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Abstract Four Sm2Zr2O7 (SZO) powders with different

morphologies were deposited by atmospheric plasma

spraying on superalloy substrates using the same spraying

parameters. Both the particle size distribution and

microstructure of the powders had an important effect on

the coating microstructure. SZO thermal barrier coatings

(TBCs) deposited using the powder with a narrow particle

size distribution showed a better ‘‘molten state’’ and

exhibited a higher average bonding strength compared with

the SZO TBCs deposited using the powder with a wide

particle size distribution. The dense microstructure of the

calcined powder sintered at high temperature and of the

powder spheroidized by plasma spraying gun (SF)

improved the melting capacity of the powders, and the

resulting coatings showed a compact microstructure with

unique bimodal structures. Furthermore, the SF SZO TBCs

presented an excellent ‘‘molten state’’ with a smooth sur-

face and exhibited a high bonding strength of

29.6 ± 0.15 MPa.

Keywords microstructures � plasma spraying � rare-earth

zirconates � thermal barrier coatings

Introduction

Plasma-sprayed thermal barrier coatings (TBCs) have

found wide applications in protection of high-temperature

metallic components such as turbine engines by decreasing

the temperature seen by the substrate or increasing the

thermal efficiency (Ref 1-4). However, their potential for

application at even higher temperatures (i.e., above

1200 �C) is very limited due to the sintering and phase

transformation of the conventional outer ceramic yttria-

stabilized zirconia (YSZ) layer (Ref 5-9). The search for

new materials with properties superior to those of con-

ventional YSZ is intensifying.

Rare-earth zirconates were recently proposed as a series

of promising materials (Ref 10-13). Sm2Zr2O7 (SZO)

shows lower thermal conductivity (1.6 W/m-K) than that

of 8YSZ (2.2 W/m-K) (Ref 14, 15). It is thermally

stable up to 1900 �C and has attracted great attention.

Previous investigations illustrated that plasma-sprayed (PS)

SZO coatings exhibited moderate performance and were

not appropriate for such applications. In fact, the

microstructure and properties of plasma-sprayed coatings

are significantly affected by the characteristics of the

feedstock, such as its morphology, size distribution, and

flowability, as well as the conditions of the spraying pro-

cess (Ref 16). All of these factors have a strong influence

on the heat and momentum transfer between the feedstock

and plasma jet. Therefore, it is important to determine

whether SZO coatings can exhibit excellent thermome-

chanical properties if the spray process and feedstock

powders are improved. However, little information is
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currently available regarding the effect of the feedstock

powder on the structure and properties of PS coatings. In

the work presented herein, SZO feedstock powders with

different size distributions and original grain sizes were

prepared for deposition of TBCs using a PS system. The

influence of the feedstock powder on the microstructure

and bonding strength of the resulting SZO coatings was

then investigated.

Experimental Procedures

Preparation of Feedstocks for Thermal Spraying

The agglomerated SZO feedstock used for PS was obtained

by a chemical coprecipitation and spray drying granulation

method, as described in Ref 17, 18. The suspension for

spray-drying, composed of SZO powder, polyvinyl alcohol

(PVA, 0.5 wt.%), and deionized water, was ball-milled for

longer than 2 h. The solids content of the suspension was

50%. Subsequently, the suspension was sprayed into small

droplets using a LGZ-8 spray dryer. The droplets quickly

dried in the hot air, forming microspheres. The spray-dried

powders showed a near-spherical morphology; the mor-

phology and particle size distribution are presented in

Fig. 1. The spray-dried powders were calcined at 1100 �C
for 2 h. Two types of sprayable SZO feedstock powder

with different size distributions were collected. The first

feedstock exhibited a wide size distribution in the range of

20-80 lm, being denoted as ‘‘WF.’’ The second feedstock

exhibited a narrow size distribution in the range of

20-50 lm, being denoted as ‘‘NF.’’ To increase their

apparent density and flowability, the calcined SZO feed-

stock powders were sintered at high temperature of

1600 �C for 3 h (named ‘‘HF’’) and spheroidized by using

a plasma spray process (named ‘‘SF’’), respectively. The

size distribution of the HF and SF powders was 35-65 lm.

The main parameters used for the plasma spheroidizing

process are presented in Table 1. The powders were heated

and melted by a plasma jet, then directly cooled and col-

lected in deionized water for drying (Ref 19).

