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Abstract Recession of environmental barrier coatings

(EBC) in environments containing steam is a pressing

concern that requires further research before their imple-

mentation in gas turbine engines can be realized. In this

work, free-standing plasma-sprayed Yb2Si2O7 coatings

were exposed to flowing steam at 1350 and 1400 �C for

96 h. Three samples were investigated, one coating with a

low porosity level (\ 3%) and 1 wt.% Al2O3 representing

traditional EBCs porosity levels; and two coatings with

higher porosity levels (* 20%) representing abradable

EBCs. Phase composition and microstructural evolution

were studied in order to reveal the underlying mechanism

for the interaction between high temperature steam and

ytterbium disilicate. The results show depletion of Yb2SiO5

near the surface and formation of ytterbium garnet (Yb3-
Al5O12) on top of all three coatings due to the reaction with

gaseous Al-containing impurities coming from the alumina

furnace tubes. The 1 wt.% Al2O3 added to the EBC sample

exacerbated the formation of garnet at 1400 �C compared

to the abradable samples, which presented lower quantities

of garnet. Additionally, inter-splat boundaries were visible

after exposure, indicating preferential ingress of gaseous

Al-containing impurities through the splat boundaries.

Keywords environmental barrier coating � steam �
ytterbium disilicate � thermal spray

Introduction

Nickel-based super-alloys have allowed the current gen-

eration of gas turbine engines for aerospace and energy

generation to reach extraordinary levels of efficiency.

Despite advances in protective coatings and active cooling,

the service temperature is ultimately limited to the melting

point of the nickel-based super-alloy substrate. SiC/SiC

ceramic matrix composites (CMCs) have been identified as

a suitable replacement as the material to be used in the hot

section for the next generation of gas turbines. Their

increased service temperature and superior strength/weight

ratio at high temperatures compared to nickel-based super-

alloys (Ref 1, 2) are regarded as the key to improving the

performance and weight of future gas turbine engines.

Before nickel-based super-alloys can be effectively

replaced with CMCs (Ref 3), an effective and reliable

protection against corrosion and degradation during service

must be developed. CMCs exposed to service conditions

face two main degradation mechanisms. Firstly, the pres-

ence of calcium magnesium alumina-silicates corrosive

species (generally labeled as CMAS for convenience (Ref

4-6) can cause molten deposits that interact with the

components, shortening their service life. CMAS can be

present by the ingestion of debris during takeoff and

landing, as well as when flying over arid environments or

due to the presence of airborne volcanic ash (Ref 7, 8).

Secondly, CMCs exposed to high temperatures under

clean, dry oxygen form a protective SiO2 scale that pro-

vides protection against corrosion and recession (Ref 9).

Under the presence of steam, a naturally occurring com-

bustion product (Ref 10, 11), the CMCs components show

increased oxidation (Ref 12-14) and accelerated corrosion

due to the volatilization of the SiO2 scale to form gaseous

Si-O-H species, such as Si(OH4) (Ref 15), as shown below:
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SiC þ 1:5O2 gð Þ ¼ SiO2 þ CO gð Þ ðEq 1Þ
SiO2 þ 2H2O gð Þ ¼ Si OH4ð Þ gð Þ ðEq 2Þ

This silica volatilization causes the recession of the

surface of the component, which has been estimated to be

as high as * 1 lm/h under normal gas turbine operating

conditions (Ref 16, 17). Since such components are

expected to withstand at least 30,000 h of service without

maintenance, this level of corrosion is unacceptable.

Environmental barrier coatings (EBCs) were then

developed to negate the pernicious effects that CMAS and

steam have on CMCs components (Ref 18). The current

generation of EBCs generally presents a rare earth silicate

top layer with a Si bond coat, providing direct protection

against CMAS attack and silica volatilization. Several

compositions have been suggested and studied (Ref 18),

each one with its own set of advantages and disadvantages.

Among those compositions, ytterbium disilicate (referred

to as YbDS in this work) presents several promising

characteristics. Its coefficient of thermal expansion is clo-

sely matched to that of SiC substrates

(3.6–4.5 9 10-6 K-1 for YbDS (Ref 19) and

4.5–5.5 9 10-6 K-1 for SiC (Ref 20)), it presents no phase

transformation at high temperatures (Ref 21), adequate

silica volatilization and low thermal conductivity at high

temperatures (* 2 W m/K at 1000 �C) (Ref 22).
Several studies have reported the interaction between

heated steam and YbDS, although currently, there is no

standard that allows easy and direct comparison. Addi-

tionally, the presence of alumina tubes in most testing rings

influences the results through the presence of Al-containing

contamination (Ref 23-26). Presentation of the YbDS

testing material is varied, ranging from cold pressed pellets

(Ref 24, 27), hot pressed pellets (Ref 28-30), coatings

formed through oxidation bonded by reaction sintering

(OBRS) (Ref 31), magnetron sputtering (Ref 32), dip

coating (Ref 33) or coatings deposited using air plasma

spraying (APS) (Ref 34, 35) or vacuum air plasma (Ref

36). Different deposition techniques result in differences in

phase composition, microstructure, and porosity levels.

