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Abstract Thermally grown oxide (TGO) may be gener-
ated in thermal barrier coatings (TBCs) after high-
temperature oxidation. TGO increases the internal stress
of the coatings, leading to the spalling of the coatings.
Scanning electron microscopy and energy-dispersive
spectroscopy were used to investigate the growth char-
acteristics, microstructure, and composition of TGO after
high-temperature oxidation for 0, 10, 30, and 50 h, and the
results were systematically compared. Acoustic emission
(AE) signals and the strain on the coating surface under
static load were measured with AE technology and digital
image correlation. Results showed that TGO gradually
grew and thickened with the increase in oxidation time.
The thickened TGO had preferential multi-cracks at the
interface of TGO and the bond layer and delayed the strain
on the surface of the coating under tensile load. TGO
growth resulted in the generation of pores at the interface
between the TGO and bond layer. The pores produced by
TGO under tensile load delayed the generation of surface
cracks and thus prolonged the failure time of TBCs.

Keywords thermally grown oxides, thermal barrier coat-
ings, acoustic emission technology, digital image correla-
tion, pores

1 Introduction

The performance of aviation aircraft has been continuously
improved in recent years, and several components of aero-
engines, such as turbine blades, are expected to withstand
increased temperatures. Thermal barrier coatings (TBCs)
are widely used in the protection of aero-engine turbine
blades because of their good thermal insulation perfor-
mance and low cost [1–3]. TBCs are usually composed of a
top ceramic coat (TC, 8YSZ, 8% Y2O3-stabilized ZrO2)
layer for thermal insulation, a metal bonding coat (BC,
MCrAlY, M is usually Ni or Co) layer for improving
adhesion, and a metal substrate composition [4]. However,
a layer of thermally grown oxide (TGO) is formed at the
interface between the ceramic and bonding layers and
causes the coatings to spall during the service process
[5,6]. TGO is a layer of dense oxides formed by metal
elements in the bonding layer reacting with the air passing
through the ceramic layer. TGO is usually a mixture of
various oxides due to the numerous metal elements in the
bonding layer and the diversity of reaction sites and modes.
Different studies have presented varying views on the
composition and growth of TGO. However, these studies
have found that oxides, such as α-Al2O3 and Cr2O3, exist
in the composition of TGO. Liu et al. [7] discovered that
Ni(Al, Cr)2O4, g-Ni, and NiO oxides are present in TGO.
Hu et al. [8] reported that Y3Al5O12 (YAG) and other
substances also exist in TGO.
Many studies have focused on the growth characteristics

and compositional morphologies of TGO [9,10] and linked
TGO to coating damage cracks [11–14], but only a few
have investigated the effect of TGO on the mechanical
properties of TBCs. The uniform stress-strain relationship
in the substrate is commonly used to approximate the
stress-strain relationship in the coatings during static
tensile testing. The stress and strain of coatings differ
considerably from the stress and strain of the substrate.
Furthermore, the stress and strain of coatings are
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asymmetrical. Digital image correlation (DIC) is a
technique for detecting uneven strain. It is a quick and
intuitive approach to calculate the strain of coatings by
recording the displacement of similar points on the surface
of coatings. However, DIC technology can only analyze
surface strain through the displacement of visible surface
spots; it cannot obtain the internal strain variations of
coatings.
Acoustic emission (AE) technology is a non-destructive

testing technique that detects conditions within the
material and systematically characterizes the structural
change and crack damage resulting from TGO growth
inside TBCs. Researchers [15–17] used AE technology to
detect changes in different crack patterns within TBCs via
three- and four-point bend tests and a CaO-MgO-Al2O3-
SiO2 corrosion test. Yao et al. [18] used the fast Fourier
analysis method to obtain the spectral characteristics of
cracks during tensile testing and discovered different crack
forms represented by different AE signals. However, AE
technology entails a complicated operation, is susceptible
to environmental conditions, and cannot intuitively obtain
the relationship between crack damage and AE signals.
The combination of AE and DIC can accurately identify
the state of cracks and their formation patterns. Many
studies [7,19,20] have discovered that TGO exhibits
parabolic growth, which means the growth rate of TGO
gradually decreases with the increase in oxidation time.
TGO grows rapidly in the early stage of high-temperature
oxidation, but the growth rate slows down after 50 h of
oxidation [5,21]. This study focuses on the evolution of
TGO under high-temperature oxidation for 50 h.
In this study, the growth characteristics of TGO in TBCs

