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Abstract 

An approach to improve the lifetime of air plasma sprayed (APS) thermal barrier 

coatings (TBCs) by modifying the interfacial microstructure has been reported. The 

laser powder deposition technique (LPD) was employed to fabricate the mesh 

structure (with the same composition as the bond coat) at the ceramic-substrate 

interface. After thermal cycling test, the APS TBCs with the mesh exhibited a much 

less spallation degree (5-10%) compared with the reference samples without mesh 

(>50%), implying that the mesh is effective in impeding the crack propagation along 

the interface. In addition, the effect of the mesh geometry parameters, e.g. height and 

spacing of mesh, on the spallation degree of TBCs was also investigated. Based on the 

results of experiment and calculation, the optimal mesh parameters were proposed. 
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I. Introduction 

Thermal barrier coatings (TBCs) are widely used in hot sections of aeroengines and 

industrial gas turbines to protect the superalloy components from aggressive 

environment [1, 2]. They usually comprise an yttria-stabilized zirconia (YSZ) layer 

deposited onto an intermetallic bond coat which is attached to a superalloy substrate. 

In the absence of mechanical damage, e.g. foreign object erosion, failure of the TBCs 

typically occurs in the vicinity of the thermally grown oxide (TGO), following a 

sequence of crack nucleation, propagation and coalescence process [3, 4]. In general, 

failure of the TBCs is driven by stress r in the YSZ top coat and the TGO (either from 

the thermal misfit stress or from the growth stress at high temperature), and resisted 

by the interfacial toughness between the coating and the substrate [5]. In recent years, 

extensive efforts have been devoted to improving the durability of TBCs. For example, 

vertical cracks and porosity were deliberately introduced into top coat in order to 

improve the strain tolerance or reduce the driving force (i.e., stress) for TBCs 

spallation [6, 7]. The reactive elements (e.g., Hf) were added into the bond coat to 

enhance the adhesion between the TGO and the bond coat, which primarily act as 

sulfur getter sites [8, 9]. However, few efforts have been made to optimize the 

interfacial microstructure to improve the lifetime of TBCs. Although conventional grit 

blasting procedure is usually beneficial to improving the coating adhesion by 

mechanical interlocking, the surface is relatively smooth (Ra <20 µm) which is not 

capable to suppress the propagation of the interfacial cracks [10]

II. Experimental Procedure 

. If an obstacle is 

placed in the crack path to impede or deflect crack propagation, the fracture toughness 

should be improved. This could be a practical approach to fabricate long durability 

TBCs. Therefore, the objective of this work is to investigate if the lifetime of the 

TBCs could be improved by manipulating the interfacial microstructure. 
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The substrate was a Hastelloy® X alloy (50×40×5 mm3

Both the bond coat and the YSZ top coat were deposited using air plasma spraying 

technique (APS). The bond coat consists of NiCrAlY (Ni-24.7Cr-5.11Al -0.49Y in 

wt %) with a thickness of ~100 µm. The top coat is a standard 8YSZ with a thickness 

of ~250 µm. For comparison, the TBCs samples without mesh were studied as a 

reference. 

), which was cleaned with 

alcohol and grit blasted with 60 grit alumina prior to the deposition of the bond coat. 

Two types of mesh structure were designed. One was applied on the surface of the 

bond coat (Fig. 1b). The other was directly applied on the substrate, followed by 

deposition of the bond coat (Fig. 1c). The three-dimensional (3D) mesh structure at 

the ceramic-metal interface was fabricated by Laser powder deposition (LPD) 

technique, which is schematically illustrated in Fig. 1a. The LPD system comprises a 

multi-hopper powder feeder, a fiber laser, a coaxial nozzle and control system. The 

LPD experiment was conducted with continuous wave laser (YLS-2000, IPG 

America). The laser spot is 500 µm in diameter which was focused through a lens 

(200 mm focal length). The feedstock powder with nominal composition of 

Ni-24.7Cr-5.11Al -0.49Y wt % was delivered by coaxial feeding nozzles with 10 

mm/s scan velocity and 3~4 g/min feed rate. Argon flow with a rate of 6 L/min was 

used to prevent the oxidation of the powder during deposition. 

The specimens were cut into plates with a dimension of 10×10×5 mm 3 before testing. 

