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ing in the silicate melt, precipitation of new phases, and the elimination of the pores needed for strain tolerance
when silicate melt solidification occurs upon cooling. Here we used an electron beam directed vapor deposition
method to deposit strain tolerant coatings containing a high volume fraction of inter-columnar pores to assess
the effect of increasing the pore volume fraction upon silicate melt infiltration in a 7 wt.% yttria stabilized zirconia
(7YSZ) TBC. We then explore two potential mitigation approaches. One investigated the infiltration of a samar-
ium zirconate (SZO) coating deposited on a 7 wt.% yttria stabilized zirconia (7YSZ) buffer layer since recent work
has indicated the related gadolinium zirconate (GZO) system was much more CMAS resistant than 7YSZ. The sec-
ond explored the effects of an embedded platinum layer located near the outer surface of the SZO layer. The re-
sponse of both systems to attack by a model 33Ca0-9Mg0-13Al0; 5-45Si0, CMAS melt at 1250 °C has been
compared to that of the 7YSZ composition coating deposited by the same process. The 7YSZ specimens were
fully infiltrated by CMAS in less than 1 min and significantly dissolved and re-precipitated a globular phase
after 4 h of exposure. The penetration rate in SZO coatings was reduced by about a factor of five, but the coatings
were still completely penetrated after a 4 hour exposure. Significant SZO dissolution and precipitation of both
globular fluorite and faceted apatite phases were observed after the 4 h of exposure, with concomitant debonding
at the SZO/YSZ interface. The insertion of a 5 um thick Pt layer about 30 um below the SZO surface arrested per-
meation of CMAS for about 16 h and might provide a promising strategy for controlling CMAS degradation in
TBCs without reducing the thermo-cyclic delamination resistance.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used in the high pressure
turbine section of gas turbine engines to reduce component tempera-
tures and extend the life of internally cooled airfoils in the hot gas
flow path [1]. Since the surfaces of components in future engines are
likely to be cyclically exposed to temperatures of 1250 °C and above,
Fig. 1 [47], the TBC must adhere well to these components, have a
high delamination resistance and provide thermal protection [2,3]. In
a typical TBC system, adherence under severe oxidizing thermo-cyclic
loading conditions is achieved with an aluminum rich metallic bond
coating that is applied to the airfoil. This is then thermally protected
by a porous, low thermal conductivity ceramic topcoat; normally
consisting of 6-8 wt.% yttria stabilized zirconia (7YSZ) [4]. Vapor depos-
ited 7YSZ coatings have a columnar structure and contain a significant
porosity. Some of the porosity is in the form of inter-columnar pores
that can extend through the thickness of the coating [5]. These pores
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result in a strain tolerant coating that can expand and contract during
heating and cooling of the system, Fig. 2(a). Increasing the inter-
growth column separation distance reduces the strain energy driving
delamination, and increases the delamination resistance of thermal bar-
rier coatings. Additional porosity is located on the surface of the growth
columns and extends into their interior [6]. This “feathery” component
of the porosity is highly effective at reducing the through thickness ther-
mal conductivity of the coatings [7,8].

During high temperature operation of the coating system, an alumi-
narich, thermally grown oxide (TGO) layer gradually forms on the bond
coat surface. As this layer grows in thickness over time, its large thermal
expansion mismatch with other parts of the system results in a gradual
build-up of internal strain energy upon cooling, and this eventually
leads to coating delamination (spallation) [3,8]. The delamination resis-
tance of TBC systems has been greatly improved by using bond coat
alloy compositions that slow the rate of TGO thickening [2,9]. Additional
improvements in delamination resistance have been achieved by reduc-
ing the elastic strain energy stored in the ceramic thermal insulation
layer (by decreasing its in-plane elastic modulus through incorporation
of inter-column and other pores) [2,7,8,10]. The inter-columnar gaps in
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Fig. 1. The historical evolution of high press turbine gas temperature showing contribution
of superalloy development, air cooling and thermal barrier coatings (TBCs).
Adapted from a private communication from Robert Schafrik (2008).

coatings deposited using gas jet assisted processes can be increased by
increasing the gas pressure [6], and coatings with high inter-column
pore fractions have been shown to have significantly longer delamina-
tion lifetimes than those grown under normal high vacuum condi-
tions [8]. Rare-earth (RE) zirconates (RE;Zr,0-) have also attracted
significant interest as a novel thermal protection layer because of their
intrinsically lower thermal conductivities [11-14]. This enables the
temperature at the bond coat surface to be further reduced, thus
slowing the thermally activated TGO growth rate. The pyrochlore struc-
ture of many near equiatomic RE zirconates is also phase stable to
higher temperatures than 7YSZ [15]. They also have a higher melting
temperature than 7YSZ, and a greater resistance to morphological evo-
lution of their pore structure (sintering) [13,16,17]. The combination of
a high inter-column pore fraction and with a representative samarium
zirconate (SZO) composition coating has resulted in coatings of very
high through thickness thermal resistance and excellent delamination
resistance [11,18].

Current gas turbines utilize only a modest fraction of the chemical
energy available in the fuel-air system. Efforts to achieve more efficient
fuel utilization have pushed increases in the engine operating tempera-
tures, as indicated in Fig. 1. It is unfortunate that as the gas flow temper-
ature rises in the high pressure turbine section of a gas turbine engine,
ceramic thermal barrier coatings become increasingly vulnerable to at-
tack by molten calcium magnesium alumino-silicate (CMAS) deposits
resulting from the ingestion of siliceous particulates (dust, sand, volca-
nic ash, debris) with the intake of air [19-21]. Even when particle re-
moval strategies are utilized, small diameter particles are still able to
reach the turbine section, where they melt, wet the thermal protection
coating surface, and then penetrate the coating by permeation through
its interconnected network of inter-columnar pores, as schematically il-
lustrated in Fig. 2(b) [19,22].

