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Abstract: Thermal barrier coating (TBC) is a critical material in the aerospace domain to increase the
lifetime of gas turbine components subjected to thermal load. The properties of TBC are strongly
related to the growth of thermally grown oxide (TGO) whose main constituent is Al2O3. However,
the oxidation of Cr and Co can affect the growth of TGO, which is not studied sufficiently. In this
paper, high-temperature exposure at 1000 ◦C was performed to investigate the effect of Cr and Co
oxides on TGO growth. The morphology and composition analysis of the interface between the
ceramic top coat and the bond coat (TC/BC) were investigated by using scanning electron microscopy
(SEM) and the energy dispersion spectrum (EDS). The thermodynamics and kinetics of oxidation were
analyzed. The results indicated that the oxidation kinetics basically followed the sub-parabolic law
with exposure time. Additionally, the major factor affecting the formation of oxides was the diffusion
rate at the initial stage of exposure, then oxides depended on thermodynamics, and the oxidation
was influenced by both of them in the last stage. The major elements to be oxidized were different at
different stages. Moreover, the replacement reaction of Cr2O3 and the phase conversion of Al2O3

resulted in thickness variations of the TGO and Al-depleted zone during high-temperature exposure.

Keywords: thermal barrier coating (TBC); high-temperature exposure; thermally grown oxide (TGO);
Cr oxide; oxidation kinetics

1. Introduction

Thermal barrier coating (TBC) is one of the most widely used multilayer coating systems of gas
turbines in aerospace, energy and other fields to improve the efficiency and prolong the lifetime of
components by reducing their temperature and enhancing oxidation resistance [1]. TBC is usually
composed of the ceramic (yttria partially stabilized zirconia (YSZ)) top coat and MCrAlY (M is Co,
Ni or both) bond coat. These coatings are applied by electron beam physical vapor deposition (EB-PVD)
or plasma spray (PS) technology [2,3]. The bond coat plays an important role in the TBC system, which
improves the physical compatibility between the ceramic top coat and the substrate, and thus the
ceramic top coat can combine closely with the substrate. Moreover, elements in the bond coat diffuse
to the ceramic top coat and the bond coat (TC/BC) interface to react with oxygen, and the thermally
grown oxide (TGO), which is the mixture of Al, Cr and Co oxides, is formed during high-temperature
exposure. The continuous and dense oxide scale can enhance the high temperature oxidation resistance
and hot corrosion resistance of components. Failure of the coating is related to the critical thickness
of Al2O3 scale at the TC/BC interface; thus the main factor affecting the durability of a coating is
recognized as the oxidation rate of the bond coat [4]. The failure of TBC is related to the conversion
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from initial α-Al2O3 to α-Cr2O3 and (CoNi)(CrAl) spinel [5]. The thermal stress caused by a thermal
expansion coefficient mismatch between the spinel oxides and Al2O3 results in the formation of a crack
at the interface of TC/TGO/BC [6]. The oxidation resistance of TBC is determined by the dense Al2O3

with a slow growth rate, thus TBC with high Cr and Al contents can prevent itself from corrosion and
oxidation [7]. However, Cr and Co in the bond coat can also react with oxygen, and detrimental oxides
like Co(Al,Cr)2O4 spinel are formed when severe Al depletion happens. Therefore, the continuous
and dense oxide scale cannot be formed to protect the substrate, which can accelerate the failure of
TBC [6]. The formation of Cr and Co oxides is determined by the diffusion rate of Cr and Co as well as
the growth rate of Al2O3. The oxidation behaviors of Cr and Co have an influence on the oxidation
process of Al, in turn. Furthermore, the oxidation resistance of TBC is gradually reduced because of
the consumption of Al and Cr in the bond coat [8]. Most research related to the oxidation resistance
of TBC focuses mainly on the growth behaviors of Al2O3 [9–11]. It is reported by Keyvani [10] that
non-protective oxides are formed rapidly at the initial oxidation stage and the growth of TGO is under
the diffusion control; and the effects of diffusion rate on the oxidation of Cr and Co in the Ni alloy are
studied in detail by Allen [12]. The failure of a TBC system depends on the TGO growth behaviors
during the oxidation process [11]. TGO growth causes volume variation at the TC/BC interface,
which results in out-of-plane stress at the interface. The crack propagates in the TBC system through
the opening and growth in the ceramic and the limited crack nucleation and propagation related to
TGO [13,14]. However, there are a few investigations that pay attention to the effects of Cr and Co
oxides on the TGO growth behavior. Therefore, it is of great significance to investigate the oxidation
behaviors of Cr and Co in order to improve oxidation resistance and prolong the lifetime of TBC. Most
research mainly pays attention to the temperature range of TBC from 1000 to 1200 ◦C by using EB-PVD
technology. When the temperature is larger than 1170 ◦C, the volume expansion of phase conversion
can result in the TBC cracking. Also, the YSZ agglomerates with the rise in temperature, and thus
the failure of TBC can occur more easily at relatively high temperature [15,16]. This paper focuses on
the investigation of the influence of Al, Cr and Co oxides on TGO growth behavior, and the failure of
the TBC system is not expected to occur during the high-temperature exposure. Therefore, the test
temperature needs to be set below 1170 ◦C. In this paper, the effects of oxidation behaviors of Cr and
Co on TGO growth behavior at the TC/BC interface during high-temperature exposure at 1000 ◦C
were studied. The paper is organized as follows. Firstly, the material and experimental design are
introduced. Secondly, the kinetics of the high-temperature exposure are analyzed, respectively. Thirdly,
the morphology and composition analysis of the oxide scales at the TC/BC interface are investigated.
Finally, the oxidation thermodynamics are studied, and the conclusions are given.

