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Abstract Environmental barrier coatings (EBCs) are

needed to protect SiC structures exposed to high temper-

atures in water vapor-rich environments. Recent studies of

a tri-layer EBC system consisting of a silicon layer

attached to the SiC, a mullite diffusion barrier and a low-

steam volatility ytterbium silicate topcoat have shown

some promise for use at temperatures up to 1316 �C.
However, the performance of the coating system appeared

to be dependent upon the manner of its deposition. Here, an

air plasma spray method has been used to deposit this tri-

layer EBC on a-SiC substrates, and the effects of the

plasma arc current and hydrogen content upon the struc-

ture, composition, and defects in ytterbium monosilicate

(Yb2SiO5) and disilicate (Yb2Si2O7) topcoats are investi-

gated. Modification of spray parameters enabled the loss of

SiO from the injected powder to be reduced, leading to

partial control of coating stoichiometry and phase content.

It also enabled significant control of the morphology of

solidified droplets, the porosity, and the microcracking

behavior within the coatings. Differences between the

Yb2SiO5 and Yb2Si2O7 are discussed in the context of their

EBC application.

Introduction

As thermal protection concepts for superalloy components

used in the most advanced gas turbine engines reach their

high-temperature limits, interest has grown in the devel-

opment of components made from ceramic materials with

much higher maximum use temperatures [1–5]. The focus

has concentrated upon damage-tolerant fiber-reinforced

ceramic matrix composites (CMCs) with weak fiber/matrix

interfaces. The most promising composites use boron

nitride-coated SiC fibers (such as Hi-Nicalon S and Syl-

ramic fibers) and SiC matrices incorporated by chemical

vapor infiltration with residual pores filled by silicon slurry

infiltration followed by carburization [5–9].

Silicon carbide ceramics react with oxygen and water

vapor in combustion environments to form SiO2 scales

while releasing gaseous CO. Unfortunately, these normally

protective SiO2 scales react with water vapor at high

temperatures and pressures typical of the gas turbine

combustion environment, to form gaseous silicon hydrox-

ide (Si(OH)4) resulting in recession of the SiC [10–15].

The rate of SiC volatilization by these mechanisms

depends upon the temperature, the incident water vapor

flux (pressure), and the effectiveness with which the silicon

hydroxide reaction products can be removed. SiC recession

rates significantly greater than 1 lm/h can occur at gas

temperatures in the 1300–1350 �C temperature range [12].

Since engine components are normally expected to survive

for 5000–10,000 h of operation, silicon-containing com-

ponents must be protected by coatings that inhibit these

detrimental reactions. Current concepts attempt this by

impeding the diffusion of oxygen and water vapor to the

SiC surface using materials that are themselves resistant to

volatilization. The development of these environmental

barrier coatings (EBCs) for applications initially at
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temperatures up to 1316 �C (but eventually 1871 �C) now
paces the future use of SiC-based CMCs.

One promising EBC approach is to use a low silicon

volatility material as an oxygen and water vapor diffusion

barrier layer. However, its direct deposition onto SiC is not

desirable because once the oxidizing species eventually

diffuse through the layer, gaseous reaction products (CO)

form at the SiC surface leading to a porous, low-viscosity

SiO2 scale, and high risk of coating delamination [16–18].

Instead, for applications up to 1316 �C, a sacrificial silicon
layer is applied to the SiC surface first. When oxidizing

species reach the silicon surface, a dense and protective

SiO2 thermally grown oxide (TGO) layer should then form,

and thicken slowly (and predictably) over time [19–21].

Sometimes, mullite layers are also placed over the silicon

layer to impede diffusion and mitigate potential solid-state

reactions between the silicon layer and topcoat [17, 22–25].

Rare-earth silicate topcoats appear promising due to their

low volatility, excellent phase stability, and reasonably

well-matched coefficient of thermal expansion (CTE) with

SiC substrates [23, 24, 26]. Among these, ytterbium

monosilicate (Yb2SiO5) and ytterbium disilicate (Yb2Si2-
O7) appear most promising due to their monomorphic

nature [27], substantial prior investigation proving ther-

mochemical stability, and viability of plasma spray depo-

sition [23, 24, 28, 29].

Plasma spray deposition methods have been developed

over a period of nearly 70 years, and are widely used to

deposit a variety of surface protective coatings [30–33].

The air plasma spray (APS) process is an economical and

often reliable method for the deposition of such coatings,

and has attracted attention for the deposition of EBCs on

SiC components [24, 25, 28, 29, 34–38]. This is a logical

extension to its already widespread use for the deposition

of the thermal barrier coating (TBC) systems used to pro-

tect superalloy components in current gas turbine engines

[39–44]. However, preliminary studies of tri-layer ytter-

bium monosilicate/mullite/silicon EBCs have shown a

significant sensitivity of the coating’s steam cycling dura-

bility to the composition, structure, and various defects

incorporated into the layers during APS deposition [28,

29]. Interest is therefore growing in the relationships

between plasma spray deposition conditions and the com-

position, structure, and defect populations of the coating

layers.

The fundamental interactions of interest in APS pro-

cessing are those between the plasma spray parameters, the

thermal and jet flow characteristics of the plasma plume,

the composition and size distribution of the injected par-

ticles, chemical interactions with the surrounding atmo-

sphere, and the substrate surface roughness and

temperature during deposition. These interactions have

been studied extensively for APS deposition via both

simulation and experiment [45–67]. Such studies have

clearly established that increasing the direct arc current and

secondary gas (H2) concentration increases the peak tem-

perature within the plasma plume and thus that experienced

by powder particles as they propagate through the plume.

They also increase the plasma plume’s velocity, which

results in a decreased particle residence time in the plasma,

moderating the effect of the higher heating rate on particle

temperature. Changes to the standoff distance between the

exit of the plasma jet forming nozzle and the substrate also

change a particle’s residence time, and its velocity and

temperature upon impingement with the substrate.

The particle temperature is also significantly affected by

the powder size distribution and the precise trajectory taken

by a particle through the plasma flow [30, 46–48, 50, 52–

56, 67–69]. The APS process can therefore exhibit a sub-

stantial stochastic character; small diameter particles that

take low-speed trajectories through high-temperature

regions of the plasma jet may be super-heated and change

composition by evaporative losses of high-vapor-pressure

constituents while others may barely melt. The result is a

coating containing a variety of droplet (splat) shapes and

compositions after substrate impact, and the (sometimes

intentional) incorporation of substantial porosity. Conse-

quently, all of the plasma spray variables can affect the

composition, microstructure, and defect populations within

a coating.

Here we experimentally investigate the effects of sys-

tematically varying some of the air plasma spray deposition

parameters upon the resultant composition, microstructure,

and defects incorporated in the ytterbium silicate topcoats

of a tri-layer ytterbium silicate/mullite/silicon EBC system

applied to SiC substrates. Studies are conducted on both

ytterbium monosilicate, which has a very low recession

rate in steam environments [26] and upon its disilicate

counterpart, which has been confirmed here to have a much

closer thermal expansion coefficient to that of the a-SiC
substrates.

