
Journal of the Korean Ceramic Society 

Vol. 55, No. 4, pp. 344−351,  2018.

− 344 −

https://doi.org/10.4191/kcers.2018.55.4.05

†Corresponding author : Yeon Gil Jung

 E-mail : jungyg@changwon.ac.kr

 Tel : +82-55-213-3712 Fax : +82-55-262-6486

Growth Behavior of Thermally Grown Oxide Layer
with Bond Coat Species in Thermal Barrier Coatings

Sung Hoon Jung*, Soo Hyeok Jeon*, Hyeon-Myeong Park*, Yeon Gil Jung*,† 
Sang Won Myoung**, and Byung Il Yang**

*School of Materials Science and Engineering, Changwon National University, Changwon 51140, Korea
*Corporate R&D Institute, Doosan Heavy Industries and Construction, Changwon 51711, Korea

(Received March 7, 2018; Revised May 17, 2018; Accepted May 29, 2018)

ABSTRACT

The effects of bond coat species on the growth behavior of thermally grown oxide (TGO) layer in thermal barrier coatings

(TBCs) was investigated through furnace cyclic test (FCT). Two types of feedstock powder with different particle sizes and distri-

butions, AMDRY 962 and AMDRY 386-4, were used to prepare the bond coat, and were formed using air plasma spray (APS)

process. The top coat was prepared by APS process using zirconia based powder containing 8 wt% yttria. The thicknesses of the

top and bond coats were designed and controlled at 800 and 200 µm, respectively. Phase analysis was conducted for TBC speci-

mens with and without heat treatment. FCTs were performed for TBC specimens at 1121oC with a dwell time of 25 h, followed

by natural air cooling for 1 h at room temperature. TBC specimens with and without heat treatment showed sound conditions for

the AMDRY 962 bond coat and AMDRY 386-4 bond coat in FCTs, respectively. The growth behavior of TGO layer followed a par-

abolic mode as the time increased in FCTs, independent of bond coat species. The influences of bond coat species and heat treat-

ment on the microstructural evolution, interfacial stability, and TGO growth behavior in TBCs are discussed.
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1. Introduction

hermal Barrier Coatings (TBCs) are widely applied to

high temperature components of gas turbines, such as

blades, vanes, and combustors to prevent thermal degrada-

tion of their base materials from thermal and mechanical

stresses.1,2) The typical TBC system has a layered structure

with a Ni-base superalloy as a substrate, an MCrAlY as a

bond coat (M = Ni, Ni-Co, and Co-Ni) which can protect the

substrate from oxidization and corrosion, and a zirconia-

based ceramic material as a top coat with a relatively low

thermal conductivity and high thermal expansion coeffi-

cient. The top coat serves to enhance the thermal barrier

effect of the entire system in high-temperature environ-

ments. Its bond coat prevents delamination caused by ther-

mal expansion mismatch between the substrate and the top

coat, enhances adhesion with the top coat, and protects the

substrate from oxidation. TBC system, connected to the

internal cooling channel system, decreases the temperature

range to which high-temperature gas turbine components

are exposed by over 150oC, allowing them to operate under

their respective melting point temperature ranges.3-5)

The TBC system is fabricated via the following methods:

air plasma spray (APS), vacuum plasma spray, high-veloc-

ity oxy-fuel spray (HVOF), and electron beam physical

vapor deposition (EB-PVD). Here, the HVOF method uses

high-velocity flame with a velocity of over 800 m/s to melt

and deposit feedstock powder, but is only applied to form a

bond coat due to its relatively low flame temperature. The

EB-PVD method uses an electron beam to form columnar

structure, and is widely applied to form a top coat in avia-

tion TBC systems. The APS method is extensively used

because it is capable of forming both the top and bond

coats.6-10) Currently, in an attempt to improve the efficiency

of the gas turbine system, its inlet temperature is being

adjusted upward. In response, extensive relevant research

is being conducted to improve the performance of the TBC

system, such as thermal shielding performance and heat

resistance. To this end, researchers are exploring effective

ways to control critical factors including coat thickness,

chemical composition, and microstructure, and address the

problem of early delamination caused by internal defects

and cracks forming in coating layers.10-15)

