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a b s t r a c t
Thermal barrier coatings (TBCs) are extensively used to protect metallic blades in gas-turbine engines where the
operating conditions include an aggressive environment at high temperatures. The most important factor
controlling TBC durability is the growth of a thermally grown oxide (TGO) layer which is formed during high
temperature oxidation. To improve the oxidation resistance of conventional TBC, the SiC-self-healing coating,
named the SAZ coating, was prepared by air plasma spray (APS) technique on the top of the classic bilayer TBC
(YSZ TBC), which consist of the bond coating (BC) and the YSZ coating. Cracks allow SiC particles locating on
the crack outside surface to react with the oxygen in the atmosphere at the temperature above 720 °C resulting
in healing. As oxidation progress, the crack surfaces are covered with the formed oxide. Finally, the space
between the crack surfaces is completely or incompletely ﬁlled with the formed oxide. The sealing effect
enhanced the oxygen diffusion resistance of SAZ coatings, therefore the partial pressure of oxygen at the BCYSZ interface of SAZ TBC samples would be lower than of YSZ TBC samples. The oxidation and spallation
resistance of the SAZ TBC samples will be enhanced because the growth rate of TGO is slower due to the low
partial pressure of oxygen. The high temperature cyclic oxidation tests performed at 1127 °C was carried out
to investigate the oxidation and spallation resistance of the SAZ TBC. The results demonstrated that the mass
gain of SAZ TBC samples, which was related to oxidation resistance, was 63.29% of YSZ TBC samples, and the
mass loss of SAZ TBC samples, which was related to spallation resistance, was 56.08% of YSZ TBC samples.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Thermal barrier coatings (TBC) are comprised of four layers: 1) the
substrate, 2) the bond-coat (BC), 3) the thermally grown oxide (TGO),
and 4) the ceramic top-coat (TC) [1]. The TGO layer is formed at the
TC–BC interface at an elevated temperature. TGO acts as an oxidation
barrier to suppress the formation of other detrimental oxides during
any extended thermal exposure in service [2]; in other words, in the
primary stages of service, the TGO helps protect the substrate from
oxidation and improves the durability of TBCs. Out-of-plane stresses,
however, which normally develop at BC–TC interface undulations, increase as the TGO thickens until they cause cracking within the brittle
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ceramic coatings and fracture at the interfaces. These mechanisms
combined can then induce TBC failure [3].
Several different methods have been proposed in recent years to improve the oxidation resistance and lifetime of TBCs. Researchers have
attempted to improve TBC lifetime by employing dense YSZ coating
structures under very low pressure plasma spray (VLPPS), electrodepositing, and laser re-melting, for example [4–6]. The dense nanostructure of YSZ layers plays an effective role in reducing oxygen permeation
[4], and creates a TBC with favorable thermal shock resistance due to reduced TGO growth in the YSZ/BC interface [5]. Several modiﬁed BCs
have also been proposed, including those with Hf, Zr [7], Pt [8], and
nanostructure oxide [9]added to the BCs to enhance the oxidation
resistance of TBCs. In addition to modiﬁed YSZ coatings and BCs, many
researchers have worked to develop other types of coatings that improve oxidation resistance after being integrated into the TBC system
[10–16]. Many of these methods include the application of Al2O3,
which beneﬁts oxidation resistance because the oxygen diffusion coefﬁcient of Al2O3 is very small (~10−12 cm2/s at 1400 °C.)
Self-healing materials include polymers [17–19], metals [20–23],
ceramics [24–28], and their composites [29–32] that when damaged
through thermal, mechanical, ballistic, or other means have the ability
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to restore their own original properties [33]. Self-healing materials are
often used to produce anticorrosion coatings [34–37] and polymer coatings [38–41]. There are only a few patents (such as CN103553597-A,
US2015159492-A1, US7662684-N) for self-healing TBCs, speciﬁcally.
Self-healing material may represent an innovation solution to problems with porous coatings, because the porous structure of ceramic
coatings prepared by APS is inevitable, and the pores in coatings provide
fast-diffusion paths for oxygen transportation. If the pores and cracks
are ﬁlled by a self-healing agent, the diffusion of oxygen should
be much slower. For example, Raj et al. [42]studied lightweight selfhealing ceramic composites for application in high-temperature aircraft
engines, and found that SiC and its oxides had sufﬁcient plasticity to reduce crack propagation and self-healing capabilities, ﬁlling surfaceconnected cracks to prevent oxygen ingress.
The present study developed a SiC-self-healing TBC in effort to improve the oxidation resistance and spallation resistance of the TBC system. We ﬁrst elucidated the oxidation mechanism of the self-healing
agent and its ﬁlling and sealing effect, then investigated the TBC's oxidation behavior at high temperatures. To conclude the study, crack evolution in TGOs and composite coatings were compared and analyzed.

