
Journal of Advanced Ceramics 
2018, 7(1): 17–29 ISSN 2226-4108
https://doi.org/10.1007/s40145-017-0252-2  CN 10-1154/TQ

Research Article 
 
 

www.springer.com/journal/40145 

 
Epitaxial growth and cracking of highly tough  

7YSZ splats by thermal spray technology 

Lin CHEN, Guan-Jun YANG* 

State Key Laboratory for Mechanical Behavior of Materials, School of Materials  
Science and Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China 

Received: June 16, 2017; Revised: August 22, 2017; Accepted: October 27, 2017 

© The Author(s) 2017. This article is published with open access at Springerlink.com 

Abstract: Thermally sprayed coatings are essentially layered materials and contain large numbers of 
lamellar pores. It is thus quite necessary to clarify the formation mechanism of lamellar pores which 
significantly influence coating performances. In the present study, to elaborate the formation 
mechanism of lamellar pores, the yttria-stabilized zirconia (ZrO2–7 wt% Y2O3, 7YSZ) splats, which 
have high fracture toughness and tetragonal phase stability, were employed. Interestingly, anomalous 
epitaxial growth occurred for all deposition temperatures in spite of the extremely high cooling rate, 
which clearly indicated chemical bonding and complete contact at splat/substrate interface before 
splat cooling. However, transverse spallation substantially occurred for all deposition temperatures in 
spite of the high fracture toughness of 7YSZ, which revealed that the lamellar pores were from 
transverse cracking/spallation due to the large stress during splat cooling. Additionally, fracture 
mechanics analysis was carried out, and it was found that the stress arose from the constraint effect of 
the shrinkage of the splat by locally heated substrate with the value about 1.97 GPa. This clearly 
demonstrated that the stress was indeed large enough to drive transverse cracking/spallation forming 
lamellar pores during splat cooling. All of these contribute to understanding the essential features of 
lamellar bonding and further tailoring the coating structures and performance. 
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1  Introduction 

Thermally sprayed technology is widely used for 
deposition of thermal barrier coatings (TBCs) [1–4], 
abradable seal coatings [5,6], wear-resistant coatings 
[7,8], and functional layers in solid oxide fuel cells 
(SOFCs) [9,10], etc. The thermally sprayed coating is 
constructed by piling up the individual splats layer by 
layer (Fig. 1(a)) [11], so there are thus large numbers 
of inter-splat lamellar interfaces (see red arrows in Fig.  
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1(b)) in thermally sprayed coatings which significantly 
influence their functional properties. In addition, 
ubiquitous vertical cracks and transverse pores are 
widely observed in thermally sprayed coatings which 
are also of great importance to the coating performances 
[12–16]. Apparently, both the chemical bonding and 
mechanical anchoring (via friction) exist in thermally 
sprayed coatings. The former mainly sustains the loads, 
while the latter corresponds to lamellar pores. It is 
found that the bonding ratio, which is defined as the 
ratio of total bonded lamellar interface areas to the 
total apparent interface areas between splats in the  E-mail: ygj@mail.xjtu.edu.cn 
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Nomenclature Z dimensionless number h splat thickness (μm) 

Ra
 

surface roughness (nm)  Dundurs parameter d depth (μm) 

Td
 

deposition temperature (K)  Dundurs parameter H substrate thickness (μm) 

Ts
 

solidification temperature (K)  strain  
dimensionless spallation depth 

RT room temperature (K) R cracking resistance number 0 dimensionless substrate thickness 

T temperature difference (K) Rc
 

critical cracking resistance number S crack spacing of substrate penetration (μm)

KIC
 

fracture toughness (MPa·m1/2)  Poisson’s ratio s crack spacing of channeling (μm) 

Gss
 

steady-state energy release rate (J/m2) E Young’s modulus (GPa) k thermal conductivity (W/(m·K)) 

 cracking resistance (J/m2) 
 

stress (MPa) t thermal expansion coefficient (K1) 

 specific surface energy (J/m2) q

 
quenching stress (MPa) q heat flux (W/m2) 

 

 
 

 
 

Fig. 1  (a) Schematic diagram of thermal spray technology 
[11] and (b) typical cross-sectional microstructure of 
thermally sprayed 7YSZ coatings. The red arrows in (b) 
denote the inter-splat lamellar interfaces which are ubiquitous 
in thermally sprayed coatings. 

 
coatings, is generally no greater than 32% [17,18]. 
This leads to their low fracture strength and Young’s 
modulus, high porosity, and short lifetime. However, 
the reason for the low bonding ratio remains quite 
unclear up to now. Moreover, the failure of thermally 
sprayed ceramic coatings via transverse delamination 
at lamellar interfaces was widely reported [19–22]. 
Therefore, understanding of bonding mechanisms 
between lamellae is critically vital in order to enhance 
and control the coating performance. 

