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The fracture toughness of plasma-sprayed Al2O3 coatings in terms of critical strain energy release rate GIc

was investigated using a tapered double cantilever beam (TDCB) approach. This approach makes the frac-
ture toughness be measured only using the critical fracture load disregarding crack length during test. The
Al2O3 coatings were deposited under different spray distances and plasma powers to clarify the effect of
spray parameters on the GIc of the coatings. The fracture surfaces were examined using scanning electron
microscope. On the basis of an idealized layer microstructure model for thermal sprayed coatings, the theo-
retical relationship between the cohesive fracture toughness and microstructure is proposed. The correlation
between the calculated fracture toughness and observed value is examined. It was found that the fracture
toughness of plasma sprayed Al2O3 coatings is not significantly influenced by spray distance up to 110 mm,
and further increase in spray distance to 130 mm resulted in large decrease in the fracture toughness of the
coatings. The GIc value predicted based on the proposed model using lamellar interface mean bonding ratio
and the effective surface energy of bulk ceramics agreed well with the observed GIc data. Such agreement
evidently shows that the fracture toughness of thermally sprayed ceramic coatings at the direction along
coating surface is determined by lamellar interface bonding.

Keywords Al2O3, ceramic coating, fracture toughness, GIc, la-
mellar bonding ratio

1. Introduction

With the development of plasma spraying technology in the
last several decades, thermally sprayed ceramic coatings have
been successfully used in various industrial fields due to their
excellent wear-resistance, thermal-resistance, and corrosion re-
sistance, etc. When a thermal spray coating is used under a cer-
tain mechanical loading, the loading may cause the coating de-
laminating or spalling in service. This certainly leads to a
decrease in coating effective thickness or even direct exposure
of the substrate surface to operating environment. Many experi-
ments revealed that the failure of the coating occurs easily from
the interfaces between lamellae in the coating, for example, un-
der localized load such as in abrasive wear,[1] or erosion,[2] and
fracture mechanics test.[3-5]

The cohesive fracture along the interface between the lamel-
lae in the coating implies that the fracture toughness of thermal
spray coating depends much on lamellar bonding. Due to lack of
quantitative data of microstructure, especially, the data on the
lamellar structural parameters such as interface bonding and
mean lamellar thickness, etc., the fracture behavior and fracture
toughness values were explained only qualitatively based on the
microstructure examination or apparent porosity in the coating.
The comprehensive quantitative relationship between coating

structure and fracture toughness has not been established. The
recent development on the quantitative characterization of ce-
ramic coating microstructure using structural parameters[6,7] has
made it possible to clarify the relation between mechanical prop-
erties and microstructure of thermal spray coatings.[8] The cor-
relations between microstructure and both Young’s modulus[9]

and erosion rate[10] established in previous studies confirmed
that the layer structure of sprayed ceramic coating controls the
mechanical properties. It is considered that the fracture tough-
ness of thermally sprayed ceramic coatings depends also on the
microstructure,[4,5,11] especially on the lamellar microstructural
features of the coatings.

With regard to the measurement of coating toughness, the
double cantilever beam (DCB) approach appears to be most
widely used.[3,12-17] As to the standard uniform DCB specimen,
because the compliance varies nonlinearly with crack length, it
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Nomenclature

Fc critical load at which fracture occurs, N
B crack width, mm
C compliance of specimen at the point where load is

applied, 10−3 mm N−1

a crack length, mm
u displacement at the point where load is applied, mm
E Young’s modulus, GPa
x distance along the crack plane measured from loading

point, mm
h beam height at the distance x, mm
GIc fracture toughness, J m−2

Cp fracture path related constant
� Poisson’s ratio
� bonding ratio
�e effective surface energy J m−2
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is required that the crack length be correctly and accurately de-
termined for an accurate estimation of the fracture toughness in
terms of critical strain energy release rate.[18] As to thermally
sprayed coatings, however, McPherson et al. showed experi-
mentally that the critical strain release rate of the coatings
presents a dependency on crack length.[12-15] Therefore, it is cer-
tainly difficult to obtain accurate fracture toughness value for
similar coatings with the DCB specimens. As for the measure-
ment of critical strain energy release rate, Mostovoy et al. pro-
posed a modified contoured DCB (CDCB) specimen.[18] The
proper design of specimen configuration makes the compliance
of the test piece be proportional to crack length. Consequently,
the critical strain energy release rate, i.e., the fracture toughness,
depends only on the critical load to the fracture during measure-
ment. This approach makes the fracture toughness be measured
only using the critical fracture load disregarding crack length
during test.

