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A B S T R A C T

Knowing Young’s modulus of coatings is important to understand the stress evolution and failure of coating
systems. However, such values are often not available for modern coatings and/or cannot be determined by
existing methods for attaining a global stiffness. In this paper, a new method is described and validated that can be
used even for brittle, highly porous, and irregularly shaped coatings, for example sputtered or thermally sprayed
thermal barrier coatings: In vibrating reed experiments, the resonance frequencies of the specimens are deter-
mined. The specimen geometry is measured by a computer tomograph, and a finite element simulation based on
that measured geometry is carried out to determine Young’s modulus. To validate this method, a monocrystalline
irregularly shaped silicon plate with known Young’s modulus was measured. The method is tested on different
metallic thermal spray coatings, for which other mechanical test methods for Young’s modulus were also
applicable for comparison. Lastly, a very porous, gas flow sputtered zirconia thermal barrier coating was analyzed
where other methods were not suitable.
1. Introduction

The mechanical behaviour of coatings is determined by their me-
chanical properties that are often difficult to measure. Young’s modulus
is especially important because it determines the stresses in a coating that
is subjected to strains imposed by the substrate. For example, spallation
or vertical cracking in thermal barrier coatings is often driven by the
stored strain energy which scales linearly with the in-plane Young’s
modulus [1]. Finite element modelling of the failure mechanisms can
help to predict the lifetime of thermal barrier coatings [2–7], but requires
accurate materials data like the effective Young’s moduli of the different
components of the coating system.

Young’s moduli of coatings can be measured by various techniques,
each with their ownmerits and drawbacks. Often, different measurement
methods can lead to large differences of the measured values due to
differences of the applied stress during the tests, especially in ceramic
coatings [8,9], or due to the different probing volume [10].

Widely used and easy to implement are indentation tests, where a
relatively small fraction of the specimen volume is tested (small indenter
size coupled with low force). The resulting Young’s moduli can approach
the value of the bulk material [8] because pores, microcracks, splat or
column boundaries, oxide lamellae (in metallic coatings) and other
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defects cannot be registered [10]. Therefore, a “local stiffness” is usually
obtained by indentation [11]. In addition, measured values often exhibit
a high scattering [10,12].

A more global in-plane stiffness can be derived from cantilever-as
well as three- or four-point flexural bending tests (e.g. Refs. [9–11,13,
14]), provided the tested specimen volume is beyond the length scale of
the microstructural features. In that case, the whole composite consisting
of coating material, pores, splat- or column boundaries, and oxides is
measured, and the derived “effective” Young’s moduli can be signifi-
cantly lower compared to indentation results. To acquire exact results for
the coating from these static methods, testing of free-standing coatings is
beneficial. Nevertheless, it is not always possible to detach a coating and
retain its desired rectangular shape to determine its Young’s modulus
analytically [12].

Besides these static mechanical test methods, the dynamic impulse
excitation technique (IET) has become popular as a fast and easy, non-
destructive resonance technique [1,15–18], using oscillations of the
specimen that are induced by a single impact and recorded by a micro-
phone [15]. It has been shown by Paul [1] that the derived stiffness
values are in good agreement with the results from static flexural bending
tests. However, usual IET measurements are not well suited for too small
or fragile samples.
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Fig. 1. Example of the geometry and the FEM-mesh of the silicon vibrating
reed sample.
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Another resonance technique is the vibrating reed (VR) technique
where, different from IET, a sinusoidal excitation is used to select only
one single, specific vibration mode. By measuring damping and reso-
nance frequency of this (usually flexural) vibration, both the internal
friction and Young’s modulus of the studied material can be determined
[19–24].

