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Abstract
Inspired by the self-healing function of biological organisms, Bionic Laser Alloying (BLA) process was adopted to fabricate 
the bionic self-healing Thermal Barrier Coatings (TBCs). The BLA with different fractions of TiAl3 self-healing agent and 
Ceria and Yttria-Stabilized Zirconia (CYSZ) on the plasma-sprayed 7YSZ TBCs was carried out by a pulsed Nd: YAG laser. 
The effect of TiAl3 content on the microstructure, phase composition, and thermal shock behaviors of the bionic self-healing 
TBCs were investigated. Results indicated that the bionic self-healing TBCs had better thermal shock resistance than that 
of the as-sprayed TBCs. The thermal shock resistance increased first and then decreased with increasing TiAl3 fraction. The 
thermal shock resistance of the bionic self-healing TBCs with 15% TiAl3 is triple that of the as-sprayed TBCs. On one hand, 
the columnar crystals and vertical cracks could improve strain compatibility of TBCs during the thermal shock process; 
on the other hand, the TiAl3 as a self-healing agent reacted with oxygen in air at high temperature to seal the microcracks, 
thereby delaying the crack connection.
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1 �  Introduction

Thermal Barrier Coatings (TBCs) have been developed to 
be used as the protective coating on combustor chamber, 
turbine blades, and nozzle guide vanes of aircraft engines 
and industrial gas turbines [1–3]. The important function of 
the satisfactory TBCs is to provide thermal insulation to the 
metallic substrate, effectively reducing the operating tem-
perature and increasing the component durability. Typically, 
the TBCs are multilayer systems, consisting of the Top Coat-
ing (TC), the Bond Coating (BC), and a Thermally Grown 

Oxide (TGO) layer between the TC and the BC. Yttria 
partially Stabilized Zirconia (YSZ) is widely used as the 
ceramic material for the TC owing to its high melting point, 
low thermal conductivity, high thermal expansion coeffi-
cient, and high fracture toughness [4–6]. MCrAlY (M: Ni, 
Co, and Ni+Co) has been used as the BC material to protect 
the substrate underneath from oxidation and moderate the 
thermal expansion misfit between the ceramic coating and 
the substrate [7, 8]. The TGO layer mainly includes alumina 
(Al2O3) and some other complex oxides as (Cr, Al)2O3, NiO, 
and (Ni, Co)(Cr, Al)2O4 [9, 10], which are formed because 
of the oxygen penetration through the ceramic coating.

The high deposition efficiency and low cost of the Air 
Plasma Spraying (APS) are used extensively for the depo-
sition of ceramic coatings [11, 12]. However, the plasma-
sprayed TBCs have a relatively low thermal cycling lifetime, 
which is governed by a sequence of crack initiation, propa-
gation, and coalescence [13, 14]. Therefore, enhancing the 
crack extension resistance is an effective method for improv-
ing the thermal shock resistance of TBCs. During the pro-
cess of evolution by natural selection, biological organisms 
[15–18] have developed their own unique structures and 
functions. In general, these excellent functional character-
istics of biological organisms are attributed to the coupling 
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effects of morphological characteristics, internal configura-
tion, and chemical composition. That is, some functional 
units, which are different from the adjacent base body in 
the above factors, are within the surface layer of biological 
organisms. These functional units are essential for compre-
hending the excellent properties of biomaterials. Song et al. 
investigated the crack evolution in nacre with sophisticated 
hierarchical structure under a quasi-static state and sum-
marized that the crack deflection was favorable for enhanc-
ing the crack extension resistance [19]. Zhang et al. con-
ducted the in situ tensile tests to explore the effect of veins 
on arresting cracking in the dragonfly wing and found that 
rigid veins could impede crack propagation [20]. Wu et al. 
observed the crack propagation path of plant leaf and found 
the crack deflection from one direction to another in plant 
leaf due to being blocked by the veins [21]. Consequently, 
those functional units exhibited excellent crack resistance 
by prolonging the crack propagation path and time [19–21]. 
Inspired by the natural phenomena, these functional units 
can be copied or fabricated on the artificial production to 
achieve some unique performances.

