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Abstract Inspired by the unique structures and shapes of

biological organisms, thermal barrier coatings (TBCs) with

different shapes including dot, striation and grid were

modified by laser remelting. NiCrAlY/ZrO2-7 wt.%Y2O3

double-layer-structured TBCs were prepared. The

microstructure, microhardness, phase composition and

thermal shock behaviors of the as-sprayed and laser-treated

specimens with different shapes were examined. The

results indicated that the unit was characterized by the

dense columnar crystal structure and the high microhard-

ness. The thermal cycle lifetime of the dotted specimen

was about twice that of the as-sprayed specimen. On the

one hand, due to the elimination of defects and higher

hardness after laser remelting, the dotted unit could resist

thermal crack propagation. On the other hand, the colum-

nar grains and segmented cracks in the dotted units were

beneficial to increase the strain tolerance. However, due to

more continuous segmented cracks and transverse cracks,

the striated and grid specimens had relatively poor thermal

shock resistance.

Keywords laser remelting � surface shape � thermal barrier

coatings � thermal shock resistance

Introduction

Thermal barrier coatings (TBCs) are widely applied to the

surface of hot components in gas turbine engines, which

can increase the allowable working temperature of metal

components, enhance the high temperature resistance of

hot components, prolong the service life of hot parts and

improve the efficiency of the engine (Ref 1, 2). A typical

double-layer TBCs system, which is composed of a ther-

mally insulating ceramic top coating and an oxidation-re-

sistant metallic bond coating, is widely used in industry.

Due to its low thermal conductivity, high phase stability

and high thermal expansion coefficient, the yttria partially

stabilized zirconia (6-8 wt.%YSZ) ceramic has been used

as top coating material for decades. MCrAlY (M/Ni, Co

and Ni ? Co) is usually used as the bond coating material

owing to its good oxidation resistance (Ref 3). During the

high-temperature service, a thermally grown oxide (TGO)

layer is formed between the bond coating and the ceramic

top coating due to the oxygen diffusion through the cera-

mic top coating (Ref 4). The TGO is mainly composed of

Al2O3 and some other oxides, such as chromia ((Cr,

Al)2O3), spinel (Ni(Cr, Al)2O4) and nickel oxide (NiO)

(Ref 5).

Air plasma spraying (APS) and electron beam physical

vapor deposition (EB-PVD) methods have been used
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extensively for the deposition of top ceramic coating (Ref

6-8). However, the capital cost of setting up a commercial

EB-PVD plant is high. By contrast, APS is widely used in

industry due to its many advantages such as low thermal

conductivity coatings, low cost and good chemical stability

under high temperature (Ref 9-11).

Plasma-sprayed TBCs have a relatively short thermal

cycle lifetime, which is often the result of the synergistic

action between various factors, such as the thermal

expansion coefficient mismatch between the coating and

the metallic substrate, the formation of TGO at the bond

coating/top coating interface and phase transformation of

zirconia from tetragonal to monoclinic during thermal

cycles (Ref 12-15). So far, many studies have focused on

the improvement in thermal shock resistance. Soleima-

nipour et al. conducted the laser cladding of alumina on the

top surface of YSZ thermal barrier coatings and found that

the thermal shock resistance was improved after laser

cladding (Ref 16). Ghasemi et al. revealed that the laser

glazing process produced network cracks perpendicular to

the surface and finally improved the thermal shock resis-

tance of nanostructure thermal barrier coatings (Ref 17).

Fan et al. investigated the influence of columnar grain

morphology on the thermal shock resistance of laser-

remelted YSZ thermal barrier coatings and showed that

columnar grains with small size were beneficial to the

thermal shock resistance (Ref 18). Therefore, laser tech-

nology is a promising method to improve the thermal shock

resistance of TBCs, which can remove the pores and

microcracks of the plasma-sprayed TBCs and provide a

dense layer containing segmented cracks (Ref 16-18).

Moreover, the segmented cracks produced by laser are

beneficial to accommodate the oxidation and mismatch

stresses, finally leading to the extension of thermal shock

lifetime of TBCs (Ref 19). Nevertheless, the conventional

laser treatment processes the whole ceramic top coating,

which may generate the high-level residual stresses in the

whole coating and form a new weak interface between the

laser-treated layer and the remained layer.

