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The elastic modulus of plasma-sprayed top coating plays an important role in thermal cyclic lifetime of
thermally sprayed thermal barrier coatings (TBCs), since the thermal stress is determined by the sub-
strate/coating thermal mismatch and the elastic modulus of top coating. Consequently, much attention
had been paid to understanding the relationship between elastic modulus and lamellar structure of top
coating. However, neglecting the intra-splat cracks connected with inter-splat pores often leads to poor
prediction in in-plane modulus. In this study, a modified model taking account of intra-splat cracks and
other main structural characteristics of plasma-sprayed yttria-stabilized zirconia coating was proposed.
Based on establishing the relationship between elastic modulus and structural parameters of basic unit,
effects of structural parameters on the elastic modulus of coatings were discussed. The predicted results
are well consistent with experimental data on coating elastic modulus in both out-plane direction and in-
plane direction. This study would benefit the further comprehensive understanding of failure mechanism

of TBCs in thermal cyclic condition.

Keywords elastic modulus, intra-splat cracks, lamellar
structure, thermal spray

1. Introduction

Thermally sprayed ceramic coatings are widely used as
thermal barrier coatings (TBCs) in both aircraft engines
and land-based gas turbines due to their thermal insulating
and erosion alleviating performance at high temperature.
TBCs generally consist of a bond-coat with excellent
oxidation resistance and a top-coat with a high thermal
insulating performance. The bond-coat is typically made
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of MCrAlY (M =Ni, Co, NiCo, CoNi) alloy or NiAl-based
intermetallics to mitigate essentially the spallation failure
of TBCs. At operating conditions, high-temperature
exposure results in the formation of thermally grown
oxide between the top-coat and bond-coat, which serves as
an oxygen ionic diffusion barrier to retard the further
oxidation of bond-coat (Ref 1-5). For the top-coat, a
preferred choice is yttria-stabilized zirconia (YSZ) due to
its desirable comprehensive properties: low thermal con-
ductivity, relatively high thermal expansion coefficient
(leading to a relatively low thermal mismatch between the
top-coat and superalloy substrate), and favorable
mechanical performance such as high toughness. Cur-
rently, two most popular techniques, namely plasma
spraying (PS) and electron-beam physical vapor deposition
(EB-PVD), are widely employed to deposit the YSZ top-
coat. The PS still occupies a dominant position due to its
features of fast, flexibility, and low cost as well (Ref 6-8).

PS ceramic coatings are formed by lamellar splats
resulting from molten droplet impacting, flattening, rapid
solidification, and finally lying nearly parallel to the sub-
strate (Ref 9, 10). Three types of pores, namely globular
pores, inter-splat pores, and intra-splat cracks, can be
found in PS ceramic coatings, as shown in Fig. 1 presented
with (a) fractured cross section and (b) surface of a splat.
The inter-splat pores generally with an in-plane orienta-
tion (parallel to substrate) result from imperfect bonding
between lamellar splats (Ref 11, 12). Intra-splat cracks
running through the thickness of individual splats are
originated from quenching stress (Ref 11, 12). Large
globular voids arise from incomplete filling of molten
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droplets into the rough surface of the prior deposit (Ref
13). This complex porous microstructure leads to low
thermal conductivity, low stiffness, and high strain toler-
ance for PS ceramic coating. The elastic modulus of the PS
ceramic coating shows significant anisotropy due to the
above-mentioned complex porous structure. Compared
with dense zirconia with a Young’s modulus of 200-
220 GPa (Ref 14, 15), the out-plane modulus of PS-YSZ
coating is often 1/10-1/5, while the in-plane modulus is
often 1/4-1/2 (Ref 14, 16-22). Because the stored elastic
strain energy release rate, which determines the spallation
lifetime of TBCs when reaching to or over the critical
strain energy release rate (Gj.), is directly proportional to
the in-plane modulus of top-coat under a given strain (Ref
23), it is of great significance to obtain a low elastic
modulus and retain this low modulus for a long thermal
exposure duration. Therefore, it becomes more necessary
and challenging towards the development of high perfor-
mance and durable TBCs to achieve further deeper
understanding of the relationship between microstructure
and elastic modulus.