Bionic laser surface treatment, which combines the laser 
processing technology and the coupled bionic theory, is an 
alternative approach to fabricate the functional units. In our 
previous studies, the Bionic Laser Remelting (BLR) was 
adopted to form the functional units on the TBCs and inves-
tigated the effects of unit shape on the thermal shock resist-
ance of TBCs [22]. And results indicated that the thermal 
shock resistance of the BLR specimen with dotted units was 
better than that of the as-sprayed specimen. Furthermore, 
we investigated the influence of unit distance on the ther-
mal shock behavior and found that the BLR specimen with 
unit distance of 3 mm showed the best thermal shock resist-
ance [23]. Even though the columnar grains and segmented 
cracks in the bionic unit allowed better strain tolerance under 
thermal cycles, the connection between vertical cracks and 
transverse cracks finally led to the spallation failure of coat-
ings in the BLR specimen [22, 23]. It can be said that the 
postponed connection between vertical cracks and transverse 
cracks might make a new breakthrough to improve the ther-
mal shock resistance of TBCs.

In nature, once the insect is subjected to skin damage, the 
exposed hemolymph will lead to the cuticular melanization 
(i.e., solidification) at the air/liquid interface, and finally, the 
insect wound will heal [24]. When the interior material of the 
fruit is exposed to air, the fruit surface will cause spontane-
ous browning by oxidation of phenolic compounds, as shown 
in Fig. 1. It is the biological healing materials in the insects 
and fruits that are oxidized by ambient oxygen for protection 
[24]. Inspired by the solidification chemistry of insect cuticle 
formation and fruit browning processes, self-healing materials, 
which are more similar to biological healing materials, might 
be one solution for filling and sealing the pores or cracks of 

plasma-sprayed coatings to further prolong the thermal cycling 
lifetime. Ouyang et al. introduced TiC as a self-healing agent 
into the YSZ coatings by APS, and found that the TiC-self-
healing coatings improved the oxidation resistance and pro-
longed TBC lifetime [25, 26]. Portilla-Zea et al. reported the 
use of SiC microfibers as a self-healing agent in a TBC, and 
found that SiC-reinforced coating enhanced the adherence 
resistance and prolonged the cyclic oxidation time [27]. TiAl3 
intermetallic compounds showed excellent properties such as 
high melting point, low density, and good oxidation resist-
ance at high temperatures [28]. Shen et al. reported that TiAl3 
showed the strong self-healing property, which could form 
an alumina protective layer in air at high temperatures [29]. 
However, the addition of TiAl3 as a self-healing agent in YSZ 
TBCs has few reports.

In the present work, the double-layer TBCs of 
NiCrAlY/7YSZ were fabricated onto superalloy substrate. 
TiAl3 particles with different fractions reinforced Ceria and 
Yttria-Stabilized Zirconia (CYSZ) ceramic were pre-placed 
on the as-sprayed TBCs and then post-treated by bionic laser 
alloying process. We investigated the influence of TiAl3 con-
tent on the microstructure, phase composition, and thermal 
shock resistance of the bionic self-healing TBCs by fabricat-
ing the dotted bionic unit on its surface. Finally, the thermal 
shock failure mechanisms of bionic self-healing TBCs were 
elucidated.

Fig. 1   Examples of spontaneous self-healing found in nature
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2 � Materials and Methods

2.1 � Preparation of Bionic Self‐healing TBCs

NiCrAlY powder (AMPERIT 413, H.C. Starck, Ger-
many) was used for bond coating material. 7YSZ 
(ZrO2-7 wt.%Y2O3, H.C. Starck, Germany) powder was used 
for top coating material. For the conventional TBCs, sand 
blasting was conducted before spraying and the NiCrAlY 
bond coating was deposited onto the K417G superalloy sub-
strate buttons (having a diameter of 25.4 mm and a thickness 
of 6 mm) using a Low-Temperature High-Velocity Oxygen 
Fuel (LT-HVOF) spraying system (K2, GTV, Germany). 
And then, the 7YSZ top coating was sprayed on the bond 
coating by the APS system (MF-P 1000, GTV, Germany). 
The spraying parameters for NiCrAlY and 7YSZ were 
described in our previous study [22].