Porosity, in particular, presents an interesting dilemma.

Traditional EBCs aim for low levels of porosity to prevent

steam reaching the substrate through connected pores;

however, certain applications require higher levels of

porosity. Abradable coatings, normally applied in the

interior of the engine casing, for instance, are designed to

present porosity as high as 20% in order to be eroded and

allow the turbine blades to create a tight seal with the

casing without risking damage due to friction (Ref 37).

Despite the interest in abradable EBCs, no study has

reported the effect that porosity has on the resistance to

steam exposure of rare earth silicates.

In this work, three free-standing YbDS coatings depos-

ited using air plasma spraying (APS), with three varying

levels of porosity content, were studied. To evaluate the

degree of degradation experienced, all three coatings were

exposed to a flowing atmosphere of 90 vol.% H2O/

10 vol.% O2 with a flow velocity of * 100 mm/s, atmo-

spheric pressure and exposure time of 96 h. Two different

tests were conducted, at 1350 and 1400 �C, to investigate

the effect that temperature has on the corrosion from steam

with presence of gaseous Al-containing impurities. Tem-

peratures and exposure duration were chosen in-line with

OEM testing protocols and according to guidance from the

high temperature community.

Experimental Methods

Materials and Steam Exposure

Three different free-standing YbDS coatings were studied

in this work, one EBC coating with low levels of porosity

manufactured to meet standard industrial requirements and

two coatings with higher porosity levels representative of

abradable EBCs, all of them produced using air plasma

spraying using different custom powders to optimize the

final coating microstructure. Free-standing coatings were

achieved by spraying onto a steel bar without any grit

blasting, then bending said bar to remove long, free-s-

tanding coatings. The standard environmental barrier

coating, labeled in this work as EBC SG-100, which had a

1 wt.% of alumina powder added to the feedstock prior to

spraying for increased fracture toughness (Ref 38).The

coating was produced using Treibacher Industrie AG

(Althofen, Austria) YbDS powder through a Praxair Sur-

face Technology (Danbury, Connecticut, USA) SG-100

plasma spray gun. The abradable EBCs coatings were

produced using YbDS powder that was provided by Oer-

likon Metco AG (Pfäffikon, Freienbach, Switzerland),

which is specifically designed for the production of

abradable coatings. In addition, the YbDS feedstock pow-

der was blended with a * 1.5 wt.% of polyester powder

prior to spraying. The polyester will act as a pore former

that will lead to the desired porosity and abradable

microstructure. The abradable coatings were deposited

using two different guns, a Praxair Surface Technology

SG-100 plasma spray gun, leading to a YbDS abradable

coating labeled as ABR SG-100 (ABR is short for abrad-

able), and an Oerlikon Metco F4 plasma spray gun, pro-

ducing a YbDS abradable coating was labeled here as ABR

F4. All the coatings were deposited by Rolls-Royce plc,

using their proprietary deposition parameters. Both the

Treibacher and Oerlikon YbDS powders were manufac-

tured according to Rolls-Royce specifications. Powder
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particle size was tailored to have a maximum of a 90 wt.%

under 44 lm, with a composition having to conform to a

nominal composition of 22-24 wt.% SiO2 and balance of

Yb2O3, with a maximum of 5 vol.% of unreacted Yb2O3,

ytterbium monosilicate (YbMS) and SiO2.The focus in this

paper was to investigate the microstructure-properties

relationship; for this reason the spray parameters and

powder compositions were selected to preserve the same

ratio between YbDS and YbMS in all annealed samples

and a porosity of around a 20% in the abradable coatings.

Microstructure and composition of all studied samples are

in-line with commercial applications in future gas turbine

engines. All three free-standing coatings were cut to pro-

duce samples with dimensions of 2.5 9 1.5 cm2. Previous

to any steam exposure, all of the free-standing as-sprayed

samples were heat treated in order to crystallize the

amorphous content. Free-standing samples were annealed

at 1200 �C for 2 h in air, with a heating and cooling rates

of 5 �C/min.

Free-standing coatings were chosen for the test to

eliminate the interaction with a Si bond coat and the sub-

strate, aiming to investigate in detail the interaction

between the steam and the YbDS layer.

