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The Young’s modulus of individual layer in thermal barrier coating (TBC) system is an important
mechanical property because it allows determining the parameters of materials mechanics in the TBC
system. In this study, we investigated the accuracy of the evaluation method for the Young’s modulus of a
TBC layer according to the first bending resonance of a multilayered specimen comprising a substrate,
bond coating, and TBC. First, we derived a closed-form solution for the Young’s modulus of the TBC
layer using the equation of motion for the bending vibration of a composite beam. The solution for the
three-layered model provided the Young’s modulus of the TBC layer according to the measured reso-
nance frequency and the known values for the dimensions, mass, and Young’s moduli of all the other
layers. Next, we analyzed the sensitivity of these input errors to the evaluated Young’s modulus and
revealed the important inputs for accurate evaluation. Finally, we experimentally confirmed that the
Young’s modulus of the TBC layer was obtained accurately by the developed method.

Keywords composite beam, elastic modulus, MCrAlY, res-
onance, thermal barrier coating, yttria-stabilized
zirconia

1. Introduction

Thermal barrier coatings (TBCs) are used for protect-
ing the hot sections of gas-turbine engines and jet engines
in order to lower the temperature of the underlying
superalloy substrate. The TBC system consists of the TBC,
a MCrAlY (M: Co and/or Ni) bond coating (BC), and the
superalloy substrate. The TBC typically comprises yttria-
stabilized zirconia and is deposited by thermal spraying.
The MCrAlY coating is a protective coating that is used to
protect the substrate from high-temperature oxidation and
corrosion. The development of new materials and pro-
cesses for high-performance coatings has been promoted
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because increasing the temperature of the turbine inlet
enhances the thermal efficiency of the engines. For
example, EB-PVD TBC with a columnar structure (Ref 1,
2) and segmented TBC with vertical cracks (Ref 3, 4) have
been developed for the improvement of the turbine life-
time by relaxing the in-plane thermal stress. Furthermore,
new processes (Ref 5, 6) for noble microstructures have
been developed.

The Young’s modulus of individual layer in TBC sys-
tem is an important mechanical property because it allows
determining the parameters of materials mechanics in the
system, such as the thermal stress, residual stress, and
interfacial fracture toughness. The calculation of Young’s
modulus from a freestanding TBC is easier than that from
a TBC system. However, it is difficult to extract free-
standing TBCs from columnar and segmented TBC sys-
tems, which have recently become important. Thus, the
development of a determination method for the Young’s
modulus of the TBC layer using a TBC system specimen is
essential.

The techniques used to measure the Young’s modulus
of TBC layer can be classified into three: mechanical-
loading, resonance, and pulse-echo methods. The
mechanical-loading methods are the most basic and are
based on the direct measurement of the deformation
resistance of the test material. For a TBC system speci-
men, the bending test is easy to perform and useful (Ref 7-
11). On the contrary, the tensile test is difficult for an
asymmetric specimen because of residual stress. Indenta-
tion tests (Ref 12, 13) which are one of the mechanical-
loading methods, are also applicable to TBC system
specimens. However, the obtained modulus is the value of
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local area and depends on the magnitude of the indenta-
tion load. The pulse-echo method is based on the principle
that the velocity of sound in a material depends on the
elastic modulus of the material. This method has appli-
cations to TBC system specimens (Ref 14, 15). However,
using this method, the evaluation of the in-plane Young’s
modulus, which is important for stress calculation, is
generally difficult. The resonance method is based on the
principle that the resonance frequency of a material de-
pends on its elastic modulus. This method has few appli-
cations to TBC system specimens (Ref 16, 17) because the
TBC system consists of three materials: TBC, BC, and
substrate. There has been no analytical model of a three-
layered system for the Young’s modulus of the TBC top
coating (TC). Determining a resonance frequency is easier
and can be done more accurately than determining a
deformation resistance. If the resonance method is ex-
panded to a three-layered specimen, it will become a
powerful technique.

In this study, we derived a closed-form equation for
determining the Young’s modulus of TBC layer in a TBC
system specimen. The Young’s modulus and thickness of
the TBC layer are generally approximately one order of
magnitude lower than those of the substrate. Conse-
quently, the Young’s modulus of the TBC layer for a
multilayered specimen is considerably sensitive to exper-
imental errors. This causes a large error in the obtained
Young’s modulus. Therefore, we investigated the deter-
mination accuracy analytically and revealed the important
inputs for accurate evaluation. Finally, we experimentally
investigated the accuracy of the method for some typical
TBCs and showed its effectiveness.