Figure 2 shows a schematic illustration of Bionic Laser 
Alloying (BLA). The TiAl3 powder and CYSZ powder were 
used as raw materials. To obtain a homogeneous mixture, 
the powders were mixed in a ball grinding mill for 8 h. The 
ball-to-powder mass ratio was 30:1. The components of 
powder mixtures with different mass fractions are listed in 
Table 1. The mixed powders were pre-placed on the TBCs 
by a feeler gage before BLA. The thickness of pre-placed 
powder layer was approximately 0.1  mm. Bionic laser 
surface alloying experiments were performed by a pulsed 
Nd:YAG laser (XL-1000Y, China) with maximum laser 
power of 1000 W. The parameters of laser alloying process 
were listed as follows: laser power of 750 W, pulse duration 
of 5 ms, frequency of 1 Hz, and beam diameter of 1.5 mm. 
Based on the cylindrical substrate, bionic units are arranged 
in a circular pattern with unit distance of 3 mm.

2.2 � Thermal Shock Test

Thermal shock test was performed by heating the as-sprayed 
and bionic self-healing coatings in an electric resistance 
furnace at 1000 ℃ for 5 min and then quenching in the 
deionized water. Subsequently, these coating specimens 
were taken out, and dried and put into the high-temperature 
furnace again to repeat the forementioned process. Once 
the spallation area reached to 20% of coating surface, the 
test was stopped and numbers of cycles were recorded to 
estimate the thermal shock resistance. The average thermal 
shock lifetimes of three specimens under the same condition 
were taken.

2.3 � Coatings Characterization

The microstructures and fracture morphologies were investi-
gated by a Scanning Electron Microscopy (SEM) fixed with 
Energy Dispersion Spectroscopy (EDS). The X-Ray Diffrac-
tometer (XRD) with filtered Cu-Kα radiation was utilized 
to analyze phase composition. The scanning range was from 
10° to 90° in 2θ with a scanning rate of 4° min−1. Mean-
while, a slow scan at the 2θ range of 27°–33° and 72°–76° 
with a scanning rate of 0.2° min−1 was conducted.

Fig. 2   Schematic illustration of TBCs processed by BLA

Table 1   The components of powder mixtures

NO TiAl3 (wt.%) CYSZ (wt.%)

BLA-1 5 95
BLA-2 15 85
BLA-3 25 75
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3 � Results and Discussion

3.1 � Microstructure

Figure 3 shows the surface morphologies of the as-sprayed 
and bionic self-healing coatings with different TiAl3 frac-
tion. It is obvious that the surface of the as-sprayed coat-
ing is coarse, which is covered by many pores, voids, and 
microcracks as depicted in Fig. 3a. After BLA treatment, 
the bionic self-healing coatings with different TiAl3 frac-
tion are obtained. For the bionic units with different TiAl3 
fraction, the surface of the bionic units is much smoother 
and filled with a few pores and some segmented microc-
racks. Noted that the number of segmented microcracks 
reduces with the TiAl3 fraction increases, as shown 
in Fig. 3b, c and d. When the TiAl3 fraction is 5%, the 
segmented microcracks are densely distributed on the 
bionic unit. When the TiAl3 fraction is 25%, the number 
of segmented microcracks reduces significantly. It might 
be ascribed to the partial oxidation of TiAl3 during laser 
treatment.

The cross-sectional morphologies of the as-sprayed 
and bionic self-healing TBCs with different TiAl3 frac-
tion are exhibited in Fig. 4. Obviously, the TBCs are com-
posed of 7YSZ ceramic coating with a thickness of about 
250 ± 20 μm and NiCrAlY bond coating with a thick-
ness of about 100 ± 10 μm, as shown in Fig. 4a. There 
are many pores, voids, and microcracks in the ceramic 
coating, which is the typical characteristic of air plasma 

spraying. As for the bionic units with different TiAl3 frac-
tion, the microstructure of the bionic units is much denser 
shown in Fig. 4b, c, and d. Under the same condition of 
laser processing, the width of the bionic units with differ-
ent TiAl3 fraction is about 1.1 mm, and the depth of the 
bionic units ranges from 40 μm to 50 μm. Similarly, when 
the TiAl3 fraction is small, a few vertical microcracks can 
be observed in the bionic unit. However, when the TiAl3 
fraction is 25%, the vertical microcracks are not so clear.