Thermal barrier coatings deposited by conventional electron beam
vapor deposition processes contain a volume fraction of porosity, ¢ =
0.2 distributed as inter-columnar gaps and the feathery pores on the
sides of growth columns. As a result the initial permeability can be
very high, and permeation of liquids of low viscosity can be rapid. As
the surface temperature of a TBC increases, the viscosity of CMAS de-
creases rapidly and experimental studies indicate that CMAS penetrates
deeply into thermal barrier coatings. For example, Kramer et al. found
that molten CMAS at temperatures above 1240 °C can rapidly (and
fully) penetrate the interconnected pores in a 100-200 pm thick 7YSZ
coating [23]. The original 7YSZ then dissolves in the melt, and upon
cooling precipitates a phase with globular morphology, and a composi-
tion that depends on the local chemistry. When the infiltrated and
reacted layer solidifies upon engine cooling, the high modulus, large

thermal expansion coefficient and loss of strain tolerance (by filling of
the inter-column pores) of this part of the coating lead to its delamina-
tion, Fig. 2(b) [24,25]. Coating processes such as directed vapor deposi-
tion (DVD), that utilize gas jets to increase the delamination resistance
of the TBCs, can have much higher porosities with ¢ approaching 0.4
[26,27]. However, the effects of this higher porosity upon CMAS infiltra-
tion and coating degradation have not been investigated to date.

The effect of CMAS on a gadolinium zirconate (Gd,Zr,07, GZO) coat-
ing has also been recently studied [21]. It was found that GZO more ef-
fectively inhibited the penetration of CMAS than the 7YSZ system. Even
after a 4 h exposure at 1300 °C, the CMAS melt had only infiltrated to a
depth of ~30 um. This was ascribed to rapid dissolution of the GZO and
essentially concurrent precipitation of a stable crystalline apatite phase
(CayGdg(Si04)602) as well as fluorite and minor amounts of spinel from
the GZO-CMAS melt. It has been proposed in the patent literature
that this mitigation strategy can be implemented with the entire lantha-
nide series (RE = La — Lu, as well as Y) [28,29], as long as the concen-
tration of the dopant is sufficiently high (typically of order 50% REO; s).
The A4A"5(Si0,)0, apatite phase (hexagonal) has two cation sites, A'
and A", with 9- and 7-fold coordination, respectively. It is reasonably
well established that the A" site is always occupied by the RE>* with
some minor incorporation of Zr* " in apatites produced from CMAS re-
action with RE zirconates [21]. However, the A' site can be occupied ei-
ther (i) entirely by Ca?* giving a stoichiometry Ca4REg(Si04)0- with
vacancies on the ionic O~ sites, or (ii) entirely by the RE cation (and
charge compensating cation vacancies) yielding REg 33(Si04)g0> [30,
31] or (iii) a combination of Ca and RE as in Ca;REg(Si04)g0,. It has
been proposed that the first scenario applies to Y and the smaller lan-
thanides, e.g. Yb [32], with attendant benefits on the efficiency of the
RE cation in capturing the primary components of the glass melt (SiO,
and Ca0) [28]. The rationale is that the smaller RE cations would not
be compatible with the larger 9-fold coordinated sites, a hypothesis
consistent with the observation that the Ca-free apatite REq33(SiO4)¢0>
is observed primarily for the larger lanthanide cations (La — Dy) [31,
33]. However, apatites with stoichiometry Ca,Yg(Si04)s0, as well as
Yo.33(Si04)s0, have been reported in the literature [34], at variance
with the proposed stoichiometry for the smaller cations. Within this
context, the present study explores the CMAS mitigation potential of
the pyrochlore Sm,Zr,0, (SZO), a candidate TBC material sharing with
GZO the attributes of lower thermal conductivity, enhanced phase sta-
bility and sintering resistance [17].

Recently Begley et al. have investigated the effects of thin plastically
deformable metal layers embedded in ceramic coatings, upon TBC de-
lamination during thermal cycling [10,18,35]. They identified combina-
tions of constituent material properties (of the metal layer and ceramic
coating) and relative proportions that reduced the delamination driving
force considerably. For example in a Pt/YSZ system, 50% reductions of
the elastic energy release rate could be achieved with a metal volume
fraction of ~0.2. Parallel experimental studies also led to the discovery
that the presence of a Pt layer in the ceramic coatings significantly re-
tarded the TGO growth rate, which contributed to a further increase in
delamination life [36]. A final objective of the study is to therefore inves-
tigate if such an embedded platinum layer in a TBC coating could arrest
the permeation of liquid CMAS into the coating.

The study described here first establishes a baseline response for the
interaction of molten CMAS with a standard composition 7YSZ TBC
coating made using a directed vapor deposition process that results in
coatings with a higher (2 x) pore volume fraction than conventional
EB-PVD coatings. It then explores the behavior of a highly porous sa-
marium zirconate (SZO) coating deposited in the same way on a 7YSZ
buffer layer. Finally the study investigates the response of a SZO/Pt/
SZ0 coating, again deposited on 7YSZ. It is found that the highly porous
7YSZ and SZO coatings are both penetrated by CMAS. The apatite pre-
cipitation found in the GZO system is also present in SZO but is less ef-
fective in mitigating CMAS penetration in the latter than in GZO
because of the higher porosity levels. In addition, significant coating
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Fig. 2. (a) Normal operation of a thermal barrier coating system. Failure occurs near the TGO layer due to the large elastic strain energy stored in the TGO and TBC layers. The stored elastic
strain energy is reduced in the TBC by use of wide inter-column gaps. (b) Molten CMAS penetration through a surface heated coating containing inter-column pores. Penetration stops
when CMAS reaches regions that are below its melting point. On cooling the loss of the strain compliance in the TBC layer induces spallation of the infiltrated region.

dissolution is observed at the SZO-YSZ interface of the bilayer system
when reached by the penetrating CMAS. This resulted in separation of
the layers. We will show that a single 5-10 um thick layer of Pt in a
SZO coating is effective at limiting infiltration of CMAS for a 16 h expo-
sure at 1250 °C; providing a promising route for increasing both the de-
lamination and the CMAS resistance of a coating.