For the steam exposure, a custom steam rig was

designed and built, comprised of the different components

shown in Fig. 1. The base of the steam rig is an Elite

Thermal Systems Ltd (Market Harborough, UK) TSH15/

25/180 tube furnace with an alumina tube with an internal

Fig. 1 Schematic of the custom steam rig designed and built for the steam exposure

Fig. 2 BSE images of the powders used in this work: (a) corresponds to sample EBC, (b) corresponds to samples ABR
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diameter of 25 mm. An oxygen bottle is connected to one

of the open ends of the tube, being the oxygen flow con-

trolled with a MKS Instruments Inc. (Andover, Mas-

sachusetts, USA) type 247 mass flow controller. Deionized

water is introduced in the furnace via a Watson-Marlow

(Falmouth, UK) 120S peristaltic pump with 0.63 mm bore

PVC tubing. The deionized water is first passed through a

Grant Instruments (Shepreth, UK) Optima TC120 heated

Fig. 3 BSE images of the three free-standing coatings after annealing at 1200 �C for 2 h. Images (a) and (b) show sample EBC SG-100, (c) and

(d) ABR SG-100 and (e) and f) ABR F4
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circulating bath kept at 60 �C to facilitate the evaporation

once inside the furnace. Both the oxygen and water line are

connected through a T connector outside the furnace, being

the mixture introduced into the tube furnace using an alu-

mina tube (99.7% purity) with an internal diameter of

1.5 mm, supplied by Almath Crucibles ltd. (Newmarket,

UK), reaching until the start of the hot zone. The other end

of the tube furnace was kept open to maintain atmospheric

pressure. Oxygen and water flow were set to obtain a

flowing atmosphere at the hot zone with a content of

90 vol.% H2O/10 vol.% O2, and a gas velocity of * 100

mm/s. These parameters were chosen as they are similar to

the H2O partial pressure during lean hydrocarbon com-

bustion at a pressure of 10 atm (Ref 39).

Oxygen and water flow were started once the furnace

reached the desired temperature. Samples were placed on

top of an alumina plate in the order shown in Fig. 1.

Two different exposures were conducted, the first one at

1350 �C and the second one at 1400 �C with a heating

cooling rates of 10 �C/min, all the other parameters were

kept constant between the two experiments. Testing tem-

peratures were chosen to be in-line with the majority of the

research done in the field. 1350 �C is a common temper-

ature with coatings with a Si bond coat, as the Si melting

point (* 1410 �C) is usually lowered by impurities.

1400 �C is another common study temperature, particularly

if no Si bond coat is present. These two temperatures allow

the coatings to be properly studied while allowing com-

parison with the current literature.

Material Characterization

Phase identification of the feedstock powder and free-s-

tanding coatings was performed using a Bruker D8

Advance Da Vinci diffractometer (Billerica, Mas-

sachusetts, USA) with Cu cathode (wavelength of

1.5406 Å) using Bragg–Brentano geometry. The angular

range investigated was from 10� to 70� with a step size set

to 0.02� and a dwell time of 0.3 s for all the measurements.

The sample holder rotated at 30 rpm during the data

collection.

Quantitative Rietveld refinement (TOPAS V5, Bruker,

Germany) was employed to determine the quantity of each

phase the values are quantified in wt.% and the error is

related to the mathematical error of the fitting (Ref 40).

Surface roughness was measured using an optical pro-

filometer Infinite Focus Advanced 3D System (Bruker

Alicona, Austria) by measuring five profiles at different

locations of the coating surface. The measurement reported

represents the average and the standard error. To investi-

gate the microstructure of the free-standing coatings, the

samples were cold mounted using Struers EpoFix resin and

hardener (Copenhagen, Denmark), then ground and pol-

ished to a 1 lm finish using Buehler SiC grinding papers

(Leinfelden-Echterdingen, Germany). Micro-hardness was

measured on the mounted coatings, using a Vickers micro-

hardness Buehler indenter (USA) performing five mea-

surements on each coating with a load of 300 gf and a

dwell time of 10 s, being the value here reported the

average micro-hardness.

Scanning electron microscope (SEM) images were taken

using a FEI Europe Quanta 600 (Eindhoven, Netherlands).

Porosity was calculated as the average measurement across

three backscattered electron (BSE) images of representa-

tive regions of the coating. All the images were taken with

a magnification of 400x, accelerating voltage of 15 kV and

spot size of 5 nm. To do the porosity measurement, the

open source software ‘‘ImageJ’’ with the image processing

package ‘‘Fiji’’ was used (Ref 41). To do so, BSE images

were converted into black and white maps upon setting a

threshold. Then, the automated function ‘‘Analyze parti-

cle’’ was employed, which measured the area percentage of

the image covered by porosity, returning an overall value

per image. An average of the three images of each coating

was calculated, being the standard deviation used as the

error.

The thickness of the coatings and the width of YbMS

depleted layer after steam exposure was evaluated in three

backscattered images taken with the appropriate

Table 1 Physical and mechanical properties of YbDS ceramic free-standing coatings.

