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Abstract In this study, a Yb2O3 coating was fabricated by

the atmospheric plasma spray technique. The phase com-

position, microstructure, and thermal stability of the coat-

ing were examined. The thermal conductivity and thermal

expansion behavior were also investigated. Some of the

mechanical properties (elastic modulus, hardness, fracture

toughness, and flexural strength) were characterized. The

results reveal that the Yb2O3 coating is predominantly

composed of the cubic Yb2O3 phase, and it has a dense

lamellar microstructure containing defects. No mass

change and exothermic phenomena are observed in the

thermogravimetry and differential thermal analysis curves.

The high-temperature x-ray diffraction results indicate that

no phase transformation occurs from room temperature to

1500 �C, revealing the good phase stability of the Yb2O3

coating. The coefficient of thermal expansion of the Yb2O3

coating is (7.50-8.67) 9 10-6 K-1 in the range of

200-1400 �C. The thermal conductivity is about

1.5 W m-1 K-1 at 1200 �C. The Yb2O3 coating has

excellent mechanical properties and good damage tolerant.

The unique combination of these properties implies that the

Yb2O3 coating might be a promising candidate for T/EBCs

applications.

Keywords atmospheric plasma spray � environmental

barrier coating � microstructure � thermal barrier coating �
thermomechanical properties � Yb2O3 coating

Introduction

Thermal barrier coatings (TBCs) are widely used in air-

and land-based advanced gas turbines to improve the effi-

ciency and extend the service life of the hot components

(Ref 1, 2). Environmental barrier coatings (EBCs) have

been developed to protect ceramic matrix composites

(CMCs) from corrosion by water vapor (Ref 3-5). A

number of studies have been focused on the thermome-

chanics and stability of T/EBC systems (Ref 6-13). TBC

and EBC systems generally contain multilayer structures,

such as bond and top layers. Among the multilayered

structures, the top layer could be the most important for the

performance of the designed coating system. Generally, the

main properties that are needed for the top layer material

are chemical and phase stability at high temperatures, rel-

atively low thermal conductivity, a coefficient of thermal

expansion (CTE) compatible with the substrate, and good

mechanical properties (Ref 2, 5, 9).

Rare earth oxides (RE2O3, RE = rare earth elements) are

used as raw materials to synthesize T/EBCs materials, such

as rare earth silicates and zirconates, by solid-state reaction

methods. Numerous rare earth silicates (RE2SiO5, RE = Y,

Yb, Lu, Er, Gd, Tm, Dy, Tb, and RE2Si2O7, RE = Y, Yb,

Lu, Er) have been investigated, and the results indicate that

these materials have relatively low thermal conductivity,

good thermal stability, and good mechanical properties,
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which means that they are promising candidates for

T/EBCs applications (Ref 14-17). Moreover, pyrochlore-

type rare earth zirconates (RE2Zr2O7, RE = Yb, Y, Gd, Eu,

Sm, Nd, La, Dy, and Er) have low thermal conductivity,

excellent phase stability, and suitable CTE, indicating that

they are promising TBC candidate materials (Ref 18).

Besides Y2O3, some other rare earth oxides have been

studied and applied to improve the phase stability or cor-

rosion resistance, such as RE2O3 (RE = Sc, La, Nd, Sm,

Gd, Dy, and Yb)-doped ZrO2 counterparts (Ref 19).

It is speculated that rare earth oxides may be good high-

temperature structural materials for T/EBCs applications.

