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Abstract The effects of coating thickness on the delamination and fracture behavior of thermal barrier coating (TBC) systems

were investigated with cyclic flame thermal fatigue (FTF) and thermal shock (TS) tests. The top and bond coats of the TBCs

were prepared by electron beam-physical vapor deposition and low pressure plasma spray methods, respectively, with a

thickness ratio of 2:1 in the top and bond coats. The thicknesses of the top coat were 200 and 500 µm, and those of the bond

coat were 100 and 250 µm. FTF tests were performed until 1140 cycles at a surface temperature of 1100 oC for a dwell time

of 5 min. TS tests were also done until more than 50 % delamination or 1140 cycles with a dwell time of 60 min. After the

FTF for 1140 cycles, the interface microstructures of each TBC exhibited a sound condition without cracking or delamination.

In the TS, the TBCs of 200 and 500 µm were fully delaminated (> 50 %) within 171 and 440 cycles, respectively. These results

enabled us to control the thickness of TBC systems and to propose an efficient coating in protecting the substrate in cyclic

thermal exposure environments.

Key words thermal barrier coating, coating thickness, electron beam-physical vapor deposition, cyclic thermal exposure,

thermal durability.

1. Introduction

Thermal barrier coatings (TBCs) are insulating ceramic

coatings deposited on a metallic substrate, which can

decrease the substrate temperature and consequently in-

crease gas turbine inlet temperature, hence increasing the

efficiency and performance of engines.1-3) TBC systems

typically can be considered as a four layered material

system, consisting of a ceramic top coat, a metallic bond

coat, a thin thermally grown oxide (TGO) between the

top and bond coats, and a Ni-based superalloy substrate.

The top coat is usually deposited either by electron

beam-physical vapor deposition (EB-PVD) method or by

air-plasma spray (APS) method, usually using a 6 to 8

yttria-stabilized zirconia (ZrO2) because of its superior

physical and mechanical properties.4,5) The EB-PVD

coatings usually exhibit various superior properties, such

as better corrosion resistance, thermal durability, adhesive

strength, and surface roughness, but there are also some

disadvantages, just like higher cost, complex coat method,

higher initial thermal conductivity, and thin coating thick-

ness.6,7) The metallic bond coat can be formed by the

APS, low pressure plasma spray (LPPS) method, and

high velocity oxygen fuel method. These bond coats

offer an oxidation resistance in working environments of

high temperature and an improved adhesion between the

substrate and the top coat, so that TBC system can

tolerate the thermal mismatch between the substrates and

the top coat.8-10) The bond coat is often prepared by the

LPPS to achieve a dense microstructure with low oxide

content as well as a smooth surface (low surface

roughness). However, the LPPS is only applicable to an

advanced TBC system owing to the high production cost

and low production rates.

In this study, for applicability of TBC system prepared

by the EB-PVD and LPPS methods in hot-section com-

ponents of gas turbines, the effects of coating thickness

on the thermal durability were investigated through

cyclic thermal exposure tests, including the delamination

and fracture behavior. For which, two kinds of TBC
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system with different thicknesses in the top and bond

coats were prepared. The present work established a

certain relationship between the thermal durability of the

TBC system and the coating thickness, based on the

microstructure, adhesive strength, and hardness variation

before and after cyclic thermal exposure tests.

2. Experimental Procedure

2.1 Preparation of TBC specimens

The nickel-based superalloy (GTD-111) was used as a

substrate, having the following nominal composition by

weight: Ni = bal.%, Cr = 14.0 %, Co = 9.5 %, Ti = 4.9 %,

W = 3.8 %, Al = 3.0 %, Ta = 2.8 %, Mo = 1.5 %, C = 0.1

%, Zr = 0.03 %, and B = 0.01 %. The dimensions of the

substrate were 25.4 mm diameter and 5 mm thickness.