In nature, some animals and plants (Ref 20-23) develop

their own unique structures and shapes, which endow them

with excellent performance in comparison with man-made

materials. The superior performance is often the result of

the coupling effect between various factors, such as surface

morphology, internal microstructure, material composition.

Usually, there are some functional units existing within the

surface layer of organisms which are different from the

basal body in those factors. These basic functional units are

crucial to understanding the excellent performance of

biological materials. In terms of the unit shapes, Ren et al.

reported that there were generally three typical structural

shapes of functional units in biological organisms, namely

dot, striation and grid, which could provide them with

excellent biomechanical properties against the harsh envi-

ronment (Ref 24-26); their biological prototypes are shown

in Fig. 1. Song et al. studied the crack evolution in the

nacreous layer with brick-and-mortar structure and found

that the crack deflection was occurred by constrained

microcracking, thus enhancing the crack extension resis-

tance (Ref 27). Zhang et al. observed the crack initiation

and the dynamic propagation process of dragonfly wing

and found that dragonfly veins had a crack arrest effect in

the crack propagation process (Ref 28). Therefore, those

functional units can extend the crack propagation path and

time, thereby providing an excellent crack arrest function

(Ref 27, 28). In fact, the failure of TBCs is governed by a

sequence of crack initiation, propagation and coalescence,

leading to the spallation of coating (Ref 29, 30). Therefore,

the principle of biomimetics can be introduced into the

thermal barrier coatings to solve problems. The biomimetic

laser remelting is that laser remelts the coating with

specific pattern inspired from nature, which is completely

different from the conventional laser remelting that laser

remelts the whole ceramic top coating. The biomimetic

laser remelting method can not only make the best use of

Fig. 1 Typical structural shapes of functional units in biological organisms: (a) dotted units in the postnotum of dung beetle, (b) striated units in

the tree leaf, and (c) grid units in the dragonfly wing
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the advantages but also avoid the disadvantages of con-

ventional laser remelting. Due to the relative low cost and

high efficiency, the biomimetic laser remelting is an

alternative approach to the industrial application of TBCs.

Although Chang et al. investigated the thermal shock

resistance of peg-nail-structured or dotted TBCs (Ref 31),

they focused on the effect of laser parameter on the thermal

shock behaviors. However, the thermal shock behaviors of

TBCs with different surface shapes processed by laser

remelting have few reports.

In this study, double-layer-structured NiCrAlY/ZrO2-

7 wt.%Y2O3 TBCs were fabricated. Specimens were made

with three types of morphologies, namely dot, striation and

grid, which were obtained by laser remelting using

Nd:YAG laser. The effects of laser remelting on the

microstructure, microhardness, phase composition and

thermal shock resistance of the plasma-sprayed TBCs were

studied. Experiments were focused on the effects of unit

shape on the thermal shock behavior of the bio-inspired

TBCs. The thermal shock failure mechanisms were also

investigated.

Materials and Methods

Material

Nickel-based superalloy K417G was used as the substrate

with a dimension of 25.4 mm in diameter and 6 mm in

thickness. The coating materials were commercially

available NiCrAlY powder (AMPERIT 413, H.C. Starck,

Germany) with particle size of 5-45 lm (Fig. 2a) and

ZrO2-7 wt.%Y2O3 (7YSZ) powder (AMPERIT 827, H.C.

Starck, Germany) with particle size of 10-45 lm (Fig. 2b).

In order to increase adherence capability, the superalloy

substrate was grit-blasted. After grit blasting, the NiCrAlY

bond coating with a thickness of about 100 ± 10 lm was

firstly sprayed on the superalloy substrate by using the low-

temperature high-velocity oxygen fuel (LT-HVOF)

spraying system (K2, GTV, Germany), and then the 7YSZ

ceramic coating with a thickness of about 200 ± 10 lm
was sprayed on the bond coating by means of air plasma

spraying (APS) system (MF-P 1000, GTV, Germany).

Spraying conditions of the bond coating and the YSZ

coating are listed in Tables 1 and 2, respectively.

Laser Process

A pulsed Nd:YAG laser (XL-1000Y, China) with maxi-

mum power of 1000 W and wavelength of 1064 nm and

Gaussian distribution was used for processing different

surface shapes on the specimens. The laser process

parameters were listed as follows: the input energy of 4 J,

the pulse duration of 5 ms, the frequency of 1 Hz and the

laser spot diameter of approximately 1.4 mm. The surface

images of the as-sprayed and laser-treated specimens with

different shapes are shown in Fig. 3. Here, the area ratio is

defined as the ratio of the sum surface area of laser-treated

zone to the whole surface area of specimen. Table 3 shows

the area ratio of the laser-treated specimens with different

shapes.