2. Evaluation Method for the Young’s
Moduli of the Coatings Using the
Bending Resonance of a Multilayered
Specimen

2.1 Single-Layer Specimen

According to the dynamic beam vibration theory,
without shear deflection and rotary inertia, the deflection
W(x, t) and resonance frequency f are expressed by Eq 1
and 2, respectively. The constant B is determined by
boundary condition, and B=4.730 for the first-mode
vibration with free ends (Ref 18).

*wW W
f= B (e (Eq 2)
T2 \pa) d

where E, I, p, A, and L are the Young’s modulus, moment
of inertia of area, density, sectional area, and length. The
deflection W is expressed by a trigonometric function and
hyperbolic function. The node is located 0.224L from the
ends of the specimen, as shown in Fig. 1. The equation for
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Fig. 1 First modal shape of free bending vibration of a beam
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Fig. 2 Composite beam of the three-layered model consists of
the substrate, BC, and TC

determining the Young’s modulus can be derived from
Eq 2. For the single-layer specimen, the equation for
determining the Young’s modulus is defined by ISO
17561:2002*, as shown in Eq 3, on the basis of Eq 2.

2 3 2
E:0.9465><be X (%) X 1+6.585(%) } (Eq 3)

Here, M = pbhL is the mass of the specimen, and b and &
represent the width and thickness, res;)ectively. The
coefficient 0.9465 is derived from 4n* x 12/p*, and
[1+6.585(h/L)?] is the approximate correction factor (~1)
for the effects of the shear deformation and rotary inertia.

2.2 Multilayered Specimen

Chiu et al. (Ref 19) proposed the following bilayer
model without the correction factor for the effects of the
shear deformation and rotary inertia using the composite-
beam theory:

p? S ElLN

f - anz Z P,‘Ai (Eq 4)
L

The subscript term i represents the ith layer, where i=1, 2
in the case of the bilayer model. We proposed a three-
layered model comprising a TC, BC, and substrate, as
shown in Fig. 2. Here, y is the distance from the neutral
axis, as shown in Fig. 2; n is the distance of the neutral axis
from the top surface; and Y is the distance from the top
surface, as shown in Fig. 2. The n is given by the Young’s
modulus of the TC, and the moment of inertia of area /
includes n. By substituting Eq 5 into Eq 4, we derive a
closed-form equation for the Young’s modulus of the TC,
as shown in Eq 6.

*Fine ceramics (advanced ceramics, advanced technical ceram-
ics)—test method for elastic moduli of monolithic ceramics at room
temperature by sonic resonance, ISO 17561:2002.
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S2E; [ YdA;
n= =1 3 A y Ii = /ysz, (Eq 5)
ZE,'A, A;
i=1
~B+ VB —4AC
E. = E
¢ A (Eq 6)
A=p'n
B =2h,

—247*f*mL? /b

dimensions of the specimen, the Young’s moduli of all the
other layers, and the mass of the specimen. Generally, in
the case of the TBC system specimen, the Young’s mod-
ulus and thickness of the TC are approximately one order
of magnitude lower than those of the substrate. Conse-
quently, the modulus of a TC for a TBC multilayered
specimen is considerably sensitive to experimental errors.
This causes a large error in the obtained Young’s modulus.
The sensitivities of the method to input errors were
investigated analytically as follows. Assuming a typical
TBC system specimen, E =190 GPa, E,=110 GPa,

B*[Evhy (2h% + 3hehy, + 2h%) + Egh{2h% + 3hch + 613 + 6hy (he + hy) + 2h2}]

C= B“{Etz;hé + 2Ey Eshyhg (Zh% + 3hphs + 2h§) + thf}
— 48 f2mL3 (Eyhy, + Eshs) /b

m = bL(hep, + hopy, + hsps)

B = 4.730.