There have been several papers oriented to establishing
models to predict elastic modulus with three types of

(a)

Intra-splat microcracks
\

\

Fig. 1 Porous coating structure of PS ceramic coatings (Ref 24).
(a) Three types of voids in fractured cross section of PS-YSZ. (b)
Intra-splat cracks in plane-view
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voids, i.e. globular voids, inter-splat pores, and intra-splat
cracks. Kroupa et al. (Ref 25) reported an analytical
model for the plasma-sprayed ceramic coatings by insert-
ing the three types of pores in an isotropic and homoge-
neous dense material. Their predicted results showed that
the coating modulus in in-plane direction is related to
overall porosity and out-plane crack density, while the
coating modulus in out-plane direction is related to overall
porosity and in-plane crack density. This model clearly
shows the dependence of coating modulus on the corre-
sponding perpendicular pores. Based on this model,
Sevostianov et al. (Ref 26) further introduced a scattering
factor for pore orientation and gave a better explanation
on the anisotropy of elastic behavior. The pores in the
above-mentioned analytical models are artificially in-
serted.

In order to further reveal more real pore characteristics
(such as size distribution and location distribution), finite
element modeling (FEM) was employed as an alternative
method to predict elastic modulus of PS TBCs (Ref 27,
28). The finite element model formed from cross section
images of coatings was directly applied. There is no doubt
that FEM can deal with the irregular pore shape, pore-size
distribution, and location distribution, which are limited
by analytical models because of the complexity of pore
structure.

The common characteristic of the above-mentioned
methods is the isolated pore structure in a continuous
material. However, PS ceramic coatings possess a contin-
uous pore structure in a continuous material, since most of
inter-splat pores and intra-splat cracks are connected to
each other. This is why the PS ceramic coatings present a
poor corrosion resistance (Ref 29-34) and a poor gas
tightness (Ref 35-39). However, this important intrinsic
characteristic of PS ceramic coatings has not been taken
into account in the above-mentioned methods.

In order to understand the essential role of connected
pore structure on the coating modulus, models based on
the connection between inter-splat pores and intra-splat
cracks have to be developed. Based on lamellar structure,
Li et al. (Ref 40) proposed a structural model by disk-
shaped splats stacking with limited bonding area. Com-
pared to the methods in the former paragraphs, this model
presented a structure with connected inter-splat pores in
each layer. The predicted elastic modulus in out-plane
direction agreed well with a wide variety of experimental
data (Ref 41-44). Unfortunately, intra-splat cracks were
not yet taken into account in this model, and the resulted
in-plane modulus of PS ceramic coatings would behave as
the corresponding bulk materials. This is obviously far
from experimental data.

In this work, a modified model with connected pore
structure (connected inter-splat pores and intra-splat
cracks) was developed based on lamellar structure with
intra-splat cracks. Elastic moduli in both out-plane direc-
tion and in-plane direction obtained from modeling were
compared with experimental results with an aim at fun-
damentally understanding the influence of intra-splat
cracks on the coating modulus. This would provide further
possibility to tailor the microstructure of top-coat for en-
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hanced mechanical properties towards the development of
advanced TBCs.

2. Framework of the Model

2.1 Model Development

The structure of thermally sprayed ceramic coatings
typically modeled by Li et al. (Ref 40) is shown in Fig. 2.
In this model, disk-shaped splats with thickness of 1-3 pm
stacked together, which are presented clearly from the
plan view of lamellar interface (Fig. 2a, in which 2R refers
to the diameter of a single splat resulting from a molten
droplet, 2a refers to the diameter of bonding area between
two splats) and the cross section of coating (Fig. 2b). The
limited bonding ratio (the ratio of bonded inter-splat area
to the whole splat interface) results in the formation of
inter-splat pores.

The essential features of PS ceramic coatings can be
summarized as follows: (i) lamellar structure with inter-
splat pores in in-plane direction, (ii) intra-splat cracks in
out-plane direction (the original disk-shaped splat is di-
vided into small segments by intra-splat cracks), and (iii)
connected pores system of inter-splat pores and intra-splat
cracks. As a result, the basic unit composing the whole
coating is divided in segments by intra-splat cracks. In
order to capture these features, similar to the model of Xie
et al. (Ref 24), this study follows the cubic unit (termed as
structural unit in following text) based on the splat seg-
ment divided by intra-splat cracks, as shown in Fig. 3. The
structural parameters of a structural unit include length
(0), thickness (0), and bonding ratio (¢, which can be
obtained by the ratio of bonding area na“ to segment area
C%). As a detailed demonstration, Fig. 3(a) shows the
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Fig. 2 Idealized model of PS ceramic coating structure (Ref 40):
(a) plan view of lamellar interface and (b) cross section of coating
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idealized single layer composed of basic structural unit
with corresponding structural parameters based on a
sprayed single splat, Fig. 3(b) shows the stacked pattern of
three layers aiming at presenting the bonding positions of
a structural unit with other units in upper and lower layers
(U1, U2, U3, U4 refer to the structural units in upper
layer, while L1, L2, L3, L4 are structural units in lower
layer), and Fig. 3(c) shows the plan view of the structural
unit including bonding region with upper and lower layers.

