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In the present paper, an experimental setup for structural damping determination arising
from energy dissipations within the material is presented. The experimental setup is developed in such a way that all unintended damping sources are eliminated. In this connection,
priority is also given to the reproducibility of the experimental data. In addition, a vacuum
chamber is developed to reduce the damping arising from the interaction with the surrounding medium. Furthermore, beam-shaped specimens are clamped in a suspended way, using
screws with an apex to fix the specimens in their nodes of vibration. Then, the influence
of test rig specific parameters on the damping value is analyzed. In this context, an ideal
setup of the test rig is identified to measure structural damping values arising from dissipations within the material. Finally, a common model for material damping description is
parameterized using the experimental data.
Keywords: damping determination, material damping, vacuum chamber, impact excitation,
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1.

Introduction

In nearly all fields of mechanical engineering, the avoidance of High Cycle Fatigue (HCF) failures
is of great importance. To reduce this risk, prediction and reduction of vibration amplitudes is
a primary objective. One of the most important parameters for amplitude prediction is structural damping. In turbomachinery blading applications, for example aerodynamic, frictional and
material damping are the most dominant damping mechanisms. In this paper, the latter one is
in the focus of investigation.
During the last decades, the research mainly concentrated on the usage of nonlinear calculation tools to predict vibration amplitudes. Here, optimization of friction dampers in joints in
dynamic systems is a superior criterion. Such calculations require specification of contact parameters as well as structural parameters. From this, many authors use low established material
damping values to calculate transfer functions. Weiwei and Zili (2010) mention the material
damping as low, using it for numerical blade calculation by means of a 3-D numerical contact
model. Laborenz et al. (2010) also use a low material damping ratio ξ with 1.41 · 10−4 for establishing their eddy current approach. Using the damping ratio ξ and the eigenfrequency ω0 ,
the differential equation of a single degree of freedom (SDOF) system (displacement x) can be
written as follows
ẍ + 2ξω0 ẋ + ω02 x = 0

(1.1)

Siewert and Stüer (2010) and Krack et al. (2012) only mention material damping as low and
important for their nonlinear calculations. Petrov and Ewins (2006) use a collective loss factor η
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for aerodynamic and material damping of 0.001. Regarding a linear SDOF-System it is possible
to formulate the loss factor η in terms of damping ration ξ
q

η = 2ξ 1 − ξ 2

(1.2)

Resulting from the tendency to utilize blisks (blade integrated disks) to cut assembly costs
and increase engine efficiency, the structural damping arising from the material is the most
reasonable energy dissipation process. Therefore, quantification of mechanical damping (due to
effects inside the material) is of essential relevance to predict and reduce vibration amplitudes
in terms of HCF. Dealing with such low values, precise damping determination requires an
appropriate experimental setup. To quantify material damping, an adequate experimental setup
is elementary. For this purpose, a double reed cantilever beam is recommended as a test specimen
by Gibson and Plunkett (1977), Granick and Stern (1965) as well as by Gudmundson and
Wüthrich (1986). The disadvantage of using such a specimen is the necessity of frequency tuning
with additional masses.
Regarding the adequate experimental setup, all other damping sources like frictional damping
or damping due to the surrounding medium have to be minimized in order to identify the material
damping only (see Granick and Stern, 1965; Gibert et al., 2012). Therefore, measurements under
vacuum are recommended.
For the identification of damping values, Plunkett (1959) gives an overview of possible methods for single degree of freedom systems, which can be classified in time and in frequency
domain approaches. Concerning multi degree of freedom systems, the Rational Fractional Polynomial method based on a parameter fit in the frequency domain is presented by Richardson
and Formenti (1982). Moreover, the Least-Squares Complex Exponential method is described
by He and Fu (2001). This method is classified using time domain methods. Furthermore, Bert
(1973) offers an overview of methods for modeling, experimental determination and parameter
identification of material damping. Within this work, the method presented by Hentschel et al.
(2015) is used for damping determination.
The objective of the present work is the development of an experimental setup for material
damping determination, which serves the requirements for accuracy especially for expected low
damping values. The reproducibility of the experimental data is a superior criterion within the
development of the experimental setup. The experimental setup including the vacuum chamber
and the specimen clamping mechanism is presented, documenting the constructional effort taken to minimize sources of unintended damping, as frictional damping within joints. Then the
specimen excitation using a voice coil actuator and the data acquisition process are described.
An automated impact excitation is used to enable the possibility of excitation in the vacuum
chamber and to satisfy the criterion of reproducibility. A method for determining damping values including a short-term Fourier transform using resampling is briefly presented (see Hentschel
et al., 2015). The used test rig, in combination with the analysis method, offers the possibility to
identify the decay curve of one mode shape in order to calculate the damping values. From this,
decay fitting is used (see Rice et al., 2007 and Siewert et al., 2010). Then further experimental
results are presented, which investigate in addition to the influence of ambient pressure also
the influence of the clamping conditions on the determined specimen specific damping value of
stainless steel. Using the measured data, a common model for material damping description (see
Lazan, 1968 and Szwedowicz et al., 2008) is parameterized. Conclusions are given at the end.
2.