Unfortunately, the formation mechanism of the 
transverse pores remains unclear till today. It is widely 
accepted that vertical cracks result from the quenching 
stress during splat cooling [23–25]. While the 
transverse pores are considered to be retained (as 
residual voids) during the formation process of splats 
for some reasons and such phenomena as: low impact 

pressure [26,27], condensates and adsorbates on 
substrate surface [28,29]. Based on the above models, 
the chemical bonding is only formed in the center 
region of splats while not in the periphery region 
[27,28]. In fact, the chemical bonding and lamellar 
pores are formed in both the center and periphery 
region of splats for almost each fragment [13–16]. This 
is clearly inconsistent with the conventional models. 
Therefore, there should be another formation mechanism 
of lamellar pores.  

Extremely rapid cooling (the cooling rate as high as 
~106 K/s) is the salient characteristic of thermal spray 
technology [30–33]. Consequently, large numbers of 
defects are produced at lamellar interfaces, leading to 
weak bonding between individual lamellae [34]. The 
weak bonding results in least resistance when cracking 
occurs at the lamellar interfaces. It has been found that 
transverse cracking/spallation substantially took place 
at these weak lamellar interfaces motivated by the 
great stress during cooling of the splats such as cubic 
yttria-stabilized zirconia (ZrO2–8 mol% Y2O3, 8YSZ) 
[34,35], lanthanum zirconia (LZ) [34,35], and titania 
(TiO2) [36,37]. This seems to be well consistent with 
the low residual stress [38,39] and large crack spacing 
(relative to splat thickness) in thermally sprayed 
coatings. However, all materials forementioned such as 
LZ and TiO2 are typical brittle ceramic materials with 
low fracture toughness. Theoretically, the transverse 
cracking/spallation phenomenon might be avoided if 
the fracture toughness of splat material could be 
increased. Therefore, the general applicability of 
transverse cracking/spallation to high fracture toughness 
materials needs further exploring. 

In the present study, yttria-stabilized zirconia (ZrO2– 
7 wt% Y2O3, 7YSZ), as candidate material for TBCs 
due to its high fracture toughness ( , ~2 MPa·m1/2) 
[40], was investigated. Investigation of transverse 
cracking/spallation in highly tough 7YSZ contributed 
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2. 2  Splat deposition to deeply understanding the formation mechanism of 
lamellar pores in thermally sprayed coatings and further 
shedding light on the coating structure tailoring. 

2  Experiment 

2. 1  Powder and substrate material 

The feedstock material used for coating deposition was 
7YSZ agglomerated powder (Metco, USA). The powder 
particles were in the range from 30 to 50 μm with a 
mean size of 38 μm measured by a laser particle size 
analyzer (LS230, Beckman Coulter, USA), as shown in 
Fig. 2. In addition, it is extremely hard to simultaneously 
obtain the crystallographic orientations of splat and 
polycrystalline substrate by EBSD, and the main 
difference between the polycrystal and single crystal is 
grain boundary which has few impacts on chemical 
bonding. Besides, the splat has a perfect conformability 
with substrate surface, which indicates the substrate 
roughness has few impacts on chemical bonding. Only 
the regions where deep holes or pits locate may trap 
the adsorbed gas and hinder chemical bonding. Therefore, 
to strongly demonstrate the lamellar bonding, the 
smooth single-crystal substrate was employed. All 
splats were deposited on (001) plane of single-crystal 
cubic 18YSZ (ZrO2–18 mol% Y2O3, Hefei Crystal 
Material Technology Co. Ltd., China) substrate with 
low surface roughness ( aR < 0.5 nm measured by atomic 
force microscopy). Besides, the edge orientation of the 
single-crystal substrate wafer was <100> direction 
with tolerance of ±1. In addition, all substrates were 
square, with 10 mm in width and 500 μm in thickness. 
Before splat deposition, all substrates were cleaned in 
acetone by ultrasonic wave for 10 min. 

 

 
 

Fig. 2  Surface morphology of 7YSZ powders. 

