
ORIGINAL RESEARCH ARTICLE

Integrating State of the Art Zirconia Thermal Barriers
with Ytterbium Silicate Environmental Barriers for Silicon-Based
Ceramic Turbine Components

Edward J. Gildersleeve V1
• Emine Bakan1 • Robert Vaßen1

Submitted: 13 July 2023 / in revised form: 29 September 2023 / Accepted: 26 October 2023 / Published online: 30 November 2023

� The Author(s) 2023

Abstract As gas turbine firing temperatures continue to

increase for the sake of improved operating efficiency, the

material’s transition from Ni-based superalloy components

toward ceramic matrix composites (CMCs) is concurrently

in progress. Due to the complex nature of the turbine

operating environment (envisaged ultrahigh temperatures,

presence of water vapor, etc.), coating solutions for these

CMCs are still on the forefront of design optimizations.

Typically, rare-earth (RE) silicate environmental barrier

coatings (EBCs) have been utilized to protect the CMCs

from impinging water vapor; however, they lack the ther-

mal insulation properties to enable continued use of simple

and/or easily accessible bond coat materials (i.e., silicon).

Combined thermal-environmental barrier coatings (T-

EBCs) are such a multifaceted surface solution. T-EBCs

have been considered in the past, but to this point have not

been demonstrated to be technologically robust either due

to high implementation costs or complex processing. This

study utilizes and combines straightforward and well-

established processes—such as plasma-sprayed 7 wt.%

yttria-stabilized zirconia—to demonstrate the feasibility of

MultiLayered T-EBCs comprised of zirconia-based oxides

and RE silicate EBCs in a single coating. The results show

that despite high thermal mismatch strains, the structures

cannot only be deposited, but also in certain circumstances

sustain cyclic thermomechanical loading.

Keywords atmospheric plasma spray (APS) �
environmental barrier coatings (EBCs) � gas turbines �
thermal barrier coatings (TBCs) � thermal cyclic

properties � yttria-stabilized zirconia (YSZ)

Introduction

Modern gas turbine applications are constantly pushing

toward higher firing temperatures for the sake of increased

operating efficiencies (Ref 1-3). These technological goals

are valid irrespective of whether hydrocarbon-based fuels

or pure hydrogen is used in the turbines (Ref 4, 5). As a

consequence of elevated firing temperatures and the tem-

perature limitations of nickel-based superalloy turbine

components, there are ongoing efforts to find alternative

materials solutions.

In place of metallic nickel-based superalloys, ceramic

matrix composite (CMC) components are the leading

candidates, namely silicon carbide (SiC-SiC) CMCs. SiC-

SiC CMCs not only provide enhanced temperature capa-

bilities but also offer an improved strength-to-weight ratio,

which can impart fuel savings in the aerospace sector (Ref

6-8). At present, SiC-SiC CMC components have been

demonstrated in the field, and are already utilized in

commercial turbine engines (i.e., GE LEAP, GE 9X, etc.)

for passenger aircraft (i.e., A320, 737 MAX, etc.) (Ref

8, 9). However, it is well-established in the literature that

CMCs (specifically SiC-SiC) have a number of application

challenges which must be overcome. Leading these appli-

cation challenges is the significant recession rates of SiC-

SiC CMCs in the presence of impinging high-pressure/high

velocity water vapor (Ref 6, 7, 10, 11). In addition, SiC-

SiC CMCs can be subjected to significant strength loss due

to oxidation. The loss in strength arises when the CMC
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GmbH, 52425 Jülich, Germany

123

J Therm Spray Tech (2024) 33:195–209

https://doi.org/10.1007/s11666-023-01690-3

http://orcid.org/0000-0001-9840-5636
http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-023-01690-3&amp;domain=pdf
https://doi.org/10.1007/s11666-023-01690-3


oxidizes preferentially around the SiC fibers, thereby

embrittling the interface between the fiber and the matrix

(Ref 12-14).

These two major CMC issues of water vapor stability

and volatilization along with oxidation-induced embrittle-

ment have driven research into surface solutions to enable

their use as high-temperature (rotating) turbine compo-

nents. With respect to the oxidation challenge, certain

localized regions of the CMC might have appreciable

concentrations of boron, which can change the chemistry

and microstructure of the CMC’s thermally-grown oxide

(TGO) scale (Ref 15). More et al. showed for a represen-

tative SiC-SiC CMC there can be as much as four distinct

oxide species that form during thermal cycling (Ref 11).

Most notably, however, More et al. showed the SiC-SiC

CMCs are prone to form porous SiO2 TGO scales, which

can allow for further ingression of oxidative species to

accelerate attack (Ref 11).

Similar to the case of Ni-based components, one miti-

gation strategy against deleterious CMC oxidation would

be to utilize a protective overlay coating that forms a dense

TGO scale. For instance, pure silicon, which forms dense

SiO2 under prolonged thermal exposure, has been consid-

ered as a coating material in the past (Ref 16, 17). How-

ever, representative turbine environments (specifically

downstream, starting at the combustor) have a non-negli-

gible concentration of water vapor. Consequentially, the

presence of water vapor will accelerate SiO2 TGO con-

sumption due to reaction and volatilization into Si(OH)x

gaseous species, which then exposes fresh Si and can

inspire regrowth of new SiO2 (Ref 10, 18). Therefore,

dense (gas-tight) environmental barrier coatings (EBCs)

have been heavily researched over the last decades as a

means to isolate the CMC-Si-SiO2 system from incident

water vapor (Ref 16, 19-24).

While certain EBC materials are well-known for their

potential to limit water vapor attack, there are still inherent

design challenges for the entire turbine coating system

which have to be contemplated. The low melting temper-

ature of silicon (relative to the envisaged modern turbine

firing temperatures) implies the need for some form of

thermal protection to continue using this material (Ref 1-

4). Alternative materials to silicon have been proposed, but

to this point have been shown in the literature to have

certain weaknesses which must be overcome before

replacing silicon (Ref 25-27).