The substrate was sandblasted using an alumina powder,

and then the coating processes for the bond and top coats

were conducted within 2 h. The bond coat was coated

on the substrates using commercial feedstock powder

(AMDRY 9951, Sulzer Metco Holding AG, nominal

composition of Co-32Ni-21Cr-8Al-0.5Y in wt% and par-

ticle size of 5-37 µm) with LPPS method. The thicknesses

were approximately 100 and 250 µm. The top coat was

deposited on each bond coat using commercial zirconia

feedstock powder containing 8 wt% of yttria (METCO

204 C-NS, Sulzer Metco Holding AG, particle size of 45-

125 µm) using EB-PVD method. The thicknesses were

approximately 200 and 500 µm. Two types of TBC

system were designed by changing the coating thickness,

showing approximately thickness ratio of 2:1. The fabri-

cation parameters for the bond and top coats were recom-

mended by the manufacturer (Chrome-Alloying Co. Ltd.)

2.2 Characterization

The selected specimens before and after cyclic thermal

exposure tests were preprocessed to observe the cross-

sectional microstructure and mechanical properties. The

mounted specimens were given a final polish with 1 µm

diamond paste. The cross-sectional microstructures of TBC

specimens were observed using a scanning electron

microscope (SEM; Model JSM-5610, JEOL, Japan). The

thickness of the TGO layer formed at the interface bet-

ween the bond and top coats after the thermal exposure

was measured using the SEM. The hardness values of

the top coats before and after the thermal exposure were

measured using a microindenter (HM-114, Mitutoyo Corp.,

Japan) with a Vickers tip for a load of 3 N.11) To obtain

more reliable values, 10 points were tested for each

result. The adhesive strength of each TBC system was

measured according to the ASTM standard (ASTM-C-

633-01).12) The specimen for the adhesive strength test

was prepared by bonding that to the jig fixture with an

epoxy adhesive in the oven at 200 oC for 3 h.

2.3 Thermal fatigue and thermal-shock tests

Cyclic flame thermal fatigue (FTF) tests using Liquefied

Petroleum Gas were performed till 1140 cycles at a

surface temperature of 1100 oC for a dwell time of 5 min,

and then the specimen was cooled at the room tempera-

ture for 25 min. In the FTF, the top surface temperature

of specimen was 1100 oC, while the bottom surface was

350-500 oC. The failure criterion was defined as 25 %

buckling or spallation of top coat in the FTF. TBC spe-

cimens were removed at different fractions of their life

for cross-sectional studies, while others were observed for

signs of failure and were cycled until the failure criterion

was met. TBC specimens for thermal shock (TS) tests

were annealed using a muffle furnace. After reaching at

1100 oC, the specimens were placed in the furnace. In the

TS, the specimens were held for 60 min in the furnace and

then directly quenched into water for 5 min. Throughout

the TS, the temperature of water was between 20 and 35
oC. More than 50 % of the region spalled in the top coat

was adopted as the criterion for failure in water-quenched

specimens. TS tests were reported in previous studies

investigating the thermal durability of TBC system.13-15)

At least five specimens were tested for each condition.

3. Results and Discussion

3.1 Microstructure of as-prepared TBCs

The cross-sectional microstructures of TBCs at low

magnification are shown in Fig. 1. The TBCs shown in

Figs. 1(A-1) and 1(B-1) indicated the different thicknesses

of 200 and 500 µm in the top coat, and 100 and 250 µm

in the bond coat, with the thickness ratio of 2:1. The top

coats prepared by the EB-PVD showed a typical micro-

structure exhibiting a columnar structure with porosity

between the columns that extend from the bottom to the

surface. As the top coat thickness increased, the columnar

microstructure was elongated with inter columnar pores,

which predominantly aligned perpendicular to the plane

of coating, as shown in Fig. 1. However, inter columnar

pores were mainly parallel to heat flow, and heat transfer

would not be effectively reduced. Thus, thermal con-

ductivity of the TBC prepared by the EB-PVD is

generally higher than that by the APS.3,5) The interface

microstructures between the top and bond coats of TBCs

formed in this study are also shown in Fig. 1. The

interface of TBCs (Figs. 1(A-2) and (B-2)) showed a flat

shape with TGO layer about 1 µm and a sound condition

without any cracking or delamination. The TGO layer

shown at the interface in both cases was developed by

heat treatment for depositing the top coat. The bond coat

prepared by the LPPS exhibited a dense microstructure
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and no oxide formation.