2. Material and Experiments

In this study, a cast Ni-based superalloy K444 specimen with size of 2.8 mm × Ø16.0 mm was used
as the substrate. Firstly, the specimen was polished with 800-grit emery papers prior to TBC deposition.
Then, a CoCrAlY bond coat was deposited on the K444 superalloy substrate using the EB-PVD
technique, and the thickness of the CoCrAlY bond coat was 150 µm. After that, the bond-coated
specimen was annealed for 4 h at 1000 ◦C in a vacuum to acquire a homogeneous microstructure,
and then its surface was strengthened by shot-peening [17]. Finally, the YSZ top coat of thickness
60 µm was deposited on the bond-coated specimen by EB-PVD. The YSZ top coat is composed of
(8% ± 1%) Y2O3 and ZrO2. The profile of the TBC specimen is shown in Figure 1. The chemical
composition of the substrate and CoCrAlY bond coat are given in Tables 1 and 2, respectively.
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Figure 1. The profile of the thermal barrier coating (TBC) specimen. 

Table 1. Chemical composition of K444. 

Element Ni C Cr Co W Mo Al Ti Nb Hf 
Content (wt.%) Bal. 0.085 15.28 10.48 5.13 2.08 3.10 4.40 0.19 0.31 

Table 2. Chemical composition of CoCrAlY. 

Element Co Cr Al Ni Y Hf Zr Si Fe C 
Content (wt.%) 61.83 23.12 12.25 1.24 0.67 0.15 0.23 0.27 0.21 0.03 
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analysis was carried out by the X-ray diffraction technique (XRD, X'Pert PRO, PANalytical B.V., 
Almelo, The Netherlands). The thickness changes of the TGO and Al-depleted zone were measured 
manually, respectively. Finally, the oxidation thermodynamics of the high-temperature exposure test 
were investigated. 

3. Results 

3.1. The Analysis of Oxidation Kinetics 

To analyze the oxidation mechanism during the high-temperature exposure, the oxidation rate 
determined by the oxidation kinetics needs to be considered. The weight gains of three parallel 
specimens were measured at 10, 50, 80, 120, 160 and 200 h, respectively. Moreover, the successive 
differential method was used to calculate the average oxidation rate. The weight gains and average 
oxidation rates of TBC at each exposure time are summarized in Table 3. 
  

Figure 1. The profile of the thermal barrier coating (TBC) specimen.

Table 1. Chemical composition of K444.

Element Ni C Cr Co W Mo Al Ti Nb Hf

Content (wt.%) Bal. 0.085 15.28 10.48 5.13 2.08 3.10 4.40 0.19 0.31

Table 2. Chemical composition of CoCrAlY.