Concurrently, most candidate EBC materials (that are

either in use commercially or those which are being con-

sidered) do not have the same inherently low thermal

conductivity as contemporary thermal barrier materials.

Therefore, the only options to get the necessary through-

thickness temperature drop to allow the use of silicon (or

silicon-like materials) would be to either make the EBC

quite thick (i.e.,[ 1 mm) or implement increased backside

cooling (Ref 16, 22, 24, 28-30). Both of these options are

undesirable; on the one hand, increased backside cooling

will lead to efficiency losses in the turbine. Likewise,

highly thick EBC layers can be prone to premature

through-thickness segmentation cracking and delamina-

tion/spallation due to the increased available elastic energy

in the coating—which will then lead to undesired infiltra-

tion of water vapor toward the SiO2 TGO (Ref 31-35).

These concurrent yet conflicting design and application

considerations in modern turbine engines are what then

drive the need for an alternative, novel surface solution

which can simultaneously provide thermal insulation and

water vapor protection. So-called thermal-environmental

barrier coatings (T-EBCs) have been considered in the past

literature; however, they typically have utilized compli-

cated multiphase oxides, expensive processing techniques,

and generally have disregarded the use of silicon entirely

(Ref 17, 36-38). In this paper, an investigation was taken in

studying the efficacy of using one process—atmospheric

plasma spraying (APS)—to deposit MultiLayered T-EBCs

onto silicon-bond-coated SiC substrates. For this study,

only traditional thermal/environmental barrier oxides with

a deep history of published literature such as yttria-stabi-

lized zirconia (YSZ), gadolinium zirconate (GZO), and

ytterbium disilicate (Yb2Si2O7, YbDS) were utilized. YSZ

was chosen here given its wide acceptance both in pub-

lished literature and in the industry as an omnipresent

thermal barrier material. However, there are of course

limitations in terms of phase stability and resistance to

turbine-ingested foreign debris at these envisioned high

firing temperatures for traditional YSZ, therefore GZO was

also considered as a candidate TBC material (Ref 39-42).

Such combinations of YSZ/GZO with YbDS in a single

coating stack have yet to be introduced in the literature.

This is likely due to the large thermal expansion (CTE)

mismatch strains that would exist in a YSZ/YbDS/Si/SiC-

SiC system. Clearly, given this CTE-driven challenge,

microstructural control and optimization of each layer in

the T-EBC system to minimize the driving forces for

failure is mandatory. It has been shown in previous studies

that by optimizing the microstructure, heterogeneous

MultiLayer structures of different TBC oxides can be

deposited—and in some cases outperform their single-layer

counterparts (Ref 41, 43-46). The lessons learned from

these studies were then adopted here, with the goal of

studying the effect of modulating the TBC portion of the

T-EBC in terms of microstructure (i.e., standard porous

YSZ vs. a porous/dense vertically cracked double-layer

TBC). In addition, because of the somewhat unconven-

tional approach of depositing directly onto the EBC, the

question of whether or not to unconventional approach of

depositing directly onto the EBC, the question of whether

196 J Therm Spray Tech (2024) 33:195–209

123



or not to crystallize the EBC before TBC deposition arose.

Crystallization of the EBC is a given necessity, considering

all (traditionally deposited) plasma-sprayed EBCs are

amorphous on deposition and require a post-deposition

annealing to crystallize (Ref 21, 24, 47). However, to this

point in time, there have been no studies that directly

evaluate whether or not it is significant to crystallize the

EBC layer before TBC deposition in a T-EBC. The results

from this study will show two important findings that

should contribute toward the community’s understanding

of what is defined here as the ‘feasibility’ of such a zir-

conia-based/rare-earth disilicate T-EBC. First, despite the

CTE incompatibility between the TBC and EBC layers, it

will be demonstrated that it is nonetheless possible to

deposit MultiLayered, Multicomponent T-EBCs while

retaining microstructural integrity. Furthermore, it will be

shown that some of these T-EBC structures can also sustain

repeated thermomechanical cycling.

Experimental Methods

Deposition of the T-EBC MultiLayers

For the deposition of the T-EBC MultiLayers, all of the

layers were deposited using the APS process. For the sili-

con bond coat and YbDS EBC layer, a cascaded arc plasma

torch (TriplexPro 210, Oerlikon Metco, Wohlen, Switzer-

land) was utilized. Meanwhile, for the deposition of YSZ

and GZO layers, a standard DC plasma torch (F4MB,

Oerlikon Metco, Wohlen, Switzerland) was used. These

separate plasma spray processes and coatings were chosen

as components of the MultiLayer because they have been

utilized in a number of previously published works which

examine their thermophysical properties, functional per-

formance, and reproducibility. A summary of the general

processing conditions is shown in Table 1, and more details

can be found in these previous studies (Ref 48-50).

Feedstocks utilized were a mixture of commercial-grade

thermal spray powders and commercial powders that were

manually screened to reduce the number of large agglom-

erates. These details are also provided in Table 1. All

coatings were sprayed onto 25 9 25 9 3 mm Hexoloy-SA

dense SiC tiles (Saint-Gobain Technical Ceramics, Niagara

NY) that were gritblasted with F150 SiC grit at a pressure

of approximately 4 bar. Every layer in Table 1 was sprayed

using a similar toolpath (notwithstanding different standoff

distances) and the same preheating approach. For pre-

heating, the samples were exposed to the plasma torch

prior to powder feeding by rastering across the surface until

a steady-state temperature of around 300 �C was reached

(measured by infrared pyrometry, 4 M8 pyrometer

(k = 13 lm) [Land Instruments GmbH, Leverkusen, Ger-

many]). Then, deposition at the parameters listed in Table 1

is carried out.