Cyclic oxidation test was performed at 1150 °C using a chamber furnace. Each cycle 

consists of a fast heat-up from room temperature to 1150 °C, a dwell of 10 h and air 

cooling after removing the specimens from the furnace. All samples were removed 

from furnace after 54 thermal cycles. To quantify the relative amount of spalled area, 

the surface images of the samples were recorded using optical microscope (BX-51M, 

Olympus) and processed using Image-J software, where the spalled and attached area 

were highlighted by white and black color, respectively. The spallation degree was 

defined as the ratio between the spallation area and the total area of the TBC. The 

specimens were embedded in epoxy, mechanically grounded and polished using 
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diamond paste. The scanning electron microscopy (SEM, FEI Quanta 200) in the 

backscattered electron mode was employed to examine the cross sectional 

microstructure.  

III. Results and Discussion 

Fig. 2 presents the textured surface and cross-sectional image of the as-deposited APS 

TBCs with the mesh structure. In this case, the mesh with spacing (L) of 1.5 mm, 2.0 

mm and 2.5 mm was applied at the interface between the YSZ top coat and the bond 

coat (Fig. 2b). Both the width w and the height h of the mesh are around 500 µm. The 

samples were exposed at 1150 °C for lifetime test. After 54 thermal cycles, the 

spallation degree of the TBCs samples as a function of the mesh spacing was 

summarized and compared with the reference samples, shown in Fig. 2c. The 

corresponding surface morphology was shown as inset. For the reference samples, i.e. 

the 8YSZ TBCs without mesh, more than 50% of the top coat delaminated from the 

substrate. In contrast, the TBCs with mesh structure only exhibited a <10% spallation. 

This confirms that introduction of the mesh structure is an effective approach to 

improve the lifetime of the TBCs. In addition, the spallation degree decreased with an 

increase of the mesh spacing. Meanwhile, the spallation degree of samples with mesh 

varies over a relatively narrow range compared with reference TBCs. This could be 

attributed to the difference in failure mechanism.  

Detailed examination of the reference TBCs revealed that horizontal cracks developed 

near the YSZ/TGO interface, causing the TBC failed through the edge delamination 

(Fig. 3a, b), which resulted in large scale detachment of the top coat. While for the 

TBCs with mesh structure, small area spallation of the TBCs mainly occurred at the 

crest of the mesh, i.e. the cross point between two mesh lines (Fig. 3c). Several 

reasons might be responsible for this phenomenon: (1) the curved surface of the mesh 

causes the thermal misfit stress, either in the YSZ top coat or the TGO, to redistribute 

at the crest [11]. Normal tension develops at the TGO/bond coat interface, as well as in 

the YSZ top coat, which nucleates and grows cracks in this vicinity [12]; (2) upon 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

cooling, the difference in the thermal expansion coefficient between mesh and YSZ 

could induce a large thermal misfit stress at the ceramic-metal interface, leads to 

debonding of the top coat [13]; (3) During oxidation, fast-growing non-alumina scales 

like spinel tend to form at crest of mesh, which deteriorate the interfacial adhesion [14, 

15]

However, it should be noted that if the mesh spacing is too large, the cracks between 

mesh can easily coalesce and form large area delamination. There should exist an 

optimal spacing, which can reduce the spallation at the crest to the minimum. At the 

same time the coalescence of the cracks near the interface of top coat and bond coat 

could be suppressed. As shown in Fig. 3d, vertical crack presented in the YSZ top 

coat after thermal treatment, indicating a tensile stress. Such stress usually induces 

interfacial crack originating from the end of vertical cracks (Fig. 3d) 

. At the same time, no apparent spallation between the mesh was observed. The Fig. 

3d illustrated that the interfacial crack propagation between this area was impeded 

successfully by the mesh structure. Therefore, by reducing the crest density, i.e. 

increasing the mesh spacing, the spallation degree can be decreased, as shown in Fig. 

2c.  