Fig. 2 Morphologies of

powders: (a) NiCrAlY used in

metallic bond coating, and

(b) 7YSZ used in ceramic top

coating

Table 1 Spraying parameters of LT-HVOF for bond coatings

Parameter NiCrAlY

Spray distance, mm 150

Kerosene, L/h 13

Oxygen, L/min 750

Chamber pressure, bar 14.9

Powder feed rate, g/min 40

Gun speed, mm/min 1000

Overlap distance, mm 6
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Thermal Shock Test

In order to shorten the experimental time, thermal shock

test was performed by heating and the water quenching

method (Ref 31, 32). During the water cooling process,

water evaporated quite rapidly and the formed water vapor

might damage the coatings. This might deteriorate the

oxidation of bond coating and facilitate the growth of the

TGO layer, which finally could accelerate the failure of

TBCs. Both the as-sprayed and the laser-treated specimens

with different shapes were heated to 1000 �C and main-

tained for 5 min in an electric resistance furnace, and then

the heated specimens were immersed into deionized water

bath which was maintained at 25 �C. When the specimens

were cooled to the ambient temperature, they were taken

out, dried and put into the high-temperature furnace again,

repeating the same process. When the TBC spallation area

reached about 20% of the total coating surface, the test was

stopped and the number of thermal shock cycles for each

specimen was recorded. Three specimens were tested to

obtain the average value of thermal shock lifetime.Table 2 Spraying parameters of APS for ceramic coatings

Parameter YSZ

Current, A 650

Voltage, V 70

Primary gas, Ar (SLPM) 45

Second gas, H2 (SLPM) 9

Carrier gas, Ar (SLPM) 4

Spray distance, mm 110

Powder feed rate, g/min 60

Gun speed, mm/min 1000

Overlap distance, mm 6

Table 3 Area ratio of the laser-treated specimens with different

shapes

Area ratio, %

Dotted specimen 18

Striated specimen 26

Grid specimen 58

Fig. 3 Surface images of

specimens: (a) as-sprayed

specimen, (b) dotted specimen,

(c) striated specimen, and

(d) grid specimen
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Characterization

The microstructures of the powders, as-sprayed and laser-

treated TBCs with different shapes were characterized via a

scanning electron microscopy (SEM) (SU8220, Hitachi,

Japan) equipped with energy dispersion spectroscopy

(EDS). The TGO thickness was, respectively, measured ten

times using SEM, and then the mean value was achieved as

the experimental result. The SEM images were captured at

different areas in the cross-sectional coating, and the

porosity in the coatings was determined by measuring the

pixels associated with the difference in contrast, from the

SEM images by using ImageJ software. The porosity

reported is the average of fifteen values. The phase com-

positions of the powder, as-sprayed and laser-treated

specimens with different shapes were identified using the

x-ray diffractometer (XRD), employing Cu Ka radiation.

The x-ray generator was operated at 40 kV and 100 mA at

a 2h range of 10�-90� with scanning speed of 4�/min. In

order to identify the existence of monoclinic zirconia, a

slow scan at the 2h range of 27.5�-32.5� with scanning

speed of 0.2�/min was conducted. The microhardness was

tested by the Vickers hardness tester (MH-5D, China)

under a load of 100 g for 10 s. The hardness values in the

polished cross section of remelted zone were averaged by

fifteen points of measurements.

Results and Discussion

Surface Morphology and Microstructure

Figure 4 shows the surface morphologies of the as-sprayed

and laser-treated TBCs with different shapes. It should be

noted that different TBCs show the obviously different

surface morphologies. The surface of the as-sprayed coat-

ing, depicted in Fig. 4(a), presents some microcracks,

pores, voids and protrusions, which is a typical phe-

nomenon for the plasma-sprayed 7YSZ TBCs. The

microcracks formed in the ceramic top coating are due to

the induced thermal stress caused by rapid cooling (cooling

rates in the range of 106-108 K/s) (Ref 33). The surface

morphologies of laser-treated specimens with different

shapes are presented in Fig. 4(b), (c) and (d). After the

laser treatment, the surface of laser-treated zone becomes

relatively smoother than that of the as-sprayed coating.

