@imal stress or disruptive behavior to the
material. Furthermore, some studies indicate thenedsedno two phase region between the
pyrochlore_and fluorite (and thus no three phase region), and that there is a second order
transition between fluorite and pyrochlore where ordering continuously ofltixs Overall,

this indicatesw there is flexibility in the zirconate composition while still maintaining
compatibility with GAP. This is important as it enabdesne flexibility in the processing of the
materialsrAdditionally, previous research has shown that reducing the rare earth cont@@ in G
can slightly‘increase the fracture toughness and erosion dur@bjiityth minimal impact on the
thermal conductivity(21). Thus, the compositional flexibility rables fine tuning of the
composites_for higher durability (lower RE content) or higher CMAS egesist (higher RE
content).

Importantly, above 1550°C when GZO transitions from the pyrochlore to the fluorite
phase, stablility is maintained with the GAP phélsé5) The high temperaturiguorite phase
exhibits compatibility with GAP across a broaggion from about 22 mol% to ~52 mol%
Gd,03. The high temperature stability tledore ensuresomposites of these two materiale
capable of _even the most demanding TBC environments in terms of thermochemical

compatibility;/as the stability limit is the2045°C melting temperature of GAP.
3.3. Mechanical Properties

Elastic modulus, hardness, and fracture toughness are three critical compiiaetits

the durability of TBCs both in terms of thermal cyclic life and enssiwear The elastic
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modulus and hardness are provided-igure 8. The modulus shows fairly linear reduction

from 249 GPa for GZO to 203 GPa for GAR line with literature value§2,23). Combined

with CTE, the elastic modulus will affect the strain energy stored during thermal cycling and
after CMAS infiltration. The stored elastic strain enerdy) (s given as:

U=s20 8)

where V is‘thevolume, E is the elastic modulus, ansl the stress. |If the strain energy in a
coating (or coating layer) is larger than the critical energy release rate, delamaoaat occur.
The amount of stress in the coating layers during thermal cycling is predominantly related to the
thermal expanen mismatch stressegthough gradient stresses also play a role for large
gradients) The CTE of GAP is anisotropic and averages around 10.6°@pm/line with YSZ
and GZO_If CTE mismatch occurs, a lower elastic modulus will reduce the mismatcisestre
and thetotal stored strain energy.herefore, theslightly lower modulus valuef GAP will
reduceanyeffect of the CTEmismatch an@nisotropy.

In addition to thermal cyclic durability, the erosion durability is also dictated by the
mechanicaproperties. Te literature has described th@lume loss V) during erosion with the

following relation(24):

21/20 ,11/3 21/10,,—4/3 ;;—1/4
VOCWp/ Rp/pp/ KC,c/ Hc/ (9)

Where w;,"Rg;"andp, velocity, radius, and density of the incoming particle, agd &d H. are
the fracture toughness and hardness of the coating mateliaatiness represents the resistance
to plastic deformation and high hardness values typically provide high weaamesistin terms
of erosion, the hardness is related to the depth at which cracking occurs. In lidtiéeuiader
spherical contact, higher hardness vyields cracking at smaller depths, as theplalsistic
interface«is=closer to the surfa¢@4). Although the GAP modulus was lower than GZO,
hardness "was not sacrificed and was nearly constant at approximately 13 GPa regardless of
composite composition. These hardness values are similar to that of Y8LG&a25). Thus,
there is no expected performance debit based on the hardness of this material which is
comparable to most zirconates.