For the thermal barrier portion of the T-EBCs, three

variants were studied. These three thermal barrier permu-

tations comprised of a standard porous (15-20% porosity,

(Ref 48)) YSZ; the same porous YSZ ? segmented YSZ;

and porous YSZ ? segmented GZO. These three TBC

permutations were sprayed atop either as-sprayed (amor-

phous; hereafter referred to as ‘amorphous on deposition’)

or heat treated (hereafter ‘crystalline’) YbDS, to evaluate if

the crystallinity of the underlying EBC had any effect on

the bonding/adhesion between the TBC and the EBC. The

coating methodology is summarized in Table 2. For crys-

tallizing the YbDS EBC, a two-step annealing treatment as

described in past literature was utilized (Ref 50). In all

cases, the total thickness of the T-EBC MultiLayer was

constrained to be between 350 and 400 microns thick.

Microstructural Characterization

After deposition, coatings were embedded in a 2-part

epoxy resin by vacuum impregnation (EpoFix, Struers

GmbH, Willich Germany). Then, the embedded coatings

Table 1 Summary of processing conditions used to deposit the T-EBC layers (Ref 48-50)

Layer Feedstock Feed rate, gram

min-1
Ar,

slpm

H2/He§,

slpm

Current,

Amps

Standoff distance,

mm

Net power,

kW

Silicon* Oerlikon 4810 30 50 0 450 100 23

Yb2Si2O7
* Oerlikon 6157x 23 46 4§ 325 90 17

YSZ Porous? Oerlikon 204NS 30 47.5 6 550 150 19

YSZ

Segmented?
Amdry 6643 30 65 11 550 60 24

GZO

Segmented?
Höganas Amperit 837 30 65 11 550 60 24

*TriplexProTM Plasma Torch; ? F4MB Plasma Torch; xScreened to nominal 10-40 lm PSD; §symbol indicates the flow rate was helium

J Therm Spray Tech (2024) 33:195–209 197

123



were cross-sectioned using a diamond high-speed saw

(Accutom, Struers GmbH Willich Germany). One half of

the specimen was then re-mounted by vacuum impregna-

tion and polished using standard metallographic methods

for cross-sectional analysis of the as-sprayed systems. The

other half of the mounted/sectioned specimens were then

heat-treated in a muffle furnace (Carbolite Gero CWF1300,

United Kingdom) at 800 �C for 4 hours. This was done to

vaporize the remnant epoxy and bring the coating back to

an unmounted state. It has been shown in the past literature

that this vaporization process induces no significant dam-

age to thermally-sprayed coatings; and an equivalent

assessment was carried out in this study to confirm the

same (Ref 51).

For viewing of all cross sections, a LaB6 cathode

scanning electron microscope (SEM) was utilized (ZEISS

EVO15, Carl Zeiss Inc., United Kingdom) equipped with

an energy-dispersive spectroscopy (EDS) detection system

(Oxford UltiMax100, Oxford Instruments, United King-

dom). Cross-sectional viewing and EDS analysis was car-

ried out at 20 kV accelerating voltage in the backscatter

mode.

The surface topography and roughness of the as-sprayed

and annealed coatings were characterized by a non-contact

profilometer using a confocal white light sensor with a

vertical resolution of 0.035 lm (Cyber Scan, CT350T,

Cyber Technologies, Munich, Germany).

Micro-Raman spectroscopy was carried out using a

Renishaw InVia Raman microscope with a solid-state

50mW 532 nm excitation laser and 2400 lines per mm

grating. To avoid any laser-induced damage to the speci-

men, separate investigations to determine a safe laser

power level for sufficient Raman excitation were carried

out. Ultimately, a laser power of 10 percent (*5mW) was

chosen. Raman mapping was carried out by using an

automated dynamic focus function within the microscope

software (WiRE 5.1, Renishaw). Spectra were collected in

a 90 9 50 um2 area at a collection time of one second per

spectrum and a step size of 1 micron. The 14,000 spectra

were then processed and analyzed within the WiRE 5.1

software by using a statistical least squares component

fitting algorithm to generate the Raman map.

Thermomechanical Testing

The remaining half-samples after epoxy vaporization were

then taken again to a muffle furnace (Carbolite Gero,

CWF1300, United Kingdom) and thermally cycled in air at

1300 �C for 20-hour thermal cycles. Heating was done at

10 K /min, and cooling was done in-furnace to room

temperature at 10 K /min. After each thermal cycle, the

specimens were visually inspected for obvious signs of

spallation/cracking/delamination. Samples were considered

to have failed if greater than 20% of the surface area of the

coating showed signs of delamination/spallation. After 10

thermal cycles (200 hours thermal exposure), all remaining

specimens were removed from the furnace and then

mounted/sectioned/polished as described previously for

viewing the thermally-cycled microstructure. Due to the

limitations in number of samples, it was not possible to

extract one of each of the amorphous-on-deposition

T-EBCs after the first thermal treatment to evaluate any

changes in structure after crystallization.

Results and Discussion

As-Deposited Microstructural Evaluation

Figure 1 shows the as-deposited microstructures of the

T-EBCs fabricated in this study. From the Figure, there are

clear differences at the interface between the TBC and EBC

layers. For instance, when comparing Fig. 1(a) with

Fig. 1(d), there is a clear separation between the porous YSZ

and crystalline YbDS layers in Fig. 1(d) (indicated by an

arrow) that is not evident in Fig. 1(a) (amorphous YbDS).