Meanwhile, the defects such as pores, microcracks, pro-

trusions in the as-sprayed coatings are eliminated. It is

interesting that the surface of laser-treated zone all exhibits

the typical segmented cracks, whose width is about

2-6 lm, as shown in Fig. 4(b), (c) and (d). The formation

of segmented cracks can be ascribed to the volume

shrinkage and relaxation of residual stresses during the

rapid and non-uniform cooling of molten zirconia (Ref

Fig. 4 Surface morphologies of

specimens: (a) as-sprayed TBC,

(b) dotted TBC, (c) striated

TBC, and (d) grid TBC
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31, 34) and probably the large and localized temperature

gradient, which generates residual stresses after the laser

treatment.

Figure 5(a) presents the cross section of as-sprayed

TBC, which is composed of the YSZ top coating and

NiCrAlY bond coating deposited on the superalloy sub-

strate. It can be seen from Fig. 5(b) that there are many

voids and microcracks in the ceramic coating, which has

the porosity of approximately 14.8 ± 3.0%. This is mainly

due to the insufficient overlapping among the adjacent

splats and the entrapped gas during the plasma spraying

process; thus, the pores and voids are formed in the cera-

mic coating. As depicted in Fig. 5(c), the plasma-sprayed

ceramic coating presents the typical lamellar structure.

During thermal spraying, 7YSZ powders are carried into

the plasma plume by the inert gas mixture, and they are

melted and accelerated in the plasma flame; then, the

molten particles impact and solidify on the substrate, and

the later splats will be deposited onto the former splat (Ref

35); hence, the characteristic lamellar microstructure is

formed in the ceramic coating.

The cross-sectional morphologies of the laser-treated

TBCs are presented in Fig. 6. After the laser treatment, the

zone where the microstructure is different from the ceramic

coating comes into being in the surface layer of coating.

The zone is defined as bionic unit (Fig. 6a), which consists

of two characteristic microstructure zones, i.e., remelted

zone and heat-affected zone (HAZ). The width of the

bionic unit is approximately 1.2 mm, and the depth is about

161 lm. Under the action of laser irradiation, the YSZ

material remelted and then solidified rapidly, and finally

the bionic unit was formed. From Fig. 6(a), the vertical

cracks which are also called segmented cracks were found

in the remelted zone, and there were nearly transverse

cracks around the unit. This is mainly attributed to the

thermal stress induced by inhomogeneous volume shrink-

age. Since the intensity profile of laser beam follows a

Gaussian distribution during the laser remelting process,

the center of the molten pool absorbs more energy than that

of the edge part. Thus, the central part of bionic unit has

higher temperature than its edge. The higher shrinkage of

the central part generates tensile stresses with respect to the

edge of bionic unit. As a result, the vertical cracks are

formed in the remelted zone, which have proven to be very

beneficial to accommodate the thermal stresses and mis-

match stresses (Ref 36). It is easy to understand that the

temperature of the laser-treated zone (bionic unit) is higher

than that of the untreated zone. Therefore, the laser-treated

zone experiences higher shrinkage during the cooling

process. Finally, the nearly transverse cracks are formed

around the unit. Figure 6(b) shows the microstructures of

remelted zone at a higher magnification, whose porosity is

about 0.5 ± 0.2%. It is obvious that the coating becomes

much denser after the laser treatment and the low porosity

unit is obtained. As mentioned above, a large thermal

gradient will develop between the center and the edge of

molten pool under laser irradiation, which further leads to

the surface tension gradient and attendant Marangoni flow

(Ref 37). Both the present torque and the Marangoni flow

make the liquid material rotate in the molten pool. In this

case, the gas can easily escape from the coating, and thus a

low porosity bionic unit is achieved. The fracture

microstructure of the unit exhibits the dense columnar

crystal structure, as shown in Fig. 6(c). It is mainly deter-

mined by the ratio of temperature gradient to solidification

rate during laser treatment. The columnar crystal structure

forms in the remelted zone, which corresponds to the

direction of the highest thermal gradient. Fig-

ure 6(d) shows the microstructure of the HAZ. Note that

the morphologies of the HAZ are extremely different from

the remelted zone. In this zone, the number of defects such

as pores and microcracks reduces. Under the action of

laser, there is not enough energy spreading to the HAZ due

to the thermal influence from the remelted zone; hence, the

pores do not have enough time to escape from the molten

pool as the laser beam moves away. Consequently, the

Fig. 5 SEM photograph of (a) the polished cross section of the as-sprayed specimen, (b) ceramic coating at a high magnification, and (c) fracture

cross section of ceramic coating
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microstructure of the HAZ is less dense than that of the

remelted region.