The fracture toughness heavily impacts the erosion resistance as indicated B{’the K
exponent in Equation.9The indentation fracture resistarafehe sintered pelleis provided in
Figure9 and will herein be referred to as fracture toughiessimplicity. Standard deviations

were generéy smaller than the data pointsThe fracture toughness of the GZO sample was
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approximately 0.8 MPaVm, agreeing wellith literature valueg4,7,9). Pure GAP exhibited a
fracture toughness of 1.91 M#ta, over double that of GZOEquation 9suggests that these
differences in fracture toughness would result in a 67% lower volume loss rate Ror &A
expected, e toughnessof the composite samples was intermedibstweenthat of the
monolithic_samples.The 90:10 samplssits slightly above the trendline while th®:30 sample
falls in line.with'the predicted trerehd he50:50sample falldoelow the trend. This relationship
was also observed for the elastic moduliFigure8. Griffith’s failure criterion indicates that for
a given crack'lengthaj, the &ilure is related ta critical stress..:

o, = (ﬂ)l/z (10)

wa

where E is the elastic modulasdy is the surface energy. The critical stress is proportional to
the criticalsstress intensity factorhus, a slightly higher elastic modulus will yield slightly
larger fraeturestoughnesaccording to Griffith. This assumes the surface energy and crack
length are equivalent, both of which are reasonable assumptions for these comppostesed

under identical conditions.

3.4. Erasion:Dur ability

The erosion data is plotted iigure 10 as a function of GAP wk. Only one sample
was testedfor‘each composition, thaoebarscan only bebased on the standard deviation in
the mass changesidare smaller than the data points. Previous work indicates deviations of 5%
or less for coatings from a single batttigughthis is expected to be lower for dense pellets with
fewer microstructuraeffects. Therefore, care should be taken when comparing small changes
between individual values. The pure GZO sample exhibits an erosion rate of 0.622 g/kg while
the GAR.samplexhibits a much lower erosion rate at 0.245 g/kg. This represents a 61%
redwtion’in‘the erosion rate with respect to the pure @2&{etand is tied to the increase in the
fracture toughness of GAP. Indeed, the 61% reduction is close to the 67% reducticegredic
by Equation9. _As GAP is added to the GZ produce compositeeflets the erosion rate
decreases and approachesiaimumby the 50:50 compositioand this minimums maintaired
to the GAP sample The lack of a linear trend in the erosiors@newhat surprisin@s @osion
is heavilydependenupon the fracture toughnes$or these compositethe fracture toughness
values were fairly linear. In particulathe fracture toughness of thes0:50 sample was

significantly lower than pur&AP, whereas the erosion rates were nearly equal. stiggests
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additional toughening behavior is occurring in the compodigendsimply the volumetric
addition ofa higher fracture toughness material.

Compositebehavior istraditionally bound by the VoigReuss conditions, where Voigt
represerd the upper or linear boundary and Reuss represeatlower or series boundaryn
TBCs, the_microstructure is highly anisotropic and can producdimesr effectswhich yield
behavior ‘eutside VoigReuss boundaries. However, thpellets should exhibitminimal
morphological™anisotropy given tinedensenature andhomogeneous dispersiasf roughly
spherical particlesTherefore, theomposite behavior should be constrained by the tvegiss
boundariesand yet theexperimental data lies outside of these boundaridssfurther confirms
additional effeetsre occurringoutside ofa traditional VoigtReuss power law average.

One“potential contribution to the composite behavior is that the GAP phase provides
enhanced toughening in thmixturesvia ductile or plastic behavior.Plastic deformation can
provide energy absorption at the crack tip and significantly enhance toughness,theence
generally “higher values of fracture toughness in metalsusceramics. Ceramic oxides
typically dewnet exhibit significant ductility or plastic deformation due to tpemarily ionic
bonding characterand the resulting lack of slip. However, plastic deformation has been
observed=in, GAP composites tested at elevated tempesa(1600C) and was attributed to
dislocation="motion (26).  Unfortunately, this mechanism is only available at elevated
temperatures where sufficient energy is available to overcome the energy barrier eméorm
move dislocations. Another mechanism which provides ductility in ceramics is termed
micrograingssuperplasticity27) and has been demonstrated for both coval@&) and ionic
ceramics, ineluding YSZ29-31) This mechanism relies on grain boundary sligihfine grain
structures [@and is related to the grain boundary diffityi and surface energy. Therain
boundary diffuszity must be sufficiently high to enable movement of grain boundaries which
results in areduction in local stressés.addition, he boundaryto-surfaceenergy ratianust be
low to preventformation of cavities Again, thismechanism requires high temperatures to
promote diffusion Sincetestingin the current studyvas performed at room temperatutiee
diffusivitiesware insufficient to enable grain boundary movenmansignificant dislocation