The TBC system, generally applied to high-temperature

components, is repetitively exposed to thermal and mechan-

ical stresses during gas turbine operation, leading to failure

when its top coat is delaminated.3,16,17) Such failures are

mainly attributed to the formation of thermally grown oxide

(TGO). When components to which the TBC system has

been applied stay at high temperatures longer, TGO layers

composed of Al2O3 and other complex oxides grow thicker in

the interfaces of the bond and top coats.18) Thicker TGO lay-
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ers lead to higher stress at the interface of the bond and top

coats, leading to the formation and growth of cracks, coating

layer delamination, and eventually damage to high-tem-

perature gas turbine components. In this regard, the quality

of the TGO layers is a critical factor that determines the

lifetime of high-temperature components to which the TBC

system is applied. Notably, TGO layers, which form and

grow at the interface via an interaction between Al and oxy-

gen, significantly depend on the chemical composition of the

bond coat, and hence it is necessary to assess the effect of

the bond coat composition on the formation and growth of

TGO layers.19-22)

The present study intends to determine how the chemical

composition of the bond coat and the application of vacuum

heat treatment affect the growth behavior of TGO layers

and further the lifetime of the TBC system. To this end,

TBC systems with two different types of bond coat were pre-

pared, and were subjected or not subjected to vacuum heat

treatment, which aimed to help relieve stress and improve

interface stability. Subsequently, the effects of heat expo-

sure time and vacuum heat treatment on the lifetime of the

tested TBC systems were investigated. Among lifetime eval-

uation methods for the TBC system, the furnace cyclic test

(FCT) was selected and employed to determine how the

bond coat composition and vacuum heat treatment affected

the growth behavior of the TGO layers.

2. Experimental Procedures

2.1. Starting Powder and Specimen Preparation

In the present study, a Ni-based super heat-resistant

alloy (Nimonic 263, nominal composition of Ni–20Cr–20Co–

5.9Mo–0.5Al–2.1Ti–0.4Mn–0.3Si–0.06C, in wt%, ThyssenK-

rupp VDM, Germany) was used as a substrate, and coin-

shaped specimen with a diameter of 25 mm and thickness of

5 mm was prepared. Blasting treatment using Al2O3 powder

was performed to facilitate coat formation, and the APS

method was employed for the formation of both the top and

bond coats. The bond coat was formed using two types of

commercial feedstock powder as a starting material, as fol-

lows: AMDRY 962 (Oerlikon Metco Holding AG; average

composition in wt%: Ni–22Cr–10Al–1.0Y; and average par-

ticle size: 53 - 106 μm) and AMDRY 386-4 (Oerlikon Metco

Holding AG; average composition in wt%: Ni–22Co-17Cr–

12Al–0.5Y–0.5Hf–0.4Si; and average particle size: 53 - 106

μm). The top coat was formed using METCO 204 C-NS

(Oerlikon Metco Holding AG, Switzerland; 8YSZ; and aver-

age particle size: 45 - 147 μm). Subsequently, these coats

were subjected to vacuum heat treatment for stress relief

and interface stabilization, at 1,100oC for 3 h. Two types of

heat-treated specimens and two types of non-heat-treated

specimens were analyzed to determine the effects of the

applied heat treatment and bond coat composition on the

lifetime of the tested TBC systems. Schematic diagrams of

the specimens used in this study are shown in Fig. 1.

2.2. Characteristics Evaluation

Cross-sectional microstructure of the heat-treated and

non-heat-treated specimens were analyzed to appraise the

occurrence of internal cracks in the coating layers and coat

delamination, which might have occurred during the forma-

tion of the TBC system or vacuum heat treatment. The

specimens were cut into pieces, mounted using epoxy resin,

and polished using SiC polishing paper along with 1 and 3

μm diamond paste. Following the pretreatment, microstruc-

ture analysis was performed using a scanning electron

micrography (JSM-5610, JEOL, Japan). FCT was employed

to assess the effect of the vacuum heat treatment on growth

behavior of TGO layers, while an X-ray Diffractometer

(XRD, PANalytical, Model X'Pert PRO MPD) was used to

observe phase transformation.

In general, the high-temperature components of gas tur-

bines are exposed to repetitive heating and cooling during

operation, which leads to the formation of the thermal and

residual stresses at the interface of the bond and top coats,

mainly ascribed to the thermal expansion mismatch

between the top and bond coats of the system (8YSZ: 10.5−

11.5×10−6 K−1 and MCrAlY bond coat: 12.7−21.5×10−6

K-1).23,24) These stresses are, along with TGO layers, the

main causes of interfacial delamination occurring at the

Fig. 1. Schematic diagram for structural design of TBC as a function of heat treatment.
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bond and top coats, eventually shortening the lifetime of the

TBC system.25-27) In the present study, the FCT method,

widely applied by advanced research institutes, was

employed to assess the thermal durability of the TBC sys-

tem. The test temperature was chosen to be 1,121oC, as in

the advanced institutes. Specimens were heat treated for 25

h in an electric furnace and naturally cooled for 1 h at room

temperature in a repetitive manner.28) Heat exposure times

were set to be 50, 100, 200, 400, and 1,000 h, and each test

proceeded until the set exposure time, or until the occur-

rence of delamination. Schematic diagrams of the FCT

equipment and test methods are shown in Fig. 2. Phase

transformation in the top coat was observed and analyzed

on the vacuum heat-treated specimens and non-heat-

treated specimens before the FCT as well as specific speci-

mens in which delamination occurred during the FCT.

