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ABSTRACT

The effects of the purity and monoclinic phase of feedstock powder on the thermal durability of thermal barrier coatings (TBC)

were investigated through cyclic thermal exposure. Bond and top coats were deposited by high velocity oxygen fuel method using

Ni-Co based feedstock powder and air plasma spray method using three kinds of yttria-stabilized zirconia with different purity

and monoclinic phase content, respectively. Furnace cyclic thermal fatigue test was performed to investigate the thermal fatigue

behavior and thermal durability of TBCs. TBCs with high purity powder showed better sintering resistance and less thickness in

the thermally grown oxide layer. The thermal durability was found to strongly depend on the content of monoclinic phase and

the porosity in the top coat; the best thermal fatigue behavior and thermal durability were in the TBC prepared with high purity

powder without monoclinic phase.
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1. Introduction

hermal barrier coatings (TBC) are applied for the pro-

tection of components from high temperature gases

during the operation of gas turbines for power generation

and aircraft. Generally, the TBC system is composed of a

top coat and a bond coat. The top coat is a ceramic layer that

provides thermal barrier functionality to the high tempera-

ture components of the gas turbine; the bond coat provides

not only oxidation and corrosion resistance to the substrate

but also increases the adhesive strength between the top

coat and base material, where generally the MCrAlY (M =

Ni and/or Co) material is used.1)

The application of TBCs is consistently in demand as they

reduce the surface temperature of high temperature gas

turbine components by 100–150oC, increasing the turbine

inlet temperature, which leads to fuel efficiency improve-

ment.2−7) However, the 7–8 wt% yttria stabilized zirconia (7-

8YSZ) applied to the conventional top coat is limited for

application in operational environments of 1200oC or higher

by the resintering and phase transition.8,9) Thus, improve-

ment of the thermal barrier performance, improvement of

sintering resistance, and attaining of phase stability of the

top coat are required to enhance the temperature capability

of the superalloys used as base materials of high tempera-

ture components. In this area, studies of low thermal con-

ductivity zirconate materials have been actively pursued.10-12)

However, compared to conventional 7-8YSZ,13-15) low ther-

mal conductivity zirconate materials have relatively low

thermal expansion coefficients (8YSZ: 10.5–11.5×10−6 K−1,

Yb-Gd-YSZ: 9–10×10−6 K−1, La2Zr2O7: 9.1–9.7×10−6 K−1),

along with relatively low mechanical properties (Yb-Gd-YSZ

fracture toughness: ~ 1.25 MPa·m1/2, La2Zr2O7 fracture

toughness: ~ 1.1 MPa·m1/2, 8YSZ: ~ 2.23 MPa·m1/2).13,16) Due

to these thermal and mechanical properties, there are diffi-

culties in applying zirconate as TBC material for gas tur-

bines, despite their outstanding phase stability and

sintering resistance, and low thermal conductivity. In order

to overcome these disadvantages, various studies on micro-

structural design, compositional design, and composites are

being carried out.11,12)

Meanwhile, the concept of decreasing the quantity of

impurities (silica, alumina, etc.) contained in conventional

yttria stabilized zirconia (7-8YSZ) was presented as a

method of improving the sintering resistance and phase sta-

bility.17,18) As a part of studies on ceramic phase stability,

studies on feedstock powder without monoclinic phase are

in progress.19) However, as mentioned above, due to their

thermal and mechanical properties, zirconate materials are

limited in their application to high temperature compo-

nents. Although research on the effects of TBCs composed of

materials with high purity and phase stability on the ther-

mal durability have been conducted individually, a compre-

hensive study that considers both factors together has yet to
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be conducted.

The furnace cyclic test (FCT) is a conventional method of

thermal durability evaluation that assesses the interfacial

stability and thermal stability through the thermal expan-

sion coefficient (8YSZ: 10.5–11.5×10−6 K−1, NiCrAlY bond

coat: 15.0×10−6 K−1) difference between the top coat and

bond coat by conducting repeated heating and cooling in a

high temperature isothermal environment.14−16) However,

FCT heats the coating layer as well as the base material to

high temperatures (the base material temperature increases),

so the actual gas turbine operation conditions are not satis-

fied and the lifetime of the TBC is decreased. However, the

furnace cyclic thermal fatigue test (FCTF) used in this

study cools the base material temperature to 950oC during

the test, so the effect of the base material on the lifetime

evaluation of the TBC can be minimized and the thermal

durability can be assessed under conditions similar to those

of the actual gas turbine operation environment. 