In the present model, the structural unit is the basic
unit to compose the whole structure, just like the fact that
the splat segment works as the basic unit to compose the

Single layer segments
(a) g y ¢

Single segment (Structural unit)

¢, Deposition direction

U1 . us
L S Upper layer (U)
./'
. 7 7 Structural unit (S)
QN o s ¥, iy
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,=l£'_l:1 ______ I'l_____l‘_?’_ e
vd Vi
," 2’ '/L4

(b)
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Fig. 3 Modified structural model for PS ceramic coating. (a) An
idealized single layer based on a sprayed single splat composed of
basic structural unit with corresponding structural parameters,
(b) the stacked pattern of three layers, and (c) plan view of
structural unit including bonding areas. The blue-filled-cylinders,
red-filled cylinders, and black-filled cylinders refer to the bonding
area of upper layer (blue cubes of U1, U2, U3, and U4), struc-
tural unit (red cube) and lower layer (black cubes of L1, L2, L3,
and L4), respectively. 2a, C, and o refer to the diameter of splat
bonding area, length, and thickness of segment, respectively. In
order to show clearly stacking mode of upper layer and structural
unit without mixing, the bonding areas locating at the bottom
centers of L1 and L3 are not shown (Color figure online)
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whole coating. The assumptions are as follows: (i) all
structural units are assumed to be of cubic shape with the
same parameters including unit length and unit thickness
(same as splat thickness), (ii) the bonding area between
one structural unit and the under layer is located at the
bottom center of the structural unit, (iii) the structural
units are randomly stacked on the lower layer, and (iv) the
structural units in upper layer keep the same in-plane
position with those in lower layer, namely U1, U2, U3, U4
are obtained by moving up L1, L2, L3, L4 perpendicularly.
Based on these assumptions, every structural unit has the
same bonding conditions in top surface and bottom sur-
face, as shown in Fig. 3(c). Accordingly, the structural
units in each layer are exactly the same, which result in the
composed layers are always the same perpendicular to the
deposition direction. However, due to the assumption (iii)
mentioned above, the structural units in neighboring lay-
ers are not always corresponding with each other along the
deposition direction. For example, the S in Fig. 3(b) can-
not be obtained by moving L directly along deposition
direction. Since the U and L have the same in-plane
position, the two-layer-bonded structure, such as S-L, will
be much easier to work as the periodic unit to make up the
whole coating.

2.2 Boundary Conditions

The calculation of elastic modulus was carried out by
Abaqus. Due to the periodic symmetry of the idealized
structure in this model (Fig. 3b), any periodic part can be
used to calculate the macroscopic properties with periodic
boundary conditions. To simplify the calculation, a peri-
odic pattern was used in this model as a calculating unit,
where a whole upside structural unit (S) stayed with four
parts of downside structural units (L1, L2, L3, and L4), as
shown in Fig. 4(a). The calculating unit was obtained by
cutting L1, L2, L3, and L4 along the boundary of struc-
tural unit in the deposition direction, so L1/, L.2', L3’, and
L4’ are the divided parts of L1, L2, L3, and L4, respec-
tively. The A, B, C, D and A/, B’, C/, D' refer to green
points in sections of L2’ and L1, respectively. Figure 4(b)
presents the arrangement of full structure in Abaqus with
ten layers stacking for calculation in a particular case
termed as uniform distribution, which means that the
bonding area in the bottom of a structural unit possesses
equal areas of four lower segments, as shown in Fig. 4(c).
Due to the periodic properties, the A-B-C-D cross section
of L2" will have consistent deformation behavior with the
A’-B’-C'-D’ cross section of L1’, because they are bonded
together. The conditions are the same with cross sections
in L3 and 14'. Periodic boundary condition was intro-
duced to the cross section of lower layer to make sure
corresponding strain behavior under stress is totally same
(assuming no debonding occurred during applying load).
The detailed procedure of periodic boundary condition
can be acquired referring to Zhang and Wang (Ref 45).