Experimental

Powder materials

The silicon powder used for bond coat deposition was Sl-

122 electronics grade powder supplied by Micron Metals

(Bergenfield, NJ) with a particle diameter range of

28–129 lm. The mullite (Al6Si2O13) powder provided by

Saint Gobain Ceramics (Worcester, MA) had a particle

diameter of 16–53 lm. Both of the ytterbium silicate

powders (Yb2SiO5 and Yb2Si2O7) were procured from

Treibacher Industrie Inc. (Toronto, ON) in fused-crushed

form with irregular/angular morphology and a particle
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diameter of 20–50 lm. The ytterbium silicate powders had

been previously characterized and identified to be phase

pure and within 1 at.% of the target stoichiometry (25 at.%

Yb–12.5 at.% Si–62.5 at.% O for Yb2SiO5 and 18.2 at.%

Yb–18.2 at.% Si–63.6 at.% O for Yb2Si2O7). Both con-

tained only minor quantities of SiO2 and Yb2O3 particu-

lates (\1 % of all particles by number, estimated to be

\0.25 vol% of particulates) [29].

Plasma spray process

Tri-layer Yb-silicate/Al6Si2O13/Si EBCs were air plasma

sprayed onto 25.4 9 12.7 9 4.8 mm Hexoloy
TM

a-SiC
substrates (Saint Gobain Ceramics, Niagara Falls, NY)

using the process schematically illustrated in Fig. 1a.

Substrates were prepared by lightly grit blasting one

surface with SiC to achieve an approximately 1 lm
amplitude surface roughness (Ra). The substrates were

ultrasonically cleaned in ethanol and inserted into a

deposition fixture. The substrate-loaded fixture was then

placed in a furnace set at a temperature of 1200 �C. The
sample temperature was not measured during each depo-

sition, but was during preliminary experiments which

indicate that the substrate temperature varied by no more

than ±100 �C as the plasma plume traversed the sample.

The high deposition temperature allowed for crystalline

layers to be deposited from liquid ceramic materials that

typically form amorphous compounds upon plasma spray

deposition. To inhibit sample oxidation, a reducing gas

composed (by volume) of 21 parts Argon to 1 part H2 was

flowed through the furnace at a rate of 20 slm. The sub-

strates were allowed to heat for 3 min within the furnace

Fig. 1 a Schematic illustration of the air plasma spray (APS)

deposition approach used for high-temperature environmental barrier

coating (EBC) deposition. b Schematic illustration of the plasma

torch design. c The spray pattern and definition of relevant deposition

parameters. d Photograph taken during APS deposition into the box

furnace
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with the reducing gas flowing before a front plug was

removed to allow deposition to commence.

A Praxair-TAFA Model SG-100 torch with a Model

02083-175 anode configuration was used for deposition of

all of the coating layers. This torch, Fig. 1b, utilized

internal powder injection at 90� injection angle. It was

equipped with a Model 02083-120 cathode, a Model

03083-112 gas injector, and was cooled using 10 �C chilled

water with a flow rate of 30 slm. A 6-axis robot to which

the APS torch was mounted traversed the ladder pattern

used for deposition at constant gun to substrate standoff

distance. The pattern, shown in Fig. 1c, involved 2 passes

(sets) of 12 steps each of 3 mm, and was used to deposit all

three coating layers. A photograph taken during deposition

of an Yb2SiO5 coating layer using this system is presented

in Fig. 1d. All the depositions utilized a torch nozzle exit to

the substrate surface standoff distance of *15 cm, while

the distance from the torch to the outer front face of the

furnace was *2.5 cm.

Deposition of the Si layer was performed in the Ar/H2

reducing gas environment furnace. Immediately after

deposition of the Si layer, the reducing gas flow to the

furnace was terminated and subsequent layers were then

deposited. The deposition of each layer was completed in

approximately 10 s (5 s per pass) and layer depositions

were separated in time by only that required for the torch to

change spray parameters, purge powder feed lines, and

stabilize conditions for the next material (typically*20 s).

The spray parameters for deposition of the Si and Al6Si2-
O13 layers are provided in Table 1.

The ytterbium silicate layers were deposited using sys-

tematically varied sets of spray parameters that had been

down-selected from an initially much wider range of

parameters by selecting only those that resulted in close to

fully dense coatings. Four primary spray variables con-

trolled coating composition and microstructure: (1) Powder

size distribution and morphology, (2) torch standoff dis-

tance, (3) the plasma arc current, and (4) the secondary gas

(H2) concentration. Of these, the powder size distribution

was fixed by the commercially available ytterbium silicate

powder source. Preliminary studies indicated that reducing

the torch to substrate standoff distance beneficially affected

the coating composition. However, reduction of the plasma

torch standoff distance below 15 cm was physically con-

strained by the need for deposition onto heated substrates

that resided in a thick-walled high-temperature furnace.

Increasing the torch standoff distance beyond 15 cm was

also discovered to increase coating porosity, and so this

potential variable was held constant. As a result, only the

plasma forming arc current and secondary (H2) gas con-

centration were systematically investigated in the present

study.

A standard ‘‘S’’ set of parameters was first developed

that produced low pore content ytterbium silicate coatings.

Subsequent coatings were then deposited using variations

of parameters about this ‘‘S’’ spray parameter center point.

The parameter combinations are listed in Table 2 with their

appropriate identifying labels. Combinations of the arc

current while holding all other spray parameters fixed were

identified as 1C, 2C, and so on, as the current increased.

Variations of the secondary H2 gas concentration while

holding all other spray parameters fixed were designated

1H, 2H, etc. The other spray parameters held constant

across all depositions included the primary Ar gas flow of

84.95 slm as well as the powder carrier Ar flow of 5.90 slm

for Yb2SiO5 and 4.72 slm for Yb2Si2O7. The injected

powder mass flow rate was measured using catch-can

experiments. The mass flow rate for Yb2SiO5 was 41.5 g/

min, while that of Yb2Si2O7 was 35.2 g/min. Powder feed

was assisted by 900 N pneumatic vibrators to ensure feed

consistency. No powder pulsing was observed during

deposition of any of the coating layers.

Coating characterization

The as-deposited and annealed topcoats were subjected to

X-ray diffraction (XRD) measurements (X’Pert Pro MPD,

PANalytical, Westborough, MA) with patterns analyzed by

Rietveld refinement (HighScore Plus, PANalytical, West-

borough, MA). The samples were subsequently sectioned,

polished, and examined with a scanning electron micro-

scope (Quanta 650 FE-SEM, FEI, Hillsboro, OR) operating

in the back-scattered electron (BSE) mode. All images

were collected under low-vacuum imaging conditions. A

gamma correction was applied to enable visualization of

the Yb- and non-Yb-containing materials to be simultane-

ously observed on all the images, and to be comparable

with images in earlier works [28].