3.2 Lifetime of TBC systems 

The cross-sectional microstructures of TBCs after FTF

tests for 1140 cycles are shown in Fig. 2. The micro-

structures of TBCs were densified and the porosity

between the columns be reduced, but not very obvious

(Figs. 2(A-1) and (B-1)). However, inter columnar pores

Fig. 1. Cross-sectional microstructures of as-prepared TBCs: (A) TBC with thin thickness and (B) TBC with thick thickness. Each number

indicates the overall and interface microstructures, respectively.

Fig. 2. Cross-sectional microstructures of TBCs after FTF tests for 1140 cycles: (A) TBC with thin thickness and (B) TBC with thick

thickness. Each number indicates the overall and interface microstructures, respectively.
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were coalesced and grown, owing to resintering during

the thermal exposure to 1140 cycles. After the FTF, the

interface microstructure of each TBC showed a sound

condition without cracking or delamination (Figs. 2(A-2)

and (B-2)), showing similar microstructures with those of

the as-prepared TBCs. The thickness of TGO layer was

in a range of 2-3 µm, which was not fully developed after

FTF tests, owing to the relatively short thermal exposure

time (5 min/cycle). 

The surface micrographs and cross-sectional micro-

structures of TBCs after the TS are shown in Fig. 3. The

cross-sectional microstructures showed a delamination of

spalling mode at the interface between the TGO layer

and the bond coat. The thick TBCs were delaminated in

a range of 402-440 cycles, whereas the thin TBCs were

delaminated after 143-171 cycles. The Al depletion region

and the spread of the aluminum to form TGO layer could

be formed at the bond coats of all TBCs tested.16,17) It is

well known that thermal barrier effect is improved with

increasing coating thickness. Thus, the temperature at the

interface between the top and bond coats in the thin TBC

would be higher than that in the thick TBC, which could

enhance the TGO growth and deteriorate the thermal

durability. Normally, the reported compressive residual

stresses on TBC are depending on surface geometry of

TGO layer.18) However, in this paper, effect of residual

stress is insignificant according to thickness of top coat

because shapes of TGO in the thick and thin TBC are

much similar. It was verified through the FTF and TS

tests for the TBC system prepared by the EB-PVD and

LPPS methods in the top and bond coat, respectively,

that the thick top coat showed the better thermal stability

rather than the thin one.

3.3 Mechanical properties

The hardness values of the top coats before and after

the thermal exposure (FTF tests) were measured using a

Vickers indentation method, which are shown in Fig. 4.

The indentation tests were conducted on the sectional

plane with a load of 3 N at room temperature. The hard-

ness values of the top coats in the as-prepared TBCs

were determined to be 2.8 ± 0.2 (mean ± standard devi-

ation) and 3.8 ± 0.1 GPa for the thin and thick TBCs,

respectively. After the FTF for 1140cycles, the hardness

values of the top coats were 3.0 ± 0.1 and 4.1 ± 0.2 GPa

for the thin and thick TBCs, respectively. The slight

increase in the hardness values after the thermal exposure

was due to the reduced inter columnar space and/or

porosity between the columns even though the pore size

enlarged, because the hardness values were from the

relatively dense regions, which is in good agreement with

the microstructure evolution shown in Figs. 2(A) and

2(B). After the TS, the top coats in all of TBCs tested

were delaminated at the interface between the TGO layer

and the bond coat. Therefore, there was no hardness

value in the top coat.