Sample Powder Spray gun Al2O3

content, wt.%

Polyester

content, wt.%

Thickness,

lm
Porosity,

%

Surface

roughness, lm
Micro-

hardness, Hv

EBC

SG-

100

Treibacher Praxair SG-100 1 … 368 ± 10 2.4 ± 0.3 4.7 ± 0.2 790 ± 22

ABR

SG-

100

Treibacher Praxair SG-100 … 1.5 509 ± 9 21.3 ± 1.1 1.8 ± 0.2 431 ± 29

ABR

F4

Oerlikon Metco Oerlikon Metco F4 … 1.5 1099 ± 12 19.4 ± 4.0 3.9 ± 0.3 547 ± 24
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Fig. 4 BSE images of the top surface of the annealed samples

(1200 �C for 2 h). Image (a) corresponds to sample EBC SG-100,

image (b) to ABR SG-100 and image (c) to ABR F4
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magnification, in order to evaluate the desired features and

covering around 1 cm of the coating cross section with the

different images. The reported data represents the average

and standard error of nine measurements taken in that

length.

EDS quantification of the coatings before and after

steam exposure was conducted; however, the results (not

shown here) were unreliable due to the small size of the

studied features and the overlap between the Al-Ka

(1.48 KeV) and Yb-Ma (1.51 KeV) energy lines.’’

Results

Powder and Coating Characterization

Powder morphology was investigated through SEM

imaging to better understand the microstructure of the

produced coatings. Figure 2 shows a backscattered image

of the two powders used in this study.

The morphology of the EBC powder, as shown in

Fig. 2(a), is spherical in shape with a smooth surface,

mostly lacking any defects or inclusion (Ref 42). On the

other hand, ABR powder, as shown in Fig. 2(b), presents a

more irregular shape, still mostly spherical, but with a

rough surface and the presence of pores and visible hollow

cores, which will enhance the production of micropores in

the final coating.

In order to crystallize the amorphous content of the three

as-sprayed coatings, they were annealed. Previous to any

steam exposure, surface roughness of the three coatings

was measured, providing values of Ra = 4.7 ± 0.2 lm for

EBC SG-100, Ra = 1.8 ± 0.2 lm for ABR SG-100 and

Ra = 3.9 ± 0.3 lm for ABR F4. Micro-hardness was

measured as well, with values of 790 ± 22 HV for EBC

SG-100, 431 ± 29 HV for ABR SG-100 and

547 ± 24 HV for ABR F4. The cross section of the

annealed coatings are shown in Fig. 3.

The cross-sectional SEM images shown in Fig. 3 reveal

that sample EBC SG-100 has a lower porosity level and

thickness when compared to the two ABR coatings. This is

confirmed by the porosity measurements, showing a

porosity level of 2.4 ± 0.3% for EBC SG-100. On the

other hand, sample ABR SG-100 has a porosity of

21.3 ± 1.1%, and ABR F4 has 19.4 ± 4.0 %. The higher

microporosity in the two ABR coatings is a direct

consequence of the hollow feedstock powder creating the

micropores, whereas it is assumed that the macropores

observed in the ABR SG-100 and ABR F4 samples are

formed by the effect of the polyester particles (Ref 43).The

polyester particles are embedded in the ceramic coating

and, during the annealing, the polyester suffers thermal

decomposition (350-500 �C) (Ref 44), leaving big empty

pores behind. As for the thickness, measurements of sam-

ple EBC SG-100 revealed a thickness of 368.6 ± 10.4 lm,

while ABR SG-100 was 509.9 ± 9.2 lm and ABR F4 was

1099.7 ± 12.7 lm. The different thicknesses were chosen

to represent the typical values required for each application

in service, with EBCs traditionally remaining below

400 lm, whereas abradable coatings are generally thicker.

The physical and mechanical properties of the different

samples are reported in Table 1.

The top surface of the annealed samples was investi-

gated in an SEM to examine the morphology and provide a

baseline to which exposed samples could be compared. The

SEM images can be seen in Fig. 4.

From the images of the top surface shown in Fig. 4, it

can be seen that sample EBC SG-100 presents a smooth

surface with well-molten splats, along with cracks dis-

tributed across the surface. In the case of the two abradable

samples, ABR SG-100 and ABR F4, Fig. 4(b) and (c),

respectively, the surface presents a combination of well-

molten and semi-molten splats, the latter being labeled in

the images.

The phase composition of the annealed coatings was

also studied. The XRD diffractograms for the feedstock

powder, as-sprayed and annealed conditions are shown in

Fig. 5 for each of the three coatings.

The XRD measurements show that the EBC powder,

Fig. 5(a), presents only peaks from the YbDS phase,

94.6 ± 0.4 wt.% (PDF card number 00-082-0734),

although Rietveld refinement identified a small quantity of

YbMS (5.4 ± 0.4 wt.%). The powder used to spray the

abradable samples, Fig. 5(b) and (c), shows the presence of

a higher quantity of YbMS (PDF card number 00-040-

0386), measured as 18.7 ± 0.3 wt.%. In the as-sprayed

condition, EBC SG-100 only shows the presence of YbDS

peaks with a 63.6 wt.% of amorphous content, whereas

ABR SG-100 and ABR F4 present an amorphous phase in a

42.4% and a 57.1%. Samples ABR SG-100 and ABR F4

show YbMS peaks accounting for 24.7 ± 1.2 and

26.1 ± 0.8 wt.%, respectively. In addition to the crys-

talline peaks, all of the three as-sprayed coatings show two

broad amorphous humps, centered on * 30� and * 55�.
The annealing process removes the presence of these

amorphous humps, showing all of the three samples consist

mainly of YbDS, with approximately * 30 wt.% of

YbMS. The detailed phase content as measured through

Rietveld refinement is presented in Fig. 11.