A commercial plasma spray system (GP-80, Jiujiang, 
China) with 9M plasma torch (Sulzer-Metco, USA) 
and an external powder feeding injector (namely, 
external injection of powder into the plasma jet) was 
employed. The detailed spray parameters are shown in 
Table 1. It was widely reported that deposition 
temperature ( ) had a significant influence on the 
coating structure [41–44]. In this study, the substrate 
was preheated to different temperatures (from 100 to 
600 ℃ with intervals of 100 ℃) through a copper 
plate heater on which the substrate was placed. Besides, 
the substrate surface temperature was real-time monitored 
by a calibrated thermocouple (NiCrSi/NiCr, Type N) with 
thermal response time ~1 s and data precision ~2 ℃. 
In addition, to avoid the extra calefaction of the substrate 
by plasma arc, a shielding plate with several small 
holes was also placed on the substrate. After splat 
deposition, the splat and substrate were cooled down to 
room temperature in air. 

dT

2. 3  Characterization of splats 

The surface morphologies of splats were examined 
using scanning electron microscopy (SEM, VEGA 
II-XMU, TESCAN, Czech Republic). Moreover, the 
crystal orientations on splat surface were characterized 
by electron backscatter diffraction method (EBSD, 
AZTEC, OXFORD INSTRUMENTS, UK) at the 
acceleration voltage of 15 kV, beam intensity of 15 mA, 
and tilt angle of 70. In addition, the resolution of 
EBSD is ~10 nm. Besides, the scanning step and time 
step were 0.4 μm and 24.7 ms, respectively. The EBSD 
results were then processed by CHANNEL 5 software 
(HKL Technology, Inc., UK). Noise reduction was 
carried out with level 5. Additionally, the crack spacing 
was defined as the vertical distance between two 
parallel adjacent cracks and measured by Demo VegaTC 
software integrated in SEM. The Demo VegaTC software 
was a measurement tool (similar to ImageJ software) 

 

Table 1  Spray parameters for single 7YSZ splats 

Parameter Value 

Arc power (kW) 42 

Primary plasma gas Ar (slpm) 50 

Secondary plasma gas H2 (slpm) 6 

Powder carrier gas N2 (slpm) 3.5 

Spray distance (mm) 80 

Traverse speed of torch (mm/s) 1200 

www.springer.com/journal/40145 
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with the measurement accuracy of about 0.1 μm. When 
measuring the crack spacing, all SEM images were 
taken at magnification larger than 1000×. 

splat had fallen off) for all deposition temperatures, as 
shown in Figs. 3(c) and 3(d). This clearly indicated 
that the spallation occurred after vertical cracking. 
Besides, residual hills/pits were observed for all the 
deposition temperatures, as shown in Figs. 3(e), 3(f), 
and 3(h) by pink arrows. Obviously, the residual 
hills/pits were the regions where transverse cracking 
last occurred. In addition, the diameter of the residual 
hills/pits was counted by Demo VegaTC software. 
Then, the equivalent width, the square root of region 
size of residual hills/pits, was obtained. The statistical 
width was about 4.78±0.77 μm. Besides, due to regular 
cracking, an array of nanochannels (the cracks with 
tens of nanometers in width) was produced, as shown 
in Fig. 3(g), which might be of potential applications in 
biology as nanofluid devices [45–48].  

3  Results 

3. 1  Crack pattern morphologies of 7YSZ splats 

The surface morphologies of 7YSZ splats were firstly 
examined, as shown in Fig. 3. Interestingly, most of crack 
patterns presented regularly rectangular morphologies 
at the deposition temperature from 100 to 600 ℃. During 
SEM observation, the substrate edges always kept 
parallel to the edges of SEM view field. It was found 
that, similar to the former results [35], vertical cracks 
for all the deposition temperatures were oriented at 45° 
angle to the substrate edge (which of <100> direction). 
This revealed <110> orientations for vertical cracks, 
which was consistent with the cleavage direction of 
7YSZ. Moreover, splashing finger readily occurred for 
the splats deposited at ≤ 200 ℃, as shown in Fig. 
3(a). This rarely occurred at the deposition temperature 
≥ 300 ℃. What is more, both interfacial delamination 
(namely, transverse cracking occurred at splat/substrate 
interface) and substrate spallation (namely, transverse 
cracking in substrate) took place at the deposition 
temperature ≤ 100 ℃, as shown in Fig. 3(b). But only 
substrate spallation occurred at the deposition temperature 
≥ 200 ℃. More interestingly, residual vertical cracks 
were widely observed on bare substrate (where the 

Interestingly, as shown in Fig. 3(h), several splats 
were of no vertical cracks leading to spallation of the 
intact splat from the substrate. Besides, the number of 
the intact splats increased gradually for the deposition 
temperature from 100 to 600 ℃ . In addition, the 
second splat which deposited on the first splat was 
occasionally observed, as shown in Figs. A(a)–A(e) (in 
Appendix). Interestingly, similar to the case of first 
splat, the crack patterns presented regular morphologies. 
However, severer spallation occurred during second 
splat deposition, as shown in Figs. A(d) and A(e) (in 
Appendix). This was probably attributed to the stress 
accumulation during second splat deposition. 