Preparation of Coatings

All the coatings were fabricated by PS (SG100 spray gun,

PRAXAIR-TAFA, USA). The primary gas and auxiliary

gas used in PS were argon and helium, respectively. Before

spraying, the surface of the IC10 nickel-based superalloy

substrates was cleaned using acetone for degreasing. The

substrates were then grit-blasted to achieve a rough surface

to increase the bonding strength. Then, NiCoCrAlY (CO-

210, Praxair, USA) as the bond coating (about 100 lm in

thickness) and SZO as the top coating (about 200 lm in

thickness) were deposited onto the superalloy substrates in

turn to prepare the SZO TBCs. The plasma spraying

parameters are listed in Table 2.

Characterization

The microstructure of the feedstock powders and the sur-

face and cross-section morphology of the SZO coatings

were observed by scanning electron microscopy (SEM,

S-4800, Tokyo, Japan). The porosity of the coatings was

estimated by quantitative metallography (LECO IA32-

VideoTest Master, Lakeview Ave, USA) (on at least 10

Fig. 1 The morphology (a) and size distribution (b) of the spray-

dried SZO powders

Table 1 Parameters used in the plasma spheroidizing process

Parameter Numerical value

Current, A 950

Voltage, V 75

Flow rate of auxiliary gas (SCFH) 50

Flow rate of primary gas (SCFH) 80

Feedstock supply rate, g/min 3.0

Spray distance, mm 120

SCFH standard cubic feet per hour
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images for each type of pellet) in conjunction with image

analysis. The bonding strength of the coatings was tested

using an electronic universal tensile machine (model

WDW-E100, Anduo Trade Co. Ltd., Nanjing, China). The

coated stubs were adhered to coupling stubs using a cold-

cured adhesive glue (3M, SW2214, Japan) to investigate

the mechanical bonding strength.

Results and Discussion

Microstructure of Feedstock Powders

The morphology and microstructure of the feedstock

powders prepared using the different thermal treatment

processes are shown in Fig. 2. The feedstock powders

calcined at 1100 �C for 2 h displayed good sphericity. The

spheres comprised submicron (0.1-0.6 lm) grains and were

loose and porous (Fig. 2a). From Fig. 2(b), it can be seen

that the powders sintered at 1600 �C for 3 h were relatively

compact, but some pores were still present among the

grains. Meanwhile, the sphericity of the HF powders

became poor due to their irregular shrinkage during the

sintering process. The internal grains were obviously sin-

tered and grew to micron scale (about 1-2 lm).

Figure 2(c) and (d) show the surface and cross-section

microstructure of SF. Near-perfect spherical powder was

obtained, exhibiting three forms: hollow powder, solid

powder with loose particles inside, and solid powder with

dense particles inside. This result indicates that small (less

than 40 lm) and hollow agglomerated powders could be

fully melted in the plasma jet. The larger solid powders

showed a sintered shell with thickness of 3-5 lm, retaining

some unmelted particles in the center with a grain size of

0.2-0.4 lm. During plasma spraying, the momentum and

energy transfer processes between the plasma and powder

are crucial to the melting state of the in-flight particles.

When the powder is injected into the plasma jet, the tem-

perature at its surface can increase rapidly. However, the

melting condition for the powder depends on its size and

thermal conductivity. For larger SZO powder with low

thermal conductivity, the temperature is high at the surface

but low at the center. Therefore, the particles at the surface

Table 2 Parameters used in the atmospheric plasma spraying

Parameter NiCoCrAlY SZO

Current, A 700 850

Voltage, V 65 75

Flow rate of auxiliary gas (SCFH) 120 80

Flow rate of primary gas (SCFH) 10 50

Feedstock supply rate, g/min 2 2

Spray distance, mm 75 75

Spray inclusion, � 90 90

Fig. 2 The morphology and microstructure of the feedstock powders prepared using different thermal treatment processes: (a) calcination at

1100 �C for 2 h, (b) HF, and (c, d) surface and cross-sectional microstructure of SF
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are melted more easily, while some unmelted particles

remain in the center.

Microstructure of Coatings Deposited Using

Feedstocks with Different Size Distributions

Figure 3 shows the SEM microstructure of the SZO coat-

ings deposited using the WF and NF powders. The surface

of both as-sprayed coatings was uneven without nonmolten

particles, as shown in Fig. 3(a) and (b), but there were

more fully molten areas on the surface of the NF SZO

coating, implying a better molten state. The cross-sectional

morphology of the WF SZO (Fig. 3c) and NF SZO

(Fig. 3d) as-sprayed coatings showed that both presented a

certain quantity of pores and microcracks, because of the

deposition of nonmolten particles or the inhomogeneous

deposition of the molten drops during the spreading pro-

cess. The porosity of the WF SZO coatings as determined

by image analysis was almost at the level of *11.4%,

slightly higher than the porosity of the NF SZO coating

(*9.3%). It is easy to see that the pores in the NF SZO

coatings were relatively fine compared with those in the

WF SZO coatings.