Therefore, in the current study, to examine the dependency of
fracture toughness of ceramic coatings on lamellar structure, the
measurement of the fracture toughness was carried out using a
tapered double cantilever beam (TDCB) approach, which was a
simplified variation of CDCB test proposed by Mostovoy et al.
The measurement was performed with the alumina coatings
plasma-sprayed under different plasma powers and spray dis-
tances to reveal the dependency of the fracture toughness on the
lamellar bonding comparing with previous results. Accordingly,
a theoretical microstructural model for the fracture toughness of
ceramic coating was proposed and correlation with experimental
results was examined.

2. Experimental Procedures

2.1 Fracture Toughness (GIc) by the Tapered
DCB Specimen

The TDCB approach for the measurement of the fracture
toughness of ceramic coatings has been proposed elsewhere.[19]

Simple description is given as follows. According to the theory
of fracture mechanics, when using a DCB test the critical strain
energy release rate, GIc, can be expressed as follows[20]:

GIc =
Fc

2

2 B

�C

�a
(Eq 1)

Where Fc is the critical load at which fracture occurs, B the crack
width, C the compliance of specimen at the point where load is
applied, and a the crack length. Following Eq 1, the fracture
toughness GIc is a function of �C/�a besides the critical load and
specimen geometry. For the DCB specimen, �C/�a is also a
function of crack length. This implies that the accurate crack
length should be known for accurate measurement of GIc.

According to strength of materials, the compliance is the ra-
tio of displacement to applied load:

u = CF (Eq 2)

where u is the displacement at the point where load is applied.
For the DCB specimen, the compliance C can be expressed as
follows[21]:

C =
24

EB �
0

a x2

h3dx +
6�1 + ��

EB �
0

a 1

h
dx (Eq 3)

Where E is Young’s modulus, � is Poisson’s ratio, x is the dis-
tance along the crack plane measured from loading point, and h
the beam height at the distance x.

Referring to the approach proposed in Ref 18 and taking � =
1/3, then, Eq 3 becomes

C =
8

EB �
0

a �3x2

h3 +
1

h�dx (Eq 4)

Accordingly,

�C

�a
=

8

EB �3a2

h3 +
1

h� (Eq 5)

Therefore, �C/�a is the function of crack length and beam
height at crack front for the DCB approach. Noticing that the
beam height is not necessarily a constant and may be the func-
tion of crack length, following Mostovoy’s proposal that the
specimen is designed so that �C/�a = constant, the GIc in Eq 1 is
reduced to be the function of the critical load only. Such de-
signed specimen was named as CDCB, as shown in Fig.1 sche-

Fig. 1 Configuration and dimensions of the CDCB specimen[12] and
the TDCB specimen (unit: cm)
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matically. In the current study, the contoured beam was ma-
chined into straight surface for the convenience of machining,
which was referred to as the TDCB specimen. The dimensions
of the specimen used in the current study are also shown in Fig.1.
With the dimensions in the Fig. 1, the term in the parenthesis in
Eq 5 becomes a constant 4. Due to the use of the straight line
instead of a contoured curve, the error will occur to the �C/�a,
which is a function of crack length. Solid line in Fig. 2 shows the
relative error of the beam height at crack tip in the TDCB speci-
men compared with that in the CDCB specimen against the
crack length. It can be found the maximum relative error of beam
height is less than 16% when the TDCB specimen is used instead
of the CDCB specimen.

2.2 Materials and Coating Deposition

The Al2O3 powder used was nominally commercially pure
alumina, which had a particle size from 20-40 µm. Mild steel
was used as substrate.