Quantitative image analysis was conducted using data

collected from five randomly selected 200-lm width by

150-lm height cross-section images; the image size was

sufficient to capture the full thickness of the topcoat in all

spray parameter combinations. Average layer thicknesses

were calculated from 50 equally spaced thickness

Table 1 Plasma spray parameters for deposition of silicon and

mullite layers

APS layer Si Al6Si2O13

Arc current (A) 350 375

Primary Ar flow (slm) 77.87 77.87

Secondary H2 flow (slm) 0.94 0.94

Carrier Ar flow (slm) 5.90 5.43

Powder flow (g/min, port) 31.0, upper 18.9, upper

Deposition power (kW) 14.0 15.2
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measurements. The data from all five images was com-

bined for quantitative metrics and taken to be a represen-

tative sample of the entire coating (having sampled a total

coating layer length of approximately 10 times the coating

thickness). The solidified droplet (splat) length, l to thick-

ness, t ratio was measured for over 1000 splats for each

spray parameter combination. EDS measurements of the

as-deposited structures were attempted, but anomalous

results were observed, leading to an inability to calculate

compositions accurately by this technique. These discrep-

ancies may have resulted from X-ray absorption and fluo-

rescence in the Yb–Si–O system previously identified by

other studies and the numerous absorption edges of the

ytterbium f orbitals [70–73]. The average as-deposited

compositions of ytterbium silicate layers were instead

calculated from the measured volume fractions and known

compositions of the phases in each of the annealed layers.

The volume fractions of the phases in annealed coatings

were obtained using a simple contrast threshold-crossing

criterion for BSE mode images. Volume fractions were

measured over 1 mm by 150 lm areas for each coating and

calculated as the number of pixels of each phase divided by

the total number of pixels of coating material. The analysis

of phase fractions was therefore insensitive to variations in

the layer thickness, porosity, and cracking.

The combination of calculated as-deposited coating

stoichiometry and the BSE images of as-deposited layers

allowed BSE histogram overlays on as-deposited compo-

sitional measurements. For each layer, it was assumed that

the average value of the BSE histogram (value where the

histogram was equally divided) corresponded to the aver-

age composition of the as-deposited layer from which the

image was gathered. Further, it was assumed that in each

image some area of very near stoichiometric material

existed, such that the lower contrast bound of the histogram

could be fixed to stoichiometric (precursor) material for all

BSE images. This provides two points by which to scale

the histogram in compositional space (only two points are

required for linear scaling of any shape). Such composi-

tionally paired histograms semi-quantitatively determine

the compositional variations between the as-deposited

materials. It is noted that the BSE contrast versus ytterbium

concentration curve has been calculated to be linear over

most of the composition space of interest [29].

Microcrack density and orientation assessments were

also performed on the as-deposited 1 mm by 150 lm wide

regions of the coatings. Since the cracks had zig-zag

shapes, the length and orientation of each individual linear

segment of a microcrack was measured and then statisti-

cally summarized. Over 1000 individual linear crack seg-

ments were measured for each spray parameter. The data

reported for microcracking are in the form of a crack areal

density (CAD), defined as the length of microcrack per unit

of cross-sectional area. In the present study, the CAD data

are reported as length of crack (in lm) per 10,000 lm2 of

coating cross section. The CAD has also been analyzed as a

function of angle of divergence from horizontal (the plane

of the coating) for all spray parameters. From symmetry

considerations, the inclination angle was reported for a

single angular quadrant (0�–90� angular range), by binning

in nine 10� wide increments.

Results and discussion

Tri-layer EBCs with Yb2SiO5/Al6Si2O13/Si and Yb2Si2O7/

Al6Si2O13/Si structure were deposited using an air plasma

spray approach. Representative structures of the as-de-

posited tri-layer baseline (S parameter) coatings with

ytterbium monosilicate and disilicate topcoats are shown in

Fig. 2. All deposited coatings remained adherent during

and after deposition and annealing. No delaminations were

observed at any of the coating interfaces, particularly those

surrounding the Si bond coat where delamination has

previously been observed [28]. The silicon bond coat was

dense when compared to those coatings deposited at low

Table 2 Current and secondary hydrogen flows for the spray parameters used in this study to deposit the ytterbium silicate layers

Spray

parameter

Current

(A)

Secondary

H2 (slm)

Power

(kW)a
Yb2SiO5

thickness (lm)

Yb2Si2O7

thickness (lm)

1C 225 0.94 9.3 N/A 80 ± 5

2C 250 0.94 10.3 80 ± 5 80 ± 5

S 275 0.94 11.3 80 ± 5 80 ± 5

4C 300 0.94 12.3 110 ± 5 80 ± 5

5C 325 0.94 13.3 110 ± 5 80 ± 5

1H 275 0.57 10.6 N/A 100 ± 5

2H 275 0.71 10.9 80 ± 5 80 ± 5

4H 275 1.18 11.7 80 ± 5 120 ± 5

a Minor deviations of ±0.2 kW in spray power were observed over the course of the due to wear of torch hardware
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temperature, and intersplat adherence was considerably

improved due to a reduction in splat oxidation during

deposition.

The thickness of the coatings is summarized in Table 2.

All the topcoat layers were almost fully dense, with only a

very small number of pores with a diameter [10 lm
scattered randomly throughout the coatings. The density of

the coating layers deposited here was higher than that of

recently reported coatings deposited under very different

plasma spray conditions [28]. The plasma spray parameters

discussed herein were partially optimized to yield coatings

of this very high density to permit the ytterbium silicates to

act as a hermetic layer (vapor barrier).

Phase content

The XRD pattern of the ytterbium monosilicate coating

deposited using the S combination of process parameters is

shown in Fig. 3a. Analysis of the as-deposited data indi-

cated the layer contained two monoclinic Yb2SiO5 phases

indexed as an I2/a phase (PDF 00-040-0386) and a P21/c

phase (PDF 00-052-1187), together with a cubic Yb2O3

phase indexed as Ia-3 (PDF 00-041-1106). After annealing

at 1300 �C for 20 h, the P21/c phase almost completely

disappeared, and the coating then consisted of the I2/a

monoclinic phase of Yb2SiO5 and the cubic (Ia-3) phase of

Yb2O3. Rietveld analysis was unable to resolve the volume

fractions of the various phases accurately due to the large

number of overlapping diffraction peaks and the varying

background. Qualitatively, the as-deposited ytterbium

monosilicate layers had a P21/c to I2/a phase volume

fraction ratio of *2:1. Qualitatively, the relative peak

intensities of the cubic ytterbia phase diffraction peaks

increased with increasing deposition parameter (current

and H2 concentration) indicating an increase in volume

fraction of ytterbia in the coatings. However, the volume

fractions of the respective phases could not be reliably

determined from the diffraction patterns of these plasma-

sprayed material.