In out-plane direction, the stacking of calculating unit
also brings about the same strain behavior for corre-
sponding black and blue bonding area. However, meshing
on three-dimensional structure with circle area makes it
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Fig. 4 Structural model of this study. (a) The schematic diagram
of a calculating unit extracted from Fig. 3b, in which L1’, L.2', L3,
and L4’ are the divided parts of L1, L2, L3, and L4, respectively.
The A, B, C,D and A’, B, C', D’ refer to green points in sections
of L2’ and L1/, respectively. (b) The arrangement of full structure
in Abaqus with ten layers stacking in uniform distribution. (c)
The reverse side of uniform distribution with one part missing

difficult to introduce periodic boundary condition. Thus,
ten layers (5 calculating units) were chosen to approach it
(Fig. 4b). At bonded area, the parts get together with the
Tie constraints. At non-bonded area including intra-splat
cracks, the contact interaction property was set as Hard
contact allowing separation after Surface-to-Surface con-
tact. During meshing, the element shape was set as Tet
with standard element library, and the size of global seeds
was 0.25 um. All parts of the calculating unit were set as
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Fig. 5 Surface morphologies of 8 wt.% YSZ powders: (a)
HOSP; (b) FC. The inset in (a) exhibits the hollow feature of
HOSP powder by cross section. The inset in (b) shows the dense
structure of FC powder by cross section

homogeneous solid. The Young’s modulus and Poisson’s
ratio of fully dense YSZ were taken as 205 GPa and 0.23
(Ref 46), respectively.

The x-z plane was taken as the reference plane which is
perpendicular to the deposition direction. To obtain
elastic modulus in out-plane direction (y-axis, i.e., depo-
sition direction), the displacement was applied on bonding
area. While for in-plane direction, the x-axis and z-axis
will show consistent elastic behavior due to the symmetry
of the structure. In this study, the displacement was ap-
plied on cross section area along x-axis, and then the
stress-strain curve can be obtained through the curve of
reaction force and displacement.

3. Experimental Procedure

As a beforehand work, it is necessary to determine the
proper ranges of structural parameters for the typical
plasma-sprayed YSZ coating to explore the influence of
structural parameters on elastic modulus, which aims at
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Table 1 Parameters of atmospheric plasma spraying

Parameters Values
Plasma arc voltage, V 70
Plasma arc current, A 600
Flow rate of primary gas (Ar), L/min 50
Flow rate of secondary gas (H,), L/min 7
Flow rate of powder feeding gas (N;), L/min 7
Spray distance, mm 80
Torch traverse speed, mm/s 800

providing valid support to achieve structure tailoring for
better performance. Accordingly, two types of commercial
8 wt.% YSZ powder with very different size distribution
were used to obtain relatively reasonable and broad ran-
ges of parameters. One type of YSZ powder is hollow
spheroidized powder (HOSP, —75 to + 45 um, Metco
204B-NS, Sulzer Metco Inc., New York, USA, as shown in
Fig. 5a), and the other is fused-crushed powder (FC, 5-
22 pum, Fujimi, Aichi, Japan, as shown in Fig. 5b). They
were both sprayed on stainless steel substrate to get YSZ
coatings using a commercial plasma spray system (GP-80,
80 kW class, Jiujiang, China). The insets in Fig. 5 indicate
that the powder structure of FC is solid with dense particle
packing, while the HOSP is hollow with loose particle
packing and a larger surface area. Compared with the
HOSP powders, it is quite easier for the FC powder to get
complete single splats with little splashing. This will
facilitate in obtaining the accuracy of segment length and
thickness. Accordingly, besides the coating deposition, the
FC powders were also deposited onto the polished YSZ-
sintered ceramic substrate with a preheated temperature
of 400 °C to acquire complete single splats aiming at
decreasing the difficulty of estimation for the thickness
and size of splat segments. The plasma spray parameters
are shown in Table 1.

The surface and cross-sectional morphologies of YSZ
(including coating and single splats) were observed using
scanning electron microscopy (SEM, TESCAN MIRA 3,
Czech). The elastic modulus in both directions was mea-
sured by Knoop indentation (KI for short, BUEHLER
MICROMET 5104, Akashi Corporation, Japan) (Ref 16)
at a test load of 300 g holding for 30 s.