The Al2O3 coatings were deposited on the sandblasted sur-
face to a thickness from 500 to 700 µm using a commercial
plasma spray system (GP-80, Jiujiang Plasma Spray Factory,
Jiujiang, China, 80 kW class). Argon was used as primary
plasma operating gas and hydrogen was used as auxiliary gas.
The pressures of both argon and hydrogen were operated at 0.7
and 0.4 MPa, respectively, during spraying. The flow of the pri-
mary gas was fixed to 47 l/min. Nitrogen was used as powder
feed gas. Plasma jet was operated to deposit the coating at two
power levels: 32.5 kW (650 A/50 V) and 39 kW (650 A/60 V).
The deposition of the coatings was performed at four different
spray distances: 70, 90, 110, and 130 mm, respectively, at two
power levels. For each coating, at least six specimens were used
for the fracture toughness measurement.

2.3 Fracture Toughness Test

In the present experiment, the contoured side of the beam was
machined into straight surface and referred as the TDCB speci-
men. The dimensions of the specimen were shown in Fig.1. The
width of the specimen was 12.5 mm. The TDCB specimen de-

posited with the coating was bonded to another coupling TDCB
specimen without coating but with surface blasted using com-
mercial adhesive (E-7, Shanghai Research Institute for Syn-
thetic Resins, People’s Republic of China). The curing of the
adhesives was performed at 100 °C for 3 h. A pre-crack of 10-12
mm long with respect to the loading point was prepared through
limiting the bonding of the coating to the coupling TDCB speci-
men by the adhesive. The test was performed using Instron 1195
(Canton, MA) type tensile tester (Load cells: 1 N to 100 kN,
Crosshead speed range: 0.05-50 mm/min) at a crosshead speed
of 5 × 10−5 m/min following the ASTM-E-399 standard. The
loading and displacement of specimen were recorded simulta-
neously.

To ensure the accuracy of the test, only the specimen frac-
tured in coating based on the examination of fractured surface
was regarded as effective results, which were used to calculate
the fracture toughness of the coating. The fractured surface was
also examined using scanning electron microscopy (SEM) tech-
nique to examine the fracture behavior.

2.4 Calibration of Compliance

Ostojic and McPherson[12] have reported for the DCB test
that the compliance tests on coated arms yielded the results iden-
tical to those for uncoated specimens. Based on those results, the
test was performed with the specimens without coating for the
calibration of compliance prior to the test of the deposited speci-
mens in the current study. Two TDCB specimens, which were
only blasted with alumina grit similar to coating process, were
bonded together with the adhesives to give non-bonded area to a
certain length from 10-35 mm as a pre-crack. The test was also
performed following the ASTM-E-399 standard.

Figure 3 shows the relationship between compliance and
crack length for the TDCB specimens used in the current study.
The results yielded a reasonably linear relation between the
compliance and crack length. The solid line shown in Fig. 3 rep-
resents the result obtained using least square fit technique which
yielded the following correlation with a coefficient of 0.973 in
the range of pre-cracks from 10-35 mm.

C = 2.369 � 10−6 a − 9.25 � 10−6 (m�N) (Eq 6)

Fig. 2 Relative error of the beam height at crack tip in the TDCB
specimen compared with that in the CDCB specimen against the crack
length

Fig. 3 Loading point compliance against crack length for the TDCB
specimens; the solid line is obtained by the least square data fit
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Accordingly, �C/�a = 2.369 × 10−6 (m/N). Taking width of
specimen, i.e., width of crack, B = 12.5 mm, and substituting
�C/�a in Eq 1, for the present TDCB specimen,

GIc = 9.48 � 10−5 F c
2 �J�m2) (Eq 7)

Accordingly, by measuring only the critical applied load at
fracture, the fracture toughness GIc can be obtained with Eq 7.

3. Experimental Results

3.1 GIc Test Results

Figure 4 shows the effect of spray distance on the mean frac-
ture toughness of Al2O3 coatings plasma-sprayed at two powers
of 32.5 and 39 kW obtained by the TDCB approach. At plasma
power of 39 kW, the coating yielded the mean fracture tough-
nesses of 24.4, 26.6, and 24.7 J/m2 at spray distances of 70, 90,
and 110 mm, respectively. It can be found that the fracture
toughness of plasma sprayed Al2O3 coatings was not signifi-
cantly influenced by spray distance up to 110 mm. When spray
distance was increased to 130 mm, the mean fracture toughness
of the coating was reduced remarkably to 13.7 J/m2.