Additionally, the cross-sectional morphologies of 
 

    

    
 

Fig. 3  Surface morphologies of 7YSZ splats at the deposition temperature of (a, b) 100, (c, d) 300, (e, f) 400, and (g, h) 600 ℃. 
All crack patterns present regular morphologies. Intact splat without vertical cracks is clearly observed (h). The red arrows 
denoted the detailed crystallographic orientation. The dash blue circle in (b) showed the outline of splat. The pink arrows in (e), 
(f), and (h) represented the residual hills/pits. 
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the crack patterns were observed, as shown in Fig. 4. 
Almost all of the crack patterns presented parabolic or 
tile shapes at all the deposition temperatures. The 
interfaces between the splat and substrate were 
indistinguishable because of chemical bonding, as 
shown in Figs. 4(b)–4(d). In addition, the fracture 
surface was quite smooth, as shown in Figs. 4(a)–4(d). 
Compared with polycrystalline 7YSZ splats with sharp 
corners from columnar grains and intergranular 
cracking (see Figs. B(a) and B(b) in Appendix), the 
smooth fracture surface (Figs. 4(a)–4(d) and Figs. B(c) 
and B(d) in Appendix) clearly indicated single crystal 
was formed. Moreover, the degree of spallation 
gradually decreased as the deposition temperature 
increased from 100 to 600 ℃. However, the depth of 
the spallation nearly kept unchanged as the deposition 
temperature increased, which clearly indicated the 
stress was large enough to drive cracking during splat 
deposition. As expected, the residual hills or pits were 
also observed, which acted as convergent centers of the 
river patterns, as shown in Figs. 4(b) and 4(d). 

The orientation maps of the splats also were 
obtained by EBSD, as shown in Fig. 5. During EBSD 
observation, the substrate edge (<100> direction) was 
always kept parallel to the edge of the SEM view field. 
In this condition, the Euler coordinate system (X0, Y0, 
Z0, see inset in Fig. 5(a)) of splat was parallel or 
perpendicular to substrate edge (<100> direction). In 
addition, the inverse pole figures (IPFs, see the inserts 
in Fig. 5) apparently indicated the splats presented 
<001> orientations. Therefore, both the identical color 
between the splats and substrates and IPFs revealed  
 

that epitaxial growth readily occurred along <001> 
orientations for all deposition temperatures. This was 
well consistent with the anisotropic cracking in the 
splat, i.e., along <110> directions. This also resulted in 
straight and sharp cracks (which were parallel or vertical 
with each other) rather than zigzag cracks in polycrystalline 
7YSZ (see Figs. B(a) and B(b) in Appendix). Most 
importantly, epitaxial growth indicated chemical bonding 
and complete contact had been readily produced at 
splat/substrate interface during solidification for all 
deposition temperatures. This clearly revealed that the 
lamellar pores in the present study were from transverse 
cracking/spallation after solidification (namely, during 
cooling). 

In brief, both epitaxial growth and substrate spallation 
readily occurred in 7YSZ splat for all deposition 
temperatures. Apparently, epitaxial growth indicated 
chemical bonding and complete contact at splat/substrate 
interface. Substrate spallation clearly revealed the 
lamellar pores under 7YSZ splats resulted from 
transverse cracking. Because thermally sprayed coatings 
are piled up with individual splats layer by layer as 
shown in Fig. 1(a), it is thus believed that the inter-splat 
lamellar pores in thermally sprayed coatings mainly 
result from transverse cracking/spallation.  

3. 2  Crack spacing of 7YSZ splats 

The crack spacing of epitaxial 7YSZ splats was also 
explored for all deposition temperatures, as shown in 
Fig. 6. Because most cracks were parallel or vertical 
with each other, the crack spacing was defined as the 
vertical distance between two parallel adjacent cracks. 

    

    
 

Fig. 4  Cross-sectional morphologies of 7YSZ splats at the deposition temperature of (a, b) 100, (c, d) 300, (e, f) 400, and (g, h) 
600 ℃. All crack patterns presented parabolic/tile-like shapes. Substrate spallation was widely observed. The dash pink arrow 
in (d) presented the residual hills/pits. 

www.springer.com/journal/40145 
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Fig. 5  Orientation maps of 7YSZ splats at the 
deposition temperature of (a) 100 and (b) 600 ℃. The 
inverse pole figures (IPFs, the inserts) and the identical 
colors clearly indicated epitaxial growth readily occurred 
along <001> directions. The dash white circle showed the 
outline of splat. The white arrows with X0, Y0, and Z0 in 
(a) presented the crystal orientation coordinate system 
corresponding to [100], [010], and [001] orientation, 
respectively. 