The adhesive strength is an important property in TBC

system, which is the closest connection to the interface

stability. Also, the delamination phenomenon originated

at the interface between the bond and top coats is

strongly related to the adhesive strength. Therefore, the

adhesive strength values were measured for the thick

TBCs before and after the FTF, which are shown in Fig.

5. In the case of the thin TBC, the thickness of top coat

Fig. 3. Surface micrographs and cross-sectional microstructures of TBCs after TS tests: (A) TBC with thin thickness and (B) TBC with

thick thickness. Each number indicates surface micrographs, cross-sectional microstructures, and high magnified interface microstructures,

respectively.
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could not reach to the standard for adhesive strength

test.12) The adhesive strength value of the as-prepared

thick TBC was determined to be 65.6 ± 5.9 MPa (mean ±

standard deviation). The as-prepared TBC was completely

delaminated near the interface between the jig fixture and

the epoxy adhesive, without any delamination near the

interface between the top and bond coats or within the

top coat. After the FTF, the adhesive strength value of

the thick TBC was determined to be 42.1 ± 7.8 MPa. The

decrease is due to the stresses concentrated and generated

at the interface by growing TGO layer.19) However, the

thick TBC was also completely delaminated near the

interface between the jig fixture and the epoxy adhesive,

showing the same fracture morphology with the as-

prepared TBC. In general the adhesion strength of TBC

system is significantly changed during service, due to (1)

the thermal stresses promoted by the thermal expansion

mismatch between the bond and top coats, and (2) the

interface stability and/or the TGO layer growth. The

nominal adhesive strength value of the TBC system

prepared by the APS was reported as 20-25 MPa.20,21) It

was verified that the interface stability of the thick TBC

prepared by the EB-PVD would be better that than that

by the APS, resulting in a superior long lifetime in cyclic

thermal shock test (noteworthy more than 400 cycles).

4. Conclusions

The effects of coating thickness on the delamination

and fracture behavior, especially on the thermal durability,

of the TBC system prepared by the EB-PVD and LPPS

processes in the top and bond coats, respectively, were

investigated through cyclic thermal exposure in the flame

thermal fatigue (FTF) and thermal-shock (TS) tests. The

TBCs were successfully formed with 200 and 500 µm

for the top coat and with 100 and 250 µm for the bond

coat, with the thickness ratio of 2:1. The results obtained

in this study were as follows: 

1) After the FTF, the interface microstructure of each

TBC showed a thin TGO layer in a range of 2-3 µm and

a sound condition without cracking or delamination,

independent of coating thickness. The TGO layer was

not fully developed owing to the relatively short thermal

exposure time. 

2) The TBCs with the thin and thick top coats were

fully delaminated in the ranges of 143-171 and 402-440

cycles, respectively, in TS tests. The results for TS tests

indicated that the thick top coat showed the better

thermal shock resistance rather than the thin one.

3) The hardness values were increased from 2.8 ± 0.2

and 3.8 ± 0.1 GPa to 3.0 ± 0.1 and 4.1 ± 0.2 GPa for the

TBCs with the thin and thick top coats, respectively, after

FTF tests for 1140 cycles.

4) The adhesive strength values of the as-prepared TBC

was reduced from 65.6 ± 5.9 MPa to 42.1 ± 7.8 MPa

after FTF tests, which was still higher than that of the

TBC by the APS. 

Consequently, in the TBC systems with the top coat

prepared by the EB-PVD, the thick top coat was more

efficient in improving thermal stability than the thin top

coat in cyclic thermal exposure environments.
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Fig. 4. Hardness values of top coats before and after FTF tests. Open

and filled marks indicate the hardness values before and after the

FTF, respectively.

Fig. 5. Adhesive strength values of TBCs with thick top coat before

and after the FTF. Open and filled marks indicate the hardness values

before and after the FTF, respectively.
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