Phase Composition

Figure 7 exhibits the XRD patterns of the original ceramic

powder, the as-sprayed and the laser-treated TBCs at the 2h

range of 10�-90�. The phases of YSZ ceramic powder

consist of primary tetragonal zirconia (t-ZrO2), cubic zir-

conia (c-ZrO2) and a small amount of monoclinic zirconia

(m-ZrO2). However, the m-ZrO2 disappears after the air

plasma spraying and the laser remelting process, and all

phases in the powder change to non-equilibrium tetragonal

zirconia (t0-ZrO2) and c-ZrO2. The formation of the t0-ZrO2

is due to the diffusionless phase transformation of the high-

temperature c-ZrO2 at high cooling rate of 106 K/s (Ref

32). Due to the rapid cooling and solidification rate of air

plasma spraying and laser remelting, the phase transfor-

mation of t0-ZrO2 to m-ZrO2 is restrained. Therefore, no

m-ZrO2 phase is found in the as-sprayed and the laser-

treated specimens.

Microhardness

Table 4 shows the microhardness of the as-sprayed coating

and laser-remelted zone. The microhardness of the as-

Fig. 6 Cross-sectional

morphologies of the laser-

treated specimen: (a) overview

of unit, (b) polished

microstructure in the remelted

zone, (c) fracture microstructure

in the remelted zone, and

(d) microstructure in the HAZ

Fig. 7 XRD diffraction patterns in the entire range: (a) 7YSZ

ceramic powder, (b) as-sprayed specimen, and (c) laser-treated

specimen

Table 4 Microhardness of the as-sprayed coating and laser-remelted

zone

Specimen Microhardness (HV0.1)

As-sprayed coating 793 ± 46

Laser-remelted zone 1372 ± 71

J Therm Spray Tech (2019) 28:417–432 423

123



424 J Therm Spray Tech (2019) 28:417–432

123



sprayed coating is about 793 ± 46 HV0.1, while the

microhardness value of the laser-remelted zone is

1372 ± 71 HV0.1. That is to say, the microhardness is

increased by 73% after laser remelting treatment. The

higher microhardness of the laser-remelted zone is mainly

caused by the elimination of pores and voids and the for-

mation of dense columnar crystal structure after laser

remelting treatment.

Thermal Shock Resistance

The macroscopic photographs of the as-sprayed and laser-

treated specimens with different shapes during thermal

shock test are shown in Fig. 8. As can be seen, for both the

as-sprayed and the laser-treated coatings with different

shapes, failure or spallation of the coatings initiates from

the edges of all coatings and then propagates to the adja-

cent areas. Beginning of the failure from the edges is due to

the thermal stresses and the fast heating and cooling con-

ditions at the edges of the specimens (Ref 16, 38). It can be

noticed that the initial spallation thermal cycle of the as-

sprayed and the laser-treated coating with dot, striation and

grid is 43, 59, 55 and 43, respectively. After then, the

spallation area of the as-sprayed coating increases obvi-

ously and the spallation tends to extend from edge to

adjacent area. The as-sprayed specimen fails completely

until 470 cycles (Fig. 8a). By contrast, the spallation rate of

dotted specimen is very slow, and the dotted specimen fails

after 960 thermal cycles as shown in Fig. 8(b). In this case,

the spallation occurs between the outer edge of specimen

and the dotted units. However, the striated and grid spec-

imens show relatively short thermal cycle lifetimes. For the

striated specimen, the spallation occurs at the edge of

striated unit and then spreads along it. Eventually, the

striated specimen fails after 205 thermal cycles (Fig. 8c).

While the grid units have adverse effects on the thermal

shock resistance of TBCs, the spallation occurs in the form

of grid block. Consequently, the grid specimen fails after

130 thermal cycles (Fig. 8d).

