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Abstract. Compared with traditional structures, YSZ TBCs with high segmentation crack density 
sprayed have exhibited a promising potential in improving TBC thermal shock resistance because the 
segmentation cracks increase its strain tolerance. A study is presented of formation mechanism of 
segmented TBC. The segmentation cracks initiate and propagate during the deposition phase, as a 
result of stress relaxation when the coating is subjected to tensile stress. Also, the crack density reaches 
a constant value and is not influenced by further plastic deformation of the metal. High heat input to the 
substrate is the most favorable factor in developing segmentation cracks because particle temperature 
promote the joining of adjacent lamellae. 

Introduction 
Thermal barrier coatings have been widely used for protection of hot-section components of 

aircrafts. Typical TBCs with a two-layer structure, consisting of the metallic bond coat and 6-8% Y2O3 
stabilized zirconia (YSZ) top coat [1, 2], can be prepared by two different processes: plasma spraying 
(PS) and electron beam-physical vapor deposition (EB-PVD) techniques. Compared with the 
traditional structure, which is obtained through the process of plasma spraying, YSZ-TBCs under a 
“hot condition”exhibit a higher segmentation crack density, which could significantly upgrade the 
strain tolerance of the TBCs [3-5]. The results indicate that the YSZ-TBCs have the distinct potential to 
improve the thermal shock resistance of TBCs. 

The objective of the present work is to investigate the influence of deposition conditions on the 
structures of atmospheric plasma-sprayed thermal barrier coatings. Further, an analysis of the 
formation of segmentation cracks of the TBCs will be performed.   

Experimental 

Coating preparation 

Ni-25Cr-6Al-1Y powders (Institute of Metal Research, China) and ZrO2-8 mass-%Y2O3 powder 
(Sulzer Metco 204NS) were used as spraying materials for the MCrAlY bond coat and the YSZ 
topcoat respectively. The YSZ TBCs were produced by PS with Sulzer Metco PS units. High velocity 
oxy-fuel was used to deposit an 80-120 mm NiCrAlY bond coat onto a disc shaped Ni-based 
super-alloy substrates with diameters of 20mm and thicknesses of 3mm. The coatings of YSZ were 
atmospheric plasma sprayed onto the NiCrAlY-coated super-alloy substrates. Segmentation cracks 
were caused by thermal tensile stress during the deposition process. The substrate should have a heat 
input that is high enough to obtain strong bonds between lamellae, which is necessary for proper 
propagation. Following these ideas, a short spray distance, a high plasma power, and a preheated 
substrate were used. The parameters used for spraying YSZ TBCs are listed in Table 1. 
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Table 1 Processing parameters for spraying YSZ coatings 

Coatin
g 

Power 
(KW) 

Distance 
（mm） 

Ar(slpm)/ 
H2 (slpm) 

Feed rate 
(g/min) 

Gun 
Velocity 

(mm/s) 
A 40 70 45/10 30 500 

B 45 60 45/12 30 500 

 

Results and discussion 

Microstructure and phase of sprayed YSZ coatings 

Fig.1(a) and Fig.1(b) show SEM images of cross-sections of the sprayed YSZ coatings with spray 
sets A and B, as listed in Table.1 respectively. Coating A reveals a typical lamellar structure, with a 
YSZ coating that is approximately 200 mm thick. In contrast to coating A, coating B contains several 
segmentation cracks. The crack density was measured to be 3.8mm-1. In addition, there were some 
branching cracks which are cracks parallel to the coating plane. 

 

 

 
Fig.1 Shows SEM of the sprayed YSZ coating a) YSZ coatings; b) YSZ with segmentation cracks. 