 

At least 200 crack patterns (total 30 splats) were 
counted in every type of the splats by Demo VegaTC 
software to obtain mean crack spacing, as shown in Fig. 
6(a). The data were then sorted in ascending order. The 
average of the minimum 20 data points was taken as 
the minimum crack spacing, as shown in Fig. 6(b). 
Similarly, we took the maximum 20 data points to 
obtain the maximum crack spacing, as shown in Fig. 
6(c). In addition, the detailed distribution of crack 
spacing for deposition temperature of 300 ℃ was 
shown in Fig. 6(d). Apparently, all of the distribution 
presented exceptionally broad range. Compared with 
conventional 8 mol% YSZ (15–18 μm), LZ (12–14 μm) 
[49], and TiO2 material (~8.27 μm) [36], the mean 
crack spacing of 7YSZ (21–32 μm) was found to be 
much larger. Besides, the mean, minimum, and 
maximum crack spacings slightly increased as the 
deposition temperature increased from 100 to 600 ℃. 
More interestingly, the minimum crack spacing (3.3–  
8 μm, Fig. 6(b)) was comparable with the size of the  
 

residual hills/pits (4.78±0.77 μm). What is more, the 
maximum crack spacing was as large as 80 μm (Fig. 
6(c)), comparable with the diameter of the splat (Fig. 
3(h)). This clearly revealed that transverse spallation 
substantially occurred in crack patterns.  

4  Discussion 

4. 1  Special epitaxial growth  

7YSZ has high tetragonal phase stability [15,50,51]. 
However, epitaxial growth readily occurred for 
tetragonal 7YSZ splats on cubic 18YSZ substrate for 
all deposition temperatures, as shown in Fig. 5. 
Generally, thermally sprayed deposition was a highly 
nonequilibrium process due to the prohibitively rapid 
cooling rate which was as high as 104–108 K/s [30,31]. 
Compared with equilibrium growth process by 
conventional epitaxial technique such as molecular 
beam epitaxy, great undercooling was readily produced 
and the epitaxial growth by thermally sprayed deposition 
should be extremely hard. However, the epitaxial growth 
did occur. The anomalous epitaxial growth could be 
explained as follows. 

As we know, the raw materials were heated to their 
melting temperatures by plasma flow during thermal 
spraying, becoming molten droplet. The molten droplet 
then experienced impacting, spreading, solidifying, 
and cooling stages, finally becoming solid splat [23]. 
From the epitaxial growth prospective, thermally 
sprayed deposition was an essentially liquid-phase 
epitaxy process, in which the atoms were of prohibitively 
high mobility. These high-mobility atoms could readily 
rearrange on the smooth substrate ( ≈ 0.5 nm) at a 
high frequency. In addition, due to the absence of grain 
boundaries which probably disturbed the periodic 
order of atomic arrangement, these high-mobility atoms 

aR

    
 

Fig. 6  Statistical (a) mean, (b) minimum, and (c) maximum crack spacing of 7YSZ splats at the deposition temperature of 
100–600 ℃. (d) Detailed distribution of crack spacing of 7YSZ splats at the deposition temperature of 300 ℃. The crack 
spacing was distributed in a considerable range, which clearly implied delamination had already occurred during the splat 
deposition. 
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could easily form single-orientation splats.  

More importantly, before epitaxial growth/solidification, 
the molten droplet was accelerated by plasma and then 
impacted the substrate at a speed of ~200 m/s [30,31]. 
The great impact energy enforced the droplet spreading 
on the substrate at a speed of ~100 m/s [30,31], which 
made the spreading complete in an extremely short 
time (~1 μs) finally forming a thin liquid film. Besides, 
epitaxial growth apparently indicated complete contact 
at molten-splat/substrate interface, which resulted in 
strong directional heat transfer (from splat to substrate 
along the thickness direction). Indeed, the grains were 
generally columnar in thermally sprayed coatings, as 
shown in Fig. 1(b) and Figs. B(a) and B(b) (in 
Appendix). As a result, atoms in the thin liquid film 
only needed to diffuse and rearrange in a sufficient 
short range to fulfill large-scale uniform orientation 
(epitaxial growth). Compared with the characteristic 
time for short-range diffusion (~1 μs), the characteristic 
time for solidification of thermal spray splats was as 
large as 10–20 μs [30,31]. Therefore, both high mobility 
and short-range diffusion significantly contributed to the 
anomalous liquid-phase epitaxy. The anomalous epitaxial 
growth clearly revealed that thermal spray deposition 
was preferential to form chemical bonding. 