Mechnich et al. (Ref 20) deposited a Y2O3 coating on

Al2O3/Al2O3 CMC as an EBC. Good adherence and

remarkable stability of the Y2O3 coating were observed in

the as-sprayed state as well as upon isothermal treatment

up to 1400 �C. Moreover, thermal cyclic testing of the

Y2O3 coating performed at 1200 �C revealed excellent

durability. Golden et al. (Ref 21) investigated the volatility

of Y2O3, SiO2, and TiO2 in a simulated turbine engine

environment (1 atm H2O pressure, 165-177 m s-1 steam-

jet velocities, and 1240-1300 �C). They found that the

oxide were in the forms of Y(OH)3, Si(OH)4, and

TiO(OH)2. The measured recession rate of Y2O3

(B 0.01 lm h-1) was significantly lower than those of

SiO2 (4.1 lm h-1) and TiO2 (0.92 lm h-1), indicating that

Y2O3 possesses excellent stability in water–vapor con-

taining environment. Courcot et al. (Ref 22) studied the

stability of RE2O3 (RE = Sc, Dy, Er, Yb) through

volatilization tests at 1000-1400 �C temperatures in moist

air with a gas velocity of 5 cm s-1. They found that lan-

thanide oxides appear to be more stable than Y2O3 or

Sc2O3. Yb2O3 appears to be the most stable rare earth

oxide, because the partial pressures of Yb(OH)3 and

YbOOH are the lowest. The plasma spray technique has

been widely used to fabricate protective coatings because

of its high efficiency, capability of handling different

substrates, and ability to generate relatively dense and

uniform microstructures. The atmospheric plasma spray

(APS) technique is a suitable method for preparation of

T/EBCs. Thus, it is important to investigate the

microstructure, thermal properties, and mechanical prop-

erties of rare earth oxide coatings fabricated by the APS

technique.

In this study, we successfully prepared a Yb2O3 coating

by the APS process. The phase composition and

microstructure of the as-sprayed coating were character-

ized, and the thermal stability was investigated. Some of

the thermal properties (thermal conductivity and thermal

expansion behavior) and mechanical properties (elastic

modulus, hardness, fracture toughness, and flexural

strength) of the coating were investigated. This study might

shed some light on the understanding of rare earth oxide

coatings and their potential applications as T/EBCs

materials.

Experimental Procedure

Sample Preparation

Commercial Yb2O3 powder (Shanghai Heli Rare Earth

Material Co., Ltd., Shanghai, China) was used to prepare

the Yb2O3 coating. The powder was ball-milled for 5 h

using zirconia balls together with deionized water in a

polyethylene bottle. After mixing, the suspension was

sprayed in a drying tower [SFL-12, Okawara Powder

Equipment (Shanghai) Co., Ltd., Shanghai, China] to pro-

duce a feedstock powder with spherical or near-spherical

shapes. The obtained free-flowing powder is suitable for

plasma spraying. The Yb2O3 coating was fabricated by a

plasma spray system (A-2000, Sulzer Metco AG,

Switzerland) equipped with a F4-MB torch. The operating

spray parameters are listed in Table 1. The free-standing

Yb2O3 coating (about 2 mm thick) was deposited on an

aluminum substrate (128 mm 9 84 mm 9 2 mm) with a

water-cooling system and then mechanically removed from

the substrate for microstructure and thermomechanical

property tests.

Specimen Characterization

The phase compositions of the powder and the as-sprayed

coating were analyzed by x-ray diffraction (XRD, RAX-10,

Rigaku, Japan) with Cu Ka (k = 1.54056 Å) radiation. The

particle size measurements were performed with a laser

diffraction system (BT-9300Z, Bettersize Instruments Ltd.,

China). High-temperature XRD (HT-XRD, D8

ADVANCE, Bruker, Germany) was performed to investi-

gate the phase stability of the coating. Data were recorded

at 1300, 1400, and 1500 �C from 10� to 70� (2h, step size

0.05�). The heating rate of the sample was 20 �C min-1

until the required temperature was reached, and this tem-

perature was maintained for 15 min before the test. The

microstructures of the powder and as-sprayed coating were

characterized by scanning electron microscopy systems

Table 1 Operating parameters used for plasma spray

Parameters Unit Value

Power kW 43

Primary plasma gas Ar L min-1 38

Secondary plasma gas H2 L min-1 12

Carrier gas Ar L min-1 3

Spray distance mm 120
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(SEM, S-4800, Hitachi, Japan, and Magellan 400, FEI,

USA).

The bulk density measurements were taken by the

Archimedes method using distilled water as the medium.