2. Materials and methods
2.1. Coating preparation
Disk-shaped substrate specimens, with diameter of 20 mm and
thickness of 5 mm, were cut from a GH4169 alloy bar. The nominal composition of GH4169 is provided in Table 1. Before the coatings were
sprayed, all the substrates were blasted with compressed air for enhancing adhesion and removing rust on the surface of the substrates.
Two types of TBC samples, the YSZ TBC and the SAZ TBC, were fabricated using the air plasma spraying (APS) system. The schematic layer
structure of the composite coatings is shown in Fig. 2. The crosssection SEM morphologies for as-sprayed samples are shown in Fig. 4
and their corresponding XRD traces from the surfaces are shown in
Fig. 5.
NiCoCrAlY, the composition of which is given in Table 2 [43], was
used to spray the BC. NiCoCrAlY powder grains had diameter of about
40–150 μm. The YSZ layer was made of 8 wt.% Y2O3–ZrO2 (8YSZ), with
powder grains 60–80 μm in diameter. SAZ powders had diameter of
40–60 μm, and were comprised of 6 wt.% SiC, 56 wt.% 8YSZ, and
38 wt.% Al2O3. The raw powders of SiC, 8YSZ, and Al2O3 were 60 nm
in diameter; they were sprayed dry into the composite SAZ powder.
The spraying parameters for ceramic coatings and metallic coatings
are listed in Table 3.

2.2. Microstructural characterization
TBC microstructure was characterized by scanning electron microscopy (SEM). The specimens were impregnated in vacuum conditions
using cold mounting and embedding resins (HY-607 AB), which
protected the coatings during cross-section polishing. After the experiments, the TBC thickness of each sample was evaluated as the average
of 20 values along the entire specimen according to SEM images. The
percentage of TGO in the BCs was analyzed with Image-Pro Plus 6.0
(IPP) software, which distinguished the percentage of TGO in the BCs
in different composites. SAZ layer porosity before and after heat treatment was measured by the same means.
Table 1
The nominal chemical composition of GH4169 (wt.%).
C

Cr

Ni

Co

Mo

Al

Ti

Fe

≤0.08

17.0–21.0

50–55.0

≤1.0

2.80–3.30

0.30–0.70

0.75–1.15

Rest

Table 2
The chemical composition of NiCoCrAlY (wt.%).
Ni

Al

Co

Cr

Y

46.55

13

23

17

0.45

2.3. Image Pro Plus
Image Pro Plus (IPP) software effectively provides advanced image
processing features for analysis. Fig. 1a shows an original SEM image
for YSZ coatings, and Fig. 1b shows the processed image. The software
readily provided porosity information, then the map information
allowed us to calculate area percentages.
2.4. Electrochemical test
A three-electrode electrochemical cell was used for electrochemical
measurements, with a saturated Ag/AgCl electrode (+0.205 V vs. SHE)
as the reference electrode, platinum wire as the counter electrode, and a
coating sample as the working electrode. The exposed area of samples
was 3.14 cm2. EIS measurements were repeatedly performed in
3.5 wt.% NaCl solution after different exposure periods in the frequency
range 105–10−2 Hz, under perturbation amplitude of 20 mV. [44].
A potential scanning rate of 1 mV/s was adopted to gather all potentiodynamic measurements. The potential range was from −800 mV to
0 mV. Corrosion current densities (Icorr) and corrosion potentials
(Ecorr) were evaluated according to the intersection of the linear anodic
and cathodic branches of the polarization curves (i.e., the Tafel extrapolation, shown in Fig. 3) and were given by the ZView software.
2.5. Self-healing process
A self-healing heat treatment was applied to investigate self-healing
effect of the samples. The SAZ TBC samples were self-healing heattreated in air in a furnace at 720 °C for a period of 10 h. The mass gain
of SAZ TBC samples was weighed using an electronic analytical balance
(0.1 mg accuracy) every hour of the treatment. To investigate the ﬁlling
and sealing effect of healed coatings, the electrochemical test was conducted to investigate the corrosion behavior of SAZ TBC samples before
and after heat treatment.
2.6. High-temperature cyclic oxidation testing
Cyclic isothermal oxidation tests were also performed for three samples of the YSZ TBC, the SAZ TBC and three samples only coated with
NiCoCrAlY in the same mufﬂe furnace at 1127 °C and 1 atm for 20 h.
Prior to the tests, alumina crucibles were pre-heated until reaching a
constant weight. After every 1 h of exposure, specimens and crucibles
were furnace-cooled to ambient temperature, then their mass gain
and mass loss were recorded. Mass gain value, which is related to TBC
oxidation behavior, was calculated by weighing the specimen with the
crucible; mass loss value, which is related to TBC oxidation spallation,
was recorded by weighing specimens without crucibles. Both the mass
Table 3
Deposition parameters for the thermal sprayed APS.