It can be seen that typical lamellar structures with

columnar grains formed by directional solidification at this

cooling rate (Ref 20, 21). However, the fracture cross-

sectional morphology of the WF and NF SZO coatings

showed differences. A certain quantity of pores and

microcracks could be observed in the fracture cross-sec-

tional SEM micrograph of the WF SZO coating (Fig. 4a).

Figure 4(b) shows a cross-sectional SEM micrograph from

a nonmolten region near the pores (similar to that indicated

by the red box in Fig. 4a), showing loose equiaxed grains

between columnar grains. These loose structure and defects

may weaken the bonding strength. The average bonding

strength of the coatings is presented in Table 3. The

average bonding strength of the WF SZO TBCs was

15.1 ± 0.08 MPa. Compared with the WF SZO coating, as

can be seen in Fig. 4(c), the fracture cross-section mor-

phology of the NF SZO coating was dense. In addition, the

proportion of columnar grain structures increased appar-

ently and the pores were finer than the coating mentioned

above, having a positive impact on the bonding strength.

The bonding strength results for the SZO TBCs deposited

using NF powder showed an average value of

28.6 ± 0.14 MPa, about two times higher than that of the

WF SZO TBCs. Figure 4(d) shows a cross-sectional SEM

micrograph of a half-molten region (similar to that indi-

cated by the white box in Fig. 4a), showing a dense binding

state of columnar and equiaxed grains.

In general, the size of the feedstock powder is a critical

parameter for the formation of the microstructure of the

coating when using given spraying parameters. When

heated by the plasma flame, the large bulk volume of the

Fig. 3 SEM micrographs of (a) the surface morphology of the WF SZO TBCs, (b) the surface morphology of the NF SZO TBCs, (c) the cross-

section morphology of the WF SZO TBCs, (d) the cross-section morphology of the NF SZO TBCs
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coarse (50-80 lm) Sm2Zr2O7 powder with low thermal

conductivity hinders heat transport from the surface to the

core of the powder. As a consequence, it is difficult to

attain a sufficient molten state before deposition of the

coating for such coarse powders, and nonmolten particles

will be embedded in the splat, which accounts for the

formation of giant pores and cracks (Fig. 4a). In contrast to

coarse powders (50-80 lm), the small bulk volume of fine

(20-50 lm) powders is beneficial to heat transport. Thus,

during the spraying process, such fine (20-50 lm) powders

can fully melt and turn into molten drops, enabling uniform

spreading on the substrate to form adherent lamellar

structures (Fig. 4c). Hence, it is interesting to note that a

narrow size distribution of the SZO feedstock powder is

favorable for plasma spraying.

Microstructure of Coatings Deposited Using

Feedstocks with Different Microstructural

Characteristics

Figure 5(a) shows the surface morphology of the SZO

TBCs deposited using HF. An inhomogeneous distribution

of partially molten particles can be observed on the surface

of the HF SZO coating. In striking contrast to the SZO

TBCs mentioned above, as shown in Fig. 5(b), the surface

of the SF SZO coating showed large, continuous, dense and

smooth areas, whereas nonmolten particles could hardly be

found. It can be seen that the fully melted powder spread

out on the surface of the coating. Figure 5(c) shows the

cross-sectional morphology of the SF SZO coating,

revealing strong adhesion with the bond coating. In addi-

tion, the porosity of the SF SZO coating was the lowest

among these coatings, estimated at *6.7%. When heated

by the plasma jet, its continuous and compact structure

enhances the thermal conductivity of the SZO SF powder,

and the temperature of the powder center will increase

rapidly. Meanwhile, the excellent flowability boosts the

dispersibility of the SZO SF powder in the plasma jet,

giving all the particles the opportunity to melt sufficiently

and spread homogeneously on the substrate.

Figure 6(a) shows a fractured cross-sectional SEM

micrograph of the HF SZO TBCs. The microstructure is

more compact with fewer microcracks and pores, appear-

ing only between the two lamellar structures with columnar

Fig. 4 Fractured microstructure of SZO coatings: (a, b) WF SZO coating at low and high magnification, respectively; (c, d) NF SZO coatings at

low and high magnification, respectively

Table 3 Average bonding strength of coatings

Sample Average bonding strength, MPa

WF SZO TBCs 15.1 ± 0.08

NF SZO TBCs 28.6 ± 0.14

HF SZO TBCs 31.5 ± 0.16

SF SZO TBCs 29.6 ± 0.15
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grains. It is interesting to note that some submicron glob-

ular grains can be observed in the magnified region near the

pores, shown in Fig. 6(b). It appears that the submicron

globular grains result from partial melting and recrystal-

lization of the sufficiently melted HF SZO particles in the

process of heating and cooling, since the HF powders are

micron-sized grains (Fig. 2b). Figure 6(c) shows the frac-

tured cross-section morphology of the SF SZO coating,

revealing an evident special multilayer lamellar structure.