4. 2  Transverse cracking/spallation forming 
lamellar pores 

The epitaxial growth indicates the chemical bonding 
and complete contact (namely, no pores or voids) at 
molten-splat/substrate interface are formed before splat 
cooling. Therefore, the lamellar pores in the present 
study are apparently from transverse cracking/spallation 
rather than residual voids from splat solidification. 

It was reported that 7YSZ material was of high 
fracture toughness (as large as ~2 MPa·m1/2) [3,40]. 
However, the substrate spallation and residual vertical 
cracks substantially occurred. This clearly indicated 
the stress during deposition of highly tough 7YSZ 
splats was large enough to drive vertical cracking and 
transverse spallation. The existence of cracks is 
essentially the reason for the low strength and fracture 
toughness of thermally sprayed coatings compared to 
bulk material.  

4. 3  Intrinsic stress during splat deposition 

As stated before, large stress was produced during 
splat, driving transverse cracking/spallation. However, 
the detailed value of the stress was rarely known to us 

due to some reasons. Firstly, thermally sprayed deposition 
was characterized as extremely rapid cooling (the 
cooling rate as high as 104–108 K/s), and the time for 
the whole deposition process of splat was only 10–20 
μs [30,31]. Consequently, there was hardly a method 
which could measure the stress in real time, and the 
stress generally obtained was only the residual stress 
after severely cracking. Secondly, the method such as 
X-ray diffraction (XRD) and curvature technique was 
of low transverse resolution (~50 μs), which indicated 
the measured value was only an average value of the 
large region. Apparently, the stress distribution in the 
splat was extremely nonuniform because most of 
fragments (~20 μs) had both chemically bonded 
regions (tolerating the stress, ~6 μs) and lamellar pores 
(stress free). Indeed, the residual stress was reported to 
be usually on the order of ~100 MPa [38,39,52,53], 
which was apparently inconsistent with the real value 
driving transverse cracking/spallation of ceramics. In 
the present study, the cracks presented regular 
morphology due to epitaxial growth. This significantly 
contributed to the estimation of the stress value on the 
base of fracture mechanics such as cracking modes and 
crack spacing. 

4.3.1  Cracking modes of epitaxial splats  

The cracking with various modes in thin films has been 
deeply concerned due to its significant influence on 
film performance [54–61]. Because the substrate was 
much thicker than the splat, the stress in the splat was 
considered to be uniformly distributed along thickness 
direction, and this was ignored in the substrate [37,62]. 
In the present study, three failure modes mainly occurred, 
i.e., channeling [63,64], penetration [56,65,66], and 
spallation [54,57,61], as shown in Figs. 7(a), 7(b), and 
7(c), respectively. The typical image for the three 
failure modes was shown in Fig. 7(d). Generally, the 
steady-state energy release rate of the failure mode can 
be unified as [57,61,67]:  

 

2

ss
h

G
E


 Z  (1) 

where  , h, and E denote the stress, thickness, and 
Young’s modulus of the splat, respectively. In the 
present study, interfacial delamination (namely, 
transverse cracking at splat/substrate interface) only 
occurs at the deposition temperature of 100 ℃ . 
Therefore, the splat thickness is obtained on the base 
of the cross sections (where interfacial delamination 
occurs) and found to be about 0.5 μm. Moreover, Z is 
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the dimensionless number and related to 
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 ( , , / )Z g d h   (2) 

layered materials [72–77]. If only channel cracking 
takes place without penetration and spallation, the 
crack spacing (s) can be found as [70,74]: 

where the quantities   and   are Dundurs 
parameters [68] relying on the elastic dissimilarity 
between the splat and substrate. In the present study, 
they are equal to zero because of the splat and 
substrate having approximately identical properties. 
Furthermore, d represents the penetration or spallation 
depth during substrate damage. For single cracks 
(namely, the crack spacing is infinite), the steady-state 
dimensionless energy release rate Z is equal to be 
1.976, 3.951, and 0.343 corresponding to channeling 
crack [69,70], substrate penetration [57,61], and 
substrate spallation [59,61], respectively. The cracking 
occurs if the energy release rate follows: 

 
2

f 0/ 5.6 / ( )s h E  h  (5) 

where E  is Young’s modulus in plane stress and 
2/ (1 )E   in plane strain. Moreover, f  is the 

cracking resistance of the splat and 0  is the strain in 
the splat. It was reported that the two cracks failed to 
perceive each other when the crack spacing ( ) was 
larger than 8h [73,74].  