The most common method to investigate coatings in these dynamic
experiments is to measure both coated and uncoated specimens and
calculate Young’s moduli analytically by comparing the resonance fre-
quencies (for example in Refs. [22,23]). Although this method is appli-
cable for thin films with a constant thickness and a negligible interface
roughness, it is not suitable for coatings with a large surface or interface
roughness or coatings whose effective stiffness is some orders of
magnitude below that of the substrate. Furthermore, residual stresses or a
curvature of the coated samples may be problematic for the accurate
calculation of Young’s modulus [22]. Thus, free standing coatings may be
used here as well. For ideal flat parallelepiped coating specimens,
Young’s moduli can then be calculated analytically [25], while complex
geometries like irregularly shaped fragments or coatings with a high
surface roughness require a numerical approach.

It is the scope of this paper to demonstrate how the vibrating reed
experiment can be used to derive an in-plane Young’s modulus even with
irregularly shaped specimens. To measure these complex geometries,
computer tomography is combined with finite element simulations to
calculate the relation between measured resonant frequencies and
Young’s modulus.

The method is first validated using a monocrystalline silicon plate
with known Young’s modulus and afterwards applied to metallic HVOF
coatings and gas flow sputtered zirconia coatings. The metallic HVOF
coatings are currently investigated as a protective coating for the inside
of liquid rocket combustion chambers [26,27]. To elucidate the failure
mechanisms of these coatings and to predict the coatings’ lifetime, finite
element simulations are carried out [28,29]. For these simulations it is
important to determine the material properties even at high tempera-
tures. For Young’s modulus, this can be done with vibrating reed tests,
where the main benefit is that only one sample is needed to cover a wide
temperature range, as reported previously in Ref. [30]. The main purpose
of the present work is to compare the vibrating reed technique to other
measurement methods. Thus, compression and tensile tests were con-
ducted at room temperature on free-standing coatings. At higher tem-
peratures, these tests would have been affected by creep, whereas only a
small influence of creep should be expected in the vibrating reed due to
the high frequencies and small oscillation amplitudes.

Finally, gas flow sputtered zirconia coatings are tested. These coatings
were recently developed to investigate an alternative deposition tech-
nique for thermal barrier coatings with a focus on the desired columnar
microstructure, but without the need of high vacuum [31–34]. Due to
this columnar microstructure and the relatively high porosity (over 50%)
and brittleness, common measurement methods for Young’s modulus
were not successful so far: indentation tests would lead to an over-
estimation of the stiffness [8] due to the compression of the columnar
microstructure and crack closure. Other methods like flexural bending
tests were not applicable because free standing samples with the desired
size and rectangular shape could not be fabricated. Furthermore, some
methods require a relatively large deflection of the samples, which would
lead to a cracking of the coatings along the column boundaries. In this
work, it is shown that the vibrating reed technique is suitable to measure
Young’s modulus of these coatings. It is expected that the small bending
amplitudes during vibration will not damage the samples.

2. Experimental details

2.1. The vibrating reed apparatus

The vibrating reed measurements were carried out in a vacuum
apparatus equipped with a Bordoni-type [35] capacitive system that uses
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the same electrode for both exciting and detecting the resonance vibra-
tions (see Refs. [19–21] for more details). Such a single-electrode system,
together with its special design in the current vibrating reed apparatus,
gives maximum flexibility for sample shape and size down to very small
dimensions (at minimum about a fewmm in length, 0.5 mm in width and
10 μm in thickness, respectively). In the present case, flat samples of
different dimensions, as specified in detail below, were clamped at one
end in a stiff mounting device and electrostatically excited at the free
end. With very small strain amplitudes (typically of the order 10�6),
eigenfrequencies of the vibrating specimen can be detected in a range
between about 102 s�1 and 2∙104 s�1.
2.2. Preparation of the samples

Three different types of samples were used in this study: Vibrating
reed samples, tensile samples and compression samples. The preparation
of these samples is described in the following.

The silicon vibrating reed sample for the reference experiment was
cut out of a monocrystalline silicon wafer by cracking in a way that the
longitudinal axis as well as the normal of the sample were in the {100}
crystallographic directions. The irregularly shaped sample had a length
of 33 mm, a thickness of 0.65 mm and a mean width of approximately 4
mm. The silicon sample is shown in Fig. 1.