The comparison of thermal cycling lifetimes between

the as-sprayed and the laser-treated TBCs with different

shapes is presented in Fig. 9. It can be seen that the dotted

TBC exhibits an excellent average thermal cycling life-

time, approximately twice as much as that of the as-

sprayed TBC. This is due to the fact that the columnar

grains and segmented cracks in the dotted units are bene-

ficial to increase the strain tolerance, thereby improving the

thermal shock resistance (Ref 39, 40). However, the

striated and grid units have adverse effects on the thermal

shock resistance. Thermal shock resistance of the striated

specimen decreases by 56%, while the thermal shock

resistance of the grid specimen is the worst, which reduces

by 73%.

Figure 10(a) shows XRD patterns of the as-sprayed and

laser-treated TBCs with different shapes at the 2h range of

10�-90�. The phases of all coatings are mainly t0-ZrO2 and

c-ZrO2 after thermal shock failure. There are no obvious

diffraction peaks of m-ZrO2 at the 2h range of 27.5�-32.5�
in Fig. 10(b). That is to say, no m-ZrO2 is detected in the

as-sprayed and laser-treated TBCs with different shapes.

Therefore, no phase transformation occurs in the as-

sprayed and laser-treated TBCs during thermal shock tests.

Consequently, the failure of the as-sprayed and laser-trea-

ted TBCs with different shapes is unaffected by the stresses

stemming from phase transformation (Ref 17, 41).

Figure 11 shows the surface morphologies of the as-

sprayed and the laser-treated specimens with different

shapes after thermal shock test. The surface is much

rougher, and there are many small pores and obvious tor-

tuous microcracks on the surface of the as-sprayed TBC

after thermal cycles shown in Fig. 11(a). This is a serious

sintering phenomenon during the high-temperature service,

which usually leads to the shrinkage on the surface of TBC

and the increase in thermal mismatch between the coatings

and the substrate. The thermal stress generated in the

coating can be expressed by the following equation (Ref

42, 43):

rt ¼ DaDTEc= 1� tcð Þ ðEq 1Þ

where Da is the difference of thermal expansion coefficient

between the ceramic top coating and the substrate, DT is

the temperature difference, Ec and tc are the elastic mod-

ulus and the Poisson ratio of the coating, respectively. The

sintering leads to an increase in elastic modulus which

bFig. 8 Macro-photographs of specimens during thermal shock test:

(a) as-sprayed specimen, (b) dotted specimen, (c) striated specimen,

and (d) grid specimen

Fig. 9 Thermal cycling lifetimes of the as-sprayed and laser-treated

TBCs with different shapes

J Therm Spray Tech (2019) 28:417–432 425

123



decreases strain tolerance capability of the coating (Ref

44), thus increasing top coating stress according to Eq 1.

This may eventually result in the spallation of TBCs. In

addition, due to the intrinsic defects such as pores and

voids in the ceramic top coating, the stress concentration

would also promote the formation of microcracks. Many

microcracks connect each other and gradually form a main

crack, so the propagation of main crack is realized by

bridge connections with microcracks in front of it, which

finally causes the failure of the coatings under thermal

cycles. Figure 11(b) shows the surface morphology of the

dotted specimen after thermal shock test, and the center of

the dotted unit spalls. It can be observed that further

propagation pauses and it cannot traverse the unit

Fig. 10 XRD patterns of the four coatings after thermal shock test: (a) 10�-90�, (b) 27.5�-32.5�

Fig. 11 Surface morphologies

of specimens after thermal

shock test: (a) as-sprayed TBC,

(b) dotted TBC, (c) striated

TBC, and (d) grid TBC
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immediately when a thermal crack propagates to the dotted

unit. There are multiple reasons for this. Firstly, due to the

elimination of defects and the higher hardness of the laser-

remelted zone, the resistance to crack propagation increa-

ses. Secondly, the columnar grains and segmented cracks

in the dotted units can improve the strain tolerance. That is

why the route of crack propagation can be shut by the

dotted unit. However, the central area of the striated

specimen is removed as shown in Fig. 11(c). By contrast,

the spallation area of the grid TBC is the most among the

specimens with three different shapes (Fig. 11d). Due to

the early failure under short thermal cycles, thermal cracks

were not found on the surface of the striated and grid

specimens. As for the laser-treated specimens with dot,

striation and grid, the area ratio of laser-treated zone shown

in Table 3 is 18, 26 and 58%, respectively. In other words,

the proportion of dense microstructure increases with the

laser-treated area increasing. This may lead to the increase

in elastic modulus (Ref 45). According to Eq 1, the thermal

stress will increase. Therefore, the thermal stress of the grid

specimen is greater than that of the striated specimen, and

the thermal stress of the dotted specimen is the smallest.