When the coatings were deposited at a power of 32.5 kW, a
similar tendency of the fracture toughness on spray distance can
be recognized with that observed at a power of 39 kW. The coat-
ings yielded the mean fracture toughnesses of 21.1, 20.9, and
21.2 J/m2 at spray distances of 70, 90, and 110 mm, respectively.
Meanwhile, the mean fracture toughness of the coating depos-
ited at spray distance of 130 mm was reduced to 13.0 J/m2.

Berndt et al.[3,15] reported a mean fracture toughness of 12-
28 J/m2 for plasma sprayed Al2O3 coatings, which were deter-
mined using the uniform DCB specimen. It can be recognized
that the present results agree well with the reported data despite
the effect of spray conditions. Therefore, the present measure-
ment using TDCB approach yielded reasonable results.

Compared with the GIc results of the coatings shown in Fig. 4,
it can be found that plasma power presented limited influence on
the fracture toughness of Al2O3 coatings at present power range,
although a higher power was associated to a little high mean
fracture toughness at spray distance less than 110 mm. More-
over, there is no significant influence of spray distance on frac-
ture toughness of plasma sprayed Al2O3 coatings up to spray
distance of 110 mm. When spray distance was increased from
110 to 130 mm, however, it was clearly found that the fracture
toughness was decreased rapidly to a relatively low level.

The previous investigation of the microstructure of plasma-
sprayed alumina coatings has revealed quantitatively the bond-
ing ratio (the ratio of the total bonded area to the total apparent
interface area) between lamellae in the coating and its depen-
dency on plasma power and spray distance using copper plating
approach.[22] Based on those results, it can be found that the
bonding ratio reached to 32% under plasma conditions, which
can melt substantial spray particles. The bonding ratio was also
not changed for spray distance from 80 to 100 mm and dropped
to a rather low level of about 17.8% when spray distance was
increased to 150 from 100 mm. The present test results of coat-
ing fracture toughness yielded clearly the same dependency on
plasma power and spray distance with those of lamellar bonding
ratio. This fact means that fracture toughness of ceramic coating
will be dominated by lamellar bonding in the coating.

3.2 Fracture Topography

Figures 5 and 6 show typical surface morphologies of frac-
tured Al2O3 coatings compared with those of as-sprayed coat-
ings deposited at two different spray distances under plasma
power of 39 kW. The examination of fractured surface demon-
strated that most fractured surface area presented a similar mor-
phology to those of the as-sprayed coating surface. This implies
that the cracks were preferable to propagate along the interface
area between lamellae in the coating where there exists a great
deal of non-bonded interface areas.[6,7] Such propagation of the
cracking caused cohesive fracture. This fact has already been
pointed out by previous investigation.[3] The similarity of the
morphology of most fractured surface to that of the as-deposited
splat confirmed that cohesive cracking occurs along the non-
bonded interface areas. Therefore, it can be considered that the
fracturing of the bonded areas between lamellae contributes pri-
marily to the fracture toughness value of the coating.

On the other hand, the examination into fracture pattern also
revealed that the fractured surface presented the terrace mor-
phology. Such pattern suggests that cohesive cracking of ce-
ramic coating occurs also through trans-lamellae through pre-
existed vertical microcracks net[6,7] to accommodate an easily
propagating route. However, since vertical cracks are mainly
through-splat ones in one single individual lamella,[6] this fact
suggested that the trans-lamellar propagation of the cracking
would not increase the fracture toughness of the coatings signifi-
cantly. The limited bonding at the interface area provides essen-

Fig. 4 Effect of spray distance on the mean critical strain energy re-
lease rate of plasma-sprayed Al2O3 coatings at plasma power of 39 and
32.5 kW
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tially the gateway for crack to propagate through. Accordingly,
the fracture toughness of spray coating will be dominated by
lamellar bonding.

4. Relationship Between Lamellar
Bonding and Fracture Toughness of
Ceramic Coatings

4.1 Microstructural Model

Plasma sprayed ceramic coating presents a typical lamellar
microstructure. The individual layers in the coating primarily
have a quenched fine microstructure. However, it has been re-
vealed that there exists only much limited bonding between la-
mellae.[6,23] Based on the examination by TEM[23] and visual-
ization of detailed microstructure by using copper electroplating
to alumina coating,[6] an idealized microstructure model for
coating structure, as shown in Fig. 7, was proposed.[8] In such a
model, the coating presents an ideal layered structure. The indi-
vidual layers have the identical thickness. And the limited
bonded areas are distributed between the adjacent layers. The
total bonded interface fraction is defined as the bonding ratio
(�), which is the ratio of the total bonded area to the total appar-

ent interface area. At the non-bonded interface area, there exist
interlamellar gaps, which can be considered as the pre-existed
microcracks. Moreover, the vertical microcracks are usually ob-
served in ceramic splat too.