Element Co Cr Al Ni Y Hf Zr Si Fe C

Content (wt.%) 61.83 23.12 12.25 1.24 0.67 0.15 0.23 0.27 0.21 0.03

A high-temperature exposure experiment at 1000 ◦C was carried out in air using the chamber
electric furnace (SIOM, Shanghai, China) with an accuracy of 5 ◦C. Under each experimental condition,
three parallel specimens were set. The specimens were hung by nickel chrome wire, then put into
crucibles. When the furnace temperature rose to 1000 ◦C at the rate of 20 ◦C·min−1, the crucibles
with specimens were quickly put into the furnace and separated by a suitable distance in order to
ensure the same oxidation environment. The high-temperature exposure was begun when the furnace
temperature recovered to 1000 ◦C. During the high-temperature exposure, the furnace was ventilated
by opening the furnace door for 5 s per 2 h to ensure enough oxygen. Specimens 1–3 were oxidized
for 10, 50, 80, 120, 160 and 200 h, which were weighed by using an analytical balance (FA1004N,
JINGHUA Instruments, Shanghai, China) with an accuracy of 0.1 mg to analyze the oxidation kinetics.
Specimens 4–7 were oxidized for 10, 50, 120 and 200 h, respectively. The parallel specimens at each
exposure time were also weighed by using an analytical balance. The morphology and composition
analysis of the TC/BC interface were investigated by using scanning electron microscopy (SEM,
SUPPER 55, Carl Zeiss AG, Oberkochen, Germany) equipped with an energy dispersion spectrum
(EDS, QUANTAX-200, Bruker Corporation, Billerica, MA, USA). The phase analysis was carried out
by the X-ray diffraction technique (XRD, X'Pert PRO, PANalytical B.V., Almelo, The Netherlands).
The thickness changes of the TGO and Al-depleted zone were measured manually, respectively. Finally,
the oxidation thermodynamics of the high-temperature exposure test were investigated.

3. Results

3.1. The Analysis of Oxidation Kinetics

To analyze the oxidation mechanism during the high-temperature exposure, the oxidation rate
determined by the oxidation kinetics needs to be considered. The weight gains of three parallel
specimens were measured at 10, 50, 80, 120, 160 and 200 h, respectively. Moreover, the successive
differential method was used to calculate the average oxidation rate. The weight gains and average
oxidation rates of TBC at each exposure time are summarized in Table 3.
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Table 3. The weight gains and average oxidation rates of TBC at each exposure time at 1000 ◦C.

Oxidation Time (h)
Weight Gain (g·m−2)

Average Oxidation Rate (g·m−2·h−1)
Specimen 1 Specimen 2 Specimen 3

10 1.2292 1.1043 1.2767 0.1203
50 1.0133 0.9642 1.2015 0.0212
80 2.6356 2.7359 2.9102 0.0345
120 4.8482 5.1049 4.9084 0.0413
160 3.5454 3.9941 3.8053 0.0236
200 6.2510 6.6165 6.3044 0.0320

The oxidation kinetics of TGO can be expressed by Equation (1), where y is the weight gain
of oxide scale (g·m−2), t is the time (h), kp represents the rate constant, and n is the exponent.
After fitting experimental data of the weight gain in Table 3, the oxidation kinetics of TBC during the
high-temperature exposure at 1000 ◦C is presented in Figure 2. In the presented case, n is 1.248 and kp is
0.046 as obtained from Figure 2, and thus the weight gain increased with time follows the sub-parabolic
law. The TBC shows a fast weight gain at the initial stage of exposure, and the corresponding average
oxidation rate is 0.1203 g·m−2·h−1; then a relatively slower weight gain can be seen at the later stages
of exposure whose average oxidation rate is lower than 0.05 g·m−2·h−1, and thus the oxidation rate
gradually slows down at the later stage of exposure.

yn = kpt (1)
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Figure 2. The oxidation kinetics of TBC during the high-temperature exposure at 1000 ◦C.

3.2. Morphology and Composition Analysis of Oxide Scales

The morphologies of specimens were characterized by using SEM to observe the TBC surface
deposited by EB-PVD, as shown in Figure 3. It can be seen that the microstructure of the YSZ top
coat was columnar crystal whose growth direction was perpendicular to the substrate surface [18].
In order to study the phase composition of the bond coat, the specimen was polished by emery paper
until the YSZ top coat was completely removed and the remaining thickness of the bond coat was
about 100 µm. The XRD pattern of the bond coat is shown in Figure 4a. It can be seen that the bond
coat consisted of γ-Co and β-CoAl phases. Figure 4b is the morphology of the cross-section of the
bond coat. The bond coat was composed of a bright zone and a dark zone. After the EDS analysis,
the chemical compositions of the bright Zone A and the dark Zone B are listed in Table 4. The Al
content in the dark Zone B was larger than that in the bright Zone A. After comparing with the XRD
pattern of the bond coat, it could be seen that the bright Zone A was γ-Co solid phase, and the dark
Zone B was β-CoAl phase. As the β-CoAl phase was rich in Al, Al was mainly supplied by the β-CoAl
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phase during the high-temperature exposure. With the diffusion of Al in the bond coat to the TC/BC
interface, a large amount of β-CoAl phase was consumed. The β-CoAl phase was depleted and only
γ-Co was left near the TGO/BC interface, thus the Al-depleted zone occurred.
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Table 4. Chemical compositions of the bright Zone A and dark Zone B in Figure 4b.