Compared with the case of channel cracking, the 
crack spacing when both channeling and substrate 
penetration occur without spallation (S) is much more 
complex and as a function of [75,78]: 

  (3) ssG ≥
 

2
0 f f

f s
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E hS

f
h h

 
 

 
 

   
 

H d

h
 (6) 

where  is the cracking resistance. In the present 
case, the cracking resistance can be expressed as 

, where 



2    denotes the specific surface energy. 
It was reported that the fracture toughness of tetragonal 
7YSZ polycrystals was as high as ~2 MPa·m1/2 [40]. 
However, the fracture toughness of single-crystal 
7YSZ should be revaluated, and the empirical relation 
approximately follows [71]: 

where H and s  are the thickness and cracking 
resistance of the substrate, respectively. In the present 
study, the substrate (having similar properties with the 
splat) is considered infinite. Therefore, Eq. (6) can be 
reduced to 

 / 3bE   (4) 
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Based on linear elastic fracture mechanics and weight 
function theory, the crack spacing of substrate 
penetration follows [78]: 

where b is the empirical constant and equal to 0.04 nm. 
Taking E of 7YSZ as 205 GPa, the specific surface 
energy (  ) is estimated to be corresponding to   
~2.74 J/m2 (corresponding to a fracture toughness of 
~1.06 MPa·m1/2, which yields ~1.84 MPa·m1/2 for 
polycrystalline 7YSZ). As a result, the stress 
corresponding to channeling crack, penetration, and 
spallation yields 1.07, 0.75, and 2.56 GPa, respectively. 
This clearly indicates large stress is produced during 
splat deposition.  

4
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where R and  are the cracking resistance number 
and its critical value (equal to 0.6607) [78]. The 
cracking resistance number R dictates:
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(9) 

In the case of penetration, cracking resistance ( ) is 
equal to 

fΓ
2 . Generally, the crack spacing of substrate 

spallation is rarely concerned and solved because the 

4.3.2  Crack spacing  

The crack spacing has been widely investigated in  
 

    
 

Fig. 7  Schematic diagram of the failure mode of (a) channel cracking, (b) substrate penetration, and (c) substrate spallation, 
where h, H, d, h, and  represented splat thickness, substrate thickness, penetration depth, spallation depth, and stress, 
respectively. (d) Typical image for the three failure modes. 
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spallation won’t stop until meeting another defects [57], 
namely, the crack spacing is usually considered infinite.  

In the present study, the crack patterns firstly 
experience penetration, then channel cracking, and last 
spallation. Therefore, the crack spacing is a result of 
the combined action of penetration and spallation. In 
this case, the normal crack spacing (S) has no use to 
sustain the mechanical equilibrium configuration. 
Inversely, the stress transfer from the splat to the 
substrate only takes place over the portion of the 
segment where no spallation propagates. This defines 
an effective crack spacing [77,79], which can be 
equivalent with this of pure penetration. The differences 
between the case with and without spallation only lie 
in the stored energy by delaminated composite beams 
in the former case. 

In the present study, the thickness of splats is ~0.5 
μm. It can be found that the mean and maximum crack 
spacings are much larger than splat thickness. Therefore, 
the minimum crack spacing can be approximately 
considered as the effective crack spacing. The fracture 
energy ( 2 ), elastic modulus (E), and Poisson’s ratio 
( ) of 7YSZ is about 5.48 J/m2, 205 GPa, and 0.22, 
respectively. In conjunction with Eq. (8), the cracking 
stress ( ) can be estimated, and the result is shown in 
Fig. 8. It should be noted that considerable strain 
energies were dissipated by spallation and residual 
stress in the delaminated composite beams. The actual 
value should be higher. All of these indicate that great 
cracking stress (~1.2 GPa) has already been produced 
during splat deposition.  