The diffraction patterns of the as-deposited and annealed

ytterbium disilicate layers deposited using the S combina-

tion of processing parameters are shown in Fig. 3b. The

XRD pattern of the as-deposited layer could be indexed as

a mixture of C2/m monoclinic Yb2Si2O7 (PDF 04-007-

4857) and the same two phases of monoclinic Yb2SiO5

observed in the as-deposited ytterbium monosilicate layers

(I2/a and P21/c). After annealing, only the C2/m mono-

clinic Yb2Si2O7 phase and I2/a monoclinic Yb2SiO5 phase

were observed in the coating, Fig. 3b. Again, Rietveld

analyses could not be used for quantitative phase deter-

mination due to the issues mentioned above. Qualitatively,

they indicated an approximately monotonic increase in the

P21/c to I2/a Yb2SiO5 phase volume fraction ratio with

plasma spray power (from a ratio of 7:2 at low deposition

powers to 13:2 at the highest deposition power). After

annealing, the metastable P21/c Yb2SiO5 phase had again

transformed in all the layers. Similar to the monosilicate

system, an increase in relative peak intensity of those peaks

from the Yb2SiO5 I2/a phase was observed with increasing

deposition power in annealed coatings, indicating increased

volume fraction of the monosilicate.

Observations of the ytterbium silicate layers using BSE

mode SEM imaging revealed regions of light and dark

contrast in the ytterbium silicate layers, Fig. 2. The light

regions have been previously shown to correspond to

solidified particle droplets that are ytterbium rich (Si-de-

pleted) compared to the stoichiometric powder material

[28, 29]. Only the darkest gray regions in the images had a

Si content close that of the stoichiometric powder. Exam-

inations of the two topcoats at higher magnifications

revealed the compositional variations to be quite severe,

Fig. 4.

In as-deposited layers observed in the SEM at relatively

low magnification, Fig. 4a, d, a broad spectrum of contrast

was observed indicative of a continuous range of

Fig. 2 The as-deposited tri-layer EBC systems deposited on a

monolithic a-SiC substrate. a Ytterbium monosilicate and b ytterbium

disilicate topcoats both deposited on mullite using silicon bond-

coated substrates. The SEM images were collected in BSE mode and

so the whitest contrast phases contained the highest concentration of

the highest atomic number element (ytterbium)
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compositions. However, there are only four equilibrium

phases (including the two terminal compounds) in the

Yb2O3–SiO2 pseudo-binary phase diagram at temperatures

up to 1750 �C: the two pure terminal oxides, Yb2SiO5, and

Yb2Si2O7 [27, 73]. The continuous variation of contrast in

the two topcoats was found to not correspond to multiple

intermediate phases, but rather from variations in the

fractions of the extremely fine-grained Yb2O3, Yb2SiO5,

and Yb2Si2O7 line compounds simultaneously sampled by

the electron beam [29]. This is supported by XRD analyses

indicating the presence of only these three compounds in

the two materials in either their as-deposited or annealed

condition. The very fine crystal size in the as-deposited

structure is consistent with the rapid quench rate of the

APS process and slow crystallization kinetics of com-

pounds with large unit cells.

After stabilization annealing, only two different contrast

phases were observed in BSE micrographs, Fig. 4 (an-

nealed micrographs b and e). These phases correspond to

those observed in X-ray diffraction: I2/a Yb2SiO5 and Ia-3

Yb2O3 in the ytterbium monosilicate layers, and C2/m

Yb2Si2O7 and I2/a Yb2SiO5 in the ytterbium disilicate

layers. The volume fraction of a second phase that formed

in an individual splat upon annealing varied in accordance

with the stoichiometry of the splat during deposition,

Fig. 4b and e. As a result, prior splat boundaries were

‘‘visible’’ in many images based upon differences in the

volume fraction of their phases despite the lack of an actual

physical boundary, Fig. 4c and f. High-magnification

imaging indicated a heterogeneous distribution of second-

phase precipitates on a fine scale and revealed the grain

structure of the layer, Fig. 4c and f. The slight grain-to-

grain variations in contrasts within the two phases in

Fig. 4c and f may be a result of variations in electron

channeling with orientation (‘‘band contrast’’), not of

compositional variation.

FIB lift-outs from annealed S spray parameter ytterbium

monosilicate and ytterbium disilicate layers were analyzed

using transmission electron microscopy to verify the pre-

cise phases observed in XRD, Figs. 5 and 6. In TEM bright

field imaging, the contrast of the phases are reversed from

SEM BSE imaging since they are transmission and not

back-scattered electron mode images. Thus, Yb-rich

regions appear darker in contrast than Si-rich material in

Fig. 3 X-ray diffraction

patterns of the as-deposited and

annealed topcoats. a Ytterbium

monosilicate and b ytterbium

disilicate both deposited using

the S combination of deposition

parameters
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TEM micrographs. Bright field imaging of the ytterbium

monosilicate layer, Fig. 5a, revealed a structure that was

reflective of that in Fig. 4c. EDS measurements of the

composition of the two phases (at probe locations indicated

by crosses in Fig. 5d) revealed compositions very close to

Yb2O3 for the precipitated phase and Yb2SiO5 for the

matrix, Table 3. Selected area electron diffraction (SAED)

was used in the area indicated in Fig. 5a to capture

diffraction patterns of the matrix phase on two different

zone axes, Fig. 5b and c. Indexing of these diffraction

patterns identified the structure as monoclinic I2/a Yb2-
SiO5, Table 4. The shape and structure of the precipitates

was generally equiaxed, Fig. 5a and d. The SAED pattern

of the precipitate from Fig. 5d was indexed as cubic

Yb2O3, Fig. 5e. Additional low-intensity diffraction spots

were evident in the pattern of Fig. 5e resulting from

overlap of the beam with neighboring Yb2SiO5 grains.

Analogous analyses were performed on an ytterbium

disilicate coating deposited using the S-parameter combi-

nation, Fig. 6. Bright field imaging indicated the layer to be

multiphase (as in Fig. 4d–f) with several large matrix-

phase grains suitable for analysis in a FIB lift-out sample,

Fig. 6. Again, high-magnification bright field imaging was

used to capture the physical structure of precipitated par-

ticles and the matrix-precipitate interface, Fig. 6b. The

EDS compositions measured at the probe points marked by

crosses in Fig. 6b aligned closely with the compositions of

Yb2Si2O7 and Yb2SiO5, Table 3. SAED patterns from the

spot in Fig. 6a were analyzed for two different zone axes,

Fig. 6c and d, and indexed as monoclinic C2/m Yb2Si2O7,

Table 4. SAED analyses were also performed upon the

precipitates, and indexed diffraction patterns conform to

those given in Table 4 for Yb2SiO5. These analyses indi-

cate that air plasma spray deposition from stoichiometric

Fig. 4 BSE mode SEM micrographs of the ytterbium silicate layers

deposited using the S combination of deposition parameters. a As-

deposited, b annealed, and c high-magnification annealed ytterbium

monosilicate layer. d–f Correspond to as-deposited, annealed, and

high-magnification annealed ytterbium disilicate layers

7946 J Mater Sci (2015) 50:7939–7957

123



composition powder has resulted in Si-depleted, mixed-

phase coating layers.