 
Development of segmentation cracks 

The stress resulting from the contraction of individual splats is specific to the spraying process. The 
origin of the stress is constrained by the underlying solid body on the thermal contraction of sprayed 
splats, as shown schematically in Fig. 2. As a molten particle strikes the surface of a solid, it typically 
spreads out, forming a flat splat and rapidly losing heat to the underlying solid through conduction. A 
good joining between lamellae is a key for the propagation of segmentation cracks [6-7]. Accordingly, a 
high heat input to the substrate is one of the most important factors in developing segmentation cracks 
because high substrate and particle temperature promote the joining of adjacent lamellae. 
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Fig.2 Schematic depiction of impact, spreading and cooling of a single splat. 

 
A model is used to explain the generation of segmentation cracks [8]. Assuming that film thickness hc 

in the model is much smaller than substrate thickness hs, it can be said that: 
 ec=es      Eq(1) 
where ec and es are the coating and the substrate strain, respectively. As the applied tension 

increases, both the substrate strain and the film strain increase. When the in-plane stress σC in the film 

reaches the film strength cσ * , a crack will be introduced into the film as shown in Fig. 3(a). Then, the 
in-plane stress is relaxed due the free surface effect near the crack. If one considers the force balance of 
the left half of one segment (hatched region), the results are shown in Eq. (2). 

 ∫
2

0

λ

τ
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hc
c

0
σ

dz                                       Eq(2) 
where λ is the length of the segment. As the substrate is strained further, the film can be more finely 

segmented. However, it was shown that beyond a certain es, the crack density 1/λ saturates, as shown 
in Fig. 3(b). This was replicated by experiments, as well, and can be understood using Eq. (3). Eq. (3) 

allows us to see that the maximum value of cσ is a constant cσ * and the integral on the right-hand side 
should reach approximately a constant value if the substrate is further strained to the point just before 

cσ  reaches cσ * .  

∗
=

∗
∗

λ
σ

πτ
chc

                                         Eq(3) 
On the other hand, as the segment size λ decreases, τ  needs to increase in order to maintain force 

balance. In the referenced analysis, modified sinusoidal shear stress distributions were assumed for τ . 
As λ becomes small, τ starts to reach its maximum possible value 

*τ � (the interfacial shear strength) 
before τ  reaches 

*τ . After this happens, segmentation cracks no longer develop, and the interface 
between the film and the substrate will be destroyed as the substrate strain increases further, as show in 
Fig. 3(c). When the spraying was performed at a high substrate temperature, the temperature between 
two adjacent splats could be high enough to lead to a partial remelting of the surface of underlying 
splats. Thus, the tensile stresses generated in the recently deposited splats will be relaxed by the 
propagation of microcracks [7]. Following this procedure, the microcracks will finally go through the 
coating, developing into segmentation cracks, as shown in Fig. 3(d). On the contrary, at a low substrate 
temperature, the contact area between splats is very limited. As a result, a large amount of interlamellar 
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gaps, or horizontal cracks, will exist in the coating. These cracks or gaps will lead to a significant stress 
relaxation. In such case, the microcracks in the individual splats could not propagate into segmentation 
cracks. 
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Fig. 3 Model explaining the generation of segmentation cracks. 

 
Substrate temperature has an important impact on structure features of the sprayed coatings. It is 

established that a high substrate temperature can give rise to a high segmentation crack density. The 
segmentation cracks increase the strain tolerance of TBC. The observed branching cracks between 
layers as shown in Fig. 4 are a sign that the differential strain of one pass was large enough to cause 
interfacial cracking. The branching cracks, which run perpendicular to the direction of heat flux, can 
reduce the thermal conductivity of TBC [8]. 
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Fig.4 Segmentation cracks and associated branching cracks. 

Conclusions 
The temperature of the substrate is important to the development of segmentation cracks. When 

spraying was performed with a high substrate temperature, the temperature between the first splat and 
the following splat will be high enough to lead to strong bonds between splats partially by remelting of 
the surface of the first splat. The tensile stresses developed in the second splat will be relaxed by the 
propagation of microcracks preexisting in the first splat. Following this procedure, the microcracks will 
finally go through the coating, developing into segmentation cracks. 
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