bFig. 5 XRD measurements for (a) EBC SG-100, (b) ABR SG-100

and (c) ABR F4. On each graph, the bottom plot corresponds to the

powder, middle to the as-sprayed coating and top to the annealed

coating (1200 �C for 2 h). Phases have been identified with a star (w)

for YbMS and a square (h) for YbDS
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Fig. 6 Low and high magnification BSE images of the cross section

of the samples exposed to steam for 96 h at 1350 �C. Images (a) and

(b) correspond to sample EBC SG-100, images (c) and (d) to ABR

SG-100 and images (e) and (f) to ABR F4. The red dashed line marks

where no more YbMS could be found. White arrows in image b)

indicate where a new phase was detected (Color figure online)
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Steam Exposure at 1350 �C

The cross section of the samples exposed to steam at

1350 �C for 96 h is shown in Fig. 6.

From the SEM images shown in Fig. 6, it can be seen

that exposure to steam at 1350 �C caused the depletion of

the YbMS closest to the surface, leaving behind a YbMS

depleted layer. The thickness of the depleted layer is

20 ± 2 lm for the sample EBC SG-100, while ABR SG-

100 and ABR F4 samples present a thickness of 45 ± 4

and 42 ± 3 lm, respectively. In the case of sample EBC

SG-100, the high magnification image in Fig. 6(b) shows

small amounts of a new phase (marked with arrows) pre-

sent at the surface of the coating. Due to the size of these

features and the overlap between the Al-Ka and Yb-Ma

lines, EDS quantification was not reliable.

In addition to the cross section, the top surface of the

exposed samples was also imaged. The images are shown

in Fig. 7.

From the images of the top surface shown in Fig. 7, it

can be seen that sample EBC SG-100, Fig. 7(a), has a

smoother aspect, meaning the individual splats are more

difficult to distinguish. On the other hand, samples ABR

SG-100 and ABR F4, Fig. 7(b) and (c), still show the

presence of individual splats, both molten and semi-mol-

ten. All of the three samples show the effects of steam

exposure; the grain boundary attack on the splats is clearly

visible. Multiple cracks, both intra- and inter-splat, are also

visible on the three samples.

Steam Exposure at 1400 �C

SEM images of the cross section of the three coatings

exposed to steam at 1400 �C for 96 h are presented in

Fig. 8.

From the low and high magnification images of the three

coatings exposed to steam at 1400 �C, as shown in Fig. 8,

some differences can be appreciated. First, there is a clear

new phase on the surface of sample EBC SG-100, marked

with red arrows in Fig. 8(b). This scale, visible even at low

magnification, was only present to such an extent on this

sample. Smaller traces could be found within the coatings,

especially in ABR F4, as marked with red arrows in

Fig. 8(f). In the case of the abradable samples, this new

phase was not seen as a homogenous scale on top of the

surface but as small patches and within filled pores. EDS

identification was unreliable due to the already mentioned

issue of overlapping peaks between the Al-Ka and Yb-Ma

lines, so XRD analysis was used for identification, as

shown in Fig. 10.

Another feature observed was the previously mentioned

YbMS depleted layer near the surface of the coating. The

thickness of the depleted layer in the case of sample EBC

Fig. 7 BSE images of the top surface of the samples exposed to

steam at 1350 �C for 96 h. Image (a) corresponds to sample EBC SG-

100, image (b) to ABR SG-100 and image (c) to ABR F4
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SG-100 is 69 ± 4 lm, whereas the thickness of the

depleted layer on the abradable samples is thicker:

143 ± 7 lm in sample ABR SG-100 and 151 ± 5 lm for

sample ABR F4. It should be noticed that steam recession

is only observed in the coatings surface, not observing any

microstructural or compositional changes in the bottom

surface of the coatings. In addition, the top area of the

depleted layer presents inter-splat boundaries, not present

in the samples exposed to steam at 1350 �C, as it can be

seen in Fig. 6. These newly formed features were located at

the inter-splat boundaries and can be more clearly seen in

sample EBC SG-100 due to the initial low level of

porosity. The top surface of the three coatings exposed to

steam at 1400 �C was imaged, as shown in Fig. 9.

From the SEM images of the top surface, the grain

boundary attack is less visible in the EBC SG-100 sample

exposed to 1400 �C (Fig. 9a) compared to 1350 �C
(Fig. 7a). Individual splats are difficult to identify, whereas

cracks are visible. The top surface of the two abradable

coatings, ABR SG-100 (Fig. 9b) and ABR F4 (Fig. 9c),

shows very similar features, with presence of semi-molten

splats. Individual splats affected by grain boundary corro-

sion can be seen, as well as cracks.