Voltage (V)
Current (A)
Spray dist (mm)
H2 (L/min)
N2 (L/min)
Ar (L/min)
Feed rate (g/min)
Cooling water (°C)

Ceramic coatings

Metallic coatings

70–75
500
90
3
8
25
20 ± 2
25

65–70
450
140
–
8
25
30 ± 2
25

T. Ouyang et al. / Surface & Coatings Technology 286 (2016) 365–375

367

Fig. 1. Typical cross-section morphologies of YSZ coatings: (a) original SEM image and (b) processed image by IPP.

3. Results

The peaks for Si and C were detected on the surface of SAZ TBC samples
(Fig. 6a) by EDS (Fig. 6b). Due to the massive presence of Al and Si oxides on the surface, the element of C is beneath the thick oxide layer,
so the peak for C is weak.

3.1. Microstructure and phase composition for feedstock

3.2. Self-healing process

Fig. 4 shows the cross-section morphologies of as-sprayed YSZ TBC
and SAZ TBC samples. According to these images, both YSZ TBCs and
SAZ TBCs were comprised of a ~ 50 μm-thick NiCoCrAlY bond coating
and a ~ 150 μm-thick 8YSZ coating. The SAZ coatings were ~ 20 μm in
thickness.
XRD traces from the surfaces of as-sprayed samples are shown in
Fig. 5. For the conventional TBC specimens, XRD traces at the surface exhibited peaks associated with cubic ZrO2 (Fm3m space group, a =
0.513 nm), as the majority phase, together with peaks from tetragonal
ZrO2 (P42/nmc space group, a = 0.364 nm and c = 0.527 nm). The
top SiC-self-healing coating showed peaks from Al2O3, ZrO2 and SiC.

Specimens before and after self-healing heat treatment and isothermal oxidation in the furnace at 720 °C for a period of 10 h are shown in
Fig. 7. The SAZ–YSZ interface before and after heat treatment is shown
in Fig. 8, and mass changes of YSZ TBC and SAZ TBC samples during
the self-healing process are shown in Fig. 9. Electrochemical test results
are shown in Fig. 10.
Compared to the corrosion current densities for other samples, selfhealed SAZ TBCs showed higher resistance. Their corresponding corrosion current densities are 2.06 × 10−7 A/cm2 for the as-sprayed SAZ
TBC sample and 6.04 × 10− 8 A/cm2 for the healed SAZ TBC sample.
The ﬁlling and sealing effect reduced 70.68% corrosion current density.

gain and mass loss were recorded using an analytical balance with
0.1 mg accuracy, and every data was the average value of three samples.

Fig. 2. Schematic draw of (a) the YSZ TBC structure, (b) the SAZ TBC structure, (c) the YSZ TBC structure with TGO and (d) the SAZ TBC structure with TGO.
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Cracks propagating through YSZ and TGO were found both in YSZ
TBC and SAZ TBC samples (Fig. 15). IPP software analysis provided the
TGO thickness and total TGO percentage of failed samples, as listed in
Table 4.
4. Discussion
4.1. Self-healing process mechanism

Fig. 3. Schematic draw of polarization curve and Tafel extrapolation.