Zone Content Co Cr Al Ni Y

A
wt.% 71.82 24.84 3.21 0.09 0.03
at.% 67.05 26.29 6.55 0.09 0.02

B
wt.% 70.30 21.17 8.17 0.34 0.03
at.% 62.49 21.33 15.86 0.31 0.02

The morphology of the TBC surface after 200 h of exposure is shown in Figure 5. The surface
of the TBC basically remained flat, but some partial zones cracked and had blisters and fragments,
such as in the red box. The high magnification view of the red box in Figure 5a is shown in Figure 5b.
Along the crack propagation path, there was the square pyramid crystal whose morphology was
different from the surrounding columnar crystal as shown in Point A. At Point A, Cr and Co oxides
formed during the high-temperature exposure after detection by EDS. The chemical composition of
oxide at Point A is summarized in Table 5.
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Table 5. Chemical composition of Point A in Figure 5.

Content O Co Cr Al Y

wt.% 55.97 30.55 10.13 3.23 0.12
at.% 83.11 11.85 4.14 0.57 0.33

The morphologies of the TC/BC interface oxidized for 10, 50, 120 and 200 h at 1000 ◦C were
observed by using SEM to investigate the growth behavior of TGO, respectively. The EDS line-scan
was analyzed at different exposure times along the straight line which was perpendicular to the
TC/BC interface, and the content changes of oxide scale along the straight line of the TC/BC interface
were as below. additionally, the thickness variations of the TGO and Al-depleted zone during the
high-temperature exposure was measured repeatedly along the lines which were parallel to the growth
direction of the TGO and Al-depleted zone, and the experimental data were averaged. The morphology
and composition analysis of the TC/BC interface before the high-temperature exposure and after 10 h of
exposure are shown in Figures 6 and 7, respectively. The morphology of the TC/BC interface exposed
for 10 h did not change significantly compared with that before the high-temperature exposure, and the
thickness of the TGO increased a little. The thickness of the TGO exposed for 10 h was 0.57 µm, which
was larger than that before the high-temperature exposure whose thickness was 0.41 µm. The change
of oxygen content was very low, thus a small amount of oxides were formed after 10 h of exposure.
The EDS analysis shows that the contents of Al, Cr and Co increased, and the contents of Cr and Co
showed a sharp peak before the Al content at the TC/BC interface. Therefore, Cr and Co were oxidized
before Al at the initial stage. This result was also demonstrated by Keyvani [10].
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further led to the Al-depleted zone thickening. A large amount of Al2O3 was formed, and thus a dense 
and continuous oxide scale was basically formed at this stage. With the declination of the Al content, 
there was no sufficient Al to be oxidized to form Al2O3 at the TGO/BC interface, Cr and Co began to 
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Figure 7. The morphology and composition analysis of the TC/BC interface after 10 h of exposure.

Figure 8 shows the morphology and composition analysis of the TC/BC interface after
high-temperature exposure for 50 h. The TGO thickness was 1.40 µm, which increased significantly
compared with the thickness after 10 h of exposure, and there were oxides to be oxidized at this stage.
Moreover, the Al-depleted zone occurred near the TGO/BC interface due to the consumption of Al,
and the thickness of the Al-depleted zone was 3.49 µm, which indicated that the β-CoAl phase was
depleted near the TGO/BC interface and a large quantity of Al2O3 was formed. As Al showed a peak
before Cr and Co, this indicates that Al was preferentially oxidized. Additionally, the contents of Al
and Cr increased compared with those after 10 h of exposure, and thus the oxides formed at this stage
were mainly Al2O3 and a small amount of Cr oxide.
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Figure 8. The morphology and composition analysis of the TC/BC interface after 50 h of exposure.