Therefore, in this study, various feedstock powders (gen-

eral purity YSZ, high purity YSZ with monoclinic phase,

high purity YSZ without monoclinic phase) were used in the

air-plasma spray (APS) method to form the top coat layer,

and FCTF testing was carried out at 1100oC. The effect of

the feedstock powder characteristics (purity and whether

monoclinic phase is included or not) on the thermal durabil-

ity of the TBC was investigated by observing microstructure

and mechanical property changes, by performing interfacial

reaction layer analysis, and by observing phase transforma-

tion before and after FCTF testing.

2. Experimental Procedure 

2.1. Test Specimen Fabrication

In this study, Ni-based superalloy (Nimonic 263, with

nominal composition of Ni-20Cr-20Co-5.9Mo-0.5Al-2.1Ti-

0.4Mn-0.3Si-0.06C, in wt%, ThyssenKrupp VDM, Germany)

was used as the base material; the test specimen diameter

and thickness were 25.4 mm and 3 mm, respectively. Grit

blasting treatment was performed to allow convenient coat-

ing layer formation on the surface of the Ni-based superal-

loy base material, and CoNiCrAlY powder (Co-29–35Ni-18–

24Cr-5–11Al-0.1–0.8Y, in wt%, Oerlikon Metco, Switzer-

land) was used to fabricate the bond coat using the high

velocity oxygen fuel (HVOF) device TAFA JP5000 (Praxair

Surface Technology, USA). For the top coat, general purity

YSZ (ZrO2-7–9Y2O3-0.7SiO2-0.2TiO2-0.2Al2O3-0.2Fe2O3, in

wt%, Oerlikon Metco, Switzerland), high purity YSZ (ZrO2-

7–8Y2O3-0.05SiO2-0.05TiO2-0.05Al2O3-0.05Fe2O3, in wt%,

Oerlikon Metco, Switzerland), and high purity YSZ without

monoclinic phase and containing HfO2 for mechanical

property enhancement (ZrO2-7–9Y2O3-0.05Al2O3-0.01Fe2O3-

1.7HfO2, in wt%, Praxair, USA) were used as the feedstock

powders. Table 1 shows the chemical composition, particle

size, and whether monoclinic phase is included for each

powder or not.20) 

In order to minimize the effect of the feedstock powder

particle size on the microstructure of the top coat, a powder

with similar particle size distribution was selected as the

feedstock powder, and the particle size distribution was

evaluated using a particle sizing analyzer (BECKMAN

Table 1. Composition and Particle Size of Feedstock Powders
(a) Substrate (Nimonic 263)

Ni Co Cr Mo Ti Fe Mn Al Si Cu C B S

49 19–21 19–21 5.6–6.1 1.9–2.4 0.7 Max. 0.6 Max 0.6 Max. 0.4 Max 0.2 Max
0.04–
0.08

0.005 
Max

0.007
Max

(b) Bond coat

Co Ni Cr Al Y Other (max)
Particle Size

(d50, µm)

Bal. 29–35 18–24 5–11 0.1–0.8 1.0 24.12

(c) Top coat

Powder ZrO2 Y2O3 SiO2 TiO2 Al2O3 Fe2O3 HfO2

Monoclinic 
Phase (%)

Particle Size
(d50, µm)

General purity Balance 7.0–9.0 0.7 0.2 0.2 0.2 - 10 61.37

High purity Balance 7.0–8.0 0.05 0.05 0.05 0.05 - 10 51.62

High purity 
(Non-monoclinic phase)

Balance 7.0–9.0 0 0 0.05 0.01 1.7 0 57

Table 2. Spraying Parameters to Prepare Bond and Top Coats

Item Gun Feeding rate Gun distance Gun speed Step distance Carrier gas

Bond coat (HVOF) DJ2600 50 g/min 355 mm 1000 mm/s 3 mm N2

Top coat (APS) 9 MB 40 g/min 100 mm 700 mm/s mm Ar
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COULTER, Model LS 13 320, America) before fabricating

the top coat. For the top coat deposition, the APS method

was employed using a 60 kW plasma spray gun (F4-MB XL)

with a 9 mm nozzle, 9MC control unit, and Twin-10-C pow-

der feeder (Oerlikon Metco, USA). Table 2 shows the condi-

tions of the bond coat and top coat fabrications. 