4.2 Relationship Between Lamellar Bonding and
Fracture Toughness of Thermal Spray
Coating

For bulk ceramic materials, the critical strain energy release
rate, i.e., fracture toughness (GIc) is generally expressed as[24]

GIc = 2�e (Eq 8)

where �e is effective surface energy.
When a load is applied perpendicularly to layer direction of

the sprayed coating with an ideal microstructure as shown in Fig.
7, the crack will be initiated from a nonbonded interface area and
then propagated from the interfaces between lamellae in the
coating. For such cohesive fracture of coating, GIc can be simply
expressed by the following equation:

GIc = 2 Cp�e� (Eq 9)

where Cp is a fracture path related constant, which depends on
the tortuosity of flattened particle in thermally sprayed coating,

Fig. 5 Typical surface morphology of fractured Al2O3 coating com-
pared with that of the as-sprayed coating at plasma power of 39kW and
spray distance of 110 mm: (a) after fracture test, (b) as-sprayed

Fig. 6 Typical surface morphology of fractured Al2O3 coating com-
pared with that of the as-sprayed coating at plasma power of 39kW and
spray distance of 130 mm: (a) after fracture test, (b) as-sprayed
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i.e., the surface roughness of splat surface or deposited coating.
For a coating consisting of well flattened particles, Cp ≈ 1.
Therefore, the fracture toughness in the direction along lamellae
depends primarily on the bonding ratio between lamellae.

4.3 Correlation With Experimental Data

For sintered bulk Al2O3, �e varied from 25 to 45 J/m2 as grain
size was decreased from about 20 to less than 2 µm.[25] This
yields a GIc of around 90 J/m2 for bulk Al2O3 with fine grain
structure of less than 2 µm based on the Eq 8.

Previous studies have quantitatively characterized the micro-
structure of plasma sprayed Al2O3 coatings using the structural
parameters such as interface mean bonding ratio, mean lamellar
thickness and vertical microcrack density.[6,7] According to
those results, the bonding ratio between lamellae was influenced
by spray parameters including spray distance and plasma power.
The bonding ratio of the coating deposited under spray distance
up to 100 mm was increased from 24% to a saturated level of
about 32% with the increase in plasma power when using SG-
100 spray gun. This means that for the optimized certain high
plasma power level, the lamellar bonding does not change sig-
nificantly. When the spray distance was increased from 100 to
150 mm, a rapid drop of the bonding ratio to 17.8% was ob-
served. The present measurement results indicated clearly the
similar dependency of fracture toughness on spray distance to
that for the lamellar bonding ratio on spray distance reported
previously[7] even though different spray systems were applied.

Taking account of the fine structure in individual splat in
sprayed coating observed usually (for example, Ref 26) and
bonding ratio data, using the proposed model (Eq 10), and taking
Cp =1 and �e = 45 J/m2, GIc value from 22 to 29 J/m2 for spray
distance up to 100 mm, and 14.7-16.2 J/m2 at spray distances
from 150 to 200 mm can be expected for �-Al2O3 coating.

Generally a thermally sprayed Al2O3 coating mainly consists
of �-Al2O3.[26] Although the data of effective surface energy of
�-Al2O3 is not available, it may be expected to be only a little
lower than that of �-Al2O3. Although the practical fracture of the
coating from lamellae occurs trans-lamellae through vertical
cracks in a splat, compared the calculated values from the bond-
ing ratio to the observed results mentioned above, it can be found
that the observed GIc is well consistent with the calculated ones
from the interface bonding ratio. Therefore, the relationship pro-
posed in the current study between the fracture toughness and
lamellae bonding ratio for plasma sprayed ceramic coatings rep-
resents well the dependence of fracture toughness of thermally
sprayed coating on its microstructural feature. Accordingly, the
fracture toughness of the coating along the lamellar direction can
be reasonably predicted when the effective surface energy of
individual splats and the bonding ratio between splats are
known.