Further observing the fracture morphologies of the as-
sprayed and bionic self-healing TBCs with different TiAl3 
fraction (Fig. 5), it is obvious that the as-sprayed coating 
presents the lamellar structure (Fig. 5a), which is formed by 
the accumulating flattened splats during plasma spraying 
[30]. By contrast, when the TiAl3 fraction is 5%, the frac-
ture microstructure of the bionic unit is a coarse columnar 
crystal structure, as shown in Fig. 5b. However, when the 
TiAl3 fraction is 15%, the columnar crystals are relatively 
small and there are many branched crystals along the growth 
direction (Fig. 5c). Furthermore, when the TiAl3 fraction 
is 25%, the fracture microstructure of the bionic unit is a 
pseudo-columnar structure composed of closely linked par-
tially melted particles (Fig. 5d), which was found in our 
previous studies [31] and other literature [32].

The microstructure evolution of the bionic unit prepared 
by BLA is mainly determined by temperature gradient (G) 
and solidification rate (R) at the front of the solid–liquid 
interface during the solidification process of the molten 
pool, namely constitutional supercooling formed by the dif-
ference between the temperature of the liquid and the actual 

Fig. 3   Surface morphologies of 
a as-sprayed TBCs and bionic 
self-healing TBCs with b 5% 
TiAl3, c 15% TiAl3, and d 25% 
TiAl3
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liquidus temperature at the front of the solid–liquid inter-
face [33]. The ceramic coating is rapidly heated to form the 
molten pool under the action of laser irradiation. Due to 
the Gaussian distribution of the laser beam, a sharp ther-
mal gradient forms between the center and the edge of the 
molten pool, leading to the formation of surface tension gra-
dient and attendant Marangoni flow in the molten pool [34]. 

The original gas will escape from the molten pool under 
the stirring action of Marangoni flow, leading to the com-
pact microstructure of bionic units. After the laser irradia-
tion, the ratio of G and R at the interface between the 7YSZ 
ceramic layer and the bionic units is so high that the rapidly 
solidified microstructures of the bionic units are columnar 
crystals. Meanwhile, the rapid solidification of molten pool 

Fig. 4   Cross-sectional mor-
phologies of a as-sprayed TBCs 
and bionic self-healing TBCs 
with b 5% TiAl3, c 15% TiAl3, 
and d 25% TiAl3

Fig. 5   Fracture morphologies of 
a as-sprayed TBCs and bionic 
self-healing TBCs with b 5% 
TiAl3, c 15% TiAl3, and d 25% 
TiAl3
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during the BLA process results in the formation of vertical 
cracks, which are favorable for the strain tolerance capabil-
ity of coating [35, 36]. As the fraction of TiAl3 increases, 
the solute precipitated by the columnar crystal in the melts 
causes new constitutional supercooling, making the front of 
the columnar crystals unstable. Furthermore, new colum-
nar crystals are formed at the side of the columnar crystals. 
Finally, these fine pseudo-columnar crystals are formed.

3.2 � Phase Analysis

The XRD patterns of the as-sprayed and bionic self-healing 
TBCs with different TiAl3 fraction are presented in Fig. 6. 
From Fig. 6a, it can be seen that the as-sprayed and bionic 
self-healing TBCs with different TiAl3 fraction are all non-
equilibrium tetragonal zirconia (t’-ZrO2) and cubic zirconia 
(c-ZrO2). Therefore, the BLA treatment has no effect on 

the phase transformation of the as-sprayed 7YSZ ceramic. 
Further observing the XRD patterns of the as-sprayed and 
bionic self-healing TBCs at the 2θ range of 72°–76°, it is 
found that diffraction peak intensity of t’-ZrO2 becomes 
much larger after BLA treatment (Fig. 6b). However, for 
the bionic self-healing TBCs, diffraction peak intensity of 
t’-ZrO2 gradually weakens with the TiAl3 fraction increas-
ing, which means the decrement of the beneficial t’-ZrO2.