4. Results and Discussion

4.1 Determination of Segment Parameters

The segment thickness (J) was measured from the cross
sections of both sprayed YSZ coatings and single splats.
For the YSZ coatings, both fractured cross sections and
polished cross sections are shown in Fig. 6 and 7, in which
the inseted figures refer to the magnified regions marked
in red thinner boxes. Lamellar structure can be clearly
observed in both coatings deposited with different pow-
ders. A global view of lamellar thickness can be obtained
roughly with a broad range. However, besides some splats
with a thickness of 0.5-2 um, some other much thicker
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Fig. 6 The morphology of fractured cross section of YSZ
coatings deposited with different powders: (a) HOSP and (b) FC.
The inseted figures refer to the magnified regions marked in red
thinner boxes (Color figure online)

lamellae can also be found in Fig. 6 and 7. Although the
thicker lamellae might result from the bonding between
individual splats, it is quite difficult to accurately distin-
guish individual splats. Therefore, it is more appropriate
to examine the splat thickness from the cross sections of
individual splats deposited on polished substrate surface
to further confirm the rationality of range obtained from
coating cross sections, as shown in Fig. 8 with different
splat thickness (0.8-1.2 um (a) and ~1.4 um (b)), in which
the inseted figures refer to the magnified regions of thin-
ner red boxes. It can be clearly found from Fig. 8 that the
splat thickness is mainly ranged in 1-2 um. This result is
consistent with previous studies (Ref 47, 48) to quantita-
tively characterize lamellar structure of plasma-sprayed
ceramic coatings.

The surface morphologies of YSZ coatings and single
splats are used to examine the segment shape and length (C),
as shown in Fig. 9. In detail, Fig. 9(a) and (b) refer to coat-
ings deposited with HOSP powder and FC powder, respec-
tively. Figure 9(c) refers to a single splat deposited with FC
powder. Some clear splats can be distinguished from
Fig. 9(a)-(c), although rough surface morphologies were

1360—Volume 24(8) December 2015

20 pm

Fig. 7 The polished cross section of YSZ coatings deposited
with different powders: (a) HOSP and (b) FC. The inseted fig-
ures refer to the magnified regions marked in red thinner boxes
(Color figure online)

primarily observed from coating surface. The disk-shaped
splats were divided into small segments by the intra-splat
cracks. The intra-splat cracks proceed randomly in direction,
and thereby the segments presented irregular shapes. Con-
sidering the assumptions of cubic segment, the average
length (C) of segments can be obtained from Eq 1 (Ref 49),
in which an apparent area of fixed region (100 x 100 pm? for
coating surface and circle splat area for single splats) was
divided by amount of segments to get an assumed square
area (C?). The average length of segments obtained from
single splats and coating surface was shown in Fig. 10. It can
be found that the average length of the segment in single
splats was about 7-10 pm, which was smaller than the results
obtained from coating surface (about 10-16 pm) in in-plane
direction despite of powder types.

A
-

where C refers to the average length of a segment, A re-
fers to the apparent area of a fixed region, N refers to the
amount of segments in the fixed region.

(Eq 1)
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Fig. 8 The morphology of fractured single YSZ splats on pol-
ished YSZ substrate surface with different thickness: (a) 0.8-
1.2 ym and (b) ~1.4 um. The inseted figures refer to the magni-
fied regions marked in thinner red boxes (Color figure online)

The discrepancy between the test results acquired from
single splats and from coating surface may be attributed to
the variation of substrate surface conditions. The single
splat was obtained by spraying powder on polished sub-
strate with elevated temperature. While, for the deposi-
tion of top layer (coating surface) without preheating, the
substrate was the pre-deposited splats which present a
rough morphology with un-melted powders inclusion (Ref
50). On the one hand, both the rough surface acting as the
substrate for the top layer deposition and the lower
depositing temperature result in a lower bonding ratio
(Ref 51). On the other hand, the rough surface dispersed
the force of solidification contraction leading to intra-splat
cracks. As a result, the crack network in a single splat was
denser than in coating surface. In other words, the seg-
ments divided by intra-splat cracks in a single splat were
smaller than those on the coating surface.

The powder size of FC (5-22 um) is much smaller than
HOSP (45-75 pm). However, the powder structure of FC
is dense, while the powder structure of HOSP is hollow
with loose particle packing and a larger surface area. This
indicates that these two kinds of powders with size dif-
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Fig. 9 The surface morphology of YSZ coatings and a single
splat. (a) YSZ coating deposited with HOSP powder, (b) YSZ
coating deposited with FC powder, and (c) a single splat sprayed
on polished YSZ substrate by using FC powder. The inseted
figures in (a) and (b) refer to the regions marked in red thinner
boxes, respectively (Color figure online)

ference actually have rather commensurate volumes.
Considering that the melting process of powder by plasma
is mainly based on surface heating, the size difference of
molten droplets between HOSP and FC is not so obvious.
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Fig. 10 The average length of segments obtained from single
splats and YSZ coating surface deposited with HOSP and FC
powders
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Fig. 11 The stress-strain curve and the obtained elastic modulus
with varying layers stacking. (a) The stress-strain curve in in-
plane direction along x-axis under the condition of 10 pm length,
1 pm width, and 28% bonding ratio with ten layers stacking. (b)
The elastic modulus vary with stacking layers in both directions

Therefore, there is no significant difference on the size of
segments between these two coatings from the view of
splats.