3.3. High-temperature cyclic oxidation test
Oxygen penetrated through the top coatings during exposure at
high temperatures in air, where a TGO layer was formed at the interface
between bond coatings and YSZ coatings [3]. The isothermal oxidation
weight gain and weight loss kinetic curves of the composite TBCs at
1127 °C in the furnace for the total period of 20 h are shown in
Fig. 11a and b, respectively.
Fig. 12 shows a SEM image of the cross-section morphologies for
conventional TBC and SAZ after 5, 10, 15, and 20 isothermal oxidation
cycles. The oxidation resistance of SAZ TBC samples was clearly better
than those of YSZ TBC, because the oxide grew faster in YSZ TBC samples. The TGO thickness of samples in the initial 10 h of oxidation, and
the TGO area percentage of samples in different stages, were calculated
by IPP analysis as listed in Table 4. Coating spallation ﬁrst occurred
when YSZ TBC had gone through 14 cycles, 8 cycles, and 11 cycles for
the three samples, respectively. SAZ TBC spallation during hightemperature oxidation cyclic testing ﬁrst occurred when the ﬁrst two
samples had gone through 18 cycles and 18 cycles, respectively, but
the third sample did not show any spallation even after 20 cycles. The
high-temperature cyclic oxidation test did not stop until 20th high temperature oxidation cycle for most specimens, even if the SAZ TBC samples or the YSZ TBC samples had peeled off.
Fig. 14 shows where the TGO involved two types of oxide. The substrate is marked by “b” in Fig. 14(a); the EDS results (Fig. 14b) supported this observation. The chromic oxide TGO was in amorphous (marked
as “c” in Fig. 14a) and the aluminum TGO was in the shape of a strip (“d”
in Fig. 14a). Element analyses of the samples are shown in Fig. 14c and d,
as well.

Theoretically, SiC self-healing agent in the coatings reacts with oxygen and oxidations its corresponding oxide, SiO2, at temperatures above
700 °C. For this reason, we conducted a low-temperature oxidation test
at 720 °C in effort to better understand the self-healing mechanism at
work in our samples. The ﬁlling and sealing effects were the result of oxidation reactions — when oxygen was transported through the selfhealing coatings, the self-healing agent healed cracks in the sample by
oxidation. The volume expansion can be calculated by the following
formula:


Vself‐healing ¼ MSiO2  ρSiC = MSiC  ρSiO2 −1

ð1Þ

where V, M, and ρ denote volume, molar quantity, and density, respectively. The densities of SiC and SiO2 were 3.2 g cm−3 and 2.2 g cm−3, respectively, so the SiC material expanded by 118% (in theory.)
The oxidation kinetic curves of SAZ TBC and YSZ TBC samples processed at 720 °C for 10 h are shown in Fig. 9. The mass of SAZ TBC samples
continued to grow by 0.25 mg/cm2 in total in the ﬁrst 3 h, but there was
relatively little mass change in the last 7 h. The YSZ TBC samples showed
almost no change in mass throughout the entire experiment. The YSZ
coatings, BCs, and substrates not responsible for mass gain during the
720 °C oxidation test, but the SAZ coatings were. The oxidation of selfhealing agent was the cause of mass gain, and oxidation had ﬁnished
after 10 h of heat treatment. The ﬁlling and sealing effect caused by
this oxidation of self-healing agent had a few important implications.
Cross-section morphologies (Fig. 7) before and after heat treatment
revealed ﬁlling and sealing effects at the microstructure level. The crosssection morphologies and surface morphologies of SAZ coatings before
and after 10-hour heat treatment (Fig. 7) were analyzed by IPP software, which showed that porosity in SAZ coatings decreased 76.71%,
from 9.19% to 2.14% (Table 4), after oxidation. In effect, heat treatment
provoked ﬁlling and sealing in the self-healing coatings, evidenced by
the ﬁlled and sealed pores and micro-cracks shown in the sample morphologies. In addition, the volume expansion that resulted from selfhealing at temperatures above 720 °C, did not damage coating interfaces. Before self-healing heat treatment, as shown in Fig. 8a, a few
microcracks existed in the SAZ–YSZ interface. After self-healing heat
treatment, the interface of the SAZ and YSZ coatings was well-bonded

Fig. 4. SEM images for cross-section morphologies of (a) an as-sprayed YSZ-TBC sample and (b) an as-sprayed SAZ-TBC sample.
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Fig. 5. XRD patterns of the as-sprayed YSZ coating and SAZ coating.