[16]. Considering 

interfacial delamination develops from the side of vertical cracks. The steady state 

energy release rate for interfacial delamination form each side of vertical crack is [17]

tbc

tbctbc
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E

h
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d
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2
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                      (1) 

where *Z  is a dimensionless coefficient depending on the width of interfacial 

delamination )(
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. α  and β  are Dundurs’ parameters, given by [18]
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tbctbcsubsub

tbctbcsubsub µνµν
µνµνβ

/)21(/)21(

/)21(/)21(

2

1

−+−
−−−=                    (2b) 

where 21/ ν−= EE  is the plain modulus， E , ν  are the Young’s modulus and 

Poisson’s ratio, )1(2/ νµ += E  denotes the shear modulus. With tbcE =50 GPa, subE

=200 GPa, tbcν =0.2, subν =0.3, the Dundur’s parameters are α =-0.61 and β
=-0.24 [19] d. , tbch , tbcσ  are interfacial crack width, thickness and tensile stress of the 

top coat. The steady-state growth of vertical crack combination with interfacial 

delamination should satisfy an energetic condition: 

df
* WGSS +Γ≥                           (3) 

The typical value for the fracture toughness fΓ  of APS TBC is approximately 30 

J/m2 [19]
dW.  is the energy required for interfacial delamination accompanying per 

unit area growth of vertical crack (see crack pattern in Fig. 3e), represented by: 

tbc

s
ssd h

d
W )(2 ΨΓ≈                         (4) 

where )( ssΨΓ  is the mixed mode toughness depending on the phase angle ssΨ [20]

)])1((tan1[)( 2
sstbcss Ψ−+Γ=ΨΓ λ

:  

                  (5) 

where tbcΓ  is the mode Ι toughness of interface of TBC and substrate. The phase 

angle is determined by stress intensity factors by 1tan−=Ψ (K
Ⅱ
/K
Ⅰ λ).  depends on 

the elastic mismatch. Substituting in appropriate values (α =-0.61, β =-0.24, tbcΓ
=35 J/m2

ssΨ), we have =55°, λ =0.41, )( ssΨΓ =46 J/m2 [16, 21]

tbch

. In this study, the 

thickness of top coat is 200 μm and the tensile stress in the YSZ top coat is about 
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150 MPa, measured using Raman spectroscopy [22, 23]

sd

. The predicted stable interfacial 

crack length  is approximately 3 mm according to Eqs. (1), (3) and (4). Assuming 

that the vertical crack located in the middle of two meshes, the optimal spacing is 

around 6 mm. That is to say, if the mesh spacing is larger than this value, the mesh 

loses its role on impeding the propagation of interfacial cracks. However, it should be 

noted that the above calculation is a rough estimation. The accurate value relies on the 

determination of interfacial toughness and phase angle, etc. 

Fig. 3 clearly demonstrated that the propagation of interfacial crack can be impeded 

by the mesh structure. However, the high mesh could lead to large surface roughness 

or even non-flat surface of the top coat, which in turn, affects the aerodynamics or 

heat transfer of the coated blade in engine application. For instance, the large mesh 

could introduce local hotspots at the crest of the mesh. This could lead to premature 

failure of the TBCs at such positions. Therefore, it is worthwhile to determine the 

optimal height of the mesh.  

In TBC system, the residual stress is influenced by the curvature of the interface. For 

concave interface, radial tensile stress will developed at the interface, which plays an 

important role in nucleation and propagation of radial crack close to the interface. 

Therefore, understanding of the radial stress around the crest of curved surface is 

crucial for lifetime prediction [24]. A two-concentric- cylinder model was employed to 

estimate the stress state around the crest of the mesh. The radius R of mesh with 

height of h and width of w (see the inset in Fig. 4) is represented by: 

h

wh
R

8

4 22 −=    (for h< w/2) 

R=250     (for h≥w/2)                      (6) 

where h, w are the height and width of mesh, respectively. It is assumed that the 

residual stress caused only by the thermal misfit of the coating and substrate when the 

TBCs cool from 1150 °C to ambient temperature (20 °C). For a rough estimation, the 
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TBCs are treated as stress free at oxidation temperature. The dependence of radial 

stress on height (i.e. radius) of the mesh is calculated by [25]
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    (7) 

The thermal expansion coefficient of top coat αtbc and substrate αsub are 11×10-6/K 

and 16 ×10-6

To verify the effect of mesh height on TBCs, meshes with height of 330 µm and 130 

µm were applied between the bond coat and the substrate. The samples were thermal 

treated at 1150 °C for 54 cycles. The spallation degree was shown in Fig. 5 and the 

results of samples with mesh height of 500 µm (mesh located between the bond coat 

and the top coat) were included for comparison. The spallation degree decreased as 

the height decreasing, demonstrating that lower height of mesh is beneficial for 

lifetime. The inset shows that the crack shows the surface of sample with mesh height 

of 330 µm, illustrating the deflection of crack due to the existence of mesh. Fig. 6 

presents the cross sectional image of the APS TBCs with different mesh height. For 

TBCs with mesh height of 500 µm, debonding of the top coat from the crest of mesh 

/K, respectively. The width of mesh w is 500 µm, limited by diameter 

of nozzle. When the height of mesh is less than the half of width (250 µm), the tensile 

stress at the crest of the mesh increases with an increase of the radius, as shown in Fig. 