These are the reasons why the thermal shock resistance of

the dotted specimen is the best and the grid specimen has

worse thermal shock resistance than the striated specimen.

The cross-sectional morphologies of the as-sprayed and

the laser-treated specimens with different shapes after

thermal shock test are shown in Fig. 12. From Fig. 12(a), it

can be seen that the surface of the top coating is rugged and

there are some small transverse cracks and big pores inside

the 7YSZ ceramic coating. And the TGO is formed at the

interface between the top coating and the bond coating due

to the oxygen penetration through the porosity of the

ceramic layer. The average TGO thickness for the as-

sprayed coating is about 2 lm. Due to the thermal

expansion mismatch between the TGO layer and the

NiCrAlY layer, large residual compressive stresses form in

the TGO layer during the process of cooling to ambient

temperature (Ref 46). During the subsequent thermal

cycles, the release of stress occurs which is accompanied

with tensile stresses parallel to TGO/YSZ interface (Ref

47), and this may aggravate the crack growth and propa-

gation. Furthermore, the as-sprayed specimen failed with

cracking and spallation of the TBC within the 7YSZ

ceramic coating and away from the interface between the

bond coating and the 7YSZ ceramic coating. Even though

the dotted specimen experiences the longest thermal

cycles, the dotted unit is still relatively complete after the

thermal shock failure (Fig. 12b). Due to the columnar

grains and vertical cracks in the dotted unit, it may allow

better compliance of tensile stress through the free

Fig. 12 Cross section of (a) as-

sprayed specimen, (b) dotted

specimen, (c) striated specimen,

and (d) grid specimen after

thermal shock test
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movement of individual columns. Therefore, it has excel-

lent thermal shock resistance which can be attributed to the

high stress absorption tendency in the coating when sub-

jected to high-temperature thermal shock (Ref 18). How-

ever, the vertical cracks in the dotted unit may accelerate

the formation of the TGO through oxygen rapid penetration

during the later period of thermal shock test. Since the

dotted unit experiences the 960 thermal cycles (Fig. 8b),

the average thickness of TGO is about 3.7 lm. Figure 13

shows the EDS analysis of the dotted unit after thermal

shock test. The elements Al and O are rich around the

cracks and at the interface of top coating and bond coating.

Accumulation of the TGO stress stimulates the propagation

of microcracks at the interface between top coating and

TGO. Moreover, the nearly transverse cracks around the

unit (Fig. 6a) may propagate to the interface between top

coating and bond coating with the thermal cycles increas-

ing. With further connection between transverse cracks and

vertical cracks, a part of dotted unit and the as-sprayed

coating around it spall, which finally leads to the failure of

the dotted specimen. By comparison, a half of the striated

unit in the ceramic coating spalls and a part of the bond

coating beneath the striated unit delaminates after the

thermal shock failure (Fig. 12c). The grid unit in the

ceramic coating spalls almost completely, and the partial

bond coating beneath it delaminates, as shown in

Fig. 12(d). It is well known that the laser processing is a

process of transforming light energy into thermal energy.

Due to the big overlapping area between the adjacent laser

irradiation in the striated and grid specimens, the later

Fig. 13 EDS analysis of the

dotted unit after thermal shock

failure
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irradiation causes the reheating of the previous irradiation.