2. Experimental procedures

Three types of coatings (7YSZ, SZO/7YSZ and SZO/Pt/SZ0/7YSZ)
were deposited on 99.5% purity, polycrystalline alumina substrates ob-
tained from CoorsTek (Golden, CO), Fig. 3. Alumina substrates were
used for the deposition because subsequent CMAS tests were conducted
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Fig. 3. Schematic illustration of the three coating types investigated in the study.

above 1200 °C and would have caused damage to conventional superal-
loy substrates. The 25 x 25 x 0.6 mm substrates were coated using an
electron beam directed vapor deposition technique [37,38]. In this ap-
proach a multi-source crucible was positioned in the throat of a super-
sonic helium gas jet forming nozzle, and each material was
sequentially deposited on a substrate. A detailed description of the fab-
rication process and coating microstructures is presented elsewhere
[11,18,36]. The 7YSZ and SZO ceramic source rods were 12.5 mm in di-
ameter and were obtained from TCI Ceramics Inc. (Bethlehem, PA). The
Pt rod was of the same diameter and obtained from ESPI Metals
(Ashland, OR). The deposition temperature was 1000 °C and the sub-
strates were rotated at the rate of 6 rpm during the deposition. This re-
sulted in a deposition rate of about 3-5 pm/min. The coatings were all
~200 pm thick. The SZO/7YSZ bilayer coating had a 70 um thick 7YSZ
buffer layer on which the SZO was grown. The 5 um thick Pt layer in

<~ Inter-columnar
pores

the SZO/Pt/SZ0O/7YSZ coating was placed about 30 pm from the outer
surface of the SZO coating. Fig. 4 shows micrographs at low and high
magnifications of the 7YSZ and SZO coatings used in the study. The coat-
ings contained nominally straight inter-columnar pores (that were al-
most identical in length to the coating thickness) and feathery pores
that extended from the surface to the center of all the growth columns.
The total pore fractions of the 7YSZ and SZO coatings were both ~40%,
and were measured from the weight and volume change when coatings
were deposited on the alumina substrates. In both coatings about 60 +
5% of this porosity consisted of inter-columnar pores.

The “as fabricated” samples were subjected to a CMAS test protocol
used in prior studies [23]. A model CMAS composition of 33Ca0-
9MgO0-13Al0, 5-45Si0, (all in mole percent of single cation based
oxide formulae) or C33MyA13S45 was adopted for this investigation.
This composition began to melt at 1235 °C and was completely molten

Feathery’'pores

e\

Fig. 4. The morphology of vapor deposited 7YSZ (a, b) and SZO (c, d) thermal barrier coatings showing many pores present within and between growth columns.
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Fig. 5. Sample geometry and isothermal CMAS infiltration test methodology.

at 1240 °C. The CMAS was prepared by cold-pressing the pre-reacted
powder into a 6 mm diameter pellet with a weight of ~45-50 mg. The
pellet was then placed on the surface of TBC specimens, Fig. 5. The
samples were heated in an air environment furnace to 1250 °C at a
rate of 6 °C/min and held at this temperature for 1 min,' 4hor 16 h
followed by cooling at a rate of 6 °C/min.

The surface morphology of the CMAS infiltrated specimens was
examined by scanning electron microscopy (SEM). Samples were
then sectioned by cutting the specimen on a plane perpendicular to
the axis of rotation during coating deposition. The specimens were
mounted in epoxy and polished using a 0.5 pm diameter diamond
suspension. Backscatter electron (BSE) images and the compositions
of various phases were obtained using a scanning electron microscope
(JOEL JSM 6700F) equipped with energy dispersive X-ray spectroscopy
(EDS). Transmission electron microscopy (TEM) specimens were
prepared by a “lift-out” technique using a FEI Helios 600 dual-beam
FIB microscope. A 20 x 10 x 1.5 um thick slice was prepared that includ-
ed the reaction layer between the coating and CMAS. This was lifted out
and placed on a copper grid. Further thinning of the sample was then
performed with the sample on the grid (using a modest ion beam
current to minimize FIB damage) until the specimen was electron
transparent which corresponded to a final foil thickness of ~110 nm.
The TEM samples were examined in a JEOL 2000FX 200 keV
transmission electron microscope.

3. Results and interpretation
3.1. 7YSZ coatings

Cross-sectional images of the 7YSZ specimens after 1 min and 4 h of
exposure to molten CMAS are shown in Fig. 6. The Ca:Zr and Y:Zr atomic
concentration ratio profiles through the coating thickness are overlaid
on each figure. The average Y:Zr ratio was 0.09, consistent with the
nominal ratio of 7.6Y0;5/92.4Zr0, = 0.082. Composition measure-
ments on the coating exposed to CMAS for 1 min, Fig. 6(a), indicate
the presence of calcium, with an average Ca:Zr ratio of 0.1, throughout
the coating. After a more prolonged exposure, Fig. 6(b), the calcium to
zirconium fraction had increased to an average value of ~0.14. We
note that the molar volume of CMAS and 7YSZ is estimated to have
similar values of ~20.7 and 20.3 cm>/g-mole, respectively [21]. Since
the coatings had a porosity of ~40%, and were fully filled with CMAS

! Note that melting starts ~15 °C below the hold temperature, so the 1 min hold actually
represents about 5 min total where the TBC is in contact with silicate melt.