were systematically analyzed through scanning electron
microscopy (SEM), energy-dispersive spectroscopy
(EDS), and other characterization methods. The effect of
TGO on the mechanical properties of coatings was
investigated, and the damage characteristics of the coatings
under tensile load were observed. First, samples were
prepared within 50 h of high-temperature oxidation. A
cross-section observation was performed via SEM and
EDS to determine the growth behavior of TGO. Second,
static tensile tests were conducted on the prepared
specimens by using a universal testing machine. Third,
the variations of TBCs under static load were measured
with a charge-coupled device (CCD) camera and an AE
detection device. Finally, DIC and AE data were analyzed
to investigate the impact on the mechanical properties and
damage characteristics of TGO under tensile load.

2 Experiment

Cylindrical specimens (F25 mm � 5 mm) and static
tensile specimens with an effective length of 50 mm were
prepared from GH3128 nickel-based superalloy. After
cleaning and sandblasting, a 100 mm NiCrAlY (Ni-22Cr-
10Al-1Y, wt.%) bonding layer was fabricated on the
substrate by atmospheric plasma spraying (APS). Then, a
350 mm 8YSZ (8 wt.% Y2O3-stabilized ZrO2) ceramic
layer was sprayed using APS technology. Table 1 presents
the spraying parameters of NiCrAlY and 8YSZ.
The two samples were subjected to isothermal oxidation

simultaneously. The samples were then placed in a muffle
furnace with air circulation at room temperature (23 °C�
1 °C) and heated to 1050 °C at a rate of 8 °C/min. They
were naturally cooled down to room temperature after each
holding time. Three holding times of 10, 30, and 50 h were
set for the oxidation. Cylindrical TBC samples after and
before oxidation were cut along the cross section into small
pieces measuring 10 mm � 10 mm � 5 mm. The samples
were then ultrasonically cleaned and embedded in
cylindrical epoxy resin. The observed section was ensured
to be parallel to the cylindrical surface of one side of the
epoxy resin. Subsequently, the observed surface was sand
blasted, polished, and ultrasonically cleaned with alcohol.
The morphologies and compositions of the interface
between the ceramic and bonding layers before and after
oxidation were analyzed through SEM equipped with EDS
(SEM, ZEISS EVO18, Germany), and the growth rate of
TGO was obtained.
Tensile tests were conducted on the tensile specimens by

using a universal testing machine (AG-X, Shimadzu
Corporation, Japan). The surface of the coating was
artificially painted, and the sample was clamped. The AE
probe was connected to the substrate with a coupling agent
and tape, and the other end of the probe was connected to
an AE microcomputer (Advantech IPC-610MB-L, China)
with a display monitor. The specimens were subjected to a
static tensile load at a constant rate of 0.3 mm/min. The AE
microcomputer was turned on, and the AE signals were
recorded. The movement of the black paint during the
stretching of the coating was photographed and recorded
simultaneously by a CCD camera. The light source was
used to improve the clarity of the photos, which were saved
at a rate of 1 photo per second until the coating began to
peel off. Afterward, the photos were imported into the DIC
analysis software to obtain the strain of the coatings under
tensile load.

Table 1 Spraying parameters of NiCrAlY and 8YSZ

Specimen
Plasma gas
/(L∙min–1)

Plasma gas
pressure/MPa

Linear velocity
/(m∙min–1)

Current
/A

Voltage
/V

Spray distance
/mm

Single spraying
thickness/mm

Carrier gas
/(L∙min–1)

Powder feed
rate/(g∙min–1)

NiCrAlY Ar 200, H2 12.9 Ar 0.7, H2 0.5 45 400 150 100 0.02 10 40

8YSZ Ar 40, H2 3 Ar 0.7, H2 0.5 45 450 140 100 0.01 10 40
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3 Results and discussions

3.1 Growth characteristics of TGO

After high-temperature oxidation, TGO began to form at
the interface between the ceramic and bonding layers.
Figure 1 shows a schematic view of the thickness
measurement region of TGO. The thickness of TGO was
measured using the method of average thickness, namely,

d ¼ A=W , (1)

where d is the thickness of TGO, A is the cross-section area
of TGO, and W is the width of the image.