These differences in bonding when the TBCs are sprayed on

amorphous versus crystalline YbDS are consistent for all the

MultiLayers considered in this study. In the cases where the

topmost TBC layer(s) were deliberately sprayed with seg-

mentation cracks, it seems these cracks propagated further

into the porous YSZ layers (Fig. 1b, c, e, f). Interestingly, the

propagation of segmentation cracks does not seem to con-

tinue into the EBC layer when the YbDS coating is crystal-

lized before deposition of the TBC (Fig. 1e, f).

Table 2 Summary of the

T-EBC samples considered in

this study

Set Yb2Si2O7 Crystallinity Thermal barrier layer 1 Thermal barrier layer 2

A Amorphous / As sprayed YSZ Porous N/A

B Amorphous / As sprayed YSZ Porous YSZ Segmented

C Amorphous / As sprayed YSZ Porous GZO Segmented

D Crystalline / Heat Treated YSZ Porous N/A

E Crystalline / Heat Treated YSZ Porous YSZ Segmented

F Crystalline / Heat Treated YSZ Porous GZO Segmented
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Figure 2 shows high-magnification images of the TBC/

EBC interfaces shown in Fig. 1. From Fig. 2, it is clear that

the YSZ/YbDS interface is heavily influenced by the

crystallinity of the underlying EBC layer. Interesting to

note is it seems when the YSZ is deposited onto amorphous

YbDS, voids coalesce and form at the TBC/EBC interface.

This is indicated by the arrows in Fig. 2(b) and (d). On the

other hand, when the YSZ layer is deposited on crystalline

YbDS, these interfacial voids are much less frequently

found. Furthermore, from the similarities between Fig

2(e) and (g), it is clear that the separation of the TBC and

crystalline EBC occurs directly after the deposition of the

porous YSZ layer.

If there is some preexisting interfacial separation, then

as the segmentation cracks propagate from the DVC TBC

to the porous TBC and then finally toward the EBC, the

reduced interface toughness due to the pre-separation

should be the dominating factor (Ref 31, 33, 35, 52). As

shown by Hutchinson, for the problem of crack deflection

versus propagation at an interface of two discrete materials,

Fig. 1 As-deposited microstructures (a, b, c) of the T-EBCs

deposited on amorphous ytterbium disilicate. (d, e, f) show the as-

deposited T-EBCs atop crystalline ytterbium disilicate. Arrows

indicate regions where either segmentation cracking propagated into

the EBC layer (b, c) or local delamination occurred between the TBC

and EBC (d, e, f)

Fig. 2 High-magnification

images of (a, c) the YSZ/YbDS

(amorphous) interface for

T-EBC A and C, respectively

and (e, g) the YSZ/YbDS

(crystalline) interface for

T-EBC D and F, respectively.

The inset images show even

higher magnification images of

the same. Arrows indicate

regions where interfacial voids

unique to both coating

microstructures have formed
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the necessary condition for the crack to be deflected into

the interface is when
Gc�int wð Þ

G
1ð Þ
c

\ Gdeflection

Gpropagation
where G is the

energy release rate (Ref 52). In the case of a pre-separated

interface (prior to segmentation crack propagation), the

Gc � int wð Þ parameter should approach zero, suggesting

segmentation crack deflection (or arresting) should occur—

which is consistent with the experimental observations.

One can also consider the differences in the apparent G 1ð Þ
c

between amorphous and crystalline YbDS. In the case of an

amorphous YbDS layer, it is well-known that the material

does not experience the same extent of microcracking

events as polycrystalline ceramics during quenching (Ref

20, 21, 24, 53). Without these stress-relieving microcracks,

the amorphous YbDS is expected to retain an appreciable

amount of the tensile quenching stresses during solidifi-

cation (notwithstanding viscosity-induced creep relaxation

of the amorphous material). Therefore, as a segmentation

crack approaches a residually-tensile-stressed glass-ce-

ramic, the apparent G 1ð Þ
c of this amorphous YbDS is likely

to be less than a crystalline YbDS—which has undergone

thermal treatment, creep relaxation, and due to CTE mis-

match strains, should be, by contrast, in residual com-

pression. Regardless of whether this is a contribution of the

Gc � int wð Þ or the G 1ð Þ
c , or both, the net effect is clearly

shown in Fig. 2(g), wherein the advancing crack front from

the segmentation crack stops some micrometers above the

YSZ/YbDS interface. Subsequent sections of this paper

will focus on characterizing and attempting to ascertain a

rationale as to what may contribute to this observed dif-

ference in interfacial bonding.

Characterization of the YSZ/YbDS Interface

Surface Roughness of Amorphous Versus Crystalline YbDS

It is well-known within the thermal spraying community that

the adhesion of a thermally-sprayed material is usually

governed by the mechanical interlocking of the individual

solidifying droplets (i.e., splats) (Ref 53, 54, 55). The quality

and strength of this mechanical interlocking (i.e., adhesion

strength) has classically been attributed to factors such as

surface roughness, the presence (or lack thereof) of contami-

nants, etc. (Ref 56). By extension, a typical explanation for

poor layer bonding is due to a reduced/low adhesion strength

at the interface. Thus, it was necessary to investigate whether

the TBC/EBC separation observed in Fig. 1 and 2 could stem

from reduced adhesion strength due to surface changes (i.e.,

during YbDS crystallization). The surfaces of as-deposited

(amorphous) and heat treated (crystalline) YbDS coatings

were analyzed with white light interferometry to study the

change (if any) in the surface roughness of the coating after

crystallization.

Figure 3 shows the surface topography images of the

two YbDS coatings. From the Figure, there are no dis-

cernible differences in surface characteristics between the

specimens. Line scans of the surface topography showed

similar evidence. Furthermore, roughness parameters Ra,

Rq, and Rz were extracted from the interferometry data,

and are shown in Table 3. The quite similar roughness

parameter values in the Table corroborate with the quali-

tative lack of discernable microstructural differences in

Fig. 3 before and after crystallization for the YbDS EBCs.