(0.33Ca0), the calculated atomic Ca:Zr ratio would be 0.24. The
measured ratio of 0.14 (measured after a 4 h CMAS exposure) therefore
indicates a volume fraction of 0.23 CMAS, implying that 58% of the initial
pore volume was infiltrated after a 4 h exposure. For a Ca:Zr ratio of 0.1

Atomic Ratio

CMAS

Atomic Ratio

Alumina substrate

Fig. 6. Depth composition analysis for 7YSZ samples exposed to CMAS at 1250 °C for
(a) 1 min and (b) 4 h.
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Fig. 7. (a) The outer surface column tips and (b) TBC/substrate interface in a YSZ TBC
specimen exposed to CMAS at 1250 °C for 4 h. The crosses correspond to locations of
composition measurements.

(measured after a 1 min exposure) the volume fraction of CMAS would
be 0.165, and the pore volume fraction filled is 42% of the total. It can be
therefore concluded that the molten CMAS rapidly permeated the
200 pm thick 7YSZ coating at 1250 °C, filling about ~40% of the pores
after a minute of exposure and ~60% of the pores after a 4 h of exposure.

The reactions within the 7YSZ coating upon this CMAS infiltration
have been further investigated. Fig. 7 shows high magnification views
of the top and bottom surfaces of the 7YSZ coating after a 4 h CMAS
exposure. In both locations significant reactions and morphological
transformations had occurred. At the coatings' outer surface, Fig. 7(a),
the column tips had lost their characteristic faceted pyramidal shapes.
These were replaced by an agglomeration of globular particles that
form an interconnected network interpenetrated by CMAS, Fig. 7(a),
consistent with the observations of Krdmer et al. [23]. EDS analysis of
the region marked by a cross is given in Table 1 and reveals that the
globular particles have a low YO, 5 content of ~2.3 at.% rather than
7 at.% as in the original 7YSZ, and also incorporated some CaO
(~1.6 at.%) presumably in solid solution. Their composition is consistent
with the transformable tetragonal ZrO, phase identified [23]. Fig. 7(b)
shows the structure at the bottom TBC-alumina substrate interface.
Much of the interface had debonded upon cooling, and then filled
with epoxy during sample preparation. Directly above this epoxy filled
crack, a pore free (gray) phase with elongated morphology was identi-
fied. An EDS composition analysis for the region marked by the cross on
the right is shown in Table 1, and indicates concentrations of Ca, Al and

Table 1
Chemical composition of regions in upper and lower reaction zones of 7YSZ.

Region Ca

359 54 119 445 O 23
16 0 0 0 23 96.1
35 0 0 0 119 846

211 0 338 436 O 15

Mg Al Si Y Zr

CMAS near the column tips

Globular particles at the surface column (at.%)
Globular particles at the interface (at.%)
Elongated particles at the interface (at.%)

Si consistent with the stoichiometry of anorthite (CaAl,Si,Og) whose
presence has also been previously reported by Kramer et al. [23].
This layer also contained isolated large globular (white) particles. The
globule marked by the cross on the left contained ~11.9 at.% YO, 5
and ~3.5 at.% CaO, Table 1, consistent with the fluorite ZrO, phase
reported elsewhere [23].

In summary, the compositional depth profile and EDS composition
analysis of the various particles indicate that molten CMAS rapidly
infiltrated the inter-columnar (through thickness) pores of the highly
porous DVD 7YSZ coating and began to penetrate towards the roots of
the feathery pores within the growth columns. About 60% of the pores
were filled with CMAS after a 4 h, 1250 °C exposure. This is consistent
with complete penetration of the inter-columnar pores and partial
filling of the feathery component of the pore structure. The rate of
CMAS penetration is consistent with that observed by Kramer et al. in
conventionally deposited 7YSZ with a lower porosity. Concurrent with
infiltration, the CMAS melt dissolved the YSZ columns, especially at

Atomic Ratio
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I
&U m‘uﬁ’) Ll.t

50 um

Fig. 8. Cross-sectional micrographs of SZO/YSZ bi-layer samples exposed to CMAS for 1 min:
(a) the depth profile chemical analysis and (b) the reaction zone of the top columns.
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Fig. 9. (a) SZO/YSZ bi-layer samples exposed to CMAS at 1250 °C for 4 h with composition depth profiles, (b) top (plan) view of the SZO/YSZ bi-layer sample, (c) cross-sectional slice of the
top reaction zone between CMAS and SZO, and (d) the interface between SZO and YSZ. Note that the black ground is the glassy CMAS material.

the tips and roots, and re-precipitated zirconia solid solutions with
modified composition as well as silicate reaction products. EDS exami-
nation reveals that ~2.3 at.% Zr has been dissolved in the CMAS near
the column tips. The globular solid solution phases were Y-lean near
the surface and Y-enriched near the substrate. This is consistent with
dissolution and diffusion of the surface yttrium into the CMAS reservoir
above the coating, and in agreement with the observations by Kramer
et al. Anorthite was formed by reaction of the alumina substrate with
CMAS that penetrated to the YSZ-alumina interface. Upon cooling,
delamination cracks at the YSZ and alumina substrate interface relieved
the significant stored strain energy in the 7YSZ coating (e.g. Fig. 7b);

Table 2

EDS composition analysis for the top reaction zone in SZO.
Constituent Ca Mg Al Si Sm Zr
CMAS 31.0 6.6 10.5 47.7 12 30
Globular Particles (at.%) 47 0 0 0 6.4 88.9
Faceted Particles (at.%) 14.9 0 0.6 39.8 322 12.5

a consequence of its loss of compliance due to filling of the TBC's pore
structure with solidified CMAS and melt-coating reaction products.