The average volume of precipitated phase in annealed

coatings was calculated as a function of deposition

parameter for all ytterbium silicate layers, Fig. 7. The

trends and relative magnitudes of Fig. 7 were found to

agree with the semi-quantitative data calculated from

diffraction patterns of the annealed layers, corroborating

the validity of the image analysis measurements. In ytter-

bium monosilicate layers, Fig. 7a, the volume fraction of

precipitated Yb2O3 followed a monotonically increasing

trend with deposition power as either the plasma current or

H2 concentration were varied (while holding other depo-

sition parameters constant). The minimum volume fraction

of precipitated Yb2O3 was *8 vol% in the 2H coating and

the maximum was *16 vol% in the 5C coating as the

plasma spray power was varied over a range of only

3.0 kW. In ytterbium disilicate coatings, the volume

fraction of Yb2SiO5 also followed a monotonically

increasing trend with plasma current, Fig. 7b. The volume

fraction of precipitated Yb2SiO5 in ytterbium disilicate

layers ranged from *9 vol% for the 1H coating to

*24 vol% for the 5C coating. The volume fraction of the

precipitated phase in ytterbium disilicate coatings could be

changed by *15 vol% as the deposition power was varied

over a range of 4.5 kW.

To summarize, while the powder particles used to

deposit both ytterbium silicate layers were single phase and

of stoichiometric composition, BSE imaging contrast of

deposited microstructures revealed the presence of Yb2O3

precipitate particles in Yb2SiO5 coatings and Yb2SiO5

particles in the Yb2Si2O7 coatings. Such precipitated pha-

ses have been previously observed in plasma-sprayed

ytterbium silicates [23, 24, 28, 29]. Both precipitates were

Si-deficient in comparison to the matrix (and initial pow-

der) phase. The crystal structures and compositions,

Fig. 5 a Bright field TEM image of the ytterbium monosilicate

coating. b The [�111] and c the [�122] selected area electron diffraction

(SAED) zone axis patterns from the monoclinic Yb2SiO5 phase.

d High-magnification bright field image of the precipitated phase in

the Yb2SiO5 matrix. e Shows the cubic Yb2O3 precipitate diffraction

pattern along the [210] zone axis

J Mater Sci (2015) 50:7939–7957 7947

123



Figs. 3, 5, and 6 and Tables 2 and 3, are consistent with the

binary phase diagram predictions [27]. Despite appropriate

stoichiometry and reported monomorphism [27], a mono-

clinic P21/c Yb2SiO5 phase was observed in both ytterbium

monosilicate and ytterbium disilicate layers. This phase

was not present in annealed coatings, as indicated in the

diffraction patterns of Fig. 3, indicating the P21/c Yb2SiO5

phase to be metastable and transformable to the stable

monoclinic I2/a phase of Yb2SiO5.

Splat aspect ratio

Variation of the spray parameters resulted in changes to the

solidified droplet structures of the as-deposited ytterbium

monosilicate coatings, Fig. 8, and ytterbium disilicate

coatings, Fig. 9. In both Figs. 8 and 9, the spray deposition

power increased from a–c to d–b. Figures 8 and 9a and b

correspond to the lowest and highest power used in the

plasma direct arc current variation study, whereas parts c

Fig. 6 a Bright field TEM image of the ytterbium disilicate coating

and b high-magnification bright field image of a precipitated Yb2SiO5

particle. Crosses indicate the locations of EDS probes for character-

izing the matrix and precipitate phases. c The [110] and d the [010]

selected area electron diffraction patterns along zone axes of

monoclinic Yb2Si2O7 from the region indicated by SAED circled in a

Table 3 Chemical compositions of the precipitated particles and

matrix in the annealed coatings

Composition (at.%) O Yb Si

Precipitate in Yb2SiO5 60.0 38.1 1.9

Matrix of Yb2SiO5 62.8 24.3 12.9

Stoichiometric Yb2SiO5 62.5 25.0 12.5

Precipitate in Yb2Si2O7 63.2 23.0 13.8

Matrix of Yb2Si2O7 62.6 17.6 19.8

Stoichiometric Yb2Si2O7 63.6 18.2 18.2

Table 4 Lattice constants calculated from diffraction patterns and

PDF cards

Lattice source a (Å) b (Å) c (Å) b (�)

Yb2SiO5 PDF
a 12.38 6.67 10.29 102.54

Yb2SiO5 SAED 12.63 6.70 10.53 105.56

Yb2Si2O7 PDF
b 6.80 8.87 4.70 102.12

Yb2Si2O7 SAED 6.78 8.42 4.73 100.48

a PDF card (00-040-0386)
b PDF card (04-007-4857)
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and d corresponded to the lowest and highest power used in

the H2 variation study. Very fine nano-grain structures

were visible in all of the coatings. The prevalence of large,

round, unmelted particles also decreased with increasing

deposition power in both materials. Variation of the pro-

cess conditions caused changes to the splat length, l, its

thickness, t, and the splat aspect ratio (l/t). Increasing the

plasma current or the plasma plume H2 concentration

(while maintaining other spray parameters constant)

resulted in an increase of splat l/t ratio, Fig. 10. The splat l/

t ratio ranged from *4 to *17 for ytterbium monosilicate

layers and from *7 to *14 for the ytterbium disilicate

layers. The data indicate that though variation of both

plasma current and H2 concentration monotonically

increase the splat aspect ratio, the effect was not simply

governed by spray power alone. As indicated in ‘‘Coating

characterization’’ section, it is apparent in Figs. 8 and 9

that partially melted particles (of near stoichiometric

composition) exist in all coating layers as a consequence of

variations in particle trajectories within the plasma plume.

Particles that had both high temperature and velocity

during impingement with the substrate are expected to

flatten the most and thus result in splats that had the highest

aspect ratio. It is noted that both higher velocity and tem-

perature result from increased plasma current and/or sec-

ondary gas concentration [30, 32, 47, 48, 52–56, 69, 74,

75], but the entire temperature–time–velocity (T–t–V)

history is important in determining splat microstructure.

These process parameters have also affected the loss of

silicon, Fig. 11 (and accordingly the volume fraction of

second-phase precipitate, Fig. 9), and the splat aspect ratio,

Fig. 10, in similar ways. Detailed plasma plume modeling

and simulations are now necessary to quantify these

aspects of the study.

Coating composition

Since EDS estimates of the coating composition were

found to be unreliable, the average composition of the as-

deposited ytterbium silicate layers was calculated from

volume fractions of the precipitated line compound phases

and their stoichiometric compositions in annealed coatings.