The continuous TGO region was divided into five parts
on the average, and the same multiple SEM pictures were
obtained from each part. According to Eq. (1), the
measured TGO thicknesses was the average value of the
five results obtained by the measured TGO areas on the
image divided by the width of the image.
Figure 2 shows the line chart of the thickness variation

of TGO. Overall, the growth rate of TGO gradually
decreased as the oxidation time increased because TGO is
a dense oxide film that reduces the contact between oxygen
and metal elements; the rate of oxidation gradually slows
down with the consumption of metal elements [22–24].
Figures 3(a)–3(h) show the SEM images and energy

spectra of the cross sections of TBCs at different oxidation
times. Figure 3(a) shows that the oxygen content in the
coatings was negligible after spraying, indicating that
almost no TGO was generated before high-temperature
oxidation. After high-temperature oxidation, a thin,
irregular oxide layer appeared at the interface of the
ceramic and bonding layers, as shown in Figs. 3(c), 3(e),
and 3(g). As the oxidation time increased, the TGO layer
gradually thickened in an irregular pattern.
According to the cross-sectional energy spectra of the

TBCs at different oxidation times (Fig. 3), the contents of

Ni, Cr, and Al in the metal elements of the bonding layer
were high, and the content of Ni was the highest. After
high-temperature oxidation, the contents of Cr, O, and Al
became substantial, and the content of Ni was almost 0 in
the TGO layer. However, Ni did not participate in
oxidation before the high-temperature oxidation for 50 h.
Only Al and Cr reacted with O. The reaction equations are
as follows:

2½Al� þ 3½O�↕ ↓Al2O3,

2½Cr� þ 3½O�↕ ↓Cr2O3:

Figures 3(d), 3(f), and 3(h) show that the ratio of Cr to Al
was almost the same under increasing oxidation time along
the thickness direction of TGO. The same was observed for
the ratio of Cr to Al in the initial bonding layer in Fig. 3(b),
indicating that Cr and Al simultaneously reacted with O.
Although Al and Cr can be oxidized, the Gibbs free energy
of Al2O3 is larger than that of Cr2O3 [7]. Liang et al. [25]
showed that the lattice mismatch between Al2O3 and the
bonding layer is more severe than that between Cr2O3 and
the bonding layer, and this difference leads to the fact that
Cr2O3 is likely to grow along the original lattice of the
bonding layer. Moreover, the content of Cr in the bonding
layer is higher than that of Al. Thus, the content of Cr2O3

in TGO is the highest.
Figures 3(c), 3(e), and 3(g) show microscopic pores at

the interface of TGO and the bond layer. As the high-
temperature oxidation time increased, pore sizes gradually
increased, and some even merged to form large pores.
Figures 3(b), 3(d), 3(f), and 3(h) show that the Ni

content is large in the bonding layer, and almost no
presence of Ni was found in TGO. Suo et al. [26] found
that alloying elements of the oxidation interface undergo
nonreciprocal diffusion and the Kirkendall effect during
the oxidation of the bonding layer. At the interface of TGO
and the bonding layer, Al and Cr in the bonding layer

Fig. 1 TGO thickness measurement area

Fig. 2 Thickness variation of TGO
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Fig. 3 SEM images and line sweep energy spectra of TGO at different oxidation times: (a, b) before oxidation, (c, d) at 10 h, (e, f) at
30 h, and (g, h) at 50 h
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diffused toward the ceramic layer. Conversely, Ni diffused
toward the bonding layer, and the diffusion rates in the two
directions differed. Al and Cr participated simultaneously
in oxidation, whereas Ni was not a part of oxidation during
the formation of TGO. Oxidation and diffusion led to the
generation of tensile stress and horizontal creep, which
formed many pores at the interface of TGO and the
bonding layer. Studies have shown that pore shape is
related to the creep mode [27]. Suppressed creep in the
vertical direction of the interface leads to pancake-shaped
pores, and anisotropic creep leads to hemispherical pores.