3.2. SZ0 on 7YSZ bilayer coatings

Fig. 8 shows the cross sections of an SZO/YSZ bilayer specimen (with
a total SZO porosity of 40%) after exposure to CMAS for 1 min at 1250 °C.
The banding structure can be seen in the coating, which resulted from
the composition fluctuation during deposition. The significant vapor
pressure difference of the constituent species (Sm,03 and ZrO;) has
created melt instabilities leading to unsteady evaporation of the two
species. This phenomenon has been described and explained elsewhere
[11]. EDS line scans of the Ca:Zr and Sm:Zr atomic concentration ratios

Table 3

Chemical composition (at.%) for the SZO/YSZ interface reaction zone.
Region Ca Mg Al Si Zr Sm Y
CMAS 28.0 6.1 18.7 40.1 44 2.6 0.1

Globular particles 45 0 0 0 88.0 5.8 1.7
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Fig. 10. SZO/Pt/SZO/YSZ coating after exposure to CMAS for 1 min. The inset (b) shows a higher magnification view of the upper SZO layer in contact with CMAS.

through the thickness of the coating are overlaid on the SEM micro-
graph in Fig. 8(a). It is evident that CMAS had penetrated the SZO
layer to a depth of only ~30 pum following a 1 min liquid CMAS exposure.
Calcium was not detected in significant amounts within the coating
beneath this depth. A higher magnification image of the near surface
region, Fig. 8(b), clearly shows that the column tips had reacted to
form a network of small globular and needle-like faceted particles
with the intervening space filled with CMAS. Just beneath the SZO
surface some of the faceted particles had crossed the inter-columnar
gaps, and this appears to have impeded (but not arrested) the inward
flow of CMAS.

As the CMAS exposure time was increased to 4 h, Fig. 9(a), the CMAS
fully penetrated both the SZO and YSZ layers of the bilayer coating. The
interface between the SZO and YSZ layer had also separated while at
1250 °C, and had filled with (now solidified) CMAS. A Ca EDS line scan
analysis, Fig. 9(a), confirms the presence of Ca throughout the coating.
An extensive morphological reconfiguration, suggestive of dissolution
and re-precipitation processes, was also evident at the top of the SZO
coating where the concentration of CMAS was highest. Top and cross-
sectional views of the surface reaction layers are shown in Fig. 9(b)
and (c), respectively. The reaction layer contained faceted particles in
addition to the globular particles reminiscent of those found in YSZ.
These particles at the top of the coating, Fig. 9(b), were located in a
region originally occupied by the tips of the growth columns and
co-existed with a high volume fraction of CMAS.

Table 4
EDS analysis (at .) for area 1 (above) and area 2 (below) Pt layer.
Sample Region Ca Mg Al Si Sm Zr Pt
1-min exposure  Area 1 10.1 0.5 34 103 425 315 16
Area 2 03 0 0 0 518 465 14
4-h exposure Area 1 9.3 03 16 122 40.2 353 1.1
Area 2 03 0 0 0.1 498 486 12
16-h exposure Area 1 153 0.1 0 16.5 30.1 36.3 1.7
Area 2 03 0 0 03 578 403 13

The compositions of the two particles and CMAS were investigated
by EDS analysis, Table 2. The globular particles consisted primarily of ox-
ides of Zr with smaller amount of Ca and Sm. This is consistent with a
zirconia-based solid solution containing Sm and Ca. The EDS analysis
also revealed that the faceted particles were a silicate phase similar to
the apatite phase seen in GZO, but containing predominantly Sm, Zr,
and Ca. The (Ca + Sm + Zr):Si ratio was approximately 60:40, or 9:6.
Because Zr** would substitute on the A site, the inferred stoichiometry
would be approximately [Cag.59Smo.28[Jo.13]a[SMo 67Zr0.33]6(S5104)602
suggesting that 13% of the A' sites are vacant, a slightly higher propor-
tion than that found in GZO, but consistent with the higher proportion
of Zr** incorporated in the A" sites [21]. In comparison, the fraction of
vacant A' sites in the Ca-free apatite Smg 33(Si04)s0> would be ~17%.
Moreover, Zr* " incorporation can lead to enhancement in the Ca
content due to charge compensating effects, as reflected in the higher
Ca concentration reported in Table 2 (14.9%) relative to the nominal
formulation, i.e. 12.5%.

Fig. 9(a) revealed that the original SZO columns, clearly evident after
1 min, were no longer identifiable after the 4 h exposure, and were
replaced by a two-phase mixture of globular and faceted particles
interpenetrated by residual CMAS. These two particle types completely
occupied the original SZO coating volume. The chemical analysis
suggests that the particles close to the SZO/YSZ interface had nearly
the same composition as those near the surface implying that the nature
of the reaction is essentially invariant of depth.