The coating porosity was evaluated by image analysis

software. Five to eight back-scattered electron SEM (BSE-

SEM) images with 10009 magnification of the cross sec-

tion were randomly taken for each specimen for image

analysis. The Vickers hardness (Hv) measurements were

taken by Vickers indentation (Wilson-Wolpert Tukon 2100

B, Instron, USA) at a load of 1000 g with a dwell time of

15 s. The elastic modulus (E) was determined by a G-200

nanoindenter (Agilent Technologies, Oak Ridge, USA)

equipped with a Berkovich indenter. The reported Hv and E

data are the average values of ten indents, which were

tested at different sites on the polished cross section of the

coating. The fracture toughness (KIC) was estimated based

on the microhardness measurements by Eq 1:

KIC ¼ 0:16Hvðc=aÞ�3=2
a1=2 ðEq 1Þ

where 2a is the length of the indent diagonal and 2c is the

combined length of the indent diagonal and crack. The

flexural strength (r) was determined by the three-point

bending method, and six rectangular bulk samples with

dimensions of 3.0 mm 9 4.0 mm 9 36.0 mm were mea-

sured to obtain the average value.

Simultaneous thermogravimetric and differential ther-

mal analysis (TG–DTA, STA449C, Netzsch, Germany)

were performed to investigate the thermal stability of the

coating from room temperature to 1400 �C with a heating

rate of 10 �C min-1. The thermal expansion of the coating

was determined by measuring the temperature-dependent

changes of the sample lengths using a high-temperature

dilatometer (TMA403F3, Netzsch, Germany). The laser

flash method was performed to measure the thermal dif-

fusivity (a) of the coating from 200 to 1200 �C at intervals

of 100 �C. Before testing, the disk specimen with a size of

11.0 mm (diameter) 9 0.8 mm (width) was coated with a

thin graphite layer to prevent the laser beam from directly

transmitting through the sample. The heat capacity (Cp)

data of Yb2O3 were based on the Ref 23. The thermal

conductivity (j) values were calculated by

j ¼ Cp � a� q ðEq 2Þ

where q is the density.

Results and Discussion

Microstructure Characterization

The morphology and particle size distribution of the Yb2O3

powder are shown in Fig. 1. The spray-dried Yb2O3 pow-

der is spherical or near-spherical (Fig. 1a). The particulates

of the powder are composed of numerous small particles

with irregular shapes and sizes of several micrometers, as

shown in the high-magnification inset of Fig. 1(a). The

measured medium size (D50) of the powder is about 45 lm.

The XRD patterns of the spray-dried Yb2O3 powder and

Yb2O3 coating are shown in Fig. 2. The phase of the Yb2O3

coating is the same as that of the feedstock powder, which

is composed of cubic Yb2O3 (c-Yb2O3). Clearly, the Yb2O3

powder exhibits excellent phase stability during the APS

process.

Observation of the coating surface shows that the Yb2O3

coating mainly consists of completely melted deposits

(Fig. 3a). Some microcracks are also observed, which was

resulted from the release of thermal stresses during cooling

(Fig. 3b). It is worth noting that grains with sizes about

several nanometers form on the coating surface, as

observed in the high-magnification image (Fig. 3c). The

measured density of the Yb2O3 coating is about

Fig. 1 Morphology (a) and particle size distribution (b) of Yb2O3 powder
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8.40 g cm-3. Figure 3(d) and (e) displays the scattered

electron (SE)-SEM and BSE-SEM micrographs of the

cross section of the Yb2O3 coating, respectively. The

coating is relatively dense with low porosity of about 4.3%.

Different types of defects exist in the coating, such as

microcracks, fine pores (indicated by yellow circles in

Fig. 3d), and coarse voids (indicated by red circles in

Fig. 3d).

The fractural morphology of the Yb2O3 coating is shown

in Fig. 4. It shows that the Yb2O3 coating has the typical

laminar structure of plasma-sprayed coatings, which is

mainly composed of splats overlapped layer by layer.

Defects, such as interfaces, microcracks, and pores, are

observed within the coating. The presence of microcracks

could be related to shrinkage of the droplets and the release

of accumulated thermal stresses during cooling. Collision

of high-speed incoming semi-melted or un-melted particles

with the earlier deposited layers might also result in for-

mation of microcracks, although this requires further evi-

dence. Besides microcracks, there are two typical types of

pores in the Yb2O3 coating: fine pores and coarse voids.