2.2. Furnace Cyclic Thermal Fatigue (FCTF)

FCTF testing was conducted as shown in Fig. 1 to evalu-

ate the thermal durability of specimens with top coats fabri-

cated with the general purity YSZ, high purity YSZ with

monoclinic phase, and high purity YSZ without monoclinic

phase. The FCTF test was performed for 1429 cycles

(30000EOH), where 1 cycle involved 40 minutes of mainte-

nance at 1100oC followed by cooling in air for 20 minutes.

The test was terminated when coating layer delamination

or spallation of approximately 25% occurred.21) In this

study, the equivalent operating hour (EOH), generally used

for lifetime assessment of generator gas turbine systems,

was employed as the test unit in order to evaluate the ther-

mal durability of the TBC. EOH is a function of the actual

operation hour (AOH), calibration coefficient (ΣSi), load

removal (ΣLRi), operation time, trial run (ΣTi), sudden load

change (ΣLCi), standby, and fuel operation.22,23) Based on the

EOH, the preservation and inspection interval unit is used

rather than the actual working time.

EOH = AOH + 20 [Σ Si + Σ LRi + Σ Ti + Σ LCi] × F (1)

Here, F refers to the fuel coefficient (gas: 1.0). In this

study, the testing was carried out by making an estimate

using the number of cycles multiplied by 21 for the EOH.

2.3 Microstructure and Characteristics Evaluation

In order to analyze the microstructure of the specimens

top coat fabricated using general purity YSZ, high purity

YSZ with monoclinic phase, and high purity YSZ without

monoclinic phase, the specimens were cut, cold mounted

using epoxy resin, and mirror polished using silicon carbide

abrasive paper and diamond paste of 3 and 1 µm. The

microstructure of the prepared specimens was observed

using a scanning electron microscope (SEM, JEOL, Model

JSM-5610, Japan), and the hardness and Young’s modulus

of the coating layer were measured through Vickers hard-

ness experiment (HM-114, Mitutoyo Corp., Japan) and

nano-indentation (Nano Indenter XP, MTS Systems Corp.,

Eden Prairie, USA) analysis. 

In order to measure the porosity change before and after

FCTF, an image analysis method that measures the ratio of

pores in the area of a cross section microstructure image of

the top coat was used;24,25) the change in monoclinic phase of

the specimens before and after the thermal fatigue testing

was analyzed using the X-ray diffraction (XRD, PANalyti-

cal, X'Pert PRO MPD, Netherlands) analysis method. Energy

dispersive X-ray spectroscopy (energy dispersive spectrome-

ter, EDS, Oxford Instruments, Oxford, UK) was used to

analyze the composition profile of thermally grown oxide

(TGO), and the formation behaviors of TGO (Al2O3, Cr2O3,

CoAl2O4, CoCr2O4, NiAl2O4, etc.) and toxic oxides (Chromia

((Cr, Al)2O3), Spinels (Ni(Cr, Al)2O4) and nickel oxide (NiO),

CSN) were compared and analyzed according to the compo-

sition change of the feedstock powder for the top coat.26)

3. Results and Discussion 

3.1. Microstructure

Figure 2 shows the cross section microstructure of the

Fig. 1. Test condition and equipment for furnace cyclic thermal fatigue (FCTF) test.
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coatings formed using general purity YSZ, high purity YSZ

with monoclinic phase, and high purity YSZ without mono-

clinic phase. The top coat and bond coat fabricated for each

specimen had thicknesses of 350 ~ 400 μm and 150 ~ 200

μm, respectively; through this, it was determined that the

effect of the coating layer thickness on the thermal barrier

performance was minimized. Also, typical characteristics of

pores and splat boundaries for the APS method were identi-

fied, while process defects and large fractures that can

appear in the coating fabrication process were not observed.

Additionally, both interfaces (the top and bond coatings,

and the bond coating and substrate) showed sound condi-

tions. The image analysis results showed porosities of

16.1%, 9.7%, and 17.0% for the general purity YSZ, high

Fig. 2. Microstructure of as-sprayed thermal barrier coatings: (a) general purity YSZ, (b) high purity YSZ with monoclinic phase,
and (c) high purity YSZ without monoclinic phase.