(Fig. 8b), showing no clear evidence of cracks or potential crack
nucleation.
Electrochemical test results (Fig. 10) further conﬁrmed the ﬁlling
and sealing effect in SAZ coatings after heat treatment. The ﬁlling and
sealing effects of SAZ coatings were the result of an implicit relationship
between corrosion current densities and porosity, where the samples
with lower porosity showed lower corrosion current densities in the
electrochemical test results. According to a study we conducted previously [9], the electrolytes in pores and cracks worked as a circuit in
the coatings, promoting increased corrosion current densities in the
electrochemical test results. Therefore, when pores and cracks in composite coatings were ﬁlled and sealed, the corresponding corrosion current densities decreased. The electrochemical test polarization curves
and corrosion current densities are depicted in Fig. 10. The corrosion
current densities for SAZ TBC samples decreased by 70.68% after selfhealing heat treatment, providing solid evidence of ﬁlling and sealing
effect.

4.2. Oxidation resistance and function of SAZ constituents
The self-diffusion of oxygen in Al2O3 has been of scientiﬁc and technological interest for some time [45]. The oxygen diffusion coefﬁcient in
Al2O3 is approximately ~10−27 m2/s at 1127 °C, suggesting that Al2O3 is
a very good oxidation-resistance material [15,45–48]. Al2O3 can reduce
the oxidation rate of metallic coatings [13], but the thermal expansion
mismatch between the coating and underlying YSZ layers makes the
coating spall easily under temperature ﬂuctuations.
YSZ has a larger thermal expansion coefﬁcient than most of other
oxides, so YSZ in self-healing coatings narrows the thermal expansion
coefﬁcient mismatch between self-healing layers and YSZ layers. However, according to Fox [47], YSZ is a good conductor of oxygen ions at
high temperatures [13]. The diffusion coefﬁcient of oxygen ions in YSZ
is approximately ~10−10 m2/s at 1127 °C [47,49–51].
Fast-path diffusion of oxygen occurs when there are defects in coatings [52], and oxygen diffusion coefﬁcient can be regarded as inﬁnite

Fig. 6. (a) Top-view SEM image of an as-sprayed SAZ-TBC sample, (b) EDS map for box area in (a), (c) the elements percentage for the SAZ coating and (d) the top-view recorded by camera
for an as-sprayed SAZ-TBC sample.
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Fig. 7. SEM images for cross-section morphologies and top surface morphologies of SAZ-TBC samples (a), (c) before and (b), (d) after self-healing heat treatment.

when oxygen diffuses in air. For this reason, cracks and pores decrease
the oxidation resistance of coatings. To this effect, the ﬁlling and sealing
process caused by the oxidation of self-healing agent improves the oxidation resistance of coatings. SiO2 is currently quite commonly used as
an oxidation barrier coating [53–55], and the diffusion coefﬁcient of interstitial O2 is approximately ~10−13 m2/s [56] at 1127 °C, so SiO2 likely
can fulﬁll healing functions and improve coating oxidation resistance
even though its oxygen diffusion coefﬁcient is much higher than that
of Al2O3.
4.3. Oxide growth in coatings at high temperatures
Oxidation test mass gain records revealed the growth rate of the
oxide in tested samples. As shown in Fig. 11, after 20 cycles of hightemperature oxidation, the average mass gain of the samples with BC

was only 5.90 mg/cm2 while the average mass gain of the conventional
TBC samples was 5.53 mg/cm2. The YSZ coatings, which were fabricated
by APS, only slightly improved the oxidation resistance of the TBC samples (Section 4.2). The average mass gain of the samples with SAZ coatings was 3.75 mg/cm2, 67.81% of the average mass gain for conventional
TBC samples. According to the results discussed in Section 4.1, the mass
gain caused by oxidation of self-healing agent was about 0.25 mg/cm2,
therefore the real mass gain caused by TGO growth was 3.50 mg/cm2
(63.29% of the average mass gain for conventional TBC samples.)
These results imply that SAZ layers enhanced the oxidation resistance
of the TBC system, while YSZ layers contribute less to oxidation
resistance.
Cross-sectional SEM images of both SAZ TBC and YSZ TBC samples
after every 5 h of high-temperature oxidation are shown in Fig. 10,
and the results of IPP analysis of TGO percentages in BC are listed in