This relationship was calculated from molar volumes and

densities of the Yb2O3, Yb2SiO5, and Yb2Si2O7 phases, and

is shown for the ytterbium silicate systems in Fig. 11a.

Since the volume fractions of the phases in each coating

were known, Fig. 7, it was then possible to estimate the

effect of deposition conditions upon the average Yb:Si

ratio of the two types of coating, Fig. 11b and c. There was

a significant increase in the Yb:Si ratio of both types of

coatings as the plasma spray power was increased.

BSE mode imaging of annealed coatings indicated sig-

nificant differences in grayscale contrast between the

splats. The BSE grayscale was then mapped to the mole

fraction of the elements in the as-deposited microstructures

by rescaling a BSE contrast histogram to known reference

points (as described in ‘‘Coating characterization’’ section)

to obtain BSE-derived distributions of Yb:Si ratio. This

was achieved by aligning the lowest Yb:Si ratio (darkest

BSE contrast) end of the histogram with the stoichiometry

of the lowest equilibrium Yb:Si compound in the system,1

and the distributions average with that deduced from the

phase volume fractions, Fig. 11b and c. Such a scaling

assumed that some stoichiometric material remained in the

coatings after deposition and that the BSE contrast scaled

linearly with Yb:Si ratio. The BSE-derived distributions

show that a significant increase in splat composition range

also accompanied the average stoichiometric shift with an

increase in the plasma spray power and plasma hydrogen

content.

To understand the reasons for the loss of silicon in the

coatings, equilibrium vapor pressure calculations were

Fig. 7 Volume fraction of second-phase precipitates in annealed

coatings plotted against plasma spray power. a Yb2O3 precipitated in

ytterbium monosilicate coatings. b Yb2SiO5 precipitated in ytterbium

disilicate coatings

1 For Yb2SiO5, the stoichiometric Yb:Si ratio is 2 and for the

Yb2Si2O7 this stoichiometric ratio is 1.
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performed using FactSage [76] thermochemical modeling

software in conjunction with the FactPS database. All

modeling of the Yb–Si–O system used ideal solution

interaction calculations since no published thermochemical

data for this system exists. Vapor partial pressures and

partial pressure ratios in the Yb–Si–O system were calcu-

lated over the temperature interval of 1000–3000 �C that

could be experienced by a powder particle during plasma

spray deposition. Figure 12a shows the vapor pressures of

the dominant vapor species (normalized by the vapor

Fig. 8 BSE mode SEM micrographs of the as-deposited ytterbium monosilicate coatings deposited using different combinations of spray

parameters. a 2C coating, b 5C coating, c 2H coating, and d 4H coating

Fig. 9 BSE mode SEM micrographs of the as-deposited ytterbium disilicate coatings deposited using different combinations of spray

parameters. a 1C coating, b 5C coating, c 1H coating, and d 4H coating
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pressure of SiO) for a system consisting of 0.0914 mol of

Yb2SiO5 (0.0457 mol Yb2O3 ? 0.0457 mol SiO2),

4.057 mol Ar, 0.042 mol H2, and 4.5 9 10-7 mol O2

corresponding to S spray parameter mass flows during

ytterbium monosilicate deposition. The significant SiO

partial pressure resulted from the decomposition (reduc-

tion) of SiO2. Figure 12b shows recalculations for ratios of

Yb2Si2O7 (Yb2O3 ? 2SiO2), Ar, H2, and O2 appropriate

for the S spray parameter mass flows of the ytterbium

disilicate coating depositions. Figure 12c plots the ideal

solution predicted partial vapor pressures of the highest

partial pressure Si-bearing and Yb-bearing vapor species of

the S spray parameter for both Yb2SiO5 and Yb2Si2O7. The

vertical dashed line marked in all three plots of Fig. 12

indicates the temperature above which all Si would be in

vapor form.

In the Yb2SiO5 system, Fig. 12a, the vapor pressure

calculated for SiO was * 106 times greater than that of Yb

for temperatures below 2500 �C. At temperatures above

2500 �C, the ratio decreased, but was still roughly 102

times higher than that of Yb at 3000 �C. SiO2 vapor, the

secondary Si-bearing species, had a vapor partial pressure

ratio to SiO that varied from *10-7 at 1000 �C to *10-1

at 2500 �C, decreasing to *10-2 at 3000 �C. The partial

pressures of both H2O and OH were relatively high, with

H2O having a partial pressure comparable to SiO between

1200 and 2500 �C, before gradually decline as the tem-

perature was further increased. The OH partial pressure

varied between *10-2 and *10-4 of the SiO partial

pressure across the entire temperature range. The Yb2Si2O7

Fig. 10 Variations in average splat aspect ratio (l/t) as a function of

plasma spray power for a ytterbium monosilicate and b ytterbium

disilicate coatings in the as-deposited condition

Fig. 11 a Yb:Si ratio dependence upon molar volume of second

phases. The average Yb to Si ratios and BSE contrast-based estimates

of the composition variation in b the ytterbium monosilicate and c the
ytterbium disilicate layers. BSE-derived distributions were scaled by

aligning the lowest Yb:Si ratio (darkest BSE contrast) end of the

distribution with the stoichiometric compound and enforcing the

average of the distribution to match that deduced from the phase

volume fractions
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system, Fig. 12b, behaved almost identically to that of

Yb2SiO5. There was a slight difference in the Yb and SiO2

curves above 2500 �C, wherein the difference in partial

pressures between SiO and Yb was slightly larger (by a

factor of 10) and the difference in partial pressures between

SiO and SiO2 was slightly smaller (again by a factor of 10)

when compared to the Yb2SiO5 system.

Additional calculations were conducted using a ther-

mochemical database for the Si–O–H–Yb system recently

developed by Opila [77] which includes data for the

hydroxides. Using the molar masses of the materials in the

plasma plume (including the range of H2 contents), the

vapor pressure versus temperature relations for all the

species that could form were calculated including the

hydroxides of SiO such as SiO(OH)2 and Si(OH)4 and the

OH and H2O pressures. The silicon hydroxide partial

pressures were of order 10-6 lower than that of SiO; a

consequence of insufficient water vapor in the plume

(formed by the reaction of H2 with O formed because of

decomposition of SiO2 to form SiO). These results indi-

cated that the reaction of H2 with the other constituents of

the system did not change the SiO partial pressure for any

of the H2 fractions used in the study.

The predicted values of vapor partial pressures for SiO

and Yb for the two systems are shown in Fig. 12c. The

calculated vapor pressures of both species exhibited a sharp

increase over four orders of magnitude between 1000 and

1400 �C. This increase was followed by a gradual rise of

roughly two orders of magnitude between 1400 and

2500 �C. Above 2500 �C, the vapor pressures of SiO in the

two systems remained constant at *10-1 (all Si was in

vapor form as denoted) while those of Yb increased to

*10-4. Over the 1000–3000 �C temperature interval, the

SiO partial pressure varied from*10-10 to*10-1 and the

Yb partial pressure varied from *10-16 to *10-4. It is

emphasized that the results should be interpreted only

qualitatively as the analysis was based upon ideal interac-

tions. As such, the calculations are insensitive to differ-

ences between Yb2SiO5 and Yb2Si2O7 (such differences

have been calculated in the Y–Si–O system using real

thermochemical data) [74]. In summary, the calculations

demonstrate the existence of a significant driving force for

preferential loss of Si (compared to Yb) from molten

material during particle propagation through a high-tem-

perature plasma plume.