Here, b and & represent the width and thickness, respec-
tively. The subscripts “‘c,” “b,” and ‘s’ represent the
ceramic TC, the BC, and the substrate, respectively. The
variable m represents the mass of the specimen and is ex-
pressed by the density of each layer. The Young’s modulus
of the TC can be obtained from the resonance frequency fof
the TBCsystem specimen, if the dimensions and mass of the
specimen and the Young’s moduli of all the other layers are
known. The calculation does not require the density of each
layer but rather the mass of the specimen, which is easy to
measure. Equation 6 does not consider the effects of the
shear deformation and rotary inertia; therefore, we should
select a slender specimen: (hs+ Ay, + h.)/L < 1.

The equations for determining the BC Young’s modulus
using a BC system specimen comprising a BC and a sub-
strate are also derived from Eq 6, with the subscript “‘c”
replaced by “b” after setting h,=0. The equations for
determining the substrate Young’s modulus using a sub-
strate specimen are also derived from Eq 6, with the sub-
script “‘c” replaced by “‘s”” after setting A, =0 and Ay =0. The
equation is identical to Eq 3 with a correction factor of 1.

Further, Eq 6 can be converted for determining the
Young’s modulus of any layer. The Young’s modulus of
any unknown layer of the system can be determined, if the
dimensions and mass of the specimen and moduli of all the
other layers are known.

3. Sensitivity of the TBC System Model to
Errors

As shown in section 2.2, the Young’s modulus of the
TC can be determined from the measured frequency, the
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E.=25GPa, hg=2mm, h,=0.1, h.=0.2-0.7 mm,
L=90 mm, b=10 mm, p,=8265 kg/m>, p,=6,600 kg/m>,
and p.=5,405 kg/m®> were the input values used in the
calculations. Here, the densities were used for evaluating
the mass m. Figure 3 shows the ratio of Young’s moduli
calculated with and without error introduced into a par-
ticular input parameter. If the ratio is close to 1.0, the
method can be considered insensitive to the input error.
The horizontal axis in Fig. 3 denotes the relative thickness
of the objective coating normalized by the substrate
thickness, including the thickness of the BC for the TBC
system specimen. The sensitivity of the BC system speci-
men for the Young’s modulus of the BC is also plotted in
Fig. 3. The calculation conditions were the same as the
TBC system specimen except for A, =0.1-0.5 mm. Addi-
tionally, the sensitivities of four-point bending (4 PB)
(Ref 9), which are the methods using the (i) load-coating
strain, (ii) load-substrate strain, (iii) coating-substrate
strain, and (iv) load-deflection are plotted.

Figure 3(a) shows the sensitivity to the error of the
measured frequency f. An error of only +1% was input in
the case of Fig. 3(a). Figure 3(a) shows that the resonance
method is the most sensitive to the error as compared with
the 4 PB methods; an error of +1% causes a large error in
the obtained Young’s modulus. However, the measured
resonance frequency barely exhibited any error, because
an error due to the measurement system generally does
not significantly superpose on the resonance frequency. It
will be understood from section 4.4 of experimental
Young’s modulus, which did not depend on the coating
thickness. Figure 3(a) shows that a higher relative thick-
ness of the coating causes greater insensitivity to the error;
this was true for the other errors shown in Fig. 3(b)-(f).
Finally, the Young’s modulus of the TC was far more
sensitive to the errors than that of the BC. This is because
the effect of the TC on the resonance frequency of the
coating system specimen was far lower than that of the BC
owing to the lower TC Young’s modulus. It was confirmed
that the accuracy decreased if the Young’s modulus of the
objective coating was lower.
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Fig. 3 The ratio of Young’s moduli calculated with and without error introduced to a particular input parameter. If the ratio is close to
1.0, the method can be considered insensitive to the error. The horizontal axis denotes the relative thickness of the objective coating
normalized by the substrate thickness, including the BC thickness for the TBC system specimen. (a) Sensitivity to the error in the
frequency, (b) sensitivity to the error in the TC thickness, (c) sensitivity to the error in the BC thickness, (d) sensitivity to the error in the
substrate thickness, (e) sensitivity to the error in the Young’s modulus of the substrate, and (f) sensitivity to the error in the mass. The
sensitivities of four-point bending (4 PB), which are the methods using the (i) load-coating strain, (ii) load-substrate strain, (iii) coating-

substrate strain, and (iv) load-deflection are also plotted

Figure 3(b) and (c) show the sensitivity to the error in
the thickness of the TC and BC (k. and hy,), respectively.
For thermal spray coatings, both the surface roughness
and the interfacial roughness are high, and coating-thick-
ness errors, A, and hy, are inevitable. As shown in Fig. 3(b)
and (c), an error of +0.03 mm was input. Figure 3(b) and
(c) show that the resonance method was sensitive to the
error in the BC thickness and insensitive to the error in
the TC thickness. The effective thickness (mean thickness
of rough interface/surface), should be accurately measured
by an image analysis of the longitudinal section, and not
by the apparent thickness using a micrometer.