Therefore, more thermal energy is absorbed in the laser-

treated zone. Then, the heat is transferred from the coating

to the substrate. In order to impede the shrinkage of the

coating, the tensile stress is applied to the coating by the

substrate (Ref 48). As a result, the striated and grid spec-

imens present more continuous segmented cracks and

transverse cracks, which deteriorate the thermal shock

resistance conversely. Under the repeated heating and

cooling cycles, on the one hand, the thermal expansion

mismatch between metallic bond coating and ceramic top

coating may induce the thermal stress. On the other hand,

the formation of the TGO at the interface between the top

coating and the bond coating can exert additional tensile

stress on the YSZ surrounding the TGO. The average TGO

thickness under the striated and grid units is approximately

0.9 and 0.5 lm, respectively. Since the striated and grid

specimens early fail after 205 and 130 cycles (Fig. 8c and

d), respectively, the as-sprayed specimen fails after 470

cycles (Fig. 8a). Therefore, the average TGO thickness of

the striated and grid specimens is less than that of the as-

sprayed specimen. With the increasing number of thermal

cycles, the accumulated tensile stress may induce trans-

verse cracks near the interface of metallic bond coating and

ceramic top coating or the top coating and TGO. Further

connection between transverse cracks and initial vertical

cracks segregates the remelted coatings apart from the

initial as-sprayed coatings, and partial bond coatings

delaminate. This explains why the striated and grid speci-

mens fail early and deteriorate the thermal shock

resistance.

Figure 14 shows the diagrammatic sketch of the thermal

shock failure of laser-treated specimens with different

shapes. After the laser treatment, the segmented cracks are

formed in the dotted unit (Fig. 14a). Furthermore, when a

thermal crack from the as-sprayed coating propagates to

the dotted unit, it stops and cannot traverse the unit. That is

to say, the dotted unit can resist crack propagation, which

finally prolongs the thermal cycles and improves the ther-

mal shock resistance. However, the initial vertical cracks in

the dotted unit may accelerate the formation of TGO during

the later period of thermal shock test. Accumulation of the

Fig. 14 Diagrammatic sketch

of the thermal shock failure of

laser-treated specimens with

different shapes: (a) the dotted

specimen, (b) the striated

specimen, and (c) the grid

specimen
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TGO stress stimulates the formation and propagation of

transverse microcracks. Meanwhile, the nearly transverse

cracks around the unit may further propagate. With the

further connection between transverse cracks and vertical

cracks, a part of dotted unit and the as-sprayed coating

around it spall, which finally leads to the failure of the

dotted specimen. For the striated and grid unit, due to the

big overlapping area between the adjacent laser irradiation,

the striated and grid specimens present more continuous

segmented cracks and transverse cracks, as shown in

Fig. 14(b) and (c). During the thermal shock test, on the

one hand, some vertical cracks began to propagate and

reach the top coating/TGO interface eventually. On the

other hand, the formed TGO exerts tensile stress on the

YSZ around it, which may promote the initiation and

propagation of transverse cracks near the interface of the

top coating and TGO. Furthermore, the transverse cracks

connected with vertical cracks, and then the central area of

the striated and grid units spalled. With the increase in

thermal cycle, a half of the striated and grid units and the

as-sprayed coating around them spall. This results in the

early failure of striated and grid specimens.

Conclusions

Inspired by the unique structures and shapes of biological

organisms, the laser-treated specimens with different shapes

were fabricated. The microstructure, microhardness, phase

composition of units and the thermal shock resistance compar-

isons between the as-sprayed specimens and the laser-treated

specimens with different shapes were studied systematically.

And some important conclusions were drawn as follows:

1. The as-sprayed coating had the typical characteristic of

lamellar structure, some pores and voids, microcracks,

and protrusions. After the laser remelting process, the

surface of the laser-remelted zone became smoother,

the defects in the as-sprayed coating were eliminated,

and the dense columnar crystal structure and the

segmented cracks vertical to the surface were formed.

Compared with the as-sprayed coating, the average

microhardness of the laser-remelted zone was

increased by 73%.

2. The thermal shock resistance of the dotted specimen

was about twice that of the as-sprayed specimen. On

the one hand, the existences of columnar grains and

segmented cracks in the dotted unit allowed better

strain tolerance under thermal cycles. On the other

hand, the dotted unit could resist thermal crack

propagation because of the elimination of defects and

the higher hardness after laser remelting. Due to the

improved thermal shock resistance and high process

efficiency, the biomimetic laser remelting is an alter-

native approach to the industrial application of TBCs.

Other performance of TBCs processed by this method

will be explored in future work.

3. The striated and grid specimens exhibited worse

thermal shock resistance than the as-sprayed specimen.

Due to the big overlapping area, more continuous

segmented cracks and transverse cracks were formed

in the striated and grid units. Under the combined

effect of thermal expansion mismatch stress and TGO

stress, connection between transverse cracks and initial

vertical cracks segregated the remelted zone apart from

the initial as-sprayed coatings. Finally, the striated and

grid specimens failed early.
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