These results suggest that the observed differences in TBC/

EBC interfacial bonding from Fig. 1 and 2 must come from

an alternative source beyond mere differences in mechan-

ical interlocking, which was explored further.

Fig. 3 Surface topography

images of the amorphous

(a) and crystalline (b) ytterbium

silicate EBC coatings

Table 3 Surface roughness parameters of the amorphous and crys-

talline ytterbium silicate EBCs considered in this study

YbDS crystallinity Ra,um Rq, um Rz, um

Amorphous 3.08 ± 0.04 4.12 ± 0.06 20.4 ± 0.42

Crystalline 3.03 ± 0.04 4.05 ± 0.06 20.2 ± 0.45
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Chemical and Phase Analysis of the YSZ/YbDS Interface

Figure 4 shows the interface of Sample A from Table 2

when analyzed using Raman Spectroscopy. From the col-

lection of several thousand Raman spectra, a Raman map

was generated by fitting the data against two representa-

tive/characteristic spectra far away from the YSZ/YbDS

interface. These characteristic spectra are shown in

Fig. 4(c). The Raman spectra in the APS YSZ coating are

consistent with expectations for t’ YSZ (Ref 57, 58). The

high crystallinity and phase purity of APS YSZ TBCs is

also consistent with what is observed in the Raman spec-

trum as sharp, well-defined peaks. Conversely, because the

YbDS is predominantly amorphous, the Raman spectrum

in the YbDS coating is almost devoid of peaks, which is

consistent with expectations (Ref 59, 60). Nevertheless,

one distinct broad peak can be seen for the amorphous

YbDS between 850 and 950 cm-1, which is unique from

the characteristic t’ ZrO2 spectrum shown. It was then

possible to fit all Raman spectra collected against these two

reference spectra and determine qualitative differences in

phase concentrations within the microstructure. From the

Raman map in Fig. 4(b), it might be suggested that ZrO2/

YSZ could be present in the amorphous YbDS layer (and

vice versa). However, spatial resolution limitations in the

Raman microscope are of concern here; and thus, the

results presented can only be used as a qualitative

suggestion toward the possibility of an interexchange (or

intermixing) between species.

SEM/EDS analysis was then utilized in an attempt to

characterize this interface and study the possibility of

interexchange of species within the regions of interest more

rigorously. A representative location in one of the T-EBC

samples is shown in Fig. 5(a). From Fig. 5(b), an elemental

line scan was carried out starting within a YbDS particle

and iteratively stepping by 0.5 lm into the YSZ coating

(indicated by a dashed line in Fig. 5a). From the line scan

data, it appears that within the YbDS particle (in the left-

most portion of the BSE image) there is an area that shows

Yb depletion and Zr enrichment. In addition, far from any

YbDS material (toward the center of the image), it also

seems that the bright regions within the YSZ coating (that

seem to outline the grain boundaries) are Yb-rich regions

(indicated by the blue star in Fig. 5a). An individualized

EDS point scan at the blue star in Fig. 5(b) was taken,

where there is clear excitation of the Yb-M line (Fig. 5c).

The results from Fig. 5 are shown as representative

results—that is, equivalent results were found in Samples

A-C at similar locations around the YSZ/YbDS interface,

irrespective of the top TBC microstructure(s). Interest-

ingly, these trends (and suggestions of species interex-

change) were not observed when the YSZ was deposited

onto the crystalline YbDS EBC. To rule out contributions

from excitation volume, Monte Carlo simulations using

JEOL’s Electron Flight Simulator software package were

Fig. 4 (a) Optical micrograph

image of a cross-sectional

location which was examined

with Raman Spectroscopy.

(b) Raman map of [yellow] t’

ZrO2 and [red] amorphous

YbDS. (c) Raman spectra of

four representative locations

(marked as stars in (a)) in the

cross section. The characteristic

spectra of t’ ZrO2 and

amorphous YbDS used to fit the

entirety of the map data in (b) is

plotted. In addition, two spectra

from locations at the YSZ/

YbDS interface are shown
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carried out, and it was found that the Yb-M signal should

be virtually undetectable through ZrO2 under the given

SEM operating conditions used in this study.

Thermomechanical Cycling of MultiLayered

T-EBCs

Table 4 summarizes the FCT findings for the six sample

sets in this study. Interestingly, for the T-EBCs wherein

TBCs were sprayed onto amorphous YbDS (Samples A-C),

all samples showed no signs of macroscopic failure/spal-

lation after the full 200 hours of FCT. However, in the case

of the T-EBCs wherein the YbDS was crystalline before

deposition of the TBC layer(s) (Samples D-F), the thermal

cyclic durability was markedly poorer.

Microstructural Analysis of the Single-Layered Porous YSZ

on YbDS

The representative cross-sectional micrographs of the

porous YSZ on amorphous and crystalline YbDS samples

(Sample A and Sample D from Table 2 and Table 4,

respectively) after FCT are shown in Fig. 6. From the

Figure, it is evident that in both cases, the porous TBCs

experienced significant thermomechanical stresses during

the thermal cycling—such that new through-thickness

vertical cracks formed to release the stored energy in the

Fig. 5 (a) Cross-sectional BSE

image of a reference location in

Sample B [YbDS amorphous on

deposition] at the YSZ/YbDS

interface. The dashed line

indicates the region where an

EDS line scan was taken—the

data for which is shown in (b).