Journal of Thermal Spray Technology

The resonance frequency of a TBC system specimen is
mainly determined by that of the substrate because the
thickness and Young’s modulus of the substrate are
approximately one order of magnitude higher than those
of the TC. Figure 3(d) and (e) shows the sensitivity to the
errors of the substrate thickness and substrate modulus (/4
and Ej), respectively. As shown in Fig. 3(d) and (e), a
thickness error of +0.03 mm and a modulus error of +5%
were input, respectively. For example, in Fig. 3(d) and (e),
there is a case where the estimated E. becomes near zero.
Because the resonance frequency of the specimen was
mainly determined by that of the substrate, a small +Ag or
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Fig. 4 Images of longitudinal sections of the TBC system specimens obtained using SEM (Ref 9). (a) TC(N), (b) TC(D), (c) TC(P), (d)

TC(WPS), and (e) TC(LZ)

+E error causes a significant change in E.. This confirms
that the values of the substrate are important for accu-
rately measuring the Young’s modulus of the TC using the
composite-beam specimen similar to 4 PB tests. Fortu-
nately, these values of the substrate can be measured
accurately because the substrate roughness is far lower
than that of a sprayed surface, and the modulus of the
substrate can be also determined accurately because the
substrate is not a multilayered specimen.

Finally, Fig. 3(f) shows the affection of mass error,
+1%. The magnitude of the affection is insignificant. The
affections of the other input errors, i.e., the width b, length
L, and modulus E\, were relatively insignificant similar to
4 PB tests. However, in the case of thermal expansion that
leads to a significant change in the dimensions of the
substrate, if the temperature change is large, the error
causes a large error in the obtained Young’s modulus.
Therefore, the change in the dimensions should be in-
cluded in the input values for evaluating the Young’s
modulus at high temperature.
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4. Experimental Verification

4.1 TBC System Specimen

The substrate used in this study was a Ni-base super-
alloy (Hastelloy X), one side of which was blasted. Sub-
sequently, the BC and TC were deposited on the substrate
by atmospheric plasma spraying (APS). The BC and TC
were made of CoNiCrAlY (Co-32Ni-21Cr-8Al-0.5Y,
AMDRY9954 powder) and YSZ (ZrO,-8Y,0;, Met-
c0204NS powder), respectively. The YSZ TC is called the
TC(N) herein. A dense YSZ (Zr0O,-6Y,03, ShowaK-89
powder) coating and a porous YSZ (ZrO,-8Y,0;, Met-
c0204NS-G +10% Polyester powder) coating were also
manufactured by APS; these are called the TC(D) and
TC(P), respectively. A water plasma-sprayed (WPS) YSZ
(ZrO,-8Y,03, Metco204NS powder) coating and a
La,Zr,0O; (powder particle size: 10-44 um) coating by
APS were also fabricated; these are called the TC(WPS)
and TC(LZ), respectively. The BC of the TC(WPS) sys-
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tem specimen was deposited by high-velocity-oxy-fuel
(HVOF) spraying. Scanning electron microscope (SEM,
JEOL JSM-6510LA) images of these five specimens are
shown in Fig. 4. The specimens are identical to those re-
ported in a previous work of 4 PB (Ref 9).