XRD measurements were taken to study the phase

content of the three coatings. Figure 10 shows the XRD

Fig. 8 Low and high

magnification BSE images of

the cross section of the samples

exposed to steam for 96 h at

1400 �C. Images (a) and

(b) correspond to sample EBC

SG-100, images (c) and (d) to

ABR SG-100 and images

(e) and (f) to ABR F4. The red

dashed line marks where no

more YbMS could be found.

Red arrows in images (b) and

(f) indicate where a new phase

was detected (Color

figure online)
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measurements of the three coatings on the three different

conditions studied: before exposure, after exposure at

1350 �C and after exposure after 1400 �C.
The XRD measurements for sample EBC SG-100,

Fig. 10(a), show how once the sample is exposed to steam

at 1350 �C, there is a reduction in the intensity of the

YbMS peaks. For EBC SG-100, this means a reduction

from an YbMS content of 29.3 ± 0.4 wt.% down to

8.1 ± 0.4 wt.%, as shown in Fig. 11. In the case of the two

abradable samples, ABR SG-100 and ABR F4, the reduc-

tion is from 29.6 ± 0.3 to 12.8 ± 0.5 wt.% and from

29.6 ± 0.3 to 12.8 ± 0.5 wt.%, respectively, wt.%. At the

same time, a new phase can be seen, identified as ytterbium

garnet (Yb3Al5O12, PDF card number 00-023-1476). This

new phase was seen on the SEM images of the cross sec-

tion, Fig. 6 and 8. The presence of garnet is most pre-

dominant on EBC SG-100, with a 7.0 ± 0.1 wt.%, whereas

the two abradable samples present a garnet phase content

around or below 1 wt.%. This trend continues for the

samples exposed at 1400 �C. EBC SG-100 experiences a

further reduction in the YbMS content, down to

3.9 ± 0.4 wt.%, with garnet content rising to

17.6 ± 0.2 wt.%. Regarding ABR SG-100, exposure to

steam at 1400 �C did increase the amount of garnet formed

(2.6 ± 0.2 wt.%) compared to exposure at 1350 �C
(0.1 ± 0.1 wt.%). This change is most notable in ABR F4,

having a garnet content of 1.0 ± 0.1 wt.% when exposed

at 1350 �C, rising to 7.2 ± 0.3 wt.% when exposed at

1400 �C. It should be noted that the phase content only

takes into account the top 10-15 lm of the coatings due to

the estimated penetration depth of x-rays for this compo-

sition (Ref 23).

The phase content as quantified through Rietveld

refinement for all the samples here studied can be found in

Fig. 11.

Discussion

Coating phase composition, microstructure, temperature

and steam velocity (Ref 18) are some of the most common

factors influencing the steam degradation of EBCs. In

addition, the use of alumina tubes in steam rigs is a source

of Al-containing impurities, which react with the coatings

during testing, leading to the formation of garnet. Although

this phenomenon has previously been reported in the lit-

erature (Ref 23-25), no previous work has studied the

steam degradation of thermal-sprayed environmental bar-

rier coatings with varying porosity levels, from traditional

low porosity EBCs to higher porosity abradable EBCs.

The three coatings studied here present a similar com-

position, as revealed by the XRD measurements in Fig. 5.

EBC powder was mainly composed of YbDS, whereas

Fig. 9 BSE images of the top surface of the samples exposed to

steam at 1400 �C for 96 h. Image (a) corresponds to sample EBC SG-

100, image (b) to ABR SG-100 and image (c) to ABR F4
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ABR powder had traces of YbMS phase. During APS

deposition, preferential volatilization of SiO2 takes place

due to the in-flight conditions, leading to the formation of

small quantities of YbMS (Ref 45). This phase is in an

amorphous state due to the rapid cooling experienced by

the splats upon impact (Ref 46). This would explain why

no distinguishable YbMS peaks can be found on the as-

sprayed EBC SG-100 sample (Fig. 5a), where the amor-

phous content is as high as 63.6 %. Once the annealing

treatment is completed, the amorphous content is crystal-

lized, leading to only crystalline peaks for YbDS as the

main phase and small quantities of YbMS.

Despite this very similar starting composition of the

annealed coatings, microstructure presents a differentiating

factor between the EBC SG-100 sample and the two ABR

coatings. As shown in the cross-sectional SEM images in

Fig. 3, EBC SG-100 presented a lower porosity level

(2.4 ± 0.3%) which can be explained by the absence of

pores and defects in the feedstock powder as well as the

lack of added polyester as pore former, as seen in Fig. 2(a).

On the other hand, both the abradable coatings, ABR SG-

100 and ABR F4, present much higher levels of porosity,

21.3 ± 1.1 and 19.4 ± 4.0%, respectively. These higher

porosity levels are attributed to the presence of porosity

and hollow cores in the feedstock powder, which generates

more micropores in the coating structure (Fig. 2b), and to

the addition of polyester as a pore former, which leads to

the presence of some macropores on both abradable coat-

ings. When comparing the top surface of the annealed

samples, there is also a clear difference between the EBC

samples and the abradable ones, as can be seen in Fig. 4.