Experimental setup

Based on a common frequency range for turbine blades, the experimental setup is developed.
Using a specific specimen length, plate-type specimens are manufactured for the frequency range
of interest, corresponding to the mode shape of interest.
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2.1.

Specimen clamping

The specimens which are used for the material damping tests are beams with defined eigenfrequencies. The sample geometry (width and thickness) is selected in such a way that a wide
gap between the eigenfrequencies of the test specimens is present. To reduce the influence of
parasitic damping (i.e. frictional damping due to clamping), the specimens are clamped in a
suspended way in their nodes of vibration (Fig. 1) corresponding to the mode shape of interest.
Bolts with an apex (Fig. 1) are used to fix the specimens depending on the analyzed mode shape.
This allows an evaluation of “free” modes and prevents rigid body mode shapes. In addition, the
clamping mechanism design leaves a wide frequency gap between the specimen eigenfrequencies
and those of the system consisting of the clamping device and the specimen (Fig. 1).

Fig. 1. Mode shapes of the clamping mechanism and the apex formed clamping screw

This avoids potential interactions between the specimen and clamping and helps one to eliminate unintended damping sources in the clamping mechanism. In Table 1, the normalized
frequencies of interest fs,i (representing a common eigenfrequency range of turbine blades) chosen concerning the specimen and the nearest normalized eigenfrequencies of the system fsy,l,i
and fsy,u,i are shown.
Table 1. Normalized frequencies

2.2.

Specimen

Next lower
normalized
eigenfrequency

Normalized
eigenfrequency
of interest

Next upper
normalized
eigenfrequency

1
2
3

fsy,l,a = 0.031
fsy,l,b = 0.087
fsy,l,c = 0.9

fs,a = 0.106
fs,b = 0.32
fs,c = 1

fsy,u,a = 0.182
fsy,u,b = 0.511
fsy,u,c = 1.08

Excitation and measurement

Specimens are excited by a force impact generated by a voice coil actuator. In this connection,
an automated test sequence with a high reproducibility of the excitation force is realized. Based
on this, a mechanical coupling of the structure and the excitation mechanism is avoided, which
eliminates a potential source for data distortion. The voice coil actuator is operating in current
mode. In this context, it is possible to control the acceleration of the actuator. A force sensor
is used to monitor the behavior of the impact. Due to the used electrical device for specimen
excitation, a high reproducibility of the impact force is realizable (see Fig. 2). Figure 2 shows in
addition the relation of the preset current to the measured impact force.
The vibration is measured by a laser Doppler vibrometer. An optical measurement technique
is used to avoid a coupling between structure and sensor, which may induce additional uninten-

29

30

O.P. Hentschel et al.

Fig. 2. Measured force with several executions of the excitation (left) and corresponding coil current
(right)

Fig. 3. Experimental setup (schematic)

ded damping. In Fig. 3, the schematic experimental setup is shown, also illustrating necessary
supply and control units.
2.3.

Vacuum chamber

The vacuum chamber is used to eliminate damping caused by the surrounding medium. The
chamber is developed in two main design steps (Fig. 4). The first design step is focused on
the ability to facilitate the whole experimental setup in the chamber. The specimen clamping
and also the excitation mechanism are bolted to the bottom of the chamber. An electrical feed-through for the excitation mechanism and a window for vibration measurement are considered.
On the basis of the first design step, the position of the flange, the flange height, the flange
diameter and the wall thickness of the chamber are changed. This is ensured by frequency
optimization with respect to a wide frequency range of interest (common eigenfrequency range
of turbine blades). Being designed for vacuum conditions, a potential coupling of the specimen
and the structure (via the remaining air in the chamber) is eliminated due to the performed
frequency optimization. In this way, precise detection of the influence of the surrounding air
on the damping value is also possible. Furthermore, additional masses are applicable on the
chamber cap, to ensure a shift of the eigenfrequency range of the vacuum chamber. This enables
a high variability of the analyzable eigenfrequencies of interest.
It is possible to define the optimization problem by maximizing the gap between the eigenfrequencies of the chamber and the eigenfrequencies of interest (representative eigenfrequency
range for turbine blades). In Fig. 5, the frequency gaps are graphically presented.
The optimization variable Opt has to be calculated using the three frequency gaps (∆fa ,
∆fb , ∆fc ). In this context, it has to be ensured that the frequency gaps reach their maximal
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Fig. 4. Design steps of the vacuum chamber