After a CMAS exposure of 4 h, the CMAS had reached and dissolved
the 7YSZ buffer layer, and re-precipitated large globular YSZ particles,
resulting in the physical separation of the SZO/YSZ interfaces as they
were penetrated by CMAS, Figs. 9(a) and (d). An EDS analysis of the
globular particles at the interface of SZO and YSZ, Table 3, was consistent
with a zirconia phase containing Sm, Y and Ca. The particles have a very
similar Ca and Sm composition to the particles in the upper surface
reaction zone, but now also contained 1.7 at.% Y from the partially
dissolved YSZ buffer layer and are shown below to be fluorite. The com-
positions of the CMAS on top and deep inside the coating in Tables 2
and 3 reveal that the SmO; 5 and ZrO, fraction dissolved in the melt
increased slightly between the top and interfacial regions, from 1.2 to
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Fig. 11. (a) Depth profile chemical analysis for a SZO/Pt/SZO/YSZ coating exposed to CMAS
at 1250 °Cfor 4 h. (b) A cross-sectional image of a similar sample exposed to CMAS attack
at 1250 °Cfor 16 h.

2.6% for Sm>* and 3.0 to 4.4% for Zr**, presumably because of changes
in the local melt-crystal equilibria.

The composition analysis above indicates that the average Ca:Zr
atomic ratio of the infiltrated coating was ~0.43. The calculated molar
volume of CMAS and SZO are ~20.7 and 22.2 cm>/g-mole respectively,
and the SZO coating has a total pore fraction of ~40%, so a fully infiltrat-
ed SZO coating would have a Ca:Zr ratio of 0.47. The measured average
ratio of 0.43 after a 4 h exposure implies that ~90% of the porosity had
been infiltrated.

3.3. SZO/Pt/SZ0O on 7YSZ

The effect of a short (1 min) molten CMAS exposure upon the
SZ0/Pt/SZ0O/YSZ coating can be seen in Fig. 10. The inter-columnar
gaps in the top SZO layer again provided an efficient pathway for
molten CMAS transport towards the Pt interface. The SZO column
tips and sides above the 5 pm thick Pt layer had partially reacted
with CMAS to form globular particles with CMAS present in the
wide (several microns) inter-particle gaps, Fig. 10(b). To determine
the effectiveness of the Pt layer in impeding molten CMAS trans-
port, areas just above (Area 1) and beneath the Pt layer (Area 2)
were chosen to do EDS analysis, Fig. 10(a). These results are presented
in Table 4. In the area just above the Pt layer, the high Ca and Si concen-
trations indicate that CMAS had reached the upper surface of the Pt
layer. However, the absence of these elements below the Pt layer

indicted that it was effective at impeding the transport of CMAS in the
through thickness direction.?

The SZO/Pt/SZO/YSZ coatings were then exposed to CMAS for 4 and
16 h. Fig. 11 shows cross-sectional images of coatings CMAS-exposed
for both times. In both cases, the SZO layer above the Pt layer had fully
reacted with CMAS whereas below the Pt layer, there was almost no
evidence of CMAS permeation. A compositional line scan analysis was
performed on the specimen exposed to CMAS for 4 h and the Ca:Zr and
Sm:Zr ratios are overlaid on the SEM micrograph shown in Fig. 11(a).
No significant Ca or Si (and by inference no CMAS) was detected in the
coating below the Pt layer indicating that the metal layer remained an
effective barrier to CMAS infiltration. The inset in Fig. 11(b) shows a
magnified view of reacted and non-reacted SZO layers separated by the
Pt layer after a 16 hour exposure. The SZO coating below the Pt layer
still maintained the columnar microstructure, and further confirms the
view that this Pt layer retained its ability to arrest CMAS permeation.
Table 4 shows the EDS determined compositions for areas identified as
1 and 2 above and below the Pt layer (locations shown in Fig. 11(a))
for CMAS exposures of 1 min, 4 and 16 h. The results are consistent
with no significant CMAS penetration of the Pt layer. However, 1-2 at.%
Pt was detected both in the CMAS zone (presumably due to dissolution
by CMAS) and below the Pt layer within the SZO layer indicating that
significant Pt transport had occurred within the TBC coating.

Careful examination of the coatings exposed to CMAS at 1250 °C
for 1 min, 4 h and 16 h shows that the Pt layer gradually decreased in
thickness (from 5 to 3 pm) as the exposure time was increased to
16 h, presumably due to slow dissolution in CMAS and transport within
the coating. In one area of the sample exposed to CMAS for 16 h, the Pt
layer had begun to agglomerate, creating several small holes in the Pt
layer, Fig. 12. It was noted that the as-deposited platinum layers did
contain regions that were locally thinner; the thinnest of these may
have failed first, allowing CMAS to then slowly penetrate into the
coating through the small holes. The depth of penetration is outlined
in blue in Fig. 12(a).

To identify the structure of the globular and faceted phases in the
SZO-CMAZ reaction zones, TEM samples were extracted by FIB in the
location identified in the upper right of Fig. 11(a). A bright field
TEM image is shown in Fig. 13(a). Both the globular and faceted
(needle-like) particle types can be seen in a CMAS matrix. The elec-
tron diffraction patterns for the faceted particles, Fig. 13(b) and (c),
indicate that their structure has a hexagonal symmetry with lattice
constants a = 9.8 A and c = 6.6 A. An EDS analysis of this phase,
Table 2, is consistent with a silicate containing Sm, Zr and Ca, such
as the apatite-type phase observed in the related GZO system, but
witha=9.5Aandc =69A[21].