3. Results and Discussion

3.1. Microstructure of TBC System

The microstructure of the vacuum heat-treated and non-

heat-treated TBC specimens is shown in Fig. 3, and the

thickness measurements of the bond and top coats are sum-

marized in Table 1. Here, AMDRY 962 and AMDRY 386-4

were used for the bond coat feedstock for specimens (a) and

(b), respectively, and their top coats were formed without

the vacuum heat treatment. AMDRY 962 and AMDRY 386-

4 were used for the bond coat feedstock for specimens (c)

and (d), respectively, and their top coats were formed after

vacuum heat treatment.

Fig. 2. Test apparatus and conditions applied in this study.

Fig. 3. Cross-sectional microstructures of TBC specimens prepared with bond coat species and heat treatment: (a) TBC with 962
bond coat without heat treatment, (b) TBC with 386-4 bond coat without heat treatment, (c) TBC with 962 bond coat
with heat treatment, and (d) TBC with 386-4 bond coat with heat treatment.
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The microstructure of the top coat, containing pores and

oxides, is typical of the coating layer formed via the APS

method, where splat interfaces arising from the cooling of

melted powder particles can be observed. However, typical

process defects (including horizontal or vertical cracks),

which might form during the formation of coating layers,

were not observed, and even after the heat treatment and

pretreatment procedures, interfacial cracks or delamination

were not observed. The bond coat layers contained oxides

and some unmelted powders, but these are typically observed

in bond coat layers produced via the APS method. In the

meantime, any significant interfacial change at the top and

bond coats was not observed, which arose from the applied

vacuum heat treatment. Therefore, it was confirmed that a

desired overall microstructure was achieved in accordance

with the determined microstructure design plan.

3.2. Growth Behavior of TGO

Each TBC specimen was subjected to the FCT, and the

heat exposure time was selected to be 50, 100, 200, 400, and

1,000 h; their cross-sectional micrographs are shown in Fig.

4. Here, TGO layers composed of α-Al2O3 are indicated as a

solid line, while other mixed composition oxides of Cr2O3,

NiAl2O4, and other oxides (spinel structure) are indicated by

a dotted line.29,30) During the initial 100 h, degradation of

the TBC system was observed; black TGO layers composed

of Al2O3 were formed and thickened at the interfaces of the

top and bond coats. As the degradation time increased, Al

depletion proceeded at the bond coat and Ni, Cr, and Co

reacted with Al2O3 to form grey spinel structures. The for-

mation of these spinel structures, which have a low fracture

toughness, led to the early initiation of interfacial cracks in

both the TGO and the top coat. Despite their stress-reliev-

ing effects to some extent, these cracks eventually deterio-

rate the mechanical properties of the interfaces, mainly

causing coat delamination.31,32) 

The spinel structures were first observed at the interfaces

of specimen (a), whose bond coat was composed of NiCrAlY

Table 1. Thicknesses of the Bond and Top Coats in TBC
Systems Shown in Fig. 1

Specimen Top coat Bond coat

Specimen (a)
(AMDRY 962 bond coat,
without heat treatment)

794 ± 29 µm 170 ± 21 µm

Specimen (b)
(AMDRY 386-4 bond coat,
without heat treatment)

831 ± 41 µm 181 ± 17 µm

Specimen (c)
(AMDRY 962 bond coat,

with heat treatment)
805 ± 24 µm 184 ± 37 µm

Specimen (d)
(AMDRY 386-4 bond coat,

with heat treatment)
906 ± 61 µm 224 ± 12 µm

Fig. 4. Interface microstructures after FCT for TBC specimens with bond coat species and FCT time: (a) TBC with 962 bond coat
without heat treatment, (b) TBC with 386-4 bond coat without heat treatment, (c) TBC with 962 bond coat with heat
treatment, and (d) TBC with 386-4 bond coat with heat treatment.
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(AMDRY 962) and which was not heat treated, after 200 h

of the FCT. This observation partly explains the early occur-

rence of delamination in the top coat of specimen (a) during

the FCT (after 875 h). In the case of specimen (d), which was

heat-treated and whose bond coat was composed of NiCo-

CrAlY-HfSi (AMDRY 386-4), delamination occurred in the

top coat after 850 h. In both specimens, as shown in Fig.