Fig. 5. Frequency gaps of the specimen and the vacuum chamber (bold: eigenfrequency range of the
chamber), top: chamber without additional masses, bottom: chamber with additional masses

magnitudes. Furthermore, the magnitudes of ∆fb and ∆fc should be equal. As a consequence,
the optimization variable can be defined as follows
Opt = e∆fa + h(∆fb , ∆fc )

(2.1)

The factor e represents a weight factor concerning the first frequency gap. To satisfy the criterion
of maximal and equal magnitudes of the factors ∆fb and ∆fc , the function h(∆fb , ∆fc ) is defined
h(∆fb , ∆fc ) = a| cos(α)∆fb − sin(α)∆fc |σ(sin(α)∆fc − cos(α)∆fb )
+ b| cos(α)∆fb − sin(α)∆fc |σ(cos(α)∆fb − sin(α)∆fc ) − c(sin(α)∆fb + cos(α)∆fc )
(2.2)
The factors a, b, c and α are additional weight factors concerning the two frequency gaps ∆fb
and ∆fc . The several weight factors are used to ensure a high variability of the optimization
process. Out of this, it is possible to repeat the optimization by changing the weighting factors
to give e.g. priority to another frequency gap.
The influences of these factors on the frequency gaps are summarized in Table 2 and Fig. 6.
Table 2. Influences of the different weight factors
Factor
a
b
c
α

Influence
weight factor concerning the magnitude of ∆fc
weight factor concerning the magnitude of ∆fb
symmetric weight factor concerning ∆fb and ∆fc
weight factor concerning the relationship between ∆fb and ∆fc

The optimization is carried out by performing modal analysis using the finite element program ANSYS and its sub-problem approximation method (see ANSYS, 2009). The optimization
process is presented in detail in Fig. 7.
Using the defined scalar optimization variable and the optimization process presented in
Fig. 7, the ideal chamber geometry with a high magnitude of the frequency gaps is calculated. The
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Fig. 6. Weight factors and their influences

Fig. 7. Design steps of the vacuum chamber

Fig. 8. Measured natural frequencies of the vacuum chamber

different eigenfrequencies measured for the manufactured chamber without additional masses are
shown in Fig. 8.
It shall be pointed out that the requested frequency gaps are reached. Figure 9 shows the
vacuum chamber with the integrated experimental setup.
Being equipped with a vacuum pump, low chamber pressures can be reached (see Fig. 10)
and maintained during testing.
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Fig. 9. Experimental setup: 1 – vacuum chamber, 2 – vibration desk, 3 – voice coil actuator,
4 – specimen, 5 – clamping device

Fig. 10. Pressure-time dependency

3.

Damping determination

The methodology of deriving damping values includes a Short-Term Fourier transform with an
integrated Resampling (STFR) of the signal. The used methodology for damping identification
was already presented by Hentschel et al. (2015). In this paper, only a short overview of the used
methodology will be given. Using the mentioned STFR method, it is possible to get adequate
information concerning vibration amplitude and eigenfrequency. This method is limited only to
structures excited by a force impact (realized with the experimental setup). Here, the decaying
signal xu [w], which is necessary for damping evaluation, is measured by a laser Doppler vibrometer. This signal can be specified by the following data sequence with Nw values regarding the
signal parts u
xu [w] =

(

x (t = (uNw + w)T0 )

for

0 ¬ w ¬ Nw − 1

0

otherwise

(3.1)

where w represents the signal point and T0 the sampling time. The signal is equidistantly divided
into
U=

NS
−1
NW

(3.2)

parts, and it is analyzed stepwise. NS represents the number of all data values. In the next step,
a Discrete Fourier Transform (DFT) is applied
Xu [k] =

NX
w −1
w=0

kw

x ((uNw + w)T0 ) e−j2π Nw

(3.3)
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where k describes the spectral line number. In the following, the measured signal is extracted
with respect to the mode shape of interest. Using this formulation, the frequency resolution ∆ωf
reads
∆ωf =

2π
T0 Nw

(3.4)

By analyzing weakly damped systems, the amplitude is underestimated at the eigenfrequency.
To avoid this problem, resampling of the signal is performed. The goal in this context is the
identification of the required sample rate in such a way that the frequency resolution ∆ωf,n is
equal to an integer numbered multiple g of the eigenfrequency of interest ωd,int .
ωd,int = g∆ωf,n

(3.5)

To satisfy the required sample rate corresponding to the criteria in Eq. (3.5), real numbered
alternation d of the sample rate T0 is necessary
∆ωf,n =

2π
2π
=
T0,n Nw
dT0 Nw

(3.6)

As the eigenfrequency is unknown (due to production tolerances), optimization (such as the
Nelder-Mead algorithm, Nelder and Mead, 1965) of the resampling factor d is necessary. In this
respect, the achievement of the maximal amplitude at eigenfrequency represents the optimization
criterion.
After calculating the eigenfrequency, the modal amplitude for each part of the decay curve
can be identified. Dividing the decay curve into several parts, it is possible to calculate the decay
coefficient as a function of the mean amplitude.