Implications of silica depletion

A combination of air plasma spray parameters has been

identified that resulted in the deposition of low-porosity

ytterbium monosilicate and ytterbium disilicate layers on

silicon and mullite-coated a-SiC substrates. However, the

low-porosity coatings were Si-depleted compared to the

(near stoichiometric) composition of the starting powders.

BSE mode imaging indicated that the degree of Si deple-

tion varied from solidified droplet to droplet in a given

coating, Figs. 2, 4, 8, and 9. This compositional variability

increased with spray power. The average composition of

Fig. 12 Partial pressure of dominant vapor species scaled to that of

SiO as a function of temperature for the S spray parameter condition.

a Yb2SiO5 and b Yb2Si2O7. c Shows the calculated vapor partial

pressures of dominant species. Partial pressures are calculated based

on ideal thermochemical interactions
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the coatings was also increasingly depleted in Si with

increase in the plasma spray arc current and the hydrogen

content of the plasma plume, Figs. 7 and 11.

The loss of silicon was consistent with preferential

volatilization of Si-bearing species from melted powder

during transit through the plasma plume. Ideal solution

thermochemical modeling indicated that Si-bearing species

had vapor pressures that were *106 times higher than Yb-

bearing species at the temperatures likely to have been

reached during APS deposition of both the ytterbium

monosilicate, Fig. 12a, and the ytterbium disilicate,

Fig. 12b. This vapor pressure ratio difference also

remained relatively constant across a temperature range

from*1300 to 2600 �C. Rapid Si depletion during powder
particle transit through the plume was driven by the high

Si-bearing species vapor pressure, Fig. 12c, which

increased with increasing temperature in a manner con-

sistent with the observed loss of Si with increasing depo-

sition power, Figs. 7 and 11. Reducing the plasma

temperature (by decreasing the plasma power and H2

concentration) and particle residence time in the plume (by

shortening the standoff distance and increasing the particle

velocity) provides a means for reducing the silicon loss, but

at the risk of increased porosity.

The volume fraction of precipitate in both ytterbium

silicate layers increased with both increasing plasma cur-

rent and H2 concentration, Fig. 7. This occurs because

increases in these spray parameters increased the temper-

atures of the plasma plume, and therefore the rate of silicon

loss. This in turn increased precipitate fraction (by appli-

cation of the lever rule to the Yb2O3–SiO2 binary phase

diagram). While increasing the plasma current and sec-

ondary gas (H2) concentration both increased the precipi-

tate fraction, the effects of modifying these variables were

not equal. This was clearly indicated by the difference in

the slope of the precipitate phase volume fraction versus

plasma current and H2 concentration curves in Fig. 7.

The high silicon loss during plasma deposition of the

rare-earth silicates such as the ytterbium silicate system

studied here makes it challenging to apply low-porosity

(dense) ytterbium silicate microstructures via APS pro-

cessing and will require careful selection and control of

spray parameters. The challenges to the deposition of

coatings for EBC applications are compounded by the

formation of extensive mud cracking (providing high-per-

meability oxygen and water vapor pathways to the under-

lying layers) in the ytterbium monosilicate system. While

mud cracks are not formed in the disilicate material, loss of

silicon leads to the formation of ytterbium monosilicate

regions that are susceptible to microcracking upon cooling.

If such cracks are retained on reheating, they are likely to

reduce the effectiveness of the topcoat resistance to oxygen

and steam permeation. However, if the volatility could be

controlled, it may permit fabrication of coatings containing

layers of varying phase fraction from a single stoichio-

metric powder composition. This might provide an ability

to tailor the thermophysical properties of ytterbium silicate

coatings or develop graded coatings by modification of

APS deposition parameters.

Channel-type and equiaxed microcracking

Significant channel (mud)-type cracking was observed in

ytterbium monosilicate coatings, Fig. 2a. The inter-crack

spacing was *240 lm, and resulted from the coating’s

substantially higher coefficient of thermal expansion (CTE)

compared to that of the substrate (7.5 9 10-6 �C-1 for

ytterbium monosilicate compared to 4.7 9 10-6 �C-1 for

SiC) [23, 29]. These cracks fully penetrated the layer but

their spacing did not vary with spray power. No mud

cracking was observed in ytterbium disilicate layers.

Dilatometer experiments (reported in Appendix) with this

material confirmed that it has a similar CTE to the SiC

substrate. Both ytterbium silicate coatings also contained

numerous microcracks. This microcracking was signifi-

cantly affected by spray conditions used to deposit the

ytterbium silicate layers, Fig. 13. The total microcrack

length per unit area generally decreased with increasing

spray power used to deposit the ytterbium monosilicate

layers, Fig. 13a. This trend was consistent with the increase

in the coatings’ Yb2O3 fraction (decrease in Yb2SiO5) with

spray power, Fig. 7. The variation in crack angle (defined

from the plane of the coating) for the ytterbium monosili-

cate microcracks is shown in Fig. 13b for each of the

deposition conditions. The microcrack angle was almost

random; only a slight preference for high-angle (90�, i.e.,
micro-channel crack type) crack orientations was observed.

The microcrack length per unit area in the ytterbium

disilicate layers was significantly less than that of ytter-

bium monosilicate layers, Fig. 13c. It generally tended to

increase with spray power as the fraction of the high CTE

Yb2SiO5 phase increased, Fig. 7. The crack length distri-

bution as a function of angle from horizontal for the

ytterbium disilicate layers is shown in Fig. 13d. Like the

ytterbium monosilicate system, the orientation angle of

ytterbium disilicate microcracks in most of the coatings

was random. However, the coatings deposited at the

highest spray powers (4C and 5C layers) had many more

vertically oriented cracks, consistent with the presence of a

higher fraction of the higher CTE Yb2SiO5 phase.

Channel-type (mud) cracks were observed to penetrate

fully the ytterbium monosilicate layers of the tri-layer

coating system when deposited on a SiC substrate, Fig. 2a.

However, no cracks of this type were found in the ytter-

bium disilicate coating system, Fig. 2b. Furthermore, the

mud crack spacing in the ytterbium monosilicate layers
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was not found to depend upon the spray parameters (within

statistical margins). The results are consistent with previ-

ous studies which attributed the mud cracking to the

development of tensile residual stress in the ytterbium

monosilicate layer during cooling dictated by CTE [23, 24,

28, 29]. Earlier dilatometry studies found that the CTE of

ytterbium monosilicate was 7.5 9 10-6 �C-1, [23, 29]

approximately twice that of the SiC and sufficient to

develop an in-plane biaxial tensile stress approaching

1 GPa. The measured CTE for ytterbium disilicate (Ap-

pendix) confirmed that the disilicate layer has a CTE of

*4.1 9 10-6 �C-1, slightly less than that of SiC and

consistent with the absence of mud cracking.