Fig. 3. Microstructure of thermal barrier coatings after FCTF test: (a) general purity YSZ, (b) high purity YSZ with monoclinic
phase, and (c) high purity YSZ without monoclinic phase.
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purity YSZ, and high purity YSZ without monoclinic phase,

respectively. 

3.2. Thermal Durability

Figure 3 shows the microstructure of each specimen after

FCTF. After the FCTF test (1429 Cycle, around 30,000

EOH), the specimens fabricated using general purity YSZ

and high purity YSZ without monoclinic phase showed

favorable microstructures with no delamination or failure at

the interface between the top coat and bond coat. However,

as can be observed in specimen (b) shown in Fig. 3, delami-

nation was found at the interface between the bond coat and

top coat for the high purity YSZ specimen. 

Although high purity, which is known as having the excel-

lent sintering resistance, should lead to higher thermal

durability due to the high porosity from the sintering resis-

tance, the top coat of the specimen fabricated using high

purity YSZ with monoclinic phase showed a relatively low

porosity, so it was predicted to have a shorter lifetime than

the specimens fabricated using general purity YSZ and high

purity YSZ without monoclinic phase. This result was due

to the high Young’s modulus exhibited by the coating, which

also had a relatively high density that reduced the mitiga-

tion effect of the stress applied due to the difference in the

thermal expansion coefficients of the bond coat and top coat

during FCTF testing.27−29)

The microstructure of TBCs can generally be affected by

the feedstock powder particle size and distribution, along

with the coating condition. Since all coating layers were fab-

ricated under identical conditions in this study, the micro-

structure or porosity difference was thought to be affected

by the feedstock powder particle size; Fig. 4 shows the parti-

cle size and distribution measurement results for each feed-

stock powder. When compared with the high purity YSZ

with monoclinic phase, the general purity YSZ showed a rel-

atively high d50 distribution, and the overall particle size for

the high purity YSZ without monoclinic phase showed a

greater d90 (larger particles) distribution compared to the

high purity YSZ with monoclinic phase. Through this, it

was thought that more pores were formed in the specimens

fabricated using general purity YSZ and high purity YSZ

without monoclinic phase compared to the specimen fabri-

cated using high purity YSZ with monoclinic phase.

Figure 5 shows the porosity measurement results for the

top coatings before and after the FCTF test. The porosities

before and after FCTF were 16.1% and 8.3% for the general

purity YSZ specimen, 9.7% and 6.1% for the high purity

YSZ specimen with monoclinic phase, and 17.0% and 11.8%

for the high purity YSZ specimen without monoclinic phase,

respectively. So, the porosity changes for general purity

YSZ, high purity YSZ with monoclinic phase, and high

purity YSZ without monoclinic phase were 7.8%, 3.6%, and

5.2%, respectively. In addition, it can be observed in the

small amount of change for the high purity YSZ specimen

without monoclinic phase, in the porosity change before and

after FCTF of the general purity YSZ specimen with a

porosity of 16.1%, and in the high purity YSZ specimen

without monoclinic phase, which had a porosity of 17.0%,

that the high purity YSZ specimen without monoclinic

phase had a higher sintering resistance than that of the

general purity YSZ specimen. However, the high purity YSZ

specimen with monoclinic phase with high density (low

porosity) showed a lower thermal durability and shorter

lifetime compared to the general purity YSZ specimen. This

result was thought to be due to difficulty of effectively

releasing the stress produced by the thermal expansion

coefficient difference between the base material and the

coating layer when the porosity of the top coat is low, which

results in the reductions of the thermal durability and life-

time.28)

Fig. 4. Particle size and distribution of feedstock powders used in this study.
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3.3. Mechanical Properties

The mechanical properties (hardness and Young’s modu-

lus) of the top coat before and after FCTF test for the speci-

mens fabricated according to the purity and monoclinic

phase presence of the feedstock powder were evaluated and

the results are shown in Fig. 6. First, the Vickers hardness

values of the general purity YSZ specimen and high purity

YSZ specimen without monoclinic phase before FCTF had

similar values of 5.5 ± 0.5 GPa and 5.5 ± 0.3 GPa, respec-

tively, whereas the high purity YSZ specimen with mono-

Fig. 6. Mechanical properties of top coats before and after FCTF test: (a) general purity YSZ, (b) high purity YSZ with mono-
clinic phase, and (c) high purity YSZ without monoclinic phase. Each number indicates values before and after the FCTF
test, respectively.