The metallic coatings investigated in this study were applied with
high velocity oxyfuel spray, details on the coating process can be found in
Ref. [30]. Three coatings were measured in the present study: a state of
the art NiCrAlY bond-coat as well as a “Rene80” nickel-based superalloy
coating and a newly developed NiCuCrAl [37] coating. The composition
of the NiCrAlY was Ni-Cr22-Al20-Y1 (all compositions are weight-%), the
composition of the Rene80 alloy was Ni-Cr14-Co9.5-Ti5-Mo4-W4-Al3,
and the composition of the NiCuCrAl coating was Ni-Cu30-Al6-Cr5. For
the vibrating reed experiments, coatings with a thickness of approxi-
mately 2 mm were applied on aluminium substrates that were removed
subsequently in a 20 wt.-% to 25 wt.-% dilute NaOH solution. From these
free standing coatings, slices with a thickness of 50 μm–200 μm
(depending on the minimum producible thickness for the different ma-
terials), a width of approximately 2 mm and a length of 15 mm–25 mm
were cut with a low speed precision saw. Excluding the part of the sample
mount, the resulting length of the vibrating reeds was 10 mm–20 mm.

For tensile tests on the metallic coatings, flat tensile specimens ac-
cording to DIN 50,125 (Shape H) with a thickness of 0.5 mm–1 mm were
used, compression tests were performed on hollow cylindrical samples
with an inner diameter of 10 mm, a height of 20 mm and a wall thickness
of approximately 0.6 mm. Both, the tensile and the compression tests,
were conducted on free standing coatings. The cross-sectional area for
the determination of the stress was measured with the image-analysis
software of an Olympus optical microscope. For more details of the
tensile and compression tests, see Ref. [30].

For determining Young’s modulus of irregular, highly porous zirconia
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coatings, a 150 μm thick coating of partially stabilized zirconia coating
(4 at.-% yttria) is applied by a reactive sputter process, the Gas Flow
Sputtering (GFS) technique, on a polished FeCrAlY substrate. The GFS
process is characterized by an intensive hollow cathode glow discharge
and an argon gas-flow-based material transport at fine vacuum pressures.
For the target, a Zr-7.6Y (at.-%) alloy is used. The sputtered material is
oxidized by reactive-gas (pure oxygen). For a detailed description of the
process see for example [31–34], a micrograph of the coating structure is
shown in the supplementary material. A free-standing coating is pro-
duced by dissolving the substrate in a commercial V2A mordant (con-
taining hydrochloric and nitric acid) at a temperature of 55 �C. Cutting
the samples into the desired shape of approximately 3 mm� 10mm prior
to this process (in contrast to cutting the free-standing coating) mini-
mizes the occurrence of unwanted cracks in the brittle coating.

The nonmetallic silicon and yttria coatings had to be coated with a
thin gold layer prior to the vibrating reed measurements, to ensure suf-
ficient electric conductivity for the capacitive excitation-detection sys-
tem. The metallic coatings could be excited electrostatically without
further treatment.
2.3. Determination of Young’s modulus from the eigenfrequencies

2.3.1. Analytical approach for rectangular specimens
The eigenfrequencies of the vibrating reed are proportional to the

square root of the flexural rigidity [25], thus they are proportional to the
square root of Young’s modulus in case of a homogeneous material. The
constant of proportionality depends on the sample’s density and the vi-
bration mode, and can be calculated analytically for samples with a
simple geometry. For flat parallelepiped shaped geometries, the relation
between the flexural vibration frequency, f, at mode i and Young’s
modulus, E, can be expressed by the following equation [25] (using
classical Euler-Bernoulli beam theory that provides reasonable approxi-
mations for slender beams with about l/d > 30 [38]):

fi ¼ α2
i

4π
ffiffiffi
3

p ⋅
d
l2
⋅

ffiffiffiffi
E
ρ

s
(1)

d is the thickness and l is the free length of the specimen, ρ is the mass
density, and αi is the solution of the following frequency equation:

cosαi ⋅ coshαi ¼ �1 (2)

Besides the flexural vibration, a torsional vibration is also possible.
This is not considered here, since the analytical approach is difficult [22]
and most of the excited frequencies in the experiments came from flex-
ural vibration.