The starred regions indicate

locations where single point

scans were taken—the data for

which is shown in (c). In (c), the

Yb-M and Zr-L line locations

are indicated by dashed lines

Table 4 Thermal cycling performance summary of the T-EBCs considered in this study

Set Furnace cycle life (cycles) Failure condition

A [YbDS Amorphous-on-deposition] 10 No macroscopic failure

B [YbDS Amorphous-on-deposition] 10 No macroscopic failure

C [YbDS Amorphous-on-deposition] 10 No macroscopic failure

D [YbDS Crystalline-on-deposition] 2 [ 30% surface area spallation after 2 cycles

E [YbDS Crystalline-on-deposition] 0 Spallation occurred after epoxy vaporization treatment

F [YbDS Crystalline-on-deposition] 0 Spallation occurred after epoxy vaporization treatment

After ten 20-hour thermal cycles, the test was terminated.
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system (Ref 31, 33, 35). These stress excursions are

anticipated to be even more extreme for Sample A—be-

cause the amorphous YbDS layer has yet to face the sub-

stantial strains induced during crystallization (Ref

23, 24, 47, 50, 61, 62). In the case here, the crystallizing

YbDS is further constrained not only by the Si ? SiC, but

also by the overlaying YSZ layer—which has a higher

thermal expansion coefficient. This type of unique con-

strained crystallization and phase transformations might

induce even more stress into the EBC, although the effect

could be somewhat limited by the SiC substrate. It was

nevertheless surprising to find there were no locations

along the length of Sample A where extensive TBC/EBC

delamination was observable.

Furthermore, it seems (in general) that the crack opening

displacements of these newly-formed vertical cracks are

larger for Sample A (where the YbDS was amorphous on

deposition) than in the case of Sample D (YbDS crystalline

on deposition), which could also be attributed to the higher

transient stress excursions during initial YbDS crystal-

lization and phase transformations.

On the other hand, it is equally possible that the larger

crack opening displacements are a result of the longer

cycling time (Table 4). Figure 6(d) shows even after only

two thermal cycles, the lamellae and microcracks within

the YSZ TBC are already beginning to coalesce and sinter.

With a longer cycling time at 1300 �C, it is plausible to

consider the YSZ TBC sintered even further (before sus-

taining the cracking damage seen in the Figure). Prolonged

sintering would thereby increase the stiffness of the YSZ,

which would then (under similar thermomechanical

strains) increase the stored energy in the coating (Ref 51).

As the stored energy continues to increase, the propensity

for large-scale cracking also increases. This could con-

tribute to the observed differences in the crack opening

displacement. Given the limited number of samples and

complex mechanistic interplay between the sintering,

cracking, and crack opening in these systems, quantifica-

tion by image analysis of any of these microstructural

changes is too ambiguous with the available data from this

study. Future work could be directed toward more

deliberate and interrupted thermal cycling to assess exactly

how and when sintering and through-thickness cracking

can occur for each of the T-EBC microstructures presented

here.

Figure 6 also demonstrates the influence of YbDS

crystallinity on the tendency for cracking or delamination

to occur. In the case of the T-EBC with an amorphous-on-

deposition YbDS (Sample A), the through-thickness ver-

tical cracks in the TBC appear to have bifurcated either

along the YSZ/YbDS interface or into the YbDS EBC

directly. This result is consistent with what has been

observed recently by Deijkers et al., wherein for HfO2/

YbDS T-EBCs, crack bifurcation along the TBC/EBC

interface was observed (Ref 63). Here, the authors interpret

the compressive stress state of the YbDS layer due to the

thermal expansion mismatch will limit crack propagation

to only be able to occur along this TBC-EBC interface. The

results from Fig. 6 somewhat support this; however, the

Deijkers et al. study conducted all their depositions in a

1200 �C furnace to enhance TBC-EBC bonding. Here, we

are depositing at normal deposition temperatures of around

400-500 �C, and it is obvious from the Fig. 6 that the YSZ

on crystalline YbDS interfacial bonding is significantly

poorer. Therefore, it seems under more traditional APS

deposition methodologies, the crack bifurcation is much

more influenced by the TBC-EBC interfacial bond

strength.

Nevertheless, despite these cracking events, the T-EBC

A did not visually appear to be spalled during the thermal

cycling. The surprising adherence between the YSZ and

YbDS through prolonged thermomechanical cycling fur-

ther supports the hypothesis that there is a significantly

higher TBC/EBC interfacial fracture toughness when

depositing directly onto amorphous YbDS (as discussed in

Section As-Deposited Microstructural Evaluation) (Ref

31, 52). Additionally, all the presented evidence thus far

points toward the enhanced interface forming due to an

interaction between the YSZ and amorphous YbDS during

deposition. Lastly, in Fig. 6(b), at the YSZ/YbDS interface,

after thermal exposure there appears to be a new phase/

microstructure within the YSZ, near the YbDS/YSZ

Fig. 6 FCT cross-sections of (a,

b) Sample A [YbDS

amorphous-on-deposition; after

ten 20-hour cycles] and (c, d)

Sample D [YbDS crystalline-

on-deposition; after two 20-hour

cycles] from Table 2. High-

magnification images near the

YSZ/YbDS interface are shown

in both cases
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contact zone, which has a unique microstructure compared

to the two coatings. This tertiary phase was explored fur-

ther and will be discussed later in this paper.

Microstructural Analysis of the MultiLayered,

MultiMaterial TBCs on YbDS

In the previous section, TBC/EBC interfacial adhesion was

shown to be directly influenced by the crystallinity of the

EBC before TBC deposition. Here, the effect (if any) of

changing the uppermost TBC layer(s) is shown. It is

important to reiterate, when the TBC layers were deposited

onto crystalline YbDS, none of the MultiLayered systems

survived the first heating cycle (Table 4); thus, FCT

microstructures of these MultiLayers are not shown here.