Fig. 5. Porosity of top coats before and after FCTF test: (a) general purity YSZ, (b) high purity YSZ with monoclinic phase, and
(c) high purity YSZ without monoclinic phase.
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clinic phase showed a hardness value of 6.7 ± 0.4 GPa,

which was slightly higher than those of the other two speci-

mens. After FCTF, the hardness values of the specimens

fabricated using the general purity YSZ, high purity YSZ

with monoclinic phase, and high purity YSZ without mono-

clinic phase were 6.8 ± 0.4 GPa, 7.4 ± 0.3 GPa, and 6.4 ± 0.5

GPa, respectively, which were increases compared to before

FCTF. The hardness values, measured before FCTF by

using the nano-indentation method, were 6.1 ± 0.6 GPa, 7.0

± 0.5 GPa, and 6.2 ± 0.6 GPa, respectively, while the hard-

ness values after FCTF showed increases to 7.8 ± 0.6 GPa,

7.7 ± 0.9 GPa, and 7.1 ± 0.9 GPa, respectively. From the

hardness value change before and after FCTF, obtained

using the Vickers hardness and nano-indentation measure-

ment methods, it was found that the hardness change of the

general purity YSZ specimen was the largest and the hard-

ness changes of the high purity YSZ specimens were the

smallest. Although the hardness value changes before and

after FCTF for all the specimens were similar, differences

were found for the absolute values. The indentation range of

the nano-indentation method is smaller than the Vickers

indentation range, so the pore or splat boundary contents

decreased, resulting in a relatively high hardness value for

the nano-indentation test. 

The Young’s modulus measurement results obtained

through the nano-indentation method showed a similar

trend, in which the specimen fabricated using high purity

YSZ with monoclinic phase showed high values both before

and after FCTF, while the general purity YSZ specimen and

high purity YSZ specimen without monoclinic phase showed

similar measurement values. Similar to the changes of the

hardness values, the Young’s modulus change of the general

purity YSZ specimen after FCTF was the largest. These

results reveal that the specimens fabricated with high

purity feedstock powder, regardless of the presence of mono-

clinic phase, exhibited high sintering resistance in compari-

son to the specimen fabricated using general purity feedstock

powder. However, a high Young’s modulus decreases the

capability of deformation or the stress capability, reducing

the thermal durability and lifetime of a TBC. On the other

hand, although the sintering resistance of TBCs can be

improved by using a high purity powder, it was found that

the mechanical property was affected by the porosity

according to the feedstock powder particle size and distribu-

tion, along with the coating process and method, rather

than by the purity of the feedstock powder. Therefore, appli-

cation of high purity YSZ without monoclinic phase, exhibit-

ing high porosity and outstanding sintering resistance from

Fig. 7. EDS mapping of each specimen after FCTF test: (a) general purity YSZ, (b) high purity YSZ with monoclinic phase, and
(c) high purity YSZ without monoclinic phase. Each number indicates TGO layer at the interface, Al element, and EDS
line mapping, respectively.
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FCTF, is expected to increase the stress capability and

improve the lifetime of the coating layer.30)

3.4. Energy-Dispersive X-ray Spectroscopy (EDS)

Composition analysis was carried out on a TGO produced

in the top coat and bond coat interface before and after

FCTF; the results are shown in Fig. 7. For all the speci-

mens, the main components Al, Cr, Co, and Ni of the TGO

layer at the specimen interface were observed after FCTF.