3.3 � Thermal Shock Behaviors

The macroscopic photographs of the as-sprayed TBCs and 
bionic self-healing TBCs with different TiAl3 fraction during 
thermal shock test are shown in Fig. 7. For the as-sprayed 
and bionic self-healing TBCs with different TiAl3 fraction, 
the spallation occurs at the edge and then extends to the 
neighboring zones. It can be seen from Fig. 7a that the initial 

Fig. 6   The XRD patterns of the as-sprayed TBCs and bionic self-healing TBCs: a 2θ = 20° ~ 90° and b 2θ = 72° ~ 76

Fig. 7   Macro-photographs of a as-sprayed TBCs and bionic self-healing TBCs with different TiAl3 fraction: b 5% TiAl3, c 15% TiAl3, and d 
25% TiAl3 during thermal shock tests
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spallation thermal cycle of the as-sprayed coating is only 
40, which is indicative of the early failure. Subsequently, 
the spallation ratio of the as-sprayed coating increases obvi-
ously; the spallation area ratio reaches 10% when the thermal 
shock cycle is 180. As the rapid heating and cooling cycle 
go on, the as-sprayed specimen fails completely until 215 
cycles. By contrast, the initial spallation thermal cycle of the 
bionic self-healing TBCs with 5%, 15% and 25% TiAl3 is 
110, 140, and 50, as shown in Fig. 7b, c, and d, respectively. 
This phenomenon indicates that the initial spallation of coat-
ings can be postponed by the BLA treatment. Obviously, 
the spallation rate of the bionic self-healing TBCs is much 
slower than that of the as-sprayed TBCs. When the spalla-
tion area ratio reaches 10%, the corresponding thermal cycle 
of the bionic self-healing TBCs with 5%, 15%, and 25% 
TiAl3 is 350, 370, and 310, respectively. It is worthy noted 
that the spallation of all bionic self-healing TBCs occurs 
between the outer edge and the bionic units. Eventually, the 

bionic self-healing TBCs with 5%, 15%, and 25% TiAl3 fail 
after 590, 660, and 425 thermal cycles, respectively.

Figure 8 shows the average thermal shock lifetimes of 
the as-sprayed TBCs and bionic self-healing TBCs with dif-
ferent TiAl3 fraction. It can be seen that the thermal shock 
resistance of all bionic self-healing TBCs is superior to that 
of the as-sprayed TBCs. This is mainly due to the segmented 
microcracks and columnar structure existed in the bionic 
self-healing TBCs, which is in favor of improving the strain 
tolerance of coatings [32, 37]. Among them, the bionic self-
healing TBCs with 15% TiAl3 show the best thermal shock 
resistance. The thermal shock lifetime of the bionic self-
healing TBCs with 5%, 15%, and 25% TiAl3 is 2.7 times, 
3 times, and 1.9 times that of the as-sprayed TBCs, respec-
tively. The excellent thermal shock resistance of the bionic 
self-healing TBCs is closely relevant to the microstructure 
of the bionic units. When the TiAl3 fraction is 5%, columnar 
crystals are coarse and arranged orderly, which is beneficial 
to improve the strain tolerance of coating, enhancing the 
thermal shock resistance. When the TiAl3 fraction is 15%, 
on one hand, the columnar crystals and vertical cracks could 
release the thermal stress during the thermal shock test; on 
the other hand, the oxidation products of TiAl3 self-healing 
agent could seal the cracks during the high-temperature 
cycles, postponing the cracks connection. Therefore, the 
thermal shock resistance of the bionic self-healing TBCs 
with 15% TiAl3 is the best. However, once the TiAl3 frac-
tion reaches 25%, these pseudo-columnar crystals with small 
structures and disordered growth directions are not condu-
cive to the release of thermal stress during the thermal shock 
test, resulting in the decrement of thermal shock resistance.