Fig. 8. Magniﬁed SEM images for cross-section morphologies of SAZ–YSZ interface (a) before and (b) after self-healing heat treatment.
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Fig. 9. Oxidation kinetic curve for SAZ-TBC and YSZ-TBC samples for 10 h at 720 °C.

Table 4. Results showed that the TGO percentage in SAZ TBC samples
was lower than that of YSZ TBC samples at every stage, in accordance
with the mass gain results. Both the mass gain test and TGO analysis
provided the same conclusion: that SAZ coatings enhanced the hightemperature oxidation resistance of the TBC system.
To better understand TGO growth, we analyzed the following four
stages of the high-temperature cyclic oxidation process.
1) After ﬁrst ﬁve oxidation cycles, TGO layers were present in both
types of TBC samples. The EDS results of TGO grown in YSZBC interfaces (area “d” in Fig. 11a and d) showed that the Al element had the
most intensive peak, though there also were peaks for Ni, Cr, and O
[3,57]. The Pt element present in the EDS results was the result of
Pt spraying before tests, so it was negligible. These results agree
with those reached by previous studies [3,57–59]. The initial TGO
in the ceramic–metal interface was mainly Al2O3 [60–62].
2) After 10 oxidation cycles, the other type of TGO was found in conventional and SAZ TBC samples (Fig. 12). The EDS map (Fig. 11c)
for zone “c” in Fig. 11a showed intensive peaks for Cr and O elements, conﬁrming that the external oxide was mainly Cr2O3. According to the magniﬁed SEM images of Cr2O3 TGO (Fig. 15), the material
had porous structure and was susceptible to crack nucleation and
propagation [2]. Cracks created more paths for inward diffusion of
oxygen, which promoted the growth of Cr2O3 TGO. In turn, the
growth of Cr2O3 TGO induced more cracks. Because Cr came from

Fig. 10. Polarization curves and corrosion current for samples with as-sprayed SAZ-TBC
coatings and healed SAZ-TBC coatings.

Fig. 11. Oxidation kinetic curves of the samples at 1127 °C in air for 20 h: (a)mass gain vs.
time; (b) mass loss vs. time.

the BC and the substrate, Cr2O3 TGO seemed grow inward to the substrate. As shown in zone “C” in Fig. 12b, a portion of the Cr2O3 TGO
penetrated the BC. The ﬁrst spallation was found in the surfaces of
the YSZ TBC samples after 10 oxidation cycles according to our
records.
3) After 15 oxidation cycles, the TGO percentage reached up to 84.42%,
and severe cracks were found in the YSZ TBC cross-section SEM images (Fig. 12c). The TGO percentage of SAZ TBC samples (Fig. 13c)
was 52.22%, similarly to YSZ TBC samples after 10 oxidation cycles
(where TGO percentage was 58.17%).The severe cracks very likely
were a result of connections between oxide-induced cracks and
pre-existing discontinuities in the YSZ layers, as shown in Fig. 15.
4) YSZ TBC samples had completely peeled off after 20 oxidation cycles,
leaving only the TGO layer on the substrates. These substrates may
have reacted with oxygen, causing the TGO to continue to thicken
and form clear corrosion boundaries. Cr2O3 TGO and oxide-induced
cracks were both found in SAZ TBC samples, and spallation ﬁrst occurred on the surfaces of SAZ TBC samples after 18 oxidation cycles.
We observed two main types of TGO:Al2O3 TGO, which was initially
found in TBC samples, and Cr2O3 TGO. According to Busso [57–59], the
ﬁrst type of TGO is internally grown. The growth rate of the internal
oxide layer is likely controlled by the inward diffusion of oxygen, mostly
toward the TGO-metal interface along grain boundaries [63]. Externally
grown oxide, Cr2O3 TGO, causes external oxidation controlled by the
outward diffusion of Cr cations along the boundaries of the alumina
that comprised the existing TGO by reacting with oxygen anions at the
interface between the TGO layer and the ceramic layer [57]. The EDS

372

T. Ouyang et al. / Surface & Coatings Technology 286 (2016) 365–375

Fig. 12. Cross-section SEM images of YSZ TBC samples after high temperature oxidation for (a) 5 h, (b) 10 h, (c) 15 h and (d) 20 h.