2.3.2. Numerical approach for irregularly shaped specimen
For vibrating reed specimens with complex geometries, the flexural

rigidity cannot be calculated analytically, and equation (1) is not valid
anymore. Thus, to determine the relation between the frequency and
Young’s modulus for the vibrating reed specimens even with complex
geometries, finite-element (FE) simulations were carried out. The ge-
ometry of the specimens was measured in a computer tomograph
(nanotom s, General Electric) and exported via the STL interface. The
geometry was then meshed with the tetrahedral mesh generator TetGen
[39] and imported in Abaqus Standard [40]. 3D modified tetrahedral
second order stress/displacement elements with a high mesh density
with edge lengths of �0.1 mm were used, resulting in meshes with 100,
000 to 250,000 elements, depending on the size of the sample. A mesh
convergence study was performed to ensure that the mesh density was
sufficiently large. The geometry of the sample, the CT scan, the FEM
model and the mesh are exemplified in Fig. 1. The clamped part of the
vibrating reed was fixed by a displacement boundary condition (left end
in Fig. 1).

Three material parameters are required to calculate the frequency:
3

density, Poisson’s ratio and Young’s modulus. The density was taken
from measurements as described below. A reasonable estimate for Pois-
son’s ratio was made; as shown below, this has only a minor influence on
the final result. The eigenfrequencies were then calculated with an initial
guess for Young’s modulus using a frequency step. Since those fre-
quencies are proportional to the square root of Young’s modulus (see
section 2.3), the proportionality factor was used to calculate the Young’s
modulus of the vibrating reed specimens from the experimental reso-
nance frequencies. To validate this procedure, the calculated Young’s
modulus was used in one simulation to re-calculate the frequencies. As
expected, due to the linearity of the problem, the re-calculated fre-
quencies agreed perfectly with the expected values.

The sample holders had to be machined from aluminum to be X-ray
transparent for the CTmeasurements (see supplementary material). If the
use of these sample holders is not possible, another way of sufficiently
precise implementation of the present numerical approach is offered by
partially notched samples, as originally developed for internal friction
measurements [41]. Such notched samples possess a second, anti-phase
vibration mode whose resonance frequency is rather insensitive to the
exact clamping position, so that the clamped length for the above
displacement boundary condition may be measured just by a simple scale
rule, and the CT scan may then be carried out on the unmounted sample
without the need to identify the exact position of the mount. However, as
some of the present coatings were too brittle for cutting the notches, such
notched samples were not used here, and details are to be given
elsewhere.

Poisson’s ratio for the FEM simulations of the metallic coatings was
assumed to be 0.3, according to measurements by Taylor et al. [42] on
CoNiCrAlY coatings. For the zirconia coatings, a Poisson ratio of also 0.3
was assumed. To test the influence of the Poisson ratio, simulations with
values of 0.0 and 0.4 were carried out exemplarily on one sample. The
elastic constants of silicon for the simulation of the reference experiment
were taken from the literature [43].

For silicon, a density of 2.336 g/cm3 [44] was used for the FEM
simulations. The density of the metallic coatings was measured previ-
ously on coatings from the same batch as used in the present study [30]
and is 7.7 g/cm3 for NiCuCrAl, 7.2 g/cm3 for NiCrAlY, and 7.9 g/cm3 for
Rene80. The density of the zirconia coatings was 2.1 g/cm3, obtained
from weight measurements with a microbalance and volumetric mea-
surements with a computer tomograph.

3. Results and discussions

3.1. Young’s modulus of monocrystalline (100) silicon

To test the accuracy of the FEM modelling, monocrystalline silicon
wafers were used as a reference material, as described in detail in the
preceding section. The elastic constants of the silicon sample were taken
from Ref. [43] (see supplementary material), and the simulated fre-
quency was compared to the actual frequency of the corresponding
measurement. For the first mode of the non-rectangular sample shown in
Fig. 1, the frequency from the simulations was 804 s�1, whereas the
measured frequency was 801 s�1. For the second mode, the simulation
shows a frequency of 4984 s�1, and the measured frequency was 5002
s�1. Higher modes were not reliably measurable anymore in the appa-
ratus due to the high frequencies.