4.4 Effect of Spray Parameters on Coating
Toughness

Generally, the properties of a thermal spray coating depend
on its microstructure, which is determined by spraying condi-
tions. The present results demonstrated clearly that GIc of
plasma-sprayed Al2O3 coatings varied with plasma power and
spray distance. The good correlation between the observed GIc

and that estimated by the lamellar bonding ratio based on the
model mentioned above indicates that the influence of spray
conditions on GIc effects through the lamellar bonding ratio.

Kingery et al. reported that an increase in sintering tempera-
ture will raise the consolidation rate significantly.[27] The con-
tact angle of molten metals on cemented tungsten carbides de-
creased very rapidly with the increase in temperature of molten
metal when there were wetting phases to molten metal in the
cemented carbides.[28] Therefore, it would be reasonable to con-
sider that a high temperature of a spray particle prior impact on
substrate results in a high mean bonding ratio between lamellae
in the coatings. According to the influence of plasma power on
the particle temperature and velocity during plasma-spraying, a
certain plasma power, say, about 22 kW, is necessary to melt
most powders[29] although it can be considered that this power
level depends on spray gun design. Accordingly, the increase in
plasma power results in an increase in particle velocity and little
change in particle temperature. The effect of increase in power
input on particle heating is to increase the number of particles,
which are completely molten with little change in the mean tem-
perature near the melting point. Therefore, when the power in-
creased from 32.5 kW to 39 kW it can be considered that the
mean particle temperature increased little, which resulted in
little change of the mean bonding ratio. Consequently, the GIc

showed no significant change under the present power condi-
tions. On the other hand, the investigation into the influence of
spraying distance on the distribution of mean particle tempera-
ture showed that when spray distance increased from 120 to 140
mm, the particles of mean temperature lower than the melting
point increased substantially.[29] The previous study of the la-
mellar bonding ratio of plasma-sprayed Al2O3 coating revealed
an abrupt drop when spray distance was changed from 100 to
150 mm. The present measurement results indicated clearly the
similar dependency of fracture toughness on spray distance to

Fig. 7 Ideal model for the microstructure of thermally sprayed coat-
ing: (a) view of the plane parallel to lamellae plane, (b) view perpen-
dicular to lamellar plane. The vertical cracks occur in the coating
sprayed with brittle materials such as ceramics. For the coating sprayed
with ductile metal the vertical cracks should be neglected.
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that of the lamellar bonding on spray distance reported previ-
ously,[22] even though different spray systems were applied.
Therefore, the fracture toughness of spray coating at the direc-
tion along coating surface is determined by the mean bonding
ratio between lamellae, which is influenced by spray conditions.

5. Conclusions

The effect of plasma power and spray distance on the fracture
toughness of plasma sprayed Al2O3 coatings was investigated
using a TDCB approach. This approach has an advantage of
measuring the fracture toughness of the coating by only using
fracture load without knowing the crack length at the fracture
compared over the standard DCB approach. The measurement
by the TDCB approach yielded the mean fracture toughness GIc

from 13 to 27 J/m2. These data were consistent well with those
reported previously in the literature using standard uniform
DCB specimen.[3]

It was found that spray distance did not influence signifi-
cantly the fracture toughness of plasma sprayed Al2O3 coatings
up to 110 mm. However, a further increase of spray distance
from 110 to 130 mm resulted in a large decrease in the GIc of the
coatings despite plasma power. This tendency was consistent
with the dependency of the interface mean bonding ratio on
spray distance reported previously.[7]

On the basis of the idealized layer microstructure model for
thermal spray coating, the relation between cohesive fracture
toughness along lamellar direction and interface bonding was
proposed. The fracture toughness predicted based on the model
using lamellar interface mean bonding ratio and the effective
surface energy of bulk ceramics exhibited the reasonably good
agreement with the observed GIc data. It was clear that the co-
hesive fracture toughness of thermally sprayed ceramic coating
is determined by the interface bonding between lamellae. Due to
the anisotropic characteristics of layer structure, the present
model proposed is applied where the stress is perpendicular to
the layer plane.
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