Fig. 13. Cross-section SEM images of SAZ TBC samples after high temperature oxidation for (e) 5 h, (f) 10 h, (g) 15 h and (h) 20 h.
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Fig. 14. (a) SEM image for a cross-section morphology of TGO in BC and (b–d) EDS maps for different areas in (a).

results shown in Fig. 14b show where the material zone “b” in Fig. 14a
belongs to the substrates. Basically, Cr cations not only came from the
BC, but also from the substrates. If Cr cations only came from BC, as suggested by Chen [2], the Cr2O3 TGO would only exist as external TGO in
the ceramic–TGO interface instead of almost replacing the BC alloy
after 20 h of high-temperature oxidation. TGO-induced cracks grew
and then promoted further growth of TGO. Crack nucleation and propagation in these two TBCs were related to the growth and coalescence
of oxide-induced cracks, connecting with pre-existing discontinuities
in the YSZ layers.
4.4. Spallation resistance during oxidation
The mass loss records reﬂect the mass change of samples without
crucibles after isothermal oxidation, and reveal the spalling degree of
the samples. As shown in Fig. 11(b), SAZ TBC samples lost less mass in
same period than other samples. After 20 oxidation cycles, the average
mass loss of SAZ TBC samples was 3.58 mg/cm2, but reached
6.83 mg/cm2 for conventional YSZ-TBC samples. The mass gain caused
by self-healing agent oxidation is about 0.25 mg/cm2, so the true value

of average mass loss for SAZ TBC samples was 3.83 mg/cm2–56.08% of
the conventional TBC samples.
Three types of cracks nucleated and propagated in the samples:
those in the SAZ coatings, YSZ layers, and TGO.
1) In the cross-section morphologies of SAZ coatings after 20 oxidation
cycles, a portion of the self-healing layers escaped the TBCs, leaving
vertical cracks under the spallation position. This phenomenon was
one of the reasons for vertical cracks.
2) The porosity of as-sprayed YSZ coatings (Fig. 4) fabricated by APS
was about 10%–20% [64–66]. These defects in as-sprayed coatings
tended to evolve into cracks during high-temperature oxidation.
The driving force of crack propagation was two kinds of stress: thermal stress in YSZ layers due to thermal cycles [62], and heavy stress
due to TGO growth [67]. Bulk spallation in YSZ layers occurred when
horizontal cracks connected to vertical cracks.
3) As shown in Fig. 15, the porous structure of Cr2O3 TGO was also likely
to induce cracks. These cracks occurred due to large compress stress
inside the TGO [68], which was also inﬂuenced by the undulation
amplitude and thickness of TGO layers [69].

Fig. 15. Cracks nucleation and propagation in (a) a YSZ-TBC sample and (b) a SAZ-TBC sample after oxidation for 15 h at 1127 °C.
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Table 5
Normalized stress intensity factor evaluation base on ideal mode.
Normalized Stress intensity factor in 1127 °C oxidation test

SAZ TBC
YSZ TBC

Fig. 16. Correlation between TGO percentage in BCs and porosity in YSZ coatings of YSZ
TBC samples and SAZ TBC samples.

Initial spallation consistently occurred in all YSZ layers, so, in theory,
connections between YSZ layer cracks may have led to TBC failure. A linear relationship between TGO percentage TBC sample porosity was
found, as shown in Fig. 16. The porosity of YSZ coatings increased the
crack nucleation and propagation, and the linear relationship between
the two showed where TGO reduced the lifetime of TBC. TGO was less
involved in the SAZ TBC samples, so SAZ prolonged the lifetime of the
TBC system.
A similar conclusion can be drawn based on the stress intensity we
observed during the experiment. Evans et al. [70] posed the following
method of calculating stress intensity factor K at the crack tip in the
TBC, where cracks occur near the TGO:
K¼