4. Discussion

Examination of the infiltrated microstructures indicates that molten
CMAS wets both YSZ and SZO surfaces, and rapidly penetrates into the
inter-columnar gaps and eventually the feathery pore structure on the
sides of the growth columns, consistent with the observations of
Kramer et al. [23]. The problem can be modeled as a first approximation
by infiltration of a liquid into a porous bed, wherein the velocity, v, at
which a silicate melt flows through a porous body of thickness L is
given by Darcy's law [39]:

5

where K is the permeability of the porous body, p the viscosity of the
fluid and Ap the pressure drop driving the flow. While this expression

2 A very small Ca signal was detected during the composition analysis. However, it was
within the measurement error of the equipment and consistent with observations of coat-
ings not exposed to CMAS.
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Fig. 12. Isolated pinholes in the Pt layer of a SZO/Pt/SZO/YSZ coating exposed to CMAS for 16 h at 1250 °C. In (a), the region of CMAS penetration below the Pt layer is outlined blue. The

white dotted area is shown at higher magnification in (b).

is for steady state flow, it is assumed for the purposes of the present
discussion that one can approximate the dynamic situation of an
infiltration front in the same manner, with v = dL / dt where L is the
infiltrated thickness. The approach is further related to the physical
characteristics of the medium by assuming that the porous body
consists of an array of tortuous cylindrical capillaries of radius r, with
the permeability given by the Carman-Kozeny model:

S 2)

where ¢ is the pore fraction and T is a pore tortuosity factor that may
be assumed of order unity for intercolumar pores that are relatively
straight paths from the surface into the TBC.

The pressure driving permeation through the inter-column pores is

driven largely by capillarity, which for flow into a cylindrical conduit
is given by [42]:

Ap = —2(;”’ cos® 3)

where oy is the surface tension of liquid CMAS, r is the inter-columnar
pore radius and 6 the contact angle. Since the CMAS oxide wets the TBC
oxide well, cost — 1. The surface tension of these silicate melts has been
extensively studied and estimates of ~0.4 ]/m? have been proposed [23].
Hence, for an inter-columnar pore diameter of ~1 um, the estimated
pressure driving permeation would be ~1.6 x 10° Pa (~16 atm). The
capillary pressure in the feathery pores is expected to be much higher
due to the much smaller radius, but the permeability is also reduced


nicko
Highlight

nicko
Highlight


84 H. Zhao et al. / Surface & Coatings Technology 251 (2014) 74-86

4

Faceted
Particles

Fig. 13. Bright field TEM images of an area cut by FIB shown in Fig. 12. The SAD
patterns of faceted particles in the micrograph correspond to the [001] and [023]
zone axis, respectively.

considerably. The results suggest that infiltration of the feathery pores
may occur subsequent to that of the intercolumnar gaps.

By integration of Eq. (1), the infiltration time for CMAS to penetrate
the coating to a depth L can be estimated from:

t—ZTZ(”)LZ. @)

1o \oy

Given an intercolumnar pore fraction ¢ ~24% (60% of the total pore
volume fraction, based on microscopic measurements), a viscosity
10 Pa-s, a surface tension oy ~0.4 J/m?, the time for molten CMAS to
fully penetrate a 200 pm thick coating at 1250 °C would be ~15 s. The
scenario is illustrated schematically in Fig. 14 and is consistent with
the observations here as well as in previous studies on conventional
EB-PVD coatings, which are somewhat less porous. One may pose the
question of whether the dissolution of the TBC can affect the viscosity
of the melt and thus its rate of penetration. The current viscosity models
do not account for the modifying effect of Y3 and Sm> " incorporated
in the CMAS melt. The effect of TBC dissolution on the viscosity is thus
not as relevant to the penetration as the potential effect of the dissolved
oxides in modifying the crystallization kinetics [28].

In bilayer SZO/YSZ coatings, exposure of SZO to molten CMAS for
1 min at 1250 °C resulted in a shallower depth penetration (~30 pm)
than in 7YSZ as schematically shown in Fig. 14(a). However, after 4 h
of CMAS exposure, the entire coating had been completely penetrated
and undergone a significant morphological evolution, as schematically
depicted in Fig. 14(b). While the reaction formed the expected mixture
of fluorite and apatite phases, consistent with the observations on GZO,
the penetration was not arrested as in the latter [21]. It has been
shown that the time involved in sealing an intercolumnar gap by the
dissolution/re-precipitation process depends on the width of the gap
[28]. With the substantially higher porosity content of these DVD coat-
ings relative to EB-PVD, and the concomitantly higher probability of
wider gaps, it is arguable that the rate of dissolution/re-precipitation

must be significantly higher to seal the higher volume of pores in
the SZO coatings here than in those investigated by Kramer et al. [21].
EB-PVD SZO coatings might exhibit reduced penetration, but the only
reports in the literature on SZO columnar coatings are those produced
by DVD [11].

It is also likely that the dissolution/re-precipitation kinetics of SZO is
different from that of GZO, especially if the composition is not uniform.
Recent work has shown that the dissolution kinetics of ZrO,-NdO; 5 in
CMAS depends strongly on the Nd content [43]. Unfortunately, no sim-
ilar study has been undertaken on SZO, or a comparative study between
GZO0 and SZO. This remains to be elucidated by future investigation.