However, when the TBCs were deposited onto amorphous

YbDS, both MultiLayer (YSZ-YSZ and YSZ-GZO)

structures survived without evidence during the testing of

macroscopic spallation/delamination for the full ten

20-hour cycles. Figure 7 shows the cross-sectional

microstructures of these two MultiLayered T-EBCs after

200 hours’ thermal cycling at 1300 �C. In the case of the

all-YSZ TBC Sample B (Fig. 7a), again the bifurcation of

propagating vertical segmentation cracks along the YSZ/

YbDS interface can be seen. The morphology of the

cracking was almost exactly the same as is seen in

Fig. 6(a).

Interestingly, however, in the case of the YSZ/GZO

MultiLayered TBC, it seemed there was an appreciably

lesser amount of segmentation crack bifurcation compared

to the all-YSZ/YbDS T-EBCs. Figure 7(c) serves as a

representative image, which illustrates that in the YbDS

layer, almost no vertical cracks are seen protruding into the

EBC. Nevertheless, similar to the case of the all-YSZ

TBCs, the crack opening displacement of the segmentation

cracks in the GZO TBC layer(s) appears to have increased

somewhat compared to the as-sprayed state (see Fig. 1c).

However, the increase in crack opening displacement was

not to the extent that was seen in the all-YSZ TBC

structures.

The observed differences in the cracking within the EBC

layer for the YSZ/GZO T-EBC could indicate the system

has undergone different thermomechanical excursions

during initial crystallization of the EBC over the first

thermal cycle to 1300 �C. However, it can be somewhat

ambiguous to identify what drives these excursions to be

different.

It has been shown in the literature that the stress state

during constrained YbDS crystallization can contribute to

‘crack healing’ events within the EBC (Ref 50). Fig-

ure 1(b) and (c) show in the as-deposited state for both the

YSZ-YSZ and YSZ-GZO MultiLayers that the segmenta-

tion cracks propagate into the YbDS EBC. However, crack

bifurcation after thermal cycling is only seen in

Fig. 7(a) with the all-YSZ TBC layers. In both cases in

Fig. 7, the YbDS EBC microstructure appears to be com-

parable—notwithstanding the interface cracks in Fig. 7(a).

The exchange of segmented YSZ with segmented GZO

alone is not enough to account for the differences in crack

bifurcation. Furthermore, there are only slight differences

between the segmented YSZ and GZO microstructures

(i.e., segmentation crack density), which are also not

enough to account for what might be a difference in the

stress state that caused bifurcation. This makes ascertaining

the quantitative differences in the stress in the EBC for the

all-YSZ and YSZ/GZO T-EBCs challenging. Nonetheless,

the results presented here are indicative that there is some

merit to incorporating GZO into the MultiLayer structure.

Evolution of the YSZ/YbDS Interface During

Thermal Cycling

As discussed in Section As-Deposited Microstructural

Evaluation, in the as-sprayed state there was some evidence

from microstructural and phase/elemental investigations

pointing toward the possibility of interexchange of species

at the YSZ/YbDS interface during deposition. In traditional

thermally-sprayed coatings, especially in the case of

bonding between two oxide coatings, the primary mecha-

nism of interlayer adhesion is through mechanical inter-

locking of successively deposited/quenched droplets (Ref

Fig. 7 FCT cross sections of (a,

b) Sample B [YbDS amorphous-

on-deposition; after 10 20-hour

cycles] and (c, d) Sample C

[YbDS amorphous-on-

deposition; after 10 20-hour

cycles] from Table 2. High-

magnification images near the

YSZ/YbDS interface are shown

in both cases

204 J Therm Spray Tech (2024) 33:195–209

123



53, 55). However, this study demonstrates the possibility of

an interexchange between ions (i.e., between Yb, Y, and

Zr) thereby implying the possibility of an alternative

bonding mechanism stronger than mechanical interlocking.

In Fig. 6(b), 7(b) and (d), after 200 hours’ thermal cycling

at 1300�C, there are significant microstructural anomalies

at the YSZ/YbDS interface which differ from the as-

sprayed state. Furthermore, this unique interface appears

irrespective of whether GZO or YSZ is the topmost TBC

layer.

Detailed SEM investigations at the interface were car-

ried out to examine these features. Figure 8 shows a rep-

resentative region of interest at the TBC/EBC interface in

TBC Sample B from Table 2 after 200 hours of thermal

cycling at 1300 �C. From Fig. 8(a), there is a clear granular

structure at the YSZ/YbDS interface, which could not be

seen in the as-sprayed state. Using EDS, mapping was

conducted to study the presence of Yb, Y, Si, O, and Zr in

this region. In the case of Y, Si, and O, there was no clear

evidence in the maps of any significant species depletion or

enrichment. However, in the case of Yb and Zr, the EDS

maps shows some distinctive evidence of Yb ingression

and Zr depletion at the YSZ/YbDS interface (see Fig. 8b, c,

and d).

Additionally, an EDS line scan was taken at a similar

region of interest in Sample C from Table 2 after 200 hours’

thermal cycling, shown in Fig. 9. From the Figure, the same

granular structure at the YSZ/YbDS interface can be seen

once again. Interestingly, the line scan data clearly suggests

an onset of zirconium depletion and ytterbium enrichment at

the start of this unique region in theBSE image. Furthermore,

a local minimum concentration of zirconium and maximum

of ytterbium corroborates with the centermost point of one

bight granule (indicated by the arrow). It was not possible

using this technique to ascertain whether yttrium or silicon

were also subjected to concentration migration. Neverthe-

less, the line scan results clearly suggest there is an

interexchange happening betweenZr andYb,whichwas also

suggested in Fig. 8 by the EDS maps.