For inter-segment bonding ratio, papers (Ref 9, 13, 47,
48) focusing on structure visualization of plasma-sprayed
alumina coating have revealed a bonding ratio range of 10-
32% without special substrate preheating. The visualization
of void structure of plasma-sprayed YSZ coating also yiel-
ded a similar bonding ratio range of 10-32%. Some bonding
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ratio-dependent properties, such as fracture toughness in
terms of critical strain energy release rate of plasma-sprayed
alumina coating (Ref 13, 52) and ionic conductivity of
plasma-sprayed YSZ at room temperature (Ref 53), were
about 20-30% compared with corresponding bulk materi-
als, which was consistent with the bonding ratio mentioned
above. As a consequence, a bonding ratio of 20-36%, a
thickness of 0.8-1.6 pm, and a length of 8-16 pm were cho-
sen to set as the ranges of structural parameters to reveal
their influence on elastic modulus.

4.2 Influence of Unit Structural Parameters

To examine the influence of structural parameters on
elastic modulus in both directions, the uniform distribu-
tion of bonding areas was chosen to reveal these trends.
As a preliminary work, the stress-strain curve in in-plane
direction along x-axis under the condition of 10 pm length,
1 pm width, and 28% bonding ratio is shown in Fig. 11(a),
from which the elastic modulus can be obtained. The
elastic modulus in both directions varying with stacking
layers were shown in Fig. 11(b). No obvious variation in
the elastic modulus is observed after ten stacking layers (5
calculating units), which validates the choice of ten layers
to approach periodic conditions in out-plane direction.
This way of linear behavior of stress-strain can be applied
to other conditions with different parameters to get elastic
modulus. The effect of structural parameters on elastic
modulus was shown in Fig. 12 demonstrated with (a)
bonding ratio, (b) thickness, and (c) length. It can be seen
that the elastic moduli in both directions become larger
(Fig. 12a) with the increase of the bonding ratio when the
length and thickness were set as 10 and 1 um, respectively.
The thickening of splat segment with a constant bonding
ratio of 28% and a constant length of 10 um leads to a
nearly linear decrease of elastic modulus in in-plane
direction and a nearly linear increase in out-plane direc-
tion (Fig. 12b). The lengthening of segment with a con-
stant bonding ratio of 28% and a constant thickness of
1 pum results in a decrease of elastic modulus in both in-
plane direction and out-plane direction (Fig. 12c).

For structural units stacking with uniform distributed
bonding areas as shown in Fig. 4(b) and (c), the bonding
areas were located at the center of bottom surface and
four corners of top surface. During the loading procedure,
the bonding areas transmit load among structural units,
while the free parts without the constraint of bonding area
play a dominant role on the whole deformation.

In addition, strain tolerance, which is related to the
structure and material, characterizes the comprehensive
deformation without much damage. Excellent strain tol-
erance often relies on low elastic modulus (Ref 12, 14).
Decrease in bonding ratio reduces the connection extent
between segments, while lengthening and thickening of
segment enlarge the distance of bonding areas between
neighboring layers in in-plane direction and out-plane
direction, respectively. All these facts increase free part to
behave without constraint and enhance strain tolerance,
which leads to the drop of elastic modulus in in-plane
direction.
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For out-plane direction, the load applying leads to
bending of segment between the bonding areas in top and
bottom surface, which results in the fact that the bending
strain at non-bonded areas plays an essential role on
elastic modulus in out-plane direction (Ref 40). Thicken-
ing of segment increases the difficulty of bending under
load. Increasing the bonding ratio or decreasing the length
of segment shortens the distance between the bonding
areas in neighboring layers, which leads to the decrease of
bending moment and increase of elastic modulus in out-
plane direction. It can also be found from Fig. 12 that the
inter-splat pores, whose orientation is mostly parallel to
the substrate, also have significant influence on elastic
modulus in in-plane direction besides out-plane direction.
Similarly, the intra-splat cracks show the dependence of
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coating modulus on not only their corresponding vertical
direction (in-plane direction), but also their parallel
direction (out-plane direction). This means that a con-
nected pore system including inter-splat pores and intra-
splat cracks is necessary to estimate the effective modulus
in both directions.