It is also of interest to consider the situation at the SZO/YSZ interface
in the bilayer coatings when CMAS penetrates and concurrently
dissolves both oxides. The local dilution of Sm®>* in the melt due to
the increased concentration of Zr** from the dissolution of YSZ yields
a transition zone where the population of apatite crystals decreases
rapidly and that of fluorite increases, the latter with higher proportion
of Sm and Ca than of Y (Table 3). The separation of the layers after
CMAS attack is believed to occur because of localized dissolution of
material at the individual YSZ/SZO interfaces. It is established that
CMAS can penetrate the grain boundaries in polycrystalline (plasma
sprayed) coatings [44]. However, under proper deposition conditions
the YSZ/SZO interface is epitaxial [33], facilitated by the closeness in
lattice parameters between t’-YSZ (a = 0.5111 nm, ¢ = 0.5169 nm)
and the disordered fluorite form of as deposited SZO (a = 0.5295 nm).
The coherency of this interface would suggest a diminished propensity
to exhibit local dissolution/penetration by the CMAS melt. It is possible
that local stresses due to the CTE mismatch between layers, or the differ-
ential sintering of the layers in an isothermal experiment could assist in
the dissolution process. There is insufficient information to assess these
scenarios but it has been shown that thermal stresses alone are not
sufficient to cause delamination in similar bilayer coatings under
furnace cycling tests [18]. Nevertheless, it is clearly undesirable for
CMAS to penetrate down to this interface, and the interface is needed
due to the functionality achieved with the double layer, i.e. low thermal
conductivity, top layer phase stability at higher temperatures and CMAS
resistance, and improved toughness for the underlayer.

The most remarkable finding of this study was the suppression of
CMAS infiltration in a multilayer TBC in which a non-reactive metal
(Pt) layer was inserted near the top of the bilayer coating, Fig. 14(b).
An approximately 5 um thick, continuous, fully dense platinum layer
had been successfully deposited on the inter-columnar structure of
the SZO coating and had covered over the inter-columnar gaps [36].
While the Pt dissolution rate in CMAS at 1250 °C has not been fully
quantified, previous studies in air indicated a very low Pt recession
rate (of ~5 x 10~® pm/h) at 1100 °C [36]. In the situation investigated
here the Pt was in contact with CMAS, not air, the temperature was
significantly higher, and the rate of Pt loss appeared to be substantially
increased. As a consequence, while CMAS permeation was arrested for
at least 16 h over most of the coating, its effectiveness as a CMAS barrier
layer began to diminish at locally thinner regions of the layer.

We note that the multilayer SZO/Pt/SZO/YSZ coatings are in a com-
pressive stress at the CMAS exposure temperature because all layers
have higher coefficients of thermal expansion than the alumina sub-
strate. The compressive stresses eliminate tensile creep fracture of the
Pt layer, but the high interfacial free energy per unit area of the Pt/SZO
interface provides a driving force for agglomeration of the Pt film. This
could lead to hole formation, first in locally thinner regions of the Pt
film [45,46]. Once this has occurred, the CMAS melt would then be
able to penetrate the platinum layer and begin to enter the ceramic
coating via the vertical inter-columnar separations. Because most of
the Pt layer remained unbroken at 16 h of CMAS exposure, and thus pro-
tective, the CMAS penetration rate through the isolated holes in the
platinum layer was low, and the multilayer structure appeared to only
gradually (not abruptly) lose its protective function. It is interesting to
note that the fully CMAS infiltrated top SZO layer did not delaminate
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Fig. 14. Stages of CMAS infiltration and reaction in the three types of 200 um thick thermal barrier coating explored in the study.

from the Pt layer upon cooling. Presumably this was a result of sufficient
interfacial toughness at the CMAS-SZO/Pt interface to support the strain
energy stored in the (thin) CMAS infiltrated layer. The use of a structure
with several Pt layers near the outer surface of the coating might also
further impede the progress of CMAS and inhibit delamination.

5. Conclusions

Three different thermal barrier coating systems (7YSZ, SZO on a
7YSZ buffer layer and SZO/Pt/SZO on a 7YSZ buffer layer) have been
deposited on alumina substrates using an electron beam directed
vapor deposition technique and then exposed to molten CMAS at

1250 °C to investigate their liquid CMAS infiltration response. The
mechanisms of CMAS infiltration into the three thermal barrier coating
systems have been schematically illustrated in Fig. 14.

The time for CMAS to penetrate a coating is shown to decrease with
the intercolumnar pore fraction. Liquid permeability analysis indicated
that 200 pm thick DVD 7YSZ coatings would be penetrated by CMAS
at 1250 °Cin ~15 s, which was consistent with the experimental obser-
vations. It was found that the higher porosity DVD 7YSZ coatings did not
appreciably increase the rate of CMAS penetration over that of conven-
tionally deposited material, which typically contains 50% less porosity.

The rate of CMAS penetration in SZO was slower than that in 7YSZ,
but a 100 um thick SZO/7YSZ bilayer coating was still completely
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penetrated after a 4 h exposure. The SZO-CMAS reaction led to formation
of both an apatite phase; [CHO.SgsmovngQ]3]4[51’1‘10_5721‘033]6(Si04)602 and
a ZrO,-rich solid solution phase with small amounts of Sm and Ca in solid
solution. However, the high intercolumn pore volume fraction in
the DVD coating reduced the effectiveness of the crystallized reaction
products at impeding permeation of the CMAS.

When CMAS penetrated through the SZO layer of a 7YSZ/SZO0 bilayer
coating, reactions between the bilayer coating and CMAS led to SZO/YSZ
interface dissolution and separation.

In the SZO/Pt/SZO/YSZ system, CMAS infiltration was arrested by a
5 um thick Pt layer for about 16 h at 1250 °C, indicating that precious
metal layers can disrupt penetration of CMAS in modified TBC coatings.
However, over time the Pt was reduced in thickness and small holes
began to form through which CMAS started to slowly penetrate. By con-
fining the CMAS infiltrated region to a thin layer at the surface of the
coatings, the Pt layers appear to have reduced the strain energy that
drives delamination of the infiltrated TBC on cooling. The use of multiple
Pt layer near the outer surface of coatings might further ameliorate
CMAS infiltration, and the delamination that leads to the eventual loss
of coatings in gas turbine engine applications.
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