motion Furthermore, even a&levated temperaturéhe timescales for grain boundary motion
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may not be compatible with the erosive impact and stress propagatioAs a qualitative
evaluation of ductile behavioryasion tests were performed at®3fhpingement angles where
elastic materials tend to perforpest and ductile materials tend to perform wor3he results

were hampered by very low erosion rates for the ceramic materials, however, no significant
change in the,relative rates was observEaus, it appears qualitativelyahminimal plasticity is

likely to occurat room temperatureFurthermore, if plastic deformation were observed, it would

be expected to benefit the pure GABlletto a higher degree than the compositEsrefore

even if it ‘'were“observedpom temperaturg@lasticity would not completelyexplain why the

50:50 composite pellet exhibited better than expected erosion.

Anotherypotential mechanism which could impact the-lmogar erosion results is the
effect of grain“size. The end member grain sizes are slightly larger and exhibit a broader
dispersion compared to the composites. However, it is unlikely that the approxiately
difference In_average grain size between the composites and end members would have
substantial effect. Indeetliardness is sensitive to grain size given the-Ratth relationship,
and negligibleschanges were observed between the hardness of the composites and the end
members. A related effect could be the crack propagation and crack path tortuosityackhe cr
pah may‘bhecome more tortuous in the composites and therefore act as an energiganed.1
provides.SEM images of fracture surfaces for each of the pellets. The GZO pellet exhibits
transgranular cracking while the GAP pellet exhibits a larger degree of intergranular. fdihe
90:10 composite behaves similarly to the GZO but as further GAP is added, the rfiaide
changes andwthe surface becomes significantly rougleerthe crack path becomes more
tortuous. This‘Can cause crack bridging, skipping and deflection, which was obsesvene of
the indentation cracks for the 50:50 composite as showigure11f. Part of this effect could
be relatedo the smaller grain size in the coosjite samples where GAP promotes intergranular
failure and, causes crack deflection, resulting in a crack propagation abidlyrand repeatedly
changes directions. However, if the crack path tortuosity were to significantly enhance
tougheninggit'should be observed in the indentation results and yet was not.

To establish a mechanism which impacts erosion anthdentationfracture toughness,

one must compare loading and failure during the two proces3askey difference is that the

"It should be noted, however, thatygslasticity that does occur at elevated temperature would be likely be
beneficial to the erosion durability as this would significantly enhéme¢oughness of TBCs during elevated
temperature operation.
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erosion process is dynamic and experiences very high transient stressend is that erosion

is not a measure of cracking, but of material removiderefore to cause a change in erosion

that is not observed in indentation, the material or strakctlvangesnust impact transient stress
development andf material removal. As previously mentioned, crack bridging and crack
skipping were.observed. It is hypothesized that these may have a greatdgrampae erosion
proess by _preventing material removal and requiring successive impacts for renfioval o
previouslyfractured regions. Thus, the 50:50 samples which has the smallest grain size and
greatest degree of crack path tortuosity may yield the largest amoundgihgrand skipping.
Further study is required toonfirm the mechanism behind the improved erosielative to

fracture toughness.

3.5. Implicationsfor TBC Applications

The _resultgprovide a number of implicatiomegardingGZO-GAP compositedor TBC
applications. _ First, it has been confirmed ttla¢ mechanical properties are significantly
enhancedgwith” respect to GZO, and thus the GAP phase can act as a toughening agent.
Importantly;this composite is one of the first TBGaterialsystems whiclis capable of elevated
temperature_operation beyond 1400°C for prolonged duration while exhibiting good erosion
durability.~Additionally, if the elevated temperature plasticity reported in the literature for GAP
is experienced during high temperature erosion, this could further enhance thditgwh
GZO-GAPcomposites.