The TGO thicknesses for the general purity YSZ specimen,

high purity YSZ specimen with monoclinic phase, and high

purity YSZ specimen without monoclinic phase were 8.5 ±

2.1 μm, 13.5 ± 4.2 μm, and 5.5 ± 1.0 μm, respectively. The

TGO was thickest for the high purity YSZ specimen with

monoclinic phase; compared to the general purity YSZ spec-

imen, the TGO growth was the slowest for the high purity

YSZ specimen without monoclinic phase. Additionally, it

was thought that TGO growth was rapid due to top coat

delamination and oxidation for the high purity YSZ speci-

men with monoclinic phase. When the thermal barrier coat-

ing system is exposed to the thermal environment, the

formation of TGO at the interface between the top coat and

bond coat cannot be avoided, but in order to prevent frac-

ture initiation or delamination of the TBC, the α-Al2O3 com-

position, which provides excellent adhesiveness and

mechanical properties, has to grow in a slow but uniform

manner to prevent initial fracture and delamination of the

TBC coating layer.31) When the Al content decreases in the

TGO, such that Al2O3 growth becomes insufficient, the Cr,

Ni, and Co elements bond to the TGO to produce a toxic

oxide (CSN). CSN has low mechanical properties (especially

fracture toughness) compared to those of Al2O3, and so frac-

ture of the coating layer is induced.32,33) As can be seen in the

magnified microstructures shown in Fig. 7(a), (b), and (c),

the oxide scale of both sides can be observed to have formed

internally (black: Al2O3) and externally (gray: Cr2O3, NiAl2O4,

and other spinel structures).34) 

3.5. X-ray Diffraction

In order to observe the phase change of the specimens

before and after FCTF, or the monoclinic phase peak

change, the phase change was analyzed for ranges of 27° <

2θ < 28° and 31° < 2θ < 32°; the results obtained are shown

in Fig. 8. Generally, the crystalline structure of ZrO2 changes

during cooling and the phase transformation to monoclinic

phase causes fracture or crack formation at the coating

layer due to volume expansion of approximately 4%.35)

Monoclinic phase was observed for the general purity YSZ

specimen and high purity YSZ specimen with monoclinic

phase before and after FCTF. The specimen fabricated

using general purity YSZ containing 10% monoclinic phase

from the feedstock powder, due to impurities, experienced

accelerated phase transition after FCTF and showed a

trend of increasing monoclinic phase peak strength. For the

high purity YSZ specimen with 10% monoclinic phase, a

peak pattern similar to that of general purity YSZ contain-

ing 10% monoclinic phase was observed, but monoclinic

phase transition was suppressed by the thermal fatigue due

to the higher feedstock powder purity; no significant change

in monoclinic phase peak strength was found. However, in

the case of the high purity YSZ specimen without mono-

clinic phase, phase change was not observed before or after

FCTF. Through this, phase stability of TBC was determined

according to the feedstock powder purity and presence of

monoclinic phase. When high purity YSZ powder without

monoclinic phase is applied, it is thought that outstanding

phase stability and thermal properties will be exhibited in

response to the gradually increasing gas turbine operation

temperature.

4. Conclusions

In this study, the effects of the feedstock powder purity

and existence of monoclinic phase on the microstructure,

mechanical properties, and thermal durability of thermal

barrier coating (TBC) were investigated through furnace

Fig. 8. XRD patterns of top coats before and after FCTF test: (a) before FCTF and (b) after FCTF.
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cyclic thermal fatigue (FCTF) testing. The following conclu-

sions were obtained. 

1. For the hardness and porosity changes before and after

the FCTF test, the specimens fabricated using high purity

YSZ with monoclinic phase and high purity YSZ without

monoclinic phase showed an amount of variation that was

less than that of the general purity YSZ specimen. Through

this result, the excellent sintering resistance of the high

purity YSZ powder was determined. 

2. With regard to thermal durability, the microstructure

characteristics of a coating layer to make it effective at

stress mitigation, or the porosity of the initial coating layer,

was found to have a high correlation with the high tempera-

ture lifetime, regardless of material impurities. 

3. To determine phase stability according to the feedstock

powder purity, monoclinic phase was observed for the speci-

mens fabricated using general purity YSZ and high purity

YSZ with monoclinic phase both before and after FCTF test-

ing; the diffraction intensity of the monoclinic phase

increased after the FCTF test for the specimen fabricated

using general purity YSZ. Monoclinic phase was not

observed even after the FCTF test for the specimen fabri-

cated using high purity YSZ without monoclinic phase, and

the phase stability of high purity YSZ without monoclinic

phase was verified. 

4. Through this study, it was found that compared to

using conventional feedstock powder the application of high

purity YSZ powder without monoclinic phase as TBC feed-

stock powder yields phase stability, thermal durability, and

improved sintering resistance when the necessary initial

porosity of the coating layer is acquired (general purity YSZ

powder).
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