Four TC(N)s with different thicknesses were prepared;
thus, they exhibited four levels of sensitivities. The
apparent dimensions of the specimens, determined
through micrometer measurements, are listed in Table 1.
For example, the thickness of the BC was determined by
subtracting the thickness of the substrate from the total
thickness after the deposition of the BC. There were two
specimens for each thickness in Table 1. The thicknesses
used in calculations were actual values measured with
1 pm resolution for the individual specimens. The effec-
tive thickness (mean thickness of rough interface/surface)
was evaluated by an image analysis of the longitudinal
section. The length of the specimens L was 90 mm, and
the width b was 10 mm. The side surfaces of the specimens

Table 1 Apparent thickness of the TBC system speci-
mens used in this study (mm)

Code Substrate (Hastelloy X) BC (CoNiCrAlY) TC
TC (N) 2.05 0.15 0.21
2.05 0.15 0.32
2.05 0.15 0.52
2.04 0.15 0.69
TC (D) 2.05 0.14 0.52
TC (P) 2.06 0.15 0.50
TC (WPS) 2.05 0.17 0.49
TC (LZ) 2.05 0.17 0.49

Specimen
A/I B

\Driving

(Transducer) ~ Support

é

were polished to remove the coating deposited on them
while the surfaces of the coatings were in the as-sprayed
condition.

4.2 Experimental Procedure

The resonance method with mode identification by a
needle tripod and laser Doppler interferometer (LDI) was
originally developed for resonance ultrasound spectroscopy
of a small sample by Ogi et al. (Ref 20). In this study, the
resonance frequency was measured by the resonance device
with a needle tripod as shown in Fig. 5. A specimen was
placed on the needle tripod with no external force applied
on it except for the specimen’s weight. Piezoelectric trans-
ducers, functioning as a transmitter and receiver, were built
into the left needle and one of the right needles. The other
right needle was a support for the specimen’s weight. These
supports were located at the nodes of the first bending
mode. The specimen was oscillated by the left piezoelectric
transducer by a continuous sinusoidal signal, and the
amplitude of oscillation was measured by the right piezo-
electric transducer. Sweeping the oscillation frequency with
a 1 Hz resolution and measuring the oscillation amplitude
for a duration of 6 s at each frequency, the power spectrum
as a function of frequency was evaluated. The resonance
amplitude was small as will be shown in section 4.3, because
the amplitude was detected at the node. However, the rel-
ative amplitudes around the resonance frequency became
distinctly high and distinguishable from those of non-reso-
nances.

The distribution of the out-of-plane displacement,
which can determine the resonance mode, was identified
by the LDI shown in Fig. 5, as the confirmation of the

Power amplifier Function generator

=7

XY stage
XTI ‘l GPIB board |
—————I——>| AD board I

LDI

L=

Specimen

7

Differential amplifier

Support

Transducer

Fig. 5 Resonance device with a needle tripod and LDI. A specimen was placed on the needle tripod with no external force applied on it
except for the specimen’s weight. Piezoelectric transducers, functioning as a transmitter and receiver, were built into the left needle and
one of the right needles. The other right needle was a support for the specimen’s weight. The specimen was oscillated by the left
transducer, and the amplitude of oscillation was measured by the right transducer. Sweeping the oscillation frequency, the power
spectrum as a function of frequency was evaluated. Resonance mode was identified by the displacement-distribution patterns measured

by the LDI
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Fig. 7 Results for the Young’s modulus of the TCs of different
thickness measured on TBC system specimens

resonance mode is very important in resonance methods.
The first bending mode was determined from among the
displacement-distribution patterns at the peak frequencies
of the power spectrum. The peak frequency of first
bending mode was adopted as the resonance frequency.

4.3 Resonance Frequency

Figure 6(a) and (b) plots the power spectrum with re-
spect to the oscillation frequency for the freestanding
TC(N) and TC(N) system specimens, respectively. The
freestanding TC specimen exhibits a broad peak with
significant internal friction. On the contrary, the TBC
system specimen exhibits a sharp peak, because the reso-
nance was almost determined by the substrate.

Figure 6(a) shows some peaks, and we cannot distin-
guish which one corresponds to the first bending reso-
nance only from the amplitude of the peaks. The
distributions of specimen displacement measured by the
LDI are shown in Fig. 6(a). The black regions are node,
and the white regions are antinode. In this case, 1741 Hz is
the frequency of first bending resonance. The other peaks
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Fig. 8 Comparison of the Young’s modulus, E., of various TCs
between those obtained through the resonance of TBC system
specimens and those through the resonance of freestanding
specimens

do not correspond to the first bending resonance. In the
case of the resonance with tripod support at nodes, iden-
tifying the mode was important because the detected
displacement at the node for the first bending resonance
was much smaller than the other resonance modes, in
which the measured point might be close to antinode.
On the other hand, Fig. 6(b) shows sharp resonance
peaks of the TBC system specimens. In this figure, the
peak of a substrate specimen without coatings is also
shown. We find the peaks of the TBC system specimens
near the peak of the substrate. This is because the fre-
quency was almost determined by the substrate with a
large Eg and hg. The frequency of the first bending reso-
nance on the substrate was previously known because the
Young’s modulus of the substrate is well known, which
means that the peak of the first bending resonance of a
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Table 2 Apparent thickness of the BC system specimens
used in this study (mm)