4.3.3  Origin of the cracking stress  

Although 7YSZ was of high fracture toughness, 
catastrophic cracking readily occurred. This indicated 
the stress was larger enough to drive any kind of 
cracking during splat deposition. Generally, the 
 

 
 

Fig. 8  Cracking stress during splat deposition estimated 
on the base of Eq. (8). 

quenching stress was considered to be the cracking 
stress during cooling process [23–25,39]. As we know, 
the quenching stress results from the temperature 
difference at difference positions, which dictates: 

 q t T     (10)  

where t  is the thermal expansion coefficient of 
7YSZ (~10.7×10–6

 K1). In the present study, the 
substrate is much larger and thicker than the splat. 
Consequently, the substrate can be considered as a vast 
reservoir during splat cooling. In addition, the depth of 
thermal diffusion in substrate is limited due to extremely 
short cooling time (~10 μs) [30,31]. Therefore, only 
localized substrate is severely heated, and the rest 
remains unaffected and cold. These cold surroundings 
exert strong constraints to the locally heated substrate. 
As a result, the substrate approximately keeps unchanged 
(without expansion and shrinkage) during the whole 
deposition. This means that the quenching stress is 
mainly from the temperature difference along the 
thickness of the splat. Based on Fourier heat conduction 
law and taking the linear distribution of the temperature 
in the splat, the heat flux (q) follows [80]: 

 

T T
q k k

x h

 
   


 (11) 

where k and ΔT are thermal conductivity and 
temperature difference of 7YSZ splat, respectively. In 
the case of taking ΔT to be 100 K, the heat flux is as 
high as 6×108 W/m2, comparable with power density 
of the common laser. This clearly reveals that 
temperature difference in thin 7YSZ splat (~0.5 μm) 
should be not too high. Additionally, the quenching 
stress is estimated to 219 MPa corresponding to the 
temperature difference of 100 K, which is much lower 
than the cracking stress. Therefore, the quenching 
stress is not the main source driving splat cracking. 

Naturally, the splat is free of stress during 
solidification process at prohibitively high temperature. 
The cracking stress must arise from the cooling 
process. It is important to note that the shrinkage 
during cooling process is much different between the 
splat and substrate. The splat shrinks corresponding to 
the temperature drops from solidification temperature 
( ) to room temperature (RT), while the substrate 
only corresponding to the temperature drops from 
deposition temperature ( ) to RT. Importantly, the 
chemical bonding at splat/substrate interface strongly 
prohibits the fully shrinkage of the splat. Therefore, 
tensile stress thus appears, which dictates: 

sT

dT
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)  (12) t s(T T    during splat cooling, was explored and estimated. It 
was found, that the mean and maximum crack spacings 
were much lager than the splat thickness, which clearly 
indicated transverse spallation substantially occurred. 
In addition, the stress was estimated to be ~1.2 GPa on 
the base of the minimum crack spacing. Combined 
with heat conduction analysis, the stress was convinced 
to be attributed to the constraint effect of the shrinkage 
of the splat by locally heated substrate and as high as 
~1.97 GPa, which was large enough to drive any kind 
of cracking in spite of high fracture toughness of 7YSZ. 
In conjunction with forementioned materials, we 
powerfully stated that the lamellar pores in thermally 
sprayed ceramic coatings were mainly from transverse 
cracking/spallation. All of these contributed to 
understanding the essential features of lamellar 
bonding and further tailoring the coating structures and 
performance. 

where T denotes the current temperature during splat 
cooling. Taking  and  to be 1500 and 600 ℃, 
the tensile stress is as high as ~1.97 GPa, which is 
comparable with the result from Eq. (9) and high 
enough to drive splat cracking. Therefore, the cracking 
stress is convinced to be from the constraint effect of 
the shrinkage of the splat by locally heated substrate. 

sT dT

5  Conclusions 

In this study, to clarify the formation mechanism of 
lamellar pores in thermally sprayed coatings, the splats 
of 7YSZ, which was of high fracture toughness, were 
investigated. The result showed that both epitaxial 
growth and substrate spallation readily occurred for all 
deposition temperatures. The anomalous epitaxial 
growth was attributed to high mobility and short-range 
diffusion, which revealed the formation of chemical 
bonding and complete contact at splat/substrate interface 
before splat cooling. However, the ubiquitous transverse 
spallation clearly indicated the lamellar pores under 
7YSZ splats were from transverse cracking/spallation 
in the chemical bonded regions during splat cooling. 
Subsequently, based on the fracture mechanics analysis, 
the stress, which drives transverse cracking/spallation 
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Appendix  Surface morphology of two layers of splats and polycrystalline 7YSZ splats  

 

                        
 

Fig. A  Surface morphology of two layers of 7YSZ splats. The pink and red dashed circles represent the first and second splats, 
respectively. Apparently, epitaxial growth of the second splat readily occurred on the first splat. 

 

       
 

Fig. B  Fracture surface morphology of polycrystalline and single-crystal 7YSZ splats on (a, b) Al2O3 and (c, d) 18YSZ 
substrates, respectively. Zigzag crack path and columnar grains with sharp corners were clearly observed in polycrystalline 
7YSZ splats (a, b), while the cross sections of single-crystal 7YSZ splats were quite smooth. 
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