For TBCs deposited on the Ni-based super alloy, the
mismatch of thermal expansion coefficient between coat-
ing and substrate during thermal exposure results in in-
plane strain perpendicular to the deposition direction (Ref
54). The excellent strain tolerance is necessary to help
TBCs in baring certain strain without much damage on
structure. It can be found from Fig. 12 that the moderate
reduction in bonding ratio, thickening, and lengthening of
segments will result in the drop of elastic modulus in in-
plane direction. This may provide some supports to tailor
plasma-sprayed TBCs with better performance.

4.3 Comparison Between the Model Prediction
and Experimental Results

As mentioned above, the inter-splat bonding ratio has
obvious influence on elastic modulus in both directions. In
addition, the bonding area distribution also affects the
strain tolerance in this model. If the uniform distribution
of bonding areas is set as the initial state, then possible
representative positions of bonding area will be located in
a region marked by triangle ABC due to the fact that the
symmetry of structure results in the same behavior when
bonding area moves out of triangle ABC, as shown in
Fig. 13(a). The distribution of bonding area starts from
moving along the BA line and ends in moving along the
BC line, which will lead to the least and the most influence
on elastic modulus, respectively. For example, Fig. 13(b)
shows the structural unit resulting from bonding area
moving along the BC line in plane-view. The corre-
sponding elastic modulus (fixing length, thickness, and
bonding ratio as 10 um, 1 pm, and 28%, respectively) in
in-plane direction along x-axis (Fig. 13c) and out-plane
direction along y-axis (Fig. 13d) clearly showed that the
uniform distribution of bonding areas leads to the highest
value in in-plane direction and the lowest value in out-
plane direction. Because the uniform distribution of
bonding areas results in the strongest connection of seg-
ments, the largest elastic modulus is obtained in in-plane
direction. The moving of bonding area relaxes the con-
nection of segments to a certain extent and enhances
strain tolerance, which leads to a lower elastic modulus in
in-plane direction. On the contrary, as shown in Fig. 13(b),
the uniform distribution of the bonding areas results in the
largest distance (R0) without bonding constraint in in-
plane direction. This means the easiest bending deforma-
tion and the smallest elastic modulus in out-plane direc-
tion could be achieved (Fig. 13d). As the centers of the
bonding areas gradually move to each other, the distance
of the free bending region decreases correspondingly
(Fig. 13b, RO > R1 > R2 > R3), which makes the
bending become harder and harder when applying a load
in out-plane direction. As a result, the strain tolerance
reduces and elastic modulus increases in out-plane direc-
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tion (Fig. 13d). The limit position, which means that the
centers of bonding areas in neighboring layers are totally
coincident, would result in absolute relaxation for struc-
tural units in in-plane direction by intra-splat cracks. In
other words, there is no connection between the structural
units in one layer, because the bonding area will be lo-
cated at the top center of the lower structural unit rather
than at the intra-splat cracks. From the view of whole
structure, the intra-splat cracks in every layer will be
connected directly in out-plane direction at limit position.
This is similar to the structure produced by plasma-
spraying physical vapor deposition (PS-PVD) (Ref 55, 56)
if the width of columnar equals to segment length. When
the structural units remove connection, the strain toler-
ance in in-plane direction will be increasing apparently.
However, the through-thickness cracks obtained by con-
nection of intra-splat cracks will enhance the possibility of
coating debonding and reduce the durability of TBCs (Ref

c

57, 58). What is worse, this would also decrease the
coating toughness, while increase the tendency of coating
spallation. For out-plane direction, the elastic modulus of
limit position will be directly related to the bulk YSZ and
bonding ratio.