EBC SG-100 presents a smoother surface caused by well-

molten splats that flattened upon impact. The abradable

samples show the presence of semi-molten, but not com-

pletely flat splats, giving rise to a rougher surface where

individual splats are easily identifiable. In all of the three

samples, intra- and inter-splat cracks could be found.

From the SEM images of the top surface of the three

steam exposed coatings, shown in Fig. 7, it can be seen that

the interaction between the steam (including the presence

of gaseous Al-containing impurities) and the coatings takes

place preferentially at the grain boundaries, a phenomenon

also reported by Maier et al. (Ref 24) and Rohbeck et al.

(Ref 25). Exposure to steam at 1350 �C caused the

appearance of an YbMS depleted layer on all of the three

bFig. 10 XRD measurements for (a) EBC SG-100, (b) ABR SG-100

and (c) ABR F4. On each graph, bottom plot corresponds to the

coating before steam exposure for 96 h, middle to the 1350 �C steam

exposure and top to the 1400 �C steam exposure. Phases have been

identified with a square (h) for YbDS, a star (w) for YbMS and a

cross (3) for the garnet
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Fig. 11 Crystalline phase

content quantified using

Rietveld refinement for coatings

EBC SG-100, ABR SG-100 and

ABR F4. It should be noted that

as-sprayed coatings are largely

amorphous
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coatings, as shown in Fig. 6, being particularly visible in

the high magnification images. In addition to the depletion

of YbMS from the top layers near the surface, XRD

measurements indicate the formation of a new phase,

identified as ytterbium garnet. Figure 11 shows the evolu-

tion of the quantitative phase content for each of the three

coatings here studied. In all three coatings, a reduction in

the YbMS content could be observed as the content of

garnet increased.

Exposure of YbDS to flowing, high temperature steam

has been reported to cause SiO2 volatilization and YbMS

formation through the reaction shown in Eq 3 (Ref

26, 34, 35, 39, 47, 48)

Yb2Si2O7 þ 2H2O gð Þ ! Yb2SiO5 þ Si OHð Þ4 gð Þ
ðEq 3Þ

Nevertheless, in this work, no presence of an YbMS

layer could be observed. Instead, a reduction in the YbMS

content, including an YbMS depleted layer at the surface of

the coatings, along with the appearance of garnet is

detected. The appearance of garnet on steam exposure

testing conducted using high purity alumina tubes is

expected and has been extensively reported in the literature

(23-25). In particular, Kane et al. (Ref 23) report the

formation of an YbMS depleted layer on a multilayer

YbDS/Si EBC exposed to steam at 1300 �C. Their system,

containing a Si bond coat, presented YbMS depletion both

near the surface and at the Si-YbDS interface, suggesting

the involvement of Si/SiO2 in the YbMS depletion process,

but they reported no presence of garnet at this temperature.

As can be seen in Fig. 10, XRD measurements confirmed

the presence of garnet at 1350 �C in all of the three sam-

ples, although sample EBC SG-100 showed the highest

content. This seems to suggest two things: first, the for-

mation of garnet is temperature dependent, with 1300 �C
not high enough for the reaction to take place. Secondly,

the 1 wt.% of alumina added to the feedstock EBC powder

could explain why this sample shows the highest content of

garnet at 1350 �C. Whereas the abradable samples rely on

the Al-containing impurities from the furnace tubes to form

the garnet via gas phase transport, the EBC SG-100 sample

has the additional alumina within the coating.

Regarding the consumption of the YbMS phase to form

garnet, similar results have been reported by Kane

et al.(Ref 23) and Rohbeck et al.(Ref 25). Although Roh-

beck et al. did not specify the steam velocity used in their

experimental setup, Kane et al. measured their steam

velocity to be 1.5 cm/s. It is suggested that steam velocity

plays a key role in the corrosion mechanism observed (Ref

Fig. 12 Schematic with the different behavior of EBC YbDS ? 1 wt.% Al2O3 and abradable YbDS coatings when exposed to steam at high

temperature
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26), with low-velocity flowing steam not causing YbDS

volatilization.

The mechanism behind the depletion of YbMS is not

fully understood yet, although two mechanisms have been

proposed in the literature. The first one involves the con-

sumption of the YbMS as it reacts with the Al-containing

impurities (or the alumina present within the coating in the

case of sample EBC SG-100) to form the garnet phase.