In addition to the mud cracks in the ytterbium

monosilicate system, equiaxed microcracks were found in

all the layers of both topcoat materials; a finding with

potentially significant consequences for the rate of per-

meation of oxidizing species to the bond coat. In ytterbium

monosilicate layers, the microcracking was severe and

varied considerably with deposition parameter, Fig. 13a.

The angular distribution of microcracks in the ytterbium

monosilicate layer was generally random and was unaf-

fected by spray parameter, Fig. 13b. The equiaxed micro-

cracking was associated with regions of the highest ytterbia

content, but the reason for this is presently unclear since

ytterbium oxide has both a similar Young’s elastic modulus

(171 GPa) and CTE (7.6 9 10-6 �C-1) compared to the

surrounding ytterbium monosilicate phase (172 GPa and

7.5 9 10-6 �C-1), and therefore a similar stored elastic

strain energy to drive microcracking [29].

In ytterbium disilicate, the extent of microcracking was

greatly reduced, Fig. 13c. The most severely cracked

ytterbium disilicate layer had *40 % lower crack density

than the least severely cracked ytterbium monosilicate

layer. Microcracks in the ytterbium disilicate layers usually

had a random angular distribution indicative of equiaxed

cracking. However, the two ytterbium disilicate layers

subjected to the hottest plasma deposition conditions (4C

and 5C) had *3–4 times the density of high-angle orien-

tation (70�? from horizontal) cracks, but with no change in

low-angle microcrack population, Fig. 13d. Microstruc-

tural analysis indicated this crack distribution to be an

additional population of micro-mud cracks within precipi-

tated Yb2SiO5 particles. The presence of such cracking in

only the ytterbium disilicate 4C and 5C coatings resulted

from the increased Yb2SiO5 volume fraction in these lay-

ers. Microcracking of such precipitates is consistent with a

local state of tension upon cooling due to the difference in

CTE between Yb2Si2O7 (4.1 9 10-6 �C-1) and Yb2SiO5

(7.5 9 10-6 �C-1) [23, 29]. The vertical nature of this

cracking resulted from the high l/t ratio and in-plane ori-

entation of the large precipitates combined with the biaxial

Fig. 13 Crack areal density

(CAD) of ytterbium silicate

layers: microcrack length (in

lm) per 10,000 lm2 of coating

cross section. a Crack length of

all orientations plotted as a

function of plasma spray power

for the ytterbium monosilicate

layers. b Crack length as a

function of angle of divergence

from horizontal crack path in

ytterbium monosilicate layers.

A 90� angle indicates vertical

(mud crack type) cracking. The

plots in c and d are similar data

for ytterbium disilicate layers

(note the scale change)
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nature of the stress field in the relatively thin ytterbium

disilicate layer.

Conclusions

Low-porosity ytterbium monosilicate and ytterbium disili-

cate coatings have been deposited using an air plasma

spray approach. The dependence of the microstructure,

composition, and microcracking of these coatings was

examined for a variety of spray parameters that resulted in

close to fully dense coatings. It has been found that

(a) Air plasma spray deposition of low-porosity ytter-

bium mono- and disilicate layers on silicon and

mullite-coated SiC substrates has been shown to be

possible over a wide range of plasma spray condi-

tions using powders with a particle diameter of

20–50 lm.

(b) The deposition of ytterbium monosilicate layers on

silicon and mullite-coated silicon carbide substrates

resulted in substantial mud (channel) cracking per-

pendicular to the coating surface and randomly

oriented microcracking. The mud cracks penetrated

the entire thickness of the ytterbium monosilicate

layer, and were formed because of the substantially

higher CTE of the ytterbium monosilicate compared

to that of the substrate. The equiaxed cracks

appeared to result from local variations in splat

composition and therefore elastic modulus and CTE.

(c) Low-porosity ytterbium disilicate layers contained

no mud cracks and exhibited less equiaxed micro-

cracking than the monosilicate. Thermal dilatometry

measurements indicated the bulk material had a CTE

of approximately 4.1 9 10-6 �C-1, close to that of

the SiC substrates. The elimination of mud cracking,

and reduction of microcracking, indicates that rapid

pathways for the permeation of oxidizing species in

this material may be reduced.

(d) The high partial vapor pressure of SiO at elevated

temperature resulted in substantial loss of silicon

from the originally stoichiometric powder during air

plasma spraying. The silicon depletion in deposited

layers varied considerably within each coating due to

the variation of temperature, particle trajectory, and

residence in the plasma plume. The average coating

composition and compositional range of the as-

deposited splats were also strongly affected by the

spray deposition parameters.

(e) The high volatility of Si led to precipitation of

Yb2O3 in the ytterbium monosilicate coatings and

Yb2SiO5 in the ytterbium disilicate layers. The

crystal structures were verified as equilibrium phases

and their lattice parameters measured using selected

area electron diffraction (SAED) during TEM anal-

ysis. A metastable monoclinic Yb2SiO5 was

observed in both ytterbium monosilicate layers and

ytterbium disilicate layers, but this phase trans-

formed to the equilibrium monoclinic Yb2SiO5

crystal structure during annealing.

(f) Variation of the deposition parameter had significant

effects on phase fractions, splat aspect ratio, total

length of microcrack observed, and orientation of

microcracking in both ytterbium silicates.
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Appendix: Thermal expansion of ytterbium
disilicate

The thermal expansion coefficient (CTE, a) of Yb2Si2O7

has been measured for 95 % dense spark plasma-sintered

(SPS) ytterbium disilicate, Fig. 14. The SPS blank was

machined to 25 9 5 9 5 mm in dimension and was lightly

diamond polished to remove surface imperfections and to

square edges. The resulting dilatometry specimen was

annealed in lab air at 1400 �C for 100 h prior to testing to

establish oxygen stoichiometry in the material after

sintering.

X-ray diffraction pole figures were produced for the

dilatometry specimen to assess its crystallographic texture.

The pole figures indicated no crystallographic texture in the

dilatometry specimen. XRD patterns confirmed the speci-

men to be monoclinic ytterbium disilicate with no other

phases discernible. Dilatometry was performed using a

Fig. 14 Thermal strain and expansion coefficient of 100 h annealed

95 % dense spark plasma-sintered (SPS) ytterbium disilicate
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Netzsch (Burlington, MA) 402-C dilatometer using high-

purity a-alumina as a calibration standard. Heating and

cooling ramp rates were 0.05 �C/s. Slight hysteresis was

observed in the heating and cooling curves of the speci-

men, Fig. 14, but did not invalidate the CTE measurement.
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