Fine pores within the splats might result from entrapped

gas that does not have sufficient time to escape because of

the rapid deposition of melted particles. The coarse voids

located along the splat boundaries occur because of random

overlap of splats. The high-magnification view (Fig. 4b)

Fig. 2 XRD patterns of Yb2O3 powder (a) and as-sprayed Yb2O3 coating (b)

Fig. 3 Low (a) and high (b, c) magnification of surface morphologies and SE-SEM (d) and BSE-SEM (e) morphologies of cross section of

Yb2O3 coating
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gives more detailed microstructure information. The

thicknesses of the individual splats are about 0.85-2.5 lm.

Moreover, columnar grains are observed in the layered

splats. Special structures, such as interfaces and pores,

along the splat boundaries are conducive to reduction of the

thermal conductivity of the Yb2O3 coating.

Property Characterizations

Thermal Stability

The HT-XRD patterns of the as-sprayed Yb2O3 coating at

1300, 1400, and 1500 �C are recorded and illustrated in

Fig. 5. Comparing Fig. 2 with Fig. 5, the diffraction peaks

of the as-sprayed Yb2O3 coating are almost the same as

those of the coating exposed to high temperature. This

confirms that no new phase is generated and no phase

transformation occurs up to 1500 �C, indicating the good

phase stability of the Yb2O3 coating.

The TG and DTA curves of the Yb2O3 coating are

shown in Fig. 6. There is almost no mass change in the TG

curve in the range from room temperature to 1200 �C,
whereas there is a broad peak between 900 and 1200 �C in

the DTA curve, which has two possible origins (Ref 24).

On the one hand, it may be the relaxation region that is a

feature of amorphous phase structures. On the other hand,

wide peaks are observed from almost completely

crystalline materials, which may result from reduction of

the residual stresses in the coating. Because the as-sprayed

Yb2O3 coating consists of the crystalline c-Yb2O3 phase,

the presence of a wide peak in the DTA curve can be

attributed to the latter. Combining the HT-XRD and TG–

DTA results, it can be concluded that the Yb2O3 coating

has excellent thermal stability.

Fig. 4 Low (a)- and high (b)-magnification fracture section morphologies of Yb2O3 coating

Fig. 5 HT-XRD patterns of Yb2O3 coating at different temperatures
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Thermal Properties

Generally, thermal expansion mismatch between the top

layer and the bond layer, as well as the substrate, causes

thermal stresses, which are the main cause of spallation

failure of T/EBC systems during thermal cycling. There-

fore, the thermal expansion behavior of the Yb2O3 coating

was investigated, and the results are shown in Fig. 7. The

DL/L curve is approximately linear from 200 to 1400 �C,
demonstrating continuous volume expansion of the coat-

ing. The coefficient of thermal expansion (CTE) curve was

obtained according to the slope of the thermal expansion

rate versus the temperature during heating. In the range of

200-1400 �C, the CTE of the Yb2O3 coating is in the range

of 7.50-8.67 9 10-6 K-1, which is close to the range for

Yb2SiO5 (7.00-8.00 9 10-6 K-1) (Ref 25, 26).

Figure 8 illustrates the measured thermal diffusivity and

calculated thermal conductivity of the Yb2O3 coating. It is

clear that both curves decrease with increasing temperature

up to 800 �C and then increase with further increasing

temperature. The decrease in the thermal conductivity can

be interpreted by the phonon conduction behavior (Ref 27).

Phonons are scattered by grain boundaries and defects, and

scattering is strengthened with increasing temperature,

resulting in the thermal conductivity being inversely pro-

portional to the temperature. The increase in the thermal

conductivity can be attributed to microstructure changes,

such as grain growth, microcrack healing, and pore

shrinkage, because of the occurrence of sintering phe-

nomena at temperatures above 800 �C. The thermal con-

ductivity of the Yb2O3 coating is about 1.5 W m-1 K-1 at

1200 �C. This indicates that the conductivity of the Yb2O3

coating is close to those of some currently used T/EBC

materials, such as YSZ and Yb2Si2O7 (Ref 28).