The XRD patterns of the as-sprayed and bionic self-
healing TBCs with different TiAl3 fraction after thermal 
shock failure are depicted in Fig. 9. From Fig. 9a, it can 
be seen that the as-sprayed and bionic self-healing TBCs 

Fig. 8   The average thermal shock lifetimes of the as-sprayed and 
bionic self-healing TBCs with different TiAl3 fraction

Fig. 9   The XRD patterns of the as-sprayed and bionic self-healing TBCs with different TiAl3 fraction after thermal shock failure: a 2θ = 10°–90° 
and b 2θ = 27°–33°
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with different TiAl3 fraction are mainly composed of t’-ZrO2 
and c-ZrO2. In Fig. 9b, the diffraction peaks of m-ZrO2 are 
not detected in the as-sprayed TBCs, while there is a small 
amount of detrimental m-ZrO2 existed in the bionic self-
healing TBCs with different TiAl3 fraction. Since the as-
sprayed TBCs failed completely after 215 thermal cycles, 
there is not enough heating time to transform t'-ZrO2 into 
m-ZrO2. Thence, there is no harmful monoclinic m-ZrO2 
in the as-sprayed TBCs after thermal shock failure. By 
comparison, the bionic self-healing TBCs with different 
TiAl3 fraction of 5%, 15%, and 25% have undergone long 
thermal cycles in the range of 425–660. Due to the long-
term exposure to high temperature (1000 ℃), t’-ZrO2 phase 
decomposes into t-ZrO2 phase and c-ZrO2 phase. During 
cooling to room temperature, t-ZrO2 phase might transform 
into m-ZrO2 phase [38, 39]. The detrimental transformation 
of t-ZrO2 to m-ZrO2 accompanied by a significant volume 
expansion (3–5%) generally causes a high level of thermal 
stress [40], which might lead to the failure of the TBCs. 
However, the content of harmful m-ZrO2 in the bionic self-
healing TBCs with different TiAl3 fraction is very small. 
Therefore, it can be said that the phase transformation is not 
the main reason for the thermal shock failure of the bionic 
self-healing TBCs.

Figure 10 shows the surface morphologies of the as-
sprayed and bionic self-healing TBCs with different TiAl3 
fraction after thermal shock test. As for the as-sprayed TBCs, 
the surface becomes rougher and many tortuous microcracks 
are found after thermal shock test shown in Fig. 10a. As can 
be seen, there are still many pores and coarse segmented 

microcracks on the surface of the bionic unit with a TiAl3 
fraction of 5%, as shown in Fig. 10b. It is obvious that the 
segmented microcracks on the surface of the bionic unit with 
a TiAl3 fraction of 15% become much finer after thermal 
shock failure shown in Fig. 10c. When the TiAl3 fraction is 
25%, it is hard to see the segmented microcracks on the sur-
face of the bionic unit after the thermal shock test (Fig. 10d). 
During the thermal shock test, TiAl3 reacts with oxygen at 
high temperature. Then, the microcracks are gradually filled 
with the generated oxidation products, which realize the self-
healing function of cracks. The more the content of TiAl3, 
the less the number of microcracks.

Figure 11 shows the high magnification surface mor-
phologies of the as-sprayed and bionic self-healing TBCs 
with different TiAl3 fraction after thermal shock test. From 
Fig. 11a, there are some pores on the surface of the as-
sprayed TBCs and the coating spallation occurs around the 
tortuous microcracks. Meanwhile, it can be seen that the 
surface of the bionic units with different TiAl3 fraction as 
well as the microcracks are covered with some white irregu-
lar particles after thermal shock test, as shown in Fig. 11b, 
c, and d.