3.2 Effect of TGO on the mechanical properties of coatings

The movements of the coating surface under uniform
tensile load were recorded by a CCD camera to derive spot
movements on the surface of the coatings. The changes in
the surface strain of the coatings until cracking obtained
via DIC are shown in Fig. 4. Figure 4(a) shows the strain
change curves of the initial cracking location on the
coating surface under different oxidation times. The strain
image changes shown in Fig. 4(b) are divided into four
stages until the initiation of surface cracks:
1) The strain changed irregularly when the coatings were

initially subjected to tensile load.
2) When the load increased with stretching, the surface

strain of the coatings was in a periodic state, which is close
to a sinusoidal curve. The maximum and minimum strains
were like peaks and valleys that constantly moved in the
same direction, respectively.
3) When the tensile load reached a certain stage, the

strain in a small part of the coatings increased sharply.
4) Given that the strain sharply increased, a small part of

the coatings reached their ultimate tensile strength, leading
to cracks.
Figure 4(b) shows the strain curves of the first surface

crack point of the coatings under different oxidation times
with the tensile time. The curves follow the four stages.
With the strain curve of 50 h oxidation as an example, OA
was the first stage, and the surface strain of the coatings
was small at this stage. As the strain increased, the coatings
entered the strain fluctuation stage (the AB section). In this
stage, the strain showed a fluctuating rising state. After the
B inflection point, the strain at the cracking point of the
coating surface increased sharply until cracks occurred.
When the stress on the surface of the coatings exceeded the
tensile limit, that is, the strain also increased to a certain
value (Point C), the surface crack of the coatings initiated
and expanded.

3.3 Effect of TGO on the damage characteristics of TBCs

The stress-strain relationship of the substrate during the
stretching process and the AE events of the coatings with
stretching time are shown in Fig. 5. The AE events during
stretching were divided into four stages: A, B, C, and D. A
is the elastic deformation stage; B is the surface vertical
crack stage; C is the surface crack saturation transition
stage; and D is the interface crack stage. Comparison of
Fig. 5(a) with Figs. 5(b)–5(d) indicates that before and
after the high-temperature oxidation, the TBCs presented a
significant difference in AE signal in Stage A. The AE
events before the high-temperature oxidation were almost
zero in Stage A. However, after the high-temperature
oxidation, gradually decaying AE signals were generated
as soon as the coatings began to stretch in Stage A. With
the increase in oxidation time, the AE events gradually
increased in Stage A. The time when surface cracks began
to appear was gradually delayed, but the AE events of the
interface crack gradually decreased.
TGO was not formed before the high-temperature

oxidation. When the tensile load was gradually increased,

Fig. 4 Variation in the surface strain of TBCs under uniform tensile load. (a) Cloud surface strain change with time; (b) strain curves of
the coating surface with time
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the stress applied to the coatings also gradually increased.
Given that the stretching direction was parallel to the
coating surface, surface cracks occurred preferentially after
the stress exceeded the tensile resistance of the coatings.
Section 3.1 indicates that after high-temperature oxidation,
the presence of TGO causes an increasing number of pores
at the interface between TGO and the bonding layer. When
subjected to tensile load, these pores crack preferentially at
the interface between TGO and the bonding layer, resulting
in the generation of AE signals. As the tensile load
continues to increase, crack propagation gradually
decreases due to the large compressive stress at the
interface between TGO and the bonding layer, resulting in
a gradual attenuation of AE signals [28].

3.4 Effect of pores on the tensile failure of coatings

According to the results of SEM shown in Fig. 3, after the
high-temperature oxidation of the TBCs, pores formed at
the interface of TGO and the bonding layer, and the
number of pores gradually increased as the TGO

thickened. These tiny pores exert a key influence on the
mechanical behavior of the coatings during loading. Wei
et al. [29] stated that pores can cause interface cracks.
Micropores immediately expand to form microcracks
under tensile load due to the low bearing capacity, which
also causes AE signals to be generated at the beginning of
stretching.
As the tensile strain increased, the microcracks gradually

increased. These microvoids and microcracks contributed
to the slow release of the TGO-bonding layer stress and
provided a certain strain coordination effect. If no pore
exists between the bonding layer and TGO, then the tight
bond of the TGO-bonding layer interface can cause the
bonding layer load to transfer immediately to TGO or even
the ceramic layer. In this case, the strain of the ceramic
layer will rapidly increase to the failure limit, which is
presented by the surface cracks in Fig. 5(a) where the AE
signals start at 1000 s. However, the appearance of
micropores and microcracks causes the tensile load on
the TGO to be lower than the tensile load on the bonding
layer and the substrate, resulting in a delay in surface