For the final results, average values of random dis-
tributed bonding areas in triangle ABC can be obtained to
compare with experimental results. Figure 14 shows the
comparison between model prediction and experimental
results from both references and present work with (a) in-
plane direction and (b) out-plane direction. It can be seen
that the model captures the main elastic modulus range
for PS-YSZ in both in-plane direction and out-plane
direction. Among these results, the results obtained by the
resonant ultrasound spectroscopy (a non-destructive
technique with excluding the effect of inelastic behavior
caused by opening of cracks (Ref 18)) step closer to this
work, because both reflect the very essential influence of
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Fig. 13 The random distribution of bonding areas and the corresponding elastic modulus. (a) The representative region (green triangle
ABC) of bonding areas distribution with a plane-view of structural unit in Fig. 3(b), (b) the structural unit in plane-view resulting from
bonding areas moving along BC, (c) the corresponding elastic modulus in in-plane direction, and (d) the corresponding elastic modulus in
out-plane direction. The red points stand for the centers of red circles, the blue points stand for the centers of blue circles, the pink arrows
stand for the distance of bonding area centers between red and blue circles. RO, R1, R2, and R3 stand for the distances free from bonding

to deform without constraint (Color figure online)
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Fig. 14 Comparison between model prediction and experi-
mental results: (a) in-plane direction and (b) out-plane direction

inter-splat pores connected with intra-splat cracks. The
Knoop indentation results from references were also
consistent with this study, because its indentation scale is
several times (about 70-100 pm) of the splat segments
(Ref 19-22) and thus a good measurement based on the
connection of splat segments can be obtained. As shown in
Fig. 7, though lamellar structure with connected pores
system can be found in both coatings with high magnifi-
cation, the coating deposited by HOSP shows some larger
scale cracks in both directions compared with coating
deposited by FC powders. Apparently, the coating de-
posited with FC powders shows essential structure of PS-
YSZ in most region, which means that inter-splat pores
connected with intra-splat cracks play a dominant role on
strain tolerance. However, large-scale cracks act certain
effect in HOSP coating. Consequently, compared with the
YSZ coating deposited with HOSP powders, the experi-
mental values of YSZ coating deposited with FC powders
step closer to the model predicted results. Some deviations
still exist because the complexity of real structure is still
much larger than this idealized model with regular unit
shape and flatten stacking lamellae.

4.4 Comparisons Between Models

In Fig. 15, the in-plane elastic modulus normalized by
the bulk material acquired from the referenced models (Ref
25, 26), locating at the left side of the red solid line) and the
present model locating at the right side of the red solid line
were compared. Moreover, the normalized experimental
data acquired from both several references and this study
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Fig. 15 The comparison of elastic modulus normalized by bulk
material in in-plane direction between referenced models (Ref
25, 26, locating at the left side of the red solid line) and the
present model locating at the right side of the red solid line. The
normalized experimental data acquired from both several refer-
ences and this study were also introduced for comparison, as
shown in left side (Ref 59) and right side (Ref 18, 20-22 and this
study) of the red solid line, respectively (Color figure online)

were also introduced for comparison, as shown in left side
(Ref 59) and right side (Ref 18, 20-22 and this study) of the
red solid line, respectively. It can be found that the model
based on lamellar structure with connected inter-splat pores
and intra-splat cracks has obvious advantage on the esti-
mation of elastic modulus of PS ceramic coating in in-plane
direction compared with indentation measurement results,
whose range cannot be captured by the models developed
by Kroupa et al. (Ref 25) and Sevostianov et al. (Ref26) due
to neglecting the connection of both flaws. About half more
drop compared with bulk materials is also consistent with
previous measurement study on elastic modulus of PS
ceramic coatings (Ref 18-22). These results further show
that the introducing of intra-splat cracks connected with
inter-splat pores makes significant contribution to excellent
strain tolerance. A view insight into single-splat segments to
develop models predicting mechanical and thermal prop-
erties (Ref 24) takes a closer step to reveal the essential
characteristics of PS ceramic coating. There are also some
other important features being neglected, like the unflat-
tened stacking of lamellae and not totally perpendicular or
parallel pores, thus a further work may focus on a combi-
nation of real structure with FEM and structural models.

5. Conclusions

A modified model based on lamellar structure with con-
nected inter-splat pores and intra-splat cracks was devel-
oped to predict elastic modulus in in-plane direction and out-
plane direction. Results showed that, by capturing the very
essential features of PS-YSZ coatings, the model gave good
prediction on elastic modulus in both directions compared
with experimental results. Compared with other models, this
work also showed obvious advantage on estimating elastic
modulus by introducing intra-splat cracks and connected
pores system, especially in in-plane direction. On account of
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the idealized model unit with length, thickness, and bonding
ratio simplified from splat segments, this work also gave the
relationship between elastic modulus and structural
parameters. Based on this modified model, a more effective
and reasonable design on structure of YSZ coatings could be
achieved in future, so as to obtain more excellent strain
tolerance to undergo thermal exposure.
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