Figure 9 shows the morphology and composition analysis of the TC/BC interface after
high-temperature exposure for 120 h. The TGO thickness changed from 1.40 µm exposed for 50 h
to 2.47 µm exposed for 120 h, and the thickness of Al-depleted zone increased from 3.49 to 5.69 µm.
A large quantity of Al at the TGO/BC interface was consumed, the β-CoAl phase was decreased,
which further led to the Al-depleted zone thickening. A large amount of Al2O3 was formed, and thus
a dense and continuous oxide scale was basically formed at this stage. With the declination of the Al
content, there was no sufficient Al to be oxidized to form Al2O3 at the TGO/BC interface, Cr and Co
began to be oxidized, and thus the Cr and Co oxides had an impact on the formation of Al2O3 [19].
It was observed that the Co content increased notably, which indicated that a small amount of Co was
oxidized at this stage.
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The morphology and composition analysis of the TC/BC interface after 200 h of exposure is
shown in Figure 10. The TGO thickness decreased from 2.47 µm exposed for 120 h to 1.80 µm exposed
for 200 h, and the thickness of the Al-depleted zone declined from 5.69 to 4 µm. From the EDS analysis,
Cr and Co content increased after 200 h of exposure, and thus Cr and Co oxides were formed at
this stage. With Al diffused out of the deep layer of the bond coat to the TGO/BC interface during
the high-temperature exposure from 120 to 200 h, the Al content at the TGO/BC interface gradually
increased in 200 h. Therefore, the thickness of the Al-depleted zone decreased. When the Al content
met the requirement for the formation of Al2O3, Al started to be oxidized again. Oxygen preferentially
reacted with Al, which indicated that the Al content had an influence on the formation of Cr and Co
oxides. More Cr and Co oxides were formed at this stage.
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In order to investigate intuitively the composition analysis of Al, Cr and Co oxidized for 10, 50,
120 and 200 h at 1000 ◦C, the content changes of Al, Cr and Co in the TGO are shown in Figure 11.
It can be seen that the contents of Al, Cr and Co increased after 10 h of exposure, and thus Al2O3

and Cr and Co oxides were formed at this stage. After exposure for 50 h, Al, Cr and Co contents all
increased, and as the Al content increased notably, the major oxides was Al2O3. The Al-depleted zone
occurred at this stage with the consumption of Al. Therefore, the oxidation rate of Al2O3 after 120 h
of exposure was smaller than that after 50 h of exposure. This indicated that the oxides formed after
120 h of exposure was a large quantity of Al2O3 and a small amount of Co. But the Cr content declined,
which indicates that Cr was nearly not oxidized at this stage. During the exposure from 120 to 200 h,
it can be seen that the Al content decreased but Cr and Co contents increased. When the Al content
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was not sufficient to be oxidized, Cr and Co started to be oxidized, thus a small amount of Cr and Co
oxides were formed, which indicated that the Cr and Co oxides affected the formation of Al2O3.Coatings 2018, 8, x FOR PEER REVIEW  9 of 13 
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Figure 11. The content changes of Al, Cr and Co in the thermally grown oxide (TGO) during the
high-temperature exposure.

The elemental maps of the TGO were investigated by using EDS after high-temperature exposure
for 200 h. Figure 12 is a SEM image of the cross-section and corresponding EDS elemental maps. It can
be seen that the dark area of TGO contained Cr, Co, Al and O elements at the TC/BC interface. The Cr
and Co oxides were surrounded by Al2O3 near the TGO/BC interface, which indicated that the oxides
were mainly Al2O3 and a small amount of Cr and Co oxides. The chemical composition of the red
box in Figure 12 is shown in Table 6. The EDS analysis shows that the red box of TGO was mainly
composed of Al2O3, which did not contain Cr and Co oxides. Therefore, TGO was mainly composed
of Al2O3 near the TC/TGO interface, and a small amount of Cr and Co oxides at the TGO/BC interface
after the high-temperature exposure for 200 h.
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Table 6. Chemical composition of the red box in Figure 12.

Content O Al C

wt.% 50.46 47.86 1.67
at.% 62.24 35.01 2.75
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The thickness variations of TGO and Al-depleted zone during the high-temperature exposure
are shown in Figure 13. The standard deviation values of the TGO and Al-depleted zone thickness
were calculated and listed in Table 7. It can be seen that the trends of thickness variations of TGO and
the Al-depleted zone were almost the same, where the thicknesses both gradually increased from 0 to
120 h, while declining from 120 to 200 h.Coatings 2018, 8, x FOR PEER REVIEW  10 of 13 
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Table 7. The standard deviation values of TGO and Al-depleted zone thicknesses.