ProcessSubstrate (Hastelloy X)BC (CoNiCrAlY) Heat treatment

APS 2.05 0.32
HVOF 2.07 0.31 ..
HVOF 2.07 0.31 1373 K, 100 h in air

multilayered specimen is correctly determined by search-
ing around the peak of the substrate without mode iden-
tification. This is a great advantage to determine the
resonance mode of a multilayered specimen with cer-
tainty.

Finally, we discuss the amplitude of the specimens that
will relate to the strain of the TC. The difference of
amplitudes between the center of the specimen and node
of the specimen were lower than approximately 5 nm for
the multilayered specimens. Therefore, the strain ranges
generated on the TC surface were small enough that
inelastic effects could be neglected. Similarly to the mul-
tilayered specimen, the amplitudes in displacement of
freestanding TCs were also small enough.

4.4 Young's Moduli of the TC with Several
Thicknesses

The obtained Young’s moduli of the TC(N) from the
TBC system specimens with several thicknesses are shown
in Fig. 7. For the calculations, we used E;=195.7 GPa for
the substrate and £, =100.6 GPa for the BC. These values
were determined from the resonance of the single-layer
specimens. The mass of the specimen and dimensions of
each layer in the TBC system specimens were measured
and used in the calculation. There were two specimens for
each thickness, and the error bar indicates the data range.
In Fig. 7, the Young’s moduli obtained by the bending
methods for a freestanding specimen and TBC system
specimens are shown. As described in section 3, the error
of BC thickness significantly affects the obtained Young’s
modulus. Therefore, the results for both of the effective
thicknesses, Ay, and A, obtained by performing an image
analysis from the longitudinal section and the apparent
thicknesses using a micrometer are shown in Fig. 7. The
horizontal axis of Fig. 7 indicates the relative thickness of
the TC compared with that of the sum of the substrate and
BC. According to Fig. 7, the Young’s modulus obtained by
the apparent thickness rapidly decreases when the relative
thickness decreases.

On the other hand, the modulus obtained by the
effective thickness maintains a constant value. According
to the sensitivity analysis presented in section 3, the
accuracy of Young’s modulus decreases when the relative
thickness of the coating decreases. However, the error
induced was very small, because the value remains con-
stant independent of the thickness, which corresponds
with the sensitivity to the errors. Further, the obtained
Young’s modulus is approximately the same as that mea-
sured through the 4 PB method in which the applied
surface strain was 200 pstrain. In addition, the tensile
modulus obtained through 4 PB was almost the same as
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the compressive modulus if determined by the most
accurate 4 PB method using the load-coating strain (Ref
9).

4.5 Applications to TCs

In this section, for the calculation, we used the Young’s
moduli of the substrate and the BC(APS) that were de-
scribed in section 4.4. Furthermore, FE,=118.0 GPa for
the BC(HVOF) was used for the calculations related to
the TC(WPS) system specimens which BCs were de-
posited by HVOF spraying. The value was determined by
the resonance using the freestanding specimen. The
Young’s moduli of the five types of TCs shown in Table 1
were determined using the resonance method of the TBC
system specimen and shown in Fig. 8. There were two
specimens for each material, and the error bar indicates
the data range. In the calculation, the effective thicknesses
obtained by the image analysis were used. The horizontal
axis of Fig. 8§ shows the Young’s moduli determined by the
resonance method for the freestanding specimens. There
were two specimens except for the TC (WPS), and the
error bar indicates the data range. The dimensions of the
freestanding specimens were L =25-60 mm, b=10 mm,
and h.=1 mm. The resonance modes of all the free-
standing specimens were confirmed by the LDI, as shown
in Fig. 5. For the TBC system specimens, the resonance
frequency of first bending resonance appeared near that of
the substrate as described in section 4.2. Figure 8 shows
that the Young’s modulus for the TBC system specimens
was slightly higher or lower than those for the freestanding
TC specimens, depending on the material. This depen-
dency matches the comparison between the Young’s
moduli for the system specimens and those for the free-
standing specimens through the 4 PB tests shown in Ref 9.
Naturally, the property of the TC in a multilayered spec-
imen differs from that in a freestanding specimen because
of the difference in the thermal history during the thermal
spraying. It can be confirmed that the Young’s moduli for
a multilayered specimen are not significantly different