The maximum difference between simulation and experiment is
about 0.4% and may be caused by measurement uncertainties especially
by determining the shape of the samples in the computer tomography.
Furthermore, the samples were assumed to be fixed in a rigid mounting,
whereas in reality, the samplemount has a finite stiffness. This may result
in a small deviation between the measured frequency and the simulated
frequency of the model with a rigid mount. Anyway, the small difference
between experiment and simulation shows the reliability of the mea-
surement method in this paper.
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3.2. Young’s moduli of thermally sprayed metallic coatings

To investigate the accuracy and comparability of the measurements,
Young’s moduli of HVOF-sprayed metallic coatings were compared to
compression and tensile tests on free-standing coatings.

Young’s modulus of the NiCrAlY coating (Fig. 2) measured with
vibrating reed is 124 GPa, which is in good agreement with the values
from the tensile tests where 120 � 3 GPa has been measured on 5 sam-
ples. Data from compression tests are not available for the NiCrAlY
coating.

In case of the Rene80 coating (Fig. 3), Young’s modulus obtained
from vibrating reed is 165 GPa and lies within the range of the error bars
from the compression tests, where the measured value is 154 � 19 GPa
(measured on 4 samples). The tensile tests lead to the same average of
154 GPa; due to the small batch size of 2 samples no error bars are shown
here, but these values are scattering similar to those from the compres-
sion tests.

Young’s modulus of the NiCuCrAl coating (Fig. 4) measured with
vibrating reed is 132 GPa, similar to the values of 134 � 8 GPa (4 sam-
ples) measured in the compression tests. A Young’s modulus of 146 � 11
GPa (measured on 10 samples) was found in the tensile tests.

The maximum difference of Young’s moduli between the vibrating
reed technique and tensile- or compression test in the present study on
metallic HVOF coatings is 11%, the average difference is even lower. In
most cases, this difference is negligible compared to the large scattering
of the values within a single test method. In the literature, even larger
differences between different testing methods have been reported: for
example, Margadant et al. [10] carried out extensive measurements of
Young’s modulus of vacuum plasma sprayed NiCrAlY coatings with dy-
namic mechanical analysis, supersonic measurement methods and
four-point flexural bending tests, where a maximum difference of 18%
between the moduli measured with different methods was observed. This
difference has been explained by the different probing volumes in the
different tests, which result in different influences of defects, splat
boundaries, coating- or interface roughness, or even of the underlying
substrate.
3.3. Young’s modulus of irregular, highly porous ceramic thermal barrier
coatings

To determine Young’s modulus of a ceramic thermal barrier coating,
the resonance frequencies of six specimens were measured and evaluated
Fig. 2. Young’s modulus of the NiCrAlY coating.

Fig. 3. Young’s modulus of the Rene80 coating.
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according to section 2. The resulting Young’s moduli are presented in
Fig. 5. It was possible to excite at least three resonance frequencies per
specimen. Therefore, at least three data points for Young’s modulus can
be drawn, providing a basis for verification. Generally, all determined
data points are in the range between 1.2 GPa and 1.5 GPa. Less scattering
was observed for the Young’s moduli of specimens 1 and 5 where all
measured values were within 50 MPa. The scattering of the other spec-
imens was a bit higher, but still in the range of 10%, whichmay be caused
by microcracks. The influence of the microcracks can change with the
vibration mode: In vicinity of a node where the bending momentum
approaches zero, the influence of a crack is negligible. Whereas in regions
with a larger bending momentum, cracks may lead to a reduction of the
sample’s stiffness and to an underestimation of the calculated young’s
modulus. Thus, different vibration modes may lead to different calcu-
lated Young’s moduli when critical microcracks are present.