Figure 12 exhibits the EDS analysis of the spots A, B, 
and C in Fig. 11. It can be found that there are O, Zr, Y, Ce, 
Ti, and Al elements in the white particle. The content of O 
and Zr elements is larger, the second is Al element, and Ti 
element content is the less, which indicates that oxidation 
reaction of TiAl3 occurs during the thermal shock test. Smi-
alek et al. studied the isothermal oxidation behavior of the 
cast TiAl3 blocks and found that the oxidation product was 

Fig. 10   Surface morphologies 
of TBCs after thermal shock 
test: a as-sprayed TBCs and 
bionic self-healing TBCs with 
b 5%TiAl3, c 15% TiAl3, and d 
25% TiAl3
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only A12O3 [41]. Chu et al. [42] fabricated a TiAl3 film on 
the surface of Ti-50Al alloy and studied its high-temperature 
oxidation behavior at 1000 ℃, they found that protective 
A12O3 and TiAl2 were formed on the outer surface, and 
TiO2 was also found on the oxidized surface as the oxida-
tion time prolonged. Therefore, the oxidation products of 
TiAl3 in a long-term high-temperature oxidation environ-
ment are mainly A12O3 and TiAl2 as well as a small amount 
of TiO2. According to the above XRD analysis in Fig. 9, 
TiAl2, A12O3, and TiO2 phases were not detected in the 

bionic self-healing TBCs with different TiAl3 fraction after 
the thermal shock test. On one hand, because the amount of 
TiAl3 is relatively small, the content of oxidation products 
is less; on the other hand, one limitation of XRD method 
makes it impossible to detect phases with low content.

Under high-temperature conditions, once the crack sur-
face in the coating is in contact with oxygen in the atmos-
phere, the TiAl3 in the bionic units will be oxidized to 
increase its volume. The oxidation reaction is as follows 
[43]:

Fig. 11   High magnification 
surface morphologies of TBCs 
after thermal shock test: a as-
sprayed TBCs and bionic self-
healing TBCs with b 5% TiAl3, 
c 15% TiAl3, and d 25% TiAl3

Fig. 12   EDS analysis of a spot A, b spot B, and c spot C in Fig. 11
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under the long-term high-temperature conditions, TiAl2 is 
further oxidized to A12O3 and TiO2 [43]. Due to the oxida-
tion reaction of TiAl3, the cracks are filled with the gener-
ated oxidation products. Therefore, the more TiAl3 in the 
bionic units may lead to the obvious sealing effect. The 
volume expansion induced by the oxidation reaction can 
cause the filling or squeezing effect, and finally, the micro-
cracks in the bionic units are healed. Theoretically, when 
the TiAl3 particles are in direct contact with oxygen in the 
high-temperature atmosphere, the reaction speed is fast and 
the degree of reaction is relatively complete. Meanwhile, the 
TiAl3 particles within the bionic units can also react with the 
permeable oxygen at the appropriate temperature and oxy-
gen partial pressure, realizing the self-healing function of 
cracks. In this case, the reaction rate is slow and the degree 
of oxidation reaction is relatively incomplete.

Figure 13 presents the cross-sectional morphologies of 
the as-sprayed and bionic self-healing TBCs with different 
TiAl3 fraction after thermal shock test. From Fig. 13a, it 
is obvious that there is a serious delamination between the 
ceramic coating and the bond coating. Due to the oxygen 
penetration through the porous ceramic coating, the TGO 
layer is formed at the interface between the ceramic coating 
and the bond coating during the thermal shock test. The 
formed TGO layer could cause localized volume expansion, 
and the 7YSZ surrounding the TGO was subjected to addi-
tional tensile stress [19]. And it was found that the tensile 
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2
→ 2TiAl

2
+ Al
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stress along the TC/TGO interface exhibited a continuously 
increasing trend with thermal cycling [44]. Thence, the 
transverse cracks are formed. Additionally, some vertical 
cracks are found in the as-sprayed ceramic coating after 
thermal shock test shown in Fig. 13a. The ceramic coat-
ing undergoes the serious high-temperature sintering dur-
ing thermal cycling, accelerating the coating shrinkage and 
thermal expansion mismatch between the coating and the 
substrate. Furthermore, the thermal stress concentration will 
cause the crack initiation and crack propagation within the 
ceramic coating. As a result, the connection of transverse 
cracks and vertical cracks results in the eventual coating 
delamination and spallation.