Fig. 5 Corresponding relationship between stress and strain of the substrate and AE signals as they change with time under tensile load.
(a) 0 h; (b) 10 h; (c) 30 h; (d) 50 h
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cracking time. The surface crack initiation time in Figs.
5(b)–5(d) is delayed from 1100 to 1500 s.
As the tensile strain increased, surface cracks also

occurred in the coatings after the high-temperature
oxidation. However, due to the multiple microcracks in
the TGO layer, the AE signal density of the interface crack
decreased when the surface cracks spread to the interface,
as shown in Fig. 5. Therefore, the microcavity-microcrack
structure contributed to the cooperation of the coatings to
some extent and delayed the occurrence of failure.
Figure 6 is a schematic showing the effect of pores on

the strain change of the TBCs before and after oxidation.
Lines a–e in the coordinate axis correspond to the strain of
images Figs. 6(a)–6(e) at a certain moment. Figure 6 also
shows the ratio of strain to the time at which the uniform
rate static tensile substrate is kept constant. Before
oxidation, TGO was not contained in the coating, and
the strain applied to the substrate was transmitted to the
ceramic layer along a certain regularity and gradually
increased with the increase in stretching time. When the
surface strain of the ceramic layer reached ɛ1, surface
cracks appeared at the ceramic layers, as shown in
Figs. 6(a) and 6(b). This process also corresponds to the
phenomenon of the AE signals’ disappearance in the

coatings before the appearance of surface cracks in
Fig. 5(a). After oxidation, TGO formed at the interface
between the ceramic and bonding layers. Many pores
appeared at the interface between TGO and the bonding
layer. During the static tensile process, the pores merged
with one another to form large pores or microcracks. These
microcracks and microvoids contributed to stress relaxa-
tion and provided strain coordination, which reduced the
rate at which the interface of the bonding layer transferred
strain to TGO. Therefore, the strain at the TGO and
ceramic layer was lower than that at the ceramic layer
before oxidation. As shown in Figs. 6(c) and 6(d), the
strain at the ceramic layer and TGO was partially delayed
compared with that before oxidation. Comparison of Figs.
6(b) and 6(d) shows that although they all occurred at time
t2, the surface crack in Fig. 6(b) already initiated. However,
the strain on the surface in Fig. 6(d) was still lower than ε1.
Surface cracks did not appear due to the strain delay,
indicating that the TBCs before high-temperature oxida-
tion were prone to surface cracks. As stretching time
continued to increase, the strain on the surface of the
coatings after oxidation reached ε1 until time t3. This result
indicates that the pores at the interface between TGO and
the bonding layer postponed the time of the appearance of

Fig. 6 Schematic of the influence of pores at the interface of TGO and the bonding layer on TBCs under tensile load
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surface cracks after high-temperature oxidation, which is
consistent with the finding that the surface crack initiation
of the oxidized coatings in Fig. 4 takes longer time than
that before oxidation. This finding is also consistent with
the result that the occurrence time of the surface crack AE
signals after oxidation is later than that before oxidation
(Fig. 5).

4 Conclusions

In this study, SEM and EDS characterization methods were
used to analyze the growth characteristics of TGO. AE and
DIC techniques were applied to monitor simultaneously
the microscopic deformation characteristics of TBCs under
static tensile stress. The mechanical properties and damage
characteristic of TGO on TBCs were summarized. The
following conclusions were obtained.
1) After high-temperature oxidation, TGO was formed

at the interface between the ceramic and bonding layers.
TGO gradually grew and thickened as the oxidation time
increased, but its growth rate gradually decreased.
2) The presence of TGO in TBCs affected the strain

behavior of the coatings under mechanical loading,
reduced strain fluctuations, and delayed the time of
occurrence of surface cracks that caused interfacial cracks
in the substrate during elastic deformation.
3) After TGO initiation, microscopic pores and cracks

appeared at the interface between TGO and the bonding
layer. When TGO thickened with increasing oxidation
time, the number of pores also increased gradually. Under
static load stretching, the pores could form interfacial
cracks during the initial stage of tensile static load. The
pores and interfacial cracks could reduce the transmission
of tensile load and delay the generation of cracks.
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