Since no reliable values for Poisson’s ratio were available, a value of
0.3 was assumed in the simulations (see section 2). To test the influence
of possible errors in the Poisson ratio ν, simulations with ν ¼ 0.0 and ν ¼
0.4 were carried out additionally for sample 2: the resulting Young’s
moduli determined on the mode 1 flexural vibration were 1.25 GPa for ν
¼ 0.0, and 1.23 GPa for ν ¼ 0.4, the maximum difference from the value
obtained with the assumed Poisson’s ratio of ν ¼ 0.3 (1.23 GPa, see
Fig. 5) was 0.02 GPa (2%). Only at higher modes, a maximum difference
of 0.12 GPa (10%) to the value determined with ν¼ 0.3 was determined.
The mean Young’s moduli averaged over all 4 vibration modes differed
by just 0.07 GPa (5%). This difference is still in the range of the overall
scattering of the measurement results. Extreme values were chosen for
the variation of the Poisson ratio; thus it can be expected that the influ-
ence of uncertainties in ν to the measurement results are even smaller and
somehow negligible.
Fig. 5. Derived Young’s modulus for a GFS thermal barrier coating. For each
specimen, each measured eigenfrequency provides one data point.
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Since there are no other Young’s moduli for gas flow sputtered zir-
conia coatings in the literature, its magnitude is compared to two
established deposition techniques, atmospheric plasma spraying (APS)
and electron beam – physical vapor deposition (EB-PVD). The apparent
Young’s modulus of zirconia coatings can be as low as several GPa if
measured by flexural bending tests (APS [11,13,45]; EB-PVD [46]), but
can also exceed 100 GPa if measured with indentation APS [11,47];
EB-PVD [48–50]). It has to be noted that young’s modulus of these
ceramic coatings is highly dependent on the magnitude of the applied
stress, and compressive loads for example in indentation tests lead to an
overestimation of Young’s modulus [8,9]. Furthermore, indentation tests
represent a small probing volume, whereas other measurement tech-
niques like flexural bending tests consider a global stiffness of the whole
coating including voids and pores. Thus, the measured (apparent)
Young’s moduli from the vibrating reed experiment can be better
compared to the stiffness values of the flexural bending test. Further-
more, we expect the GFS coatings to exhibit a lower stiffness than the
conventionally processed coatings because of the columnar microstruc-
ture and the high porosity of over 50%. Therefore, the determined values
seem plausible and prove that the combined test setup of vibrating reed
apparatus, computer tomograph and finite element simulation can be
used to analyze irregularly shaped specimens where other methods fail.

4. Conclusion

A new method to determine Young’s modulus has been described,
validated with monocrystalline silicon and applied for three metallic and
one ceramic thermal barrier coating:

� The resonance frequencies of the specimen are determined in a
vibrating reed measurement. The specimen’s volume is imaged by a
computer tomograph, and a finite element simulation based on the
before determined specimen volume is carried out to determine the
Young’s modulus.

� In a validation experiment with a monocrystalline silicon specimen
with known Young’s modulus, it has been shown that Young’s
modulus can be determined reliably.

� Thermally sprayed metallic coatings were tested in the vibrating reed
experiments. The resulting Young’s modulus is compared to values
from tensile and compression tests, and a maximum deviation of 11%
between these measurements was found. This deviation is in the
range of the scattering of the results in the tensile and compression
test, and even lower than reported in the literature for similar coat-
ings with other measurement methods.

� The apparent Young’s modulus of a highly porous, gas flow sputtered
zirconia coating could be determined to be in the range of 1.2
GPa–1.5 GPa where other methods are unsuited to determine a global
stiffness.

� It is not necessary to determine an exact value of the Poisson ratio for
reliable measurement results.

Concluding, this newmethod is able to determine Young’s modulus of
even irregularly shaped thin specimens like coatings. Especially, if flex-
ural bending tests or supersonic measurement methods are not available
or impracticable and a more global stiffness than derived from indenta-
tion tests is needed, the vibrating reed measurement will be a feasible
alternative. Furthermore the method is not limited to coatings, but can be
used for all kind of small and thin samples, for example biomaterials
[51].
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