The Standard Deviation Values (σ) TGO (µm) Al-Depleted Zone (µm)

0 h 0.047 0.156
10 h 0.089 0.252
50 h 0.079 0.441

120 h 0.158 0.277
200 h 0.078 0.536

3.3. Oxidation Thermodynamics Analysis

Thermodynamic analysis can reveal whether the reaction can occur spontaneously and the
stability of oxides. The oxidation reaction is determined by the standard free energy of formation in
thermodynamics. The minimum thermodynamic activity of the elements that is sufficient to form the
corresponding oxides can be calculated from the following Equations (2)–(4) [20].

∆G0 = −RT ln K1 = −RT ln
[
(aAl2O3)/(aAl)

2(PO2)
3/2

]
(2)

∆G0 = −RT ln K2 = −RT ln
[
(aCr2O3)/(aCr)

2(PO2)
3/2

]
(3)

∆G0 = −RT ln K3 = −RT ln
[
(aCoO)/(aCo)(PO2)

1/2
]

(4)

where the subscripts a refer to the thermodynamic activity of phase, and K1, K2, and K3 are the
equilibrium constant of Equations (2)–(4). The standard free energy of formation and equilibrium
constant of oxides at 1000 ◦C are listed in Table 8. The corresponding oxides are formed when the
oxygen pressure is larger than the minimum partial pressures of oxygen. From Table 8, it is indicated
that Al needs the minimum thermodynamic activity to form Al2O3. Meanwhile, the minimum oxygen
partial pressure of Al2O3 is smaller than those of Cr2O3 and CoO [19,21,22], which means that Al2O3

forms more easily than Cr2O3 and CoO during the high-temperature exposure.
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Table 8. The Gibbs free energies and oxygen partial pressure of oxides formation at 1000 ◦C [20,22].

Oxides

Standard Free
Energy of

Formation, ∆G0

(kJ/mol)

Equilibrium
Constant, Ki

The Minimum
Oxygen Partial
Pressure (Pa)

Elements
Thermodynamic

Activity of
Elements

Al2O3 −1613.1 1.56 × 1066 1.32 × 10−30 Al 8.03 × 10−34

Cr2O3 −1027 1.39 × 1042 2.53 × 10−17 Cr 8.47 × 10−22

CoO −171.7 1.1 × 107 1.62 × 10−7 Co 3.01 × 10−4

4. Discussions

The above results show that the oxides formed by TGO at the different stages of exposure are
different. Co and Cr oxides are mainly formed at the stages of 0–10 h and after 120 h, and the Al2O3

is mainly formed at the stage of 10–120 h and about 200 h, and there is an interaction between the
Al2O3 and Cr and Co oxides during the high-temperature exposure, which is the result of the major
factor affecting the formation of oxides at different stages. Additionally, the thickness variations of the
TGO and Al-depleted zone are related to the oxides formed. Based on the growth behavior of TGO,
high-temperature exposure can be characterized by three stages.

At the initial stage of exposure (0–10 h), oxygen needs to pass through the YSZ top coat to reach
the TC/BC interface, while elements such as Al, Cr and Co in the bond coat need to diffuse to the
TC/BC interface to react with oxygen. As the oxides formed at this stage are insufficient to fully cover
the TC/BC interface, a dense and continuous oxide scale is not formed. The oxide scale formed at
this stage cannot hinder oxygen diffusing from the YSZ top coat to the TC/BC interface, thus the TBC
shows a fast initial oxidation rate at the beginning of oxidation. Therefore, the formation of oxides
mainly depends on the diffusion rate of Al3+, Cr3+ and Co2+. Thermodynamics do not play a dominant
role at this stage. The diffusion coefficients of Al3+, Cr3+ and Co2+ can be calculated by Equation (5):

D = D0e−
Q
RT (5)

where D is the diffuse coefficient, Q represents the activation energy of diffusion, and D0 is the
frequency factor. According to Table 9, the diffusion coefficient of Co2+ is larger than those of Al3+

and Cr3+, and the diffusion coefficient of Al3+ is smaller than that of Cr3+. Therefore, Cr and Co
preferentially react with oxygen before Al at the initial stage of exposure. Additionally, a small amount
of oxides are formed at this stage, and thus the thicknesses of the TGO increase.