4(a) and 4(d), delamination took place at the interfaces

between the TGO layers and the top coats. In both specimen

B (non-heat-treated, Fig. 4(b)) and specimen (c) (vacuum

heat-treated, Fig. 4(c)), no delamination or cracks were

observed until 1,000 h. These observations confirmed that

the vacuum heat treatment improved the thermal durabil-

ity of a TBC system whose bond coat is composed of

NiCrAlY, while it deteriorated that of a TBC system whose

bond coat is composed of NiCoCrAlY-HfSi. This way, the

necessity of the vacuum heat treatment for each bond coat

composition could be determined.

The average thickness of the TGO layers in each specimen

changes during the FCT is shown in Fig. 5, and those TGO

thickness measurements at each FCT condition (heat expo-

sure time) are summarized in Table 2. The average TGO

layer thicknesses measured for specimens (a), (b), (c), and

(d) after the initial 50 h were 2.5 ± 0.5, 2.6 ± 0.7, 3.4 ± 0.7,

and 2.9 ± 0.5 μm, respectively. In all specimens, these TGO

thickness measurements were at a similar level within the

respective error range. After the initial 100 h, TGO layers

thickened due to the thermal degradation in each specimen,

i.e., 4.2 ± 0.7, 5.9 ± 1.8, 5.4 ± 0.9, and 3.5 ± 3.0 μm for speci-

mens (a), (b), (c), and (d), respectively. It should be noted

that the growth rate of the TGO layers was relatively low in

specimen (d) while it was at a similar level in the other

three specimens. After 200 h, TGO growth significantly

accelerated in all specimens, i.e., 8.3 ± 3.6, 8.9 ± 3.0, 8.1 ±

1.5, and 6.0 ± 4.1 μm for specimens (a), (b), (c), and (d),

respectively. After 400 h, the TGO layers, whose thickness

exceeded 10 μm, the critical thickness, were observed in

specific parts of all specimens except specimen (c) (indicated

as a dotted ellipse in Fig. 5). Here, the average TGO thick-

nesses in specimens (a), (b), (c), and (d) were 12.3 ± 3.4, 10.4

± 4.5, 9.8 ± 3.9, and 13.5 ± 6.0 μm, respectively. This means

that, after 400 h, the TGO layer thickness in all specimens

was close to, or larger than the critical thickness. Notably,

the TGO thickness in specimen (d) measured after 400 h

was much larger than that measured after 200 h.

In specimens (a) and (d), delamination occurred after 875

and 850 h, respectively, and the TGO thicknesses were mea-

sured to be 20.3 ± 10.0 and 20.4 ± 11.1 μm, respectively. In

specimens (b) and (c), where the FCT was carried out up to

1,000 h, the TGO thicknesses were measured to be at a level

similar to those of specimens (a) and (d), i.e., 22.0 ± 5.2 and

19.3 ± 8.0 μm, respectively, but delamination did not occur.

Based on these observations and analyses of the formation

and growth behavior of TGO layers, it was confirmed that

the TGO thickness exceeded the critical point when the

TBC specimens were subjected to over 400 h of degradation.

With regard to the formation and growth behavior of the

TGO layers only, the NiCrAlY-based TBC system was supe-

rior to the NiCoCrAlY-based system for oxidation resistance

due to its higher Ni content. The effect of the vacuum heat

treatment on thermal durability, however, differed accord-

ing to the bond coat composition. The NiCoCrAlY-based

TBC system exhibited greater thermal durability without

the vacuum heat treatment (as shown in specimen (b)),

Fig. 5. Thickness of TGO layer for each TBC after FCT at
1121oC.

Table 2. Thickness of TGO Layer for Each TBC System with
FCT at 1121oC 

Specimen Test hour in FCT Thickness of TGO layer

Specimen (a)

50 h 2.5 ± 0.5 µm

100 h 4.2 ± 0.7 µm

200 h 8.3 ± 3.6 µm

400 h 12.3 ± 3.4 µm

875 h 20.3 ± 10.0 µm

Specimen (b)

50 h 2.6 ± 0.7 µm

100 h 5.9 ± 1.8 µm

200 h 8.9 ± 3.0 µm

400 h 10.4 ± 4.5 µm

1000 h 22.0 ± 5.2 µm

Specimen (c)