Outsideyof the mechanical properties investigated in this report, thermal deitygactd
thermal cyelie“durability represent two additional pillars of TBC perforcea The thermal
conductivity of GAP isot well established, however, available literature for LaAl@dicated
a value of approximately 1.9 W/m-K at elevated temperg@2¢ The sole paper exploring
GAP indicates.a value of approximately 3.2 W/m-K at elevated temperéd@)esHowever, in
previous studies it was found that the thermal conductivity of the toughening phase had a minor
effect on thesthermal conductivity of GA@ased composite coatjs(10,11) This response has
been observed for bulk ceramic composites of other matatigh as AlO; and mullite in YSZ
(34), indicating erieslike behavior. This series behavior is expected for lamellar air plasma
spray (APS) splat morphologies and thermal conduction normal to the splat eligrwamich
further reinforces thebservationthat the thermal conductivity of the secondary temgng
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phase does not necessarily need to be as low as the primary matrix phase, espsaiallly at
volume fractions. Due to the ndinear effects of GAP additions on erosion behavior, it is
anticipated that low volume fractions can be utilized and thus that thermal conductivity will not
be sacrificed. Furthermore, the thermal conductivity can be heavily modified bguiading
the morpholegy This is one factor which will be assessed in coatings in future work.
Additionally, the effect of GAP additions on thermal cyclic durability will belesi@d to
determine“ifithe anisotropic CTE of GAP has a negative effAat.plasma sprayoatings are
currently beingfabricatetd enable evaluatiaof these properties.

Anladditional benefit of incorporating GAP or other aluminates as a toughening phase is
the low oxygen, diffusivity in these materials. Foample, the oxyen diffusivityof Y 3Al5012
(YAG) is on the order of I€-10%° m?/s compared to YSZ at 1§ — 10** m?%s (35). A low
oxygen diffusivity can help reduce the growth rate of the TGO layer. This ispamtant factor,
because even if CMAS, erosion, and thermal cyclic durability are all satisfied, failure will
eventually.occur due to TGO growth. Thaslow oxygen diffusivity can further enhance the
overall duraility of the TBC system

Onerofithe last critical factors for next generation $BCthe resistance to degradation
caused byuinfiltration of molte@MAS deposits. Work is currently being performed to evaluate
the CMAS*resistance of th&ZO-GAP composite with initial results suggesting GAR
equivalentto, or potentiallymore CMAS resistant thaiisZO. This isdue to a propensity to

efficiently form large amounts of reaction phases at high.rates

4. Conclusiensand Future Work
This workprovides a new strategy for the development of next generation TBC materials
by combining .a low conductivity, high thermal stabilityzirconate material with a
thermochemically compatible and phase stabhleaminate toughening material It was
demonstrated. that:
e GAPsand GZO are phase stable in contact through 1600°C.
e The fluerite/pyrochlore phageansformatiordoes not impact the stability between GZO
and GARP
e GAP enhances the mechanical properties of the composites by reducing modulus

maintaining hardness, and more than doubling fracture toughness.
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e Integrating GAP successfully reduces the erosion rate by a¥embth respect to GZO
e Nonlinear effects occur IGZO-GAP composites where small additions of GAP can
produce significant enhancement in erosion durability.

Overall, this study indicates th&ZO-GAP composites can providenhanced durability
and thermalsstability with small additions of GAP providing significant improvement in the
erosionresistance Several potentialmechanisms were identified which may contribute tcehe
nondinear effects. Future work will attempt to targéhese mechanisnte determine the cause
of the nonlinear behavior and potentially enable tailoring and enhancement of this behasior.
envsioned that varying the average grain sizes through heat treatmentsietthylifferent
degrees ofi crack bridging and skipping and enable investigation of these effamrisurrent
work focusingon the CMAS resistance of the GAP material &lO-GAP comppsitesis in
progress and shows significant promigedditionally, GZO-GAP compositeoatings are being
fabricated for_future work which will evaluate the thermal cyclic durabilitythermal
conductivity, and erosion durability. This wikknable assessmis of the effect of GAP in
coating miergstructuresand the transition from dendme-grainedcomposite to porous splat
morphologies;“as well as evaluationprbperties that are not easiby feasiblytested inbulk

pellets such.as thermal cyclic durability.
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Table 1. Pelletweightand volumdractions, sintered densities, and calculated weightidrast

via whole ‘pattern fitting.