200 T T T
[ Calc. with thickness by image analysis & 1
[ BC ]
S 8 ]
Q, 100 | | -
el - 4
N L @ ]
L O : resonance(BC system) i
[ |[J: resonance(freestanding) ]
- | : 4PB(BC system) , tension for coating (Ref 9)|
[ |A: 4PB(freestanding) (Ref 9) ]

0 1 1 1

APS HVOF HVOF with
annealing

at 1373K 100h

Fig. 9 Comparison of the Young’s modulus, Ey, of various BCs
between those obtained through the resonance of BC system
specimens and the other methods
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from those for a freestanding coating.

4.6 Applications to BCs

Table 2 presents the thicknesses of the BC system
specimens, which comprised a BC and a substrate. The
apparent thickness listed in Table 2 was determined using
a micrometer. The length of the specimens L was 90 mm,
and the width b was 10 mm. HVOF coatings thermally
treated at 1373 K for 100 h in air were also prepared.
Figure 9 shows the Young’s moduli of the BCs obtained
by the resonance method for the BC system specimens. In
the calculation, the effective thicknesses by image analysis
were used. For the calculations, we used E,=195.7 GPa
for the substrate. Figure 9 also shows other results of the
4 PB method for the BC system and freestanding speci-
mens in which the applied surface strains were 200 pstrain,
and the resonance method for freestanding specimens.
There were two specimens for the resonance method on
BC systems and freestandings except for the HVOF (as
spray) specimen, and the error bar indicates the data
range. The dimensions of the freestanding specimens were
L =50 mm, b=10 mm, and h,=1 mm. There is a slight
difference in the Young’s modulus for BC(APS) and
BC(HVOF) but little difference for the BC(HVOF with
annealing) with high Ey,. It can be confirmed that the BC
moduli from a multilayered specimen are not significantly
different from those obtained by other methods similar to
the results of TCs shown in section 4.5.

5. Conclusions

We developed an evaluation method for the Young’s
modulus of the TBC layer based on the first bending
resonance of a TBC system specimen. First, we derived a
closed-form solution for the Young’s modulus of the TBC
layer using the TBC system specimen. Next, we performed
a sensitivity analysis of the input errors to reveal the
important inputs for accurate evaluation. Finally, we
experimentally investigated the accuracy for some typical
TBCs and demonstrated the effectiveness of the proposed
method.

(1) We derived the closed-form solution for the Young’s
modulus of the TBC layer using the equation of the
motion for the bending vibration of a three-layered
composite beam. The solution provides the Young’s
modulus of the TBC layer using the measured reso-
nance frequency and known values such as the
dimensions, mass, and Young’s moduli of all the other
layers.

(2) In the case of the TBC system specimen, the Young’s
modulus and thickness of the TBC layer are generally
approximately one order of magnitude lower than
those of the substrate. Consequently, the modulus of a
TBC layer determined from a multilayered specimen
is considerably sensitive to experimental errors. This
causes a large error in the obtained Young’s modulus.
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According to the analysis of the sensitivity to errors,
the Young’s modulus and thickness of the substrate
are very important inputs for accurately determining
the Young’s modulus of TBC layer. The measured
frequency and thickness of the BC are secondarily
important.

(3) The frequency of the first bending resonance on the
substrate was previously known because the Young’s
modulus of the substrate is well known. Thus, the peak
of the first bending resonance of a multilayered speci-
men is certainly determined by searching around the
peak of the substrate without mode identification. This
is a great advantage for determining the resonance
mode of a multilayered specimen with certainty.

(4) The experimental verification confirmed that the res-
onance method of a TBC multilayered specimen
provides a reasonable Young’s modulus as compared
with other methods.
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