Mechanical Properties

The durability of T/EBCs materials depends on the toler-

ance of the materials to exterior mechanical damage, which

is related to their mechanical properties. Therefore, the

mechanical properties of the Yb2O3 coating need to be

determined to its potential applications as T/EBCs mate-

rials. The measured mechanical properties of the Yb2O3

coating are given in Table 2, along with the values of some

T/EBCs materials for comparison. The elastic modulus of

the Yb2O3 coating is 100.8 ± 5.5 GPa, which is close to

the value of the as-sprayed Yb2SiO5 coating of 97.3 ± 3.1

GPa. Compared with the bulk materials, the elastic moduli

of the corresponding thermal sprayed materials are known

to be much lower, which is closely related to their unique

microstructure and inhomogeneity, such as the pore mor-

phology and lamellar structure. Leigh et al. (Ref 31)

reported that the elastic moduli of thermal spray materials

are 12-78% of those of the bulk materials, depending on

the materials, spray processes, and post-treatments. For

T/EBCs materials, a low elastic moduli is favorable for

reduction of the thermal stresses, which endows the Yb2O3

coating with good resistance to thermal shock (Ref 32).

The measured Hv value of the Yb2O3 coating is 3.9 ± 0.1

GPa, which is lower than that of the Yb2SiO5 coating of

5.1 ± 0.1 GPa. The low Vickers hardness might be caused

by the weak bonding between Yb and O atoms in the

crystal structure.

Several quantitative measures can be used to describe

the damage tolerance of ceramic materials. Boccaccini

Fig. 6 TG-DTA curves of

Yb2O3 coating
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et al. (Ref 33) used the brittleness index M to distinguish

brittle and ductile materials:

M ¼ Hv=KIC ðEq 3Þ

A low M value indicates good damage tolerance. Accord-

ing to the data in Table 2, the Yb2O3 coating has a lower M

value (2.15 lm1/2) than those of the T/EBCs materials,

such as Yb2SiO5 (2.78 lm1/2), Yb2Si2O7 (3.40 lm1/2), and

Yb3Al5O12 (3.70 lm1/2). Bao et al. (Ref 34) proposed Dt as

a quantitative measurement of the damage tolerance:

Dt ¼
KIC � E
r � Hv

ðEq 4Þ

A high Dt value means good damage tolerance. According

to the data in Table 2, the Dt value of the Yb2O3 coating

was calculated to be 0.43 m1/2, which is higher than those

of some reported T/EBCs materials, such as Yb2SiO5

(0.25 m1/2) and Yb2Si2O7 (0.38 m1/2). Moreover, the Dt

value of the Yb2O3 coating is the same as that of Yb3-
Al5O12 (0.43 m1/2), while it is slightly lower than that of

Y2SiO5 (0.51 m1/2). The above results show that the Yb2O3

coating may have excellent mechanical properties and

good damage tolerance, which are propitious for its

applications as T/EBCs materials.

Conclusions

A Yb2O3 coating has been fabricated by the APS tech-

nique. The microstructure, thermal properties, and

mechanical properties of the Yb2O3 coating were

Fig. 7 Thermal expansion

behavior of Yb2O3 coating

Fig. 8 Thermal diffusivity (a) and thermal conductivity (b) vs. temperature of Yb2O3 coating
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investigated. Microstructure observation shows that the

coating is composed of a dense laminar structure. The

Yb2O3 coating is the c-Yb2O3 phase, and it shows out-

standing phase stability at high temperature. In the range

200-1400 �C, the CTE of the Yb2O3 coating is in the range

of 7.50-8.67 9 10-6 K-1. The thermal conductivity is

about 1.5 W m-1 K-1 at 1200 �C. Mechanical property

tests reveal that the Yb2O3 coating has a low brittleness

index and high Dt value, showing that the Yb2O3 coating

may belong to damage tolerant materials. The dense

microstructure, suitable CTE, low thermal conductivity,

and high temperature stability combined with its excellent

mechanical properties indicate that the Yb2O3 coating may

have potential applications as T/EBCs materials.
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