One type of region, e.g., Z1 in Fig. 6(c), shows a very

compact columnar crystal area with no gaps or defects.

Also, there are some pores and cracks between the inter-

layers, which is inevitable in plasma-sprayed coatings (Ref

22). Figure 6(d) shows an equiaxed grain region (similar to

region Z2 in Fig. 6c) at higher magnification. Compared

with the loose equiaxed grains of the WF SZO coating

(Fig. 4b), the equiaxed-shaped nanograins of the SF SZO

coating are sintered and tightly adhered to each other.

The results presented here clearly show that the

microstructure of the powder plays an important role in the

microstructure of the resulting coating. The dense

microstructure of the powders sintered at 1600 �C for 3 h

accelerated heat transport and improves the molten state of

the HF powders. This is why the SZO HF powder can be

sufficiently melted and form the submicron globular

recrystallized microstructure. Moreover, the sufficient

molten state can enhance the bonding of layers and

decrease the quantity of cracks and porosity, which is

favorable to increase the bonding strength of the coating.

In contrast to the other SZO TBCs discussed above, the

fracture cross-section of the SF coating showed a special

molten area composed of bimodal structures and an

extraordinary molten state. The three morphologies of the

spheroidized feedstock (shown in Fig. 2d) discussed above

play a key role in the formation of the special

microstructure. When heated by the plasma jet, because the

structure of the solid powder with dense particles (powder

A in Fig. 2d) favors its melting, the melted drops impact on

the substrate and form the dense columnar grain structure.

While the hollow powder (powder B in Fig. 2d) can be

fully melted during the heat treatment, the empty center of

the powder is inclined to form cracks and pores. An

important point to note is that some powder with core–shell

structure, consisting of solid powder with loose nanosize

particles inside, is present in the spheroidized feedstock

(powder C in Fig. 2d). During the spraying process,

although the temperature at the surface is high, the porous

microstructure blocks heat transport, resulting in a low

internal temperature. Therefore, the internal nanosize par-

ticles undergo a certain degree of sintering and the

nanoequiaxed grains are preserved, which is beneficial to

improve the thermal insulation ability of the coating (Ref

23) and reduce its in-plane Young’s modulus significantly

(Ref 24-27).

The bonding strength results for the SZO TBCs depos-

ited using SF showed an average value of

29.6 ± 0.15 MPa, roughly equivalent to that of SZO TBCs

(about 31.5 ± 0.16 MPa) deposited using HF with the

same powder size. The powder grains grew to micron size

when calcined at high temperature. The resulting SZO

coating will therefore demonstrate a compact state, which

will favor increased bonding strength of the coating.

Although the unmelted phases can decrease the thermal

conductivity of the coating, the loose structure and weak

bonding strength of the unmelted phases have adverse

effects on the mechanical properties of the coating.

Fig. 5 Morphology of SZO coatings deposited using HF and SF

powders: (a) surface of HF SZO coating; (b) surface of SF SZO

coating; (c) cross-section of SF SZO coating
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Therefore, it is more desirable to obtain sintered equiaxed

grains in the coating to improve the bonding strength.

Besides, the equiaxed grains can also contribute to the

decrease of thermal conductivity. When the SZO coatings

were deposited using spheroidized feedstock, according to

the fracture surface of the coating, the molten phase was

composed of bimodal structures, which can be beneficial to

improve the toughness of the coating and enhance its

mechanical properties.

Conclusions

Sm2Zr2O7 feedstock powders with four different mor-

phologies (WF, NF, HF, and SF) were prepared by thermal

treatment and spheroidized by plasma spraying gun, then

deposited on superalloy substrates by atmospheric plasma

spraying. The WF SZO TBCs showed a loose

microstructure with a certain quantity of pores and cracks,

due to the unfavorable molten state of the wide range of

large-size powders. The narrow range of small-size pow-

ders showed a better molten state, and the bonding strength

of the corresponding coating exhibited an average value of

about 28.6 ± 0.14 MPa, nearly two times higher than that

of WF SZO TBCs (15.1 ± 0.08 MPa). The microstructure

of the coatings deposited using HF showed a compact state,

because the dense microstructure of the feedstock powders

benefits the melting of the powders. The SZO TBCs

deposited using SF exhibited an extraordinary molten state

and unique bimodal structure, which may be advantageous

for the thermal insulation performance. This is attributed to

the special core–shell microstructure of the SF. These

results indicate that a narrow range and reasonable mor-

phology of the feedstock powder are beneficial to improve

the bonding strength of TBCs.
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