In some analogous literature, wherein ytterbium thin

films are deposited atop fully dense 3YTZ substrates,

researchers have found evidence to suggest a mechanism of

tracer diffusion between Yb and Zr can occur at tempera-

tures around 1600 K on reasonably short timescales (Ref

64). It is possible that a similar mechanism is occurring in

this case of thermal cycling—wherein the temperatures are

lower, but the timescales are much longer. Thermody-

namically, one can also consider that the concentration

gradient of Yb3? between YbDS and YSZ can act as a

Fig. 8 (a) BSE image of a region of interest between the YSZ/YbDS

interface of Sample B [YbDS amorphous-on-deposition] from Table 2

after ten 20-hour thermal cycles at 1300 �C. (b) Yb-M ? BSE EDS

Map of the same, showing ingression of Yb into the YSZ layer.

(c) Zr-L EDS map, showing evidence of depletion of Zr at the

interface. (d) Yb-Zr combined EDS map
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driver for species migration. In addition, the similarity in

ionic radii between Yb3? and Y3? along with the partial-

doping of classic 7YSZ can facilitate ingression of Yb3?.

Furthermore, it has been suggested in past literature that

diffusion between one material and an amorphous solid can

be exacerbated due to the presence of interfacial voids—

which act as a type of vacancy site to accelerate the dif-

fusion process (Ref 65, 66). This would be consistent with

what was seen in the as-deposited state at the YSZ/YbDS

(amorphous) interface—where there were always some

amount of interfacial voids (Fig. 1, 2—arrows). Interest-

ingly, these interfacial voids after the 200 hours thermal

cycling appear to have almost completely been annihilated,

as can be seen in the micrographs of (Fig. 6, 7, 8, and 9).

This can simply be due to EBC densification due to high-

temperature exposure. However, it is also possible that a

similar tracer diffusion mechanism activated by the pres-

ence of these voids could be occurring here. To fully

investigate this behavior would require highly advanced

characterization tools beyond the scope of this paper but

are worth noting here as points of interest for future study.

The evidence presented in this study of the possible

interexchange between Zr and Yb in plasma-sprayed

T-EBCs deposited using traditional means and materials

can have significant implications on the efficacy and fea-

sibility of these structures in real turbine components. For

instance, if the observed interexchange between ions does

indeed take place consistently and reproducibly, it can

suggest the presence of a chemical bonding between the

YSZ and YbDS, which would thereby supersede the

bonding strength of traditional mechanical interlocking of

splats (Ref 55, 67, 68). Of future interest would be to study

the interaction between APS YSZ and amorphous YbDS on

an individual splat level, while concurrently comparing

those results with crystalline YbDS. One could then assess

differences between the two in the context of (for instance)

wetting/contact angle, chemical interactions, etc. Similarly,

one could evaluate the interface between as-deposited YSZ

and Amorphous YbDS through high-resolution TEM

analysis. These investigations are presently underway to

address the unanswered questions of what drives the

bonding to be sufficiently acceptable to allow these CTE-

mismatched layers to coexist (at least to some extent) both

after deposition and after thermal cycling.

Conclusions

This study has strived to show the feasibility and efficacy

of using traditional and/or conventional, well-known zir-

conia-based oxides to deposit structurally-stable thermal-

environmental barrier coatings solely by air plasma

spraying. From the results, it has been shown that despite

the high thermal expansion mismatch strains, it is possible

for 7YSZ and GZO TBC layers to coexist atop ytterbium

disilicate plasma-sprayed EBCs—even after thermal

cycling. However, the TBC/EBC bonding was found to be

directly influenced by the crystallinity of the EBC before

TBC deposition. When spraying the TBC oxides atop

crystalline ytterbium silicate, the TBC/EBC bonding was

markedly poor—demonstrated in the as-deposited state by

appreciably large interfacial cracks. These same TBCs

deposited atop crystalline EBCs spalled after a limited

number of thermomechanical cycles in FCT.

On the other hand, when the TBC oxides are sprayed

atop amorphous ytterbium disilicate, unexpected durability

gains were observed that could not be simply explained by

(for instance) changes in surface roughness due to EBC

crystallization. Rather, a novel interfacial anomaly was

observed. Evidence throughout this study suggests that

Fig. 9 (a) BSE image of a region of interest between the YSZ/YbDS

interface of Sample C from Table 2 after ten 20-hour thermal cycles

at 1300 �C. The dashed line indicates the region where an EDS

quantitative lines can was taken. (b) shows the extracted elemental

compositions for yttrium, silicon, zirconium, and ytterbium from the

same linescan. The arrow indicates the region where Zr and Yb

interexchange takes place in the BSE image
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even in the as-sprayed state, TBCs sprayed atop amorphous

EBCs may undergo some degree of interexchange of spe-

cies. In this study, ytterbium and zirconium were found to

exhibit evidence of species intermixing in the as-sprayed

state, which continued and was seen to progress further

during thermal cycling. The resulting microstructures after

furnace cycle testing suggested the formation of an inter-

facial phase with a microstructure that was distinct from

both YSZ and ytterbium silicate. Chemical analysis also

suggested at these newly formed locations there as an

appreciable exchange between Yb and Zr. However, this

new phase was only seen after sufficient thermal expo-

sure—and only in the case of the T-EBCs wherein the EBC

layer was amorphous prior to the TBC deposition. It is

possible that the formation and growth of this new inter-

facial species contributed to the surprising thermome-

chanical durability of the T-EBCs seen here.

Nevertheless, this study has shown that it is possible to

deposit zirconia-based TBC oxides atop silicate EBCs

without inducing catastrophic stresses and fracture events

that would render the entire coating useless in a real turbine

application. Future works will be carried out to investigate:

the possibility of the interdiffusion between ytterbium and

zirconium in these systems, the plausibility of a chemical

bonding between YSZ and amorphous ytterbium silicate,

and the feasibility of these structures in more simulative

thermomechanical cycling (i.e., burner rig testing).
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