Kane et al. (Ref 23) suggested that YbMS is more reactive

than YbDS regarding alumina, which would explain why

YbDS is unaffected in the steam exposure. This mechanism

is temperature dependent, as the lowest eutectic point of

the Yb-Al-Si-O system is 1500 �C (Ref 49), although the

presence of alkali impurities from the furnace may unlock

the formation of aluminosilicate compounds at a lower

temperature (Ref 23). This temperature dependence would

explain the increase in YbMS depletion in all the samples

in the 1400 �C steam exposure. When considering the

1400 �C exposure of sample EBC SG-100, it is worth

noting that this sample was the one where the splat

boundaries where more clearly visible, as presented in

Fig. 8(b). For the two abradable coatings, this feature in the

depleted layer was more difficult to detect due to the initial

higher level of porosity. Similar to the infiltration of CMAS

into YbDS (Ref 50-53), splat boundaries seem to be the

preferential path for the ingress of Al-containing impuri-

ties, which would explain this phenomenon. Therefore, it

can be suggested that this mechanism is prevalent in the

case of sample EBC SG-100, where the extensive forma-

tion of garnet is observed. Once a dense scale of garnet is

formed on the surface of the coating at 1400 �C, the ingress
of Al-containing impurities is hindered, which slowed the

expansion of the YbMS depleted layer compared to the

abradable samples.

The second mechanism for the depletion of YbMS is

based on the reaction between YbMS and SiO2 to form

YbDS. The presence of two YbMS depleted layers in work

by Kane et al.(Ref 23), one near the surface and one near

the Si bond coat after steam exposure at 1300 �C, supports
the idea of a low temperature Si/SiO2-mediated mechanism

for the depletion of YbMS. The presence of SiO2 could not

be confirmed through XRD measurements, which could

indicate that the quantity present is below the detection

limit of the technique. The high content of ytterbium on the

coatings limits the estimated x-ray penetration to below

10-15 lm (Ref 23), limiting the amount of SiO2 available

for detection. Additionally, the overlap between the YbMS

and SiO2 peaks might have masked the presence of traces

amounts of SiO2. Nevertheless, since the system here

studied was a free-standing coating without the presence of

a Si bond coat, and presence of SiO2 could not be observed,

this mechanism cannot be robustly argued to explain the

phenomenon detected here. A schematic representing the

interaction between high-temperature steam and both EBC

YbDS coating and abradable coatings is presented in

Fig. 12.

From Fig. 12, it can be seen how EBC SG-100 presents

depletion of YbMS once exposed to steam at 1350 �C,
while forming small quantities of garnet located at the top

surface due to the added alumina within the coating. At

1400 �C, the formation of garnet is more extensive, leading

to a scale at the surface and a slightly larger depleted layer.

Inter-splat boundaries can now be observed in the depleted

layer, caused by the ingress of Al-containing contamination

through these boundaries, consuming YbMS and forming

garnet. In the case of the abradable samples, exposure to

steam at 1350 �C also produces a YbMS depleted layer,

although lower quantities of garnet are formed due to the

absence of added alumina to the coatings. At 1400 �C,
however, evidence of garnet formation can be observed,

both at the surface and inside pores located near the sur-

face. The depletion layer is considerably larger, containing

also splat boundaries, along with larger pores. As previ-

ously mentioned, the presence of these inter-splat bound-

aries indicates that splat boundary is the preferential

ingress path of gaseous Al-containing impurities.

Conclusions

Degradation of ytterbium disilicate EBCs under steam

conditions is one of the main considerations for the suc-

cessful implementation of SiC CMC components into the

current generation of gas turbine engines. In this work,

three free-standing YbDS coatings deposited using APS

were exposed to steam at 1350�C and 1400 �C for 96 h.

The results show that sample EBC SG-100, with a low

porosity level and 1 wt.% of Al2O3 added to the feedstock

powder, presented moderate depletion of YbMS near the

surface with the formation of ytterbium garnet. At

1400 �C, the garnet formed a dense scale at the surface and

inter-splat boundaries were present within the YbMS

depleted layer. The mechanism for the YbMS depletion is

believed to be a reaction with gaseous Al-containing

impurities from the alumina furnace tubes and the alumina

present within the coating, leading to the formation of the

garnet.

The two abradable samples, with 1.5 wt.% polyester

added to the feedstock powder as a pore former, behaved in

a similar fashion at 1350 �C, with the appearance of an

YbMS depletion layer and traces amount of garnet detec-

ted. At 1400 �C, the size of the depleted layer grew con-

siderably larger than in the case of the EBC sample, with

less garnet phase forming. Porosity also increased within

the depleted layer; however, its effect was more difficult to

clearly identify due to the higher level of porosity. The
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mechanism for the formation of the YbMS depleted layer is

associated with the gaseous Al-containing impurities from

the furnace. Since the abradable coatings did not contain

added alumina, less garnet phase formed compared to the

EBC coating.

In both cases, the exposure to flowing steam for 96 h at

high temperature did not produce any evidence that the

integrity of the coatings might be compromised, both in

terms of cracking or loss of mass. Nevertheless, Al-con-

taining impurities coming from the furnace tubes played a

key role in the steam degradation of the coatings, requiring

further investigation using experimental setups where

external contributions are not a factor.
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