Table 9. The diffusion coefficients of Al3+, Cr3+ and Co2+ at 1273 K.

Element D0 (m2/s) Q (J/mol) D (m2/s)

Al3+ 1.5 × 10−2 4.70 × 105 7.76 × 10–22

Cr3+ 0.4 4.18 × 105 2.82 × 10–18

Co2+ 0.5 2.51 × 105 2.76 × 10–11

At the second stage of exposure (10–120 h), which can also be named the steady oxidation stage,
elements such as Al, Cr and Co reach the TC/BC interface. Then the reactions are determined by the
thermodynamics of Al, Cr and Co. The minimum thermodynamic activity to form the corresponding
oxide of Al is lower than those of Co and Cr, and the minimum oxygen partial pressure of Al is also
smaller than those of Co and Cr. Therefore, large quantities of Al2O3 are preferentially formed at this
stage, and the TGO thickness steady increases. Meanwhile, Al at the TGO/BC interface is severely
consumed, and the β-CoAl phase is depleted near the TGO/BC interface, thus the thickness of the
Al-depleted zone steadily increases, which is consistent with the TGO variation. Furthermore, a dense
and continuous oxide scale is gradually formed, which can prevent the diffusion of oxygen, and thus
the oxidation rate gradually slows down and a small amount of Cr and Co oxides are formed at the
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TGO/BC interface. This result is consistent with Taylor’s study [13] which demonstrates that a bond
coat with asperities of high aspect ratios can result in the rapid conversion of the asperity into Co- and
Cr-rich oxides.

At the last stage of exposure (120–200 h), as the severe consumption of the β-CoAl phase occurs
near the TGO/BC interface, the Al content decreases. Thus there is not sufficient Al to be oxidized,
and hence the formation of Al2O3 decreases. Then, oxygen mainly reacts with Cr and Co, causing
more Cr and Co oxides to be formed near the TGO/BC interface. With Al in the deep layer of the bond
coat diffusing to the TGO/BC interface, the Al content gradually increases at the TGO/BC interface,
and thus the thickness of the Al-depleted zone declines. When the Al content meets the requirement for
the formation of Al2O3, Al is oxidized again to form Al2O3, which surrounds the Cr and Co oxides at
the TGO/BC interface. Meanwhile, a replacement reaction occurs in which Al combines with Cr2O3 to
form Al2O3 [22], which leads to the densification of the oxide scale. Additionally, the phase conversion
from γ-Al2O3 to α-Al2O3 causes the volume shrinkage of the oxide scale [5,23]. Therefore, both the
replacement reaction of Cr2O3 and the phase conversion of Al2O3 lead to the TGO thickness declining
between 120 and 200 h. The oxidation kinetics are relatively stable at this stage, and the oxidation rate
follows the sub-parabolic law during the high-temperature exposure.

5. Conclusions

The high-temperature exposure test was performed at 1000 ◦C for 10, 50, 80, 120 and 200 h,
respectively. The oxidation thermodynamics and kinetics were analyzed. The morphology and
composition analysis of the TC/BC interface at different exposure time were investigated. Finally,
the elemental maps of the TGO were analyzed by using EDS. The following conclusions can be drawn:

• For the whole high-temperature oxidation, the oxides were primarily Al2O3 and a small amount
of Cr and Co oxides at the TC/BC interface. The Cr and Co oxides were mainly formed at the
initial stage when the oxidation behavior mainly depended on the diffusion rate and after 120 h
of exposure when Al at the TGO/BC interface was not sufficient to be oxidized.

• The high-temperature exposure can be characterized by three different stages. At the initial
exposure stage (0–10 h), the formation of oxides mainly depended on the diffusion rate. Thus Cr
and Co were oxidized before Al. At the steady oxidation stage (10–120 h), as the thermodynamics
takes a dominant role, the main oxides were Al2O3. At the last stage (120–200 h), Cr and Co were
oxidized with the consumption of Al at the TGO/BC interface. Both the replacement reaction of
Cr2O3 and the phase conversion of Al2O3 led the TGO thickness to decline from 120 to 200 h.

• In future work, to reveal the influences of Cr and Co on TGO growth quantitatively, it is necessary
to investigate the corresponding Al content in the bond coat when Cr and Co begin to be oxidized
and when Al2O3 starts to be formed again at the last stage of exposure.
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