50 h 3.4 ± 0.7 µm

100 h 5.4 ± 0.9 µm

200 h 8.1 ± 1.5 µm

400 h 9.8 ± 3.9 µm

1000 h 19.3 ± 8.0 µm

Specimen (d)

50 h 2.9 ± 0.5 µm

100 h 3.5 ± 3.0 µm

200 h 6.0 ± 4.1 µm

400 h 13.5 ± 6.0 µm

850 h 20.4 ± 11.1 µm
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while the NiCrAlY-based system did so when heat-treated

(as shown in specimen (c)). This phenomenon is attributed

to the fact that, in the NiCrAlY-based system, the vacuum

heat treatment promotes uniform distribution of β -NiAl,

preventing the depletion of Al and therefore improving the

system’s thermal durability. In the NiCoCrAlY-based sys-

tem, however, the vacuum heat treatment helps Co enhance

the resistance of coating layers against thermal stress and

improve the system’s mechanical properties, including

strength, but, at the same time, the treatment degrades the

system’s oxygen resistance and thus thermal durability. In

this regard, a future study will focus on establishing and

verifying the optimized heat treatment conditions according

to the bond coat composition (i.e., Ni and Co content), as

well as appraising their effects on the system’s thermal

durability. 

3.3. Effect of Vacuum Heat Treatment and FCT on

Phase Transformation in the Top Coat

To analyze the effects of the vacuum heat treatment and

bond coat composition on the FCT lifetime, the top coat com-

posed of yttria-stabilized zirconia (YSZ), where delamina-

tion occurred during the FCT, was observed and analyzed

with respect to phase transformation. The focus of the anal-

ysis was to determine if any phase transformation had

occurred, particularly from metastable tetragonal phases

(t'-YSZ) to tetragonal (t-YSZ) or monoclinic (m-YSZ)

phases.33) The corresponding results are shown in Fig. 6. In

the top coat before the FCT (Fig. 6(a)), the t'-YSZ phase,

whose diffraction peak is located between 73° and 75°, was

observed regardless of the application of the vacuum heat

treatment, i.e. 1,100oC for 3 h, indicating that the phase

transformation of the t'-YSZ phase into t-YSZ or cubic (c-

YSZ) phases did not occur.33,34) In specimens (a) and (d),

where delamination occurred after 850 and 875 h during

the FCT, respectively, the t'-YSZ phase was partially trans-

formed into the t-YSZ phase. The applied FCT conditions

were considered to promote the transformation of these t-

YSZ and/or c-YSZ phases into the m-YSZ phase. This trans-

formation entailed 3 to 5% of volume expansion, causing

Fig. 6. Results of phase analysis for each top coat: (a) Before FCT with and without heat treatment and (b) After FCT with and
without heat treatment. Red and blue peaks indicate specimens (a) and (b) of Table 1, respectively.
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delamination of the top coat in the TBC system.14,18,35) 

In this study, the effect of the bond coat composition on

the phase transformation of the top coat, as well as the

effect of the vacuum heat treatment on the microstructure

evolution of the top coat were not significant. Also, the effect

of the vacuum heat treatment on the phase transformation

of the top coat was not determined. A future study will

investigate in greater detail the relationship between the

bond coat composition and the system’s phase transforma-

tion behavior in connection with degradation. 

4. Conclusions

The present study aimed to determine the optimized bond

coat composition and heat treatment conditions for thermal

barrier coating (TBC) system by analyzing the effects of the

bond coat composition and vacuum heat treatment on the

growth behavior of thermally grown oxide (TGO) layers, as

well as via phase transformation analyses. 

(1) The furnace cyclic test (FCT) results confirmed that

the formation and growth behavior of TGO layers were

affected by the bond coat composition and the application of

the vacuum heat treatment. While the degradation time

increased up to 400 h during the FCT, the TGO layer thick-

ness increased in a linear manner, reaching critical thick-

ness. 

(2) The FCT was performed up to 1,000 h, and the results

showed that the TBC system whose bond coat was com-

posed of NiCrAlY exhibited greater thermal durability

when vacuum-heat treated, while the NiCoCrAlY-based

TBC system did so without the vacuum heat treatment. 

(3) The top-coat layer of each TBC system was analyzed

with respect to phase transformation. In vacuum heat-

treated specimens, the transformation of metastable tetrag-

onal phase (t'-YSZ) into tetragonal (t-YSZ) and/or cubic (c-

YSZ) phases was not observed. In specimens where delami-

nation occurred during the FCT, however, t'-YSZ phase was

transformed into tetragonal t-YSZ phase. These observa-

tions explain the early initiation of delamination in specific

TBC system under the applied FCT conditions. 
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