As for the bionic self-healing TBCs with different TiAl3 
fraction, the number of microcracks in the bionic unit gradu-
ally decreases with the fraction of TiAl3 increasing after the 
thermal shock test; that is, the microstructure of the bionic 
unit becomes denser. It can be seen from Fig. 13b that the 
number of vertical cracks in the bionic unit with 5% TiAl3 
after the thermal shock test is not significantly different from 
that before the thermal shock test. This is mainly because the 
low TiAl3 content cannot trigger the crack healing mecha-
nism. Compared with the bionic unit with 15% TiAl3 before 
the thermal shock test (Fig. 4c), the vertical cracks are sig-
nificantly reduced after the thermal shock test shown in 
Fig. 13c. When the TiAl3 fraction is 25%, the bionic unit is 
almost completely dense after the thermal shock test shown 
in Fig. 13d.

Figure 14 shows the diagrammatic sketch of the thermal 
shock process in the bionic self-healing TBCs. The bionic laser 

Fig. 13   Cross-sectional mor-
phologies of TBCs after thermal 
shock test: a as-sprayed TBCs 
and bionic self-healing TBCs 
with b 5% TiAl3, c 15% TiAl3, 
and d 25% TiAl3
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alloying technology is utilized to melt the mixed powders of 
CYSZ ceramic and TiAl3 intermetallic compound into the 
7YSZ ceramic layer, thereby forming the bionic unit with ver-
tical microcracks and a dense columnar crystal structure, and 
the TiAl3 particles are randomly and uniformly distributed in 
the bionic unit, as shown in Fig. 14a. During thermal cycling 
at a high temperature of 1000 °C, the TiAl3 on the surface of 
the bionic unit and around the vertical cracks will be in contact 
with oxygen in the atmosphere, as shown in Fig. 14b. Then, 
the self-healing agent TiAl3 will react with oxygen to produce 
oxidation products, which can fill the microcracks and real-
ize the partial self-healing of the microcracks, as depicted in 
Fig. 14c. During the early period of the thermal shock test, due 
to insufficient oxidation reaction, the vertical microcracks in 
the bionic units cannot be healed, and the columnar structure 
and vertical microcracks in the bionic self-healing TBCs can 
expand freely and release the thermal stress during the thermal 
shock test. During the later period of the thermal shock test, 
the healing of the vertical microcracks occurs with the oxi-
dation time prolonging, and the connection between vertical 
microcracks and transverse microcracks are postponed. As a 
result, the thermal shock resistance of the bionic self-healing 
TBCs is improved enormously.

4 � Conclusion

The microstructure, phase composition, and the thermal 
shock behaviors of the as-sprayed and the bionic self-heal-
ing TBCs with different TiAl3 fraction were investigated. 
And several main conclusions can be drawn as follows:

(1) The as-sprayed coating exhibited the typical lamel-
lar structure consisting of pores, voids, and microc-
racks. After the BLA treatment, not only the micro-
structure was transformed from a porous lamella to a 
dense column or pseudo-column, but also the TiAl3 
self-healing agent was added into the bionic self-heal-
ing TBCs. The surface of the bionic self-healing TBCs 
was smooth and covered by segmented microcracks.
(2) The thermal shock resistance of all bionic self-heal-
ing TBCs was much better than that of the as-sprayed 
TBCs. The bionic self-healing TBCs with 15% TiAl3 
had the best thermal shock resistance, whose thermal 
shock lifetime is three times that of the as-sprayed 
TBCs. On one hand, the columnar crystals and verti-
cal cracks could improve strain compatibility of TBCs 

Fig. 14   Diagrammatic sketch of thermal shock process in the bionic self-healing TBCs: a the coating before thermal shock test, b early period of 
thermal shock test, and c later period of thermal shock test
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during the thermal shock process; on the other hand, 
the oxidation reaction of TiAl3 self-healing agent took 
place at high temperature to seal the microcracks, which 
could postpone the crack connection.
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