Theoretical| Measured WPF GZO Grain | GAP Grain

GAP GAP Density Density | Composition Size Size

Sample wt.% vol.% (g/cc) (% TD) (GZO:GAP) (um) (um)

GzO 0 0 6.94 99.5 100:0 3.09 £1.65 --

90:10 10 9 6.99 99.5 89:11 2.62+1.23| 1.08 £0.37
70:30 30 29 7.08 99.0 68:32 1.36+£0.68| 1.32+0.44
50:50 50 48 7.18 99.3 54:46 1.21+£0.59| 1.43+0.52
GAP 100 100 7.44 98.7 0:100 -- 2.65 +2.09
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Figurel. Temary GdO3-ZrO,-Al ;03 phase diagram at 1250°C, with the GBAP phase
equilibrium highlighted in green. P = Pyrochlore, F= Fluorite, GAP = GdAGAM =
GdsAl ;095 C = cubic GdO3, T = Tetragonal Zr@ Diagran modified from(1).

Figure 2. Image segmentation process for grain size analysis, with a) origimalc®&graph, b)
micrograph with traced grain boundaries, c) black and white threshold image and g)dinal

count produced by ImageJ.

Figure 3. BSE micrograhs of polished cross sections of a) 90:10, b) 70:30, and c) 50:50 GZO-
GAP composite pellets. The darker phase in the micrographs was identified derGdgh
EDS analysis.Pullout occurred during polishing resulting in some porosity appearing at the

suiface!

Figure4. SE micrographs of grain structure of the pellet surfap&Z0, b) GAP, c¢) 90:10, d)
70:30 and e) 50:50. The coloodedEDS maps to the right of the micrographs indicate the
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location of the GAP grains in the microstructure, as evidenced by the presehoeio@ian in
the EDS scansorresponding to f) 90:10, g) 70:30, h) 50:50.

Figure5. Graphs of grain size distribution in the GB&P monolithic and composite pellets
for the a)»GZO-ath b) GAP phases.

Figure 6. XRDpatterns of asintered a) GZO, b) 90:10, c) 70:30, d) 50:50 and e) GAP pellets.

Figure7. XRD patterns of the: a) GZO, b) 90:10, c) 70:30, d) 50:50 and e) GAP pelbdts
treatedat 1425°C for 500 hours.

Figure 8. Elastic modulus and hardness for the monolithic and composite @®pellets.
The elastiefmodulus trends linearly with GAP additionhile the hardness o6ZO-GAP

composites remaselatively constant

Figure 9./7a) Backscattered SEM micrograph of the:580 GZOGAP compositesample
showing a typical indent used to measuregrKb) Plot of Kiggr as a function of GAP wio,

demonstrating an increase in the fracture resistance with additions olbG3EOL

Figure 10., Mass loss erosion plot of GZGAP pellets as a function of GARI.%. The pure
GZO exhibits an erosion rate nearly 3xgher than that of the 560 GZO-GAP composite
pellet.

Figure 11~ Backscattered SEM fracture surface images of a) GZO, b) GAP, c) 90:10, d) 70:30,
and e) 50:50. | The GZO exhibits transgranular failure while the GAP exhibign#icsint
amountof intergranular failure. A poligid surface image of the indent crack for f) the 50:50
GZO-GAP compositesample shows crack propagation withnsgranulacracking in the GZO
phase (light)mand ietgranular cracking around the GAP phase (dark). The crack deflection in

the composites,could be partly responsible for the increased erosion durability.
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