K
h
a
R
m
E
ν
c

 c
 
3
R
Eðm−1Þ h pﬃﬃﬃﬃ
pﬃﬃﬃ
R
2ð1 þ νÞ π a 3ð1−νÞm R

ð2Þ

X

ATGO

LTGO‐BC

PTGO ABC
¼X
LTGO‐BC

10 h

15 h

20 h

0.29
0.60

0.56
1.00

0.52
Spallation

Spallation
Spallation

where the ATGO, LTGO-BC, PTGO, and ABC are the cross-sectional TGO area,
the cross-sectional length of the TGO-BC interface, TGO percentage, and
BC area, respectively.
Assume a SAZ TBC sample and a YSZ TBC sample prepared under
completely identical conditions with identical properties. A crack in
each sample, in the same shape and same position, can be used to evaluate stress intensity in the samples. After a certain amount of hightemperature oxidation, the only difference between the two samples
is the TGO percentage, which was decided by the oxidation resistance
of each sample. Eqs. (2) and (3), as such, yield the following:

KSAZ PTGOSAZ
¼
KYSZ PTGOYSZ

ð4Þ

where KSAZ and KYSZ are stress intensity factors of SAZ TBC and YSZ TBC,
and PTOGSAZ and PTGOYSZ are TGO percentages of SAZ TBC and YSZ TBC,
respectively. The normalized results of stress intensity factor of TBC
samples calculated in this manner at different stages of hightemperature oxidation are listed in Table 5. Though this is a very ideal
mode for evaluating K, the results still also be used to elucidate the relationship between TGO and stress intensity in the TBC, and can further be
used to explain the reason that initial spallation occurred much earlier
in YSZ TBC samples in our experiment.
5. Conclusion
In this paper, a comparative study of the high temperature cyclic oxidation behavior of the SAZ TBC and the YSZ TBC has been carried out,
using mass gain and mass loss to quantitatively assess the oxidation resistance and spallation resistance of two kinds of TBCs. The following
important conclusions can be made.

stress intensity factor
TGO thickness
crack length
radius of an individual splat of grain at the interface
ratio of volume change
Young's modulus of the TBC
Poisson's ratio
constant.
The equivalent TGO thickness is deﬁned as follows [71]:

h¼X

5h

ð3Þ

1) Both SEM images and corrosion current densities of the SAZ TBC
showed that SiC can ﬁll and seal pores and cracks in SAZ coatings
heated at 720 °C for 10 h. Self-healing effect caused the porosity of
SAZ coatings to drop 76.71%.
2) The mass gain results reveal that the oxidation resistance of SAZ TBC
is better than that of YSZ TBC, because the mass gain of SAZ TBC samples decreased 36.71% on average after 20 oxidation cycles at
1127 °C compared to YSZ TBC.
3) Mass loss results revealed that the spallation resistance of the SAZ
TBC was better than that of YSZ TBC; the mass loss of SAZ TBC

Table 4
Porosity and TGO area percentage for YSZ-TBC and SAZ-TBC samples.

YSZ-TBC

SAZ-TBC

As-sprayed
720 °C for 10 h
1127 °C for 5 h
1127 °C for 10 h
1127 °C for 15 h
1127 °C for 20 h
As-sprayed
720 °C for 10 h
1127 °C for 5 h
1127 °C for 10 h
1127 °C for 15 h
1127 °C for 20 h

Porosity in SAZ layer

Porosity in YSZ layer

TGO area percentage in BC

–
–
–
–
–
–
9.19%
2.14%
4.17%
1.96%
1.90%
2.52%

11.37%
11.01%
13.73%
16.10%
20.01%
Spallation
10.68%
10.62%
11.13%
13.69%
15.79%
18.26%

–
–
34.88%
58.17%
84.42%
88.05%
–
–
16.84%
32.65%
52.22%
69.80%
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samples decreased 43.78% on average after 20 oxidation cycles at
1127 °C compared to YSZ TBC.
4) An ideal model was been established in this study for evaluating the
stress intensity of TBC samples. The results indicate that enhanced
oxidation resistance enhances the lifetime of the TBC system.
To sum up, SAZ coatings could enhance oxidation resistance and
spallation resistance of the TBC system greatly during high temperature
oxidation.
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