4. When the height exceeding 250 µm, the radius R keeps constant about 250 µm. 

Based on eqs. (7), the stress caused by thermal misfit will not increase with further 

increasing of the height. This indicated that lowering the height of mesh is benefit for 

enhancing the lifetime of TBCs when height less than 250 µm. However, while the 

height h is lower than the critical value, the interface cracks will coalesce with 

horizontal crack, forming large scale delamination. Meanwhile, the spallation of the 

top coat will be accelerated because of the tensile stress caused by mesh, compared 

with traditional TBCs.  

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

was severe. In contrast, for TBCs with mesh height of 130 µm, the horizontal crack 

propagated along the YSZ/TGO interface and coalesced. This implies that once the 

mesh height is below a lower limit, for example, 130 µm in this study, the crack 

impeding effect will disappear and the failure behavior is identical with the standard 

APS TBCs. However, if the height exceeding the upper limit (e.g., 330 µm, Fig. 5), 

severe cracking around the mesh develops, which could be attributed to the vertical 

crack formed during the process of deposition. Under thermal cycling, tensile stress 

arises at the surface of top coat and substrate. Therefore, interface delamination will 

generate from the root of the vertical crack, leading to spallation. As shown in Fig. 6a, 

the thickness of top coat around the mesh, especially for TBCs with mesh up to 500 

µm, is thinner than the coating at other region. When the height of mesh decreasing, 

the coatings thickness achieves better uniformity and the surface roughness of TBC 

decreases shown in Fig. 6c. Based on preliminary results, the optimal height should be 

in the range between 130~330 µm for the samples investigated in this study. In 

addition, compared with mesh applied on the surface of the substrate (Fig. 6b, c), the 

mesh applied on the bond coat surface (Fig. 6a) have a smoother interface which 

deteriorates the interfacial adhesion and causes debonding. The mesh deposited 

directly on the substrate surface is more beneficial to the TBCs durability. 

IV. Conclusions 

In summary, the laser powder deposition technique (LPD) was employed to create 

three-dimensional mesh structure at the coating-substrate interface of APS TBCs. 

With the mesh structure, the spallation degree decreased from more than 50% for 

reference APS TBCs to less than 10% after the same thermal treatment. It was 

suggested that mesh is effective in impeding the propagation of crack along the 

interface, significantly improving the lifetime of TBCs. There should exist an optimal 

value for the mesh height and spacing, at which the TBCs exhibit the longest 

durability. This work demonstrated that manipulating the interfacial microstructure is 

a potential approach to improve the lifetime of the TBC, particularly in making thick 
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TBCs. More systematic work is being carried out to optimize the mesh structure and 

geometry parameters. 
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Figure Captions 

Fig. 1. (a) Schematic of the LPD system; 

Fig. 2. (a) Optical photograph and (b) SEM micrograph of as-deposited samples with 

(b) mesh on the surface of bond coat; (c) 

mesh on the surface of substrate. 
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the mesh structure; (c) spallation degree of APS TBCs as a function of spacing length 

after 54 thermal cycles. The inset presents the surface topography of corresponding 

samples. 

Fig. 3. (a) The spalled area and (b) cross sectional image of standard APS TBCs; (c) 

the top surface and (d) the cross section of the APS with mesh structure after 54 

thermal cycles. The mesh spacing of this specimen is 2.0 mm; (e) the schematic of the 

mode of a steady state vertical crack with interfacial crack. 

Fig. 4. Radial stress at the interface of coating/substrate for different mesh height.  

The inset shows the schematic of two concentric cylinder model in TBCs with mesh 

height below and exceeding 250 µm. .  

Fig. 5. Spallation degree of APS TBCs with different mesh height after 54 thermal 

cycles. The inset shows the impeding effect of mesh on cracks propagation. 

Fig. 6. SEM images of samples after 54 cycles at 1150 °C with mesh height of: (a) 

500 µm; (b) 330 µm; (c) 130 µm.  

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f1.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f2.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f3.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f4.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f5.tiff

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jace_14360_f6.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