4.

Experimental results

In this Section, the influence of experimental setup specific parameters on the damping value is
analyzed. For this purpose, an optimal setup of the test rig is identified, using the achievement of
a minimal damping value as a criterion for test rig adjustment. In addition, the reproducibility
of the measured data is also analyzed whereby the experimental setup is reassembled prior to
each measurement. The measurements are realized four times per configuration. The tests are
performed using beams with a reduced eigenfrequency for the 2-nd bending fs,c (see Table 1).
As a result of this investigation, a quantification of the identified damping value concerning its
quality is expected.
The first analyzed parameter is the ambient pressure. In Fig. 11, the normalized damping
(ratio of the measured loss factor and the maximum measured loss factor) value versus the
normalized displacement (ratio of the measured displacement and the maximum measured displacement) calculated from the measured velocity is shown.
To eliminate any possibility of an aerodynamic coupling between the vacuum chamber and
the specimen, damping values are measured with and without the chamber cap under ambient
conditions. Comparing the normalized damping course with and without the chamber cap (shown
in Fig. 11), it can be seen, that there is no influence of the chamber cap on the measured damping
value. Additionally, a decrease of the normalized damping value with decreasing pressure is
visible. With regard to the ambient pressure conditions, the damping decreases to 17%. The mean
standard deviation is in a range of about 0.02% of the measured damping value at the maximal
amplitude with respect to the analyzed configuration. Herewith, an adequate reproducibility
can be obtained. Due to the used scaling factor, the influence of normalized amplitude on the
damping value cannot be recognized.
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Fig. 11. Normalized damping as a function of normalized amplitude and pressure

The next analyzed parameter is the torque of the screws with the apex (see Fig. 1). This
analysis is performed at 0.08 mbar (vacuum conditions). Five different torque magnitudes are
analyzed. The normalized damping value versus the normalized amplitude is shown in Fig. 12.

Fig. 12. Normalized damping as a function of normalized amplitude and torque

Based on this analysis, an amplitude-dependent damping value can be identified. Here, the
damping value increases with the increasing amplitude. The maximal damping is measurable
at the lowest torque (hand-tight). Under these conditions, the specimen is not completely fixed
in its nodes of vibration, starting to rattle after the force impact. Frictional and impact effects
are present and responsible for additional energy dissipations. In this respect, higher damping
values are measurable. With an increasing torque magnitude, the damping value decreases to
the lowest damping value at a torque magnitude of about 6Nm. Assuming that the lowest
measurable damping value course represents the energy dissipation due to dissipation within the
material, the specimen-specific material damping value is measurable under these conditions.
By a further increase of the torque value, the damping increases too. In this context, the apex
geometry is discussed. The point of contact is plasticized, and the damaged apex lies flat on
the specimen. Through these measurements, a mean standard deviation of about 0.03% of the
measured damping value at the maximal amplitude with respect to the analyzed configuration
is identifiable.
To check the influence of the apex variation on the damping value, different apex geometries
are analyzed. From this, three different apex geometries are used (see Fig. 13), whereby the apex
radius r is varied.
For specimen clamping, a torque of 6 Nm (identified before) is used. The tests are performed
at 0.08 mbar (vacuum conditions). In Fig. 14, the influence of this variation on the damping
value is presented.
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Fig. 13. Apex geometry

Fig. 14. Normalized damping as a function of normalized amplitude and apex geometry

The damping value increases with the increasing apex radius. This effect leads to an additional frictional damping within the contact area. Here, the lowest damping is identifiable at the
lowest apex radius (approximately 0 mm). For these configurations, also a low standard deviation (0.028% of the measured damping value at the maximal amplitude) is identifiable. This is
the basis for proving the adequate reproducibility of the measured values.
Based on this analysis, it can be seen that a sufficient adjustment of the experimental setup
is necessary for sufficient structural damping identification arising from the material. In Table 3,
the adjustment of different parameters regarding the experimental setup is summarized.
Table 3. Adjustment of the experimental setup
Parameter
Pressure
Clamping torque
Apex radius

Magnitude
0.08 mbar
6 Nm
≈ 0 mm

5.

Model verification

To demonstrate further utilization of the experimental data, the measured values are used to
parameterize a common model for material damping description. For this purpose, the test
rig is adjusted with respect to the data presented in Table 3. It now becomes obvious that
the measured normalized damping values correspond to the lowest measured values made in
previous investigations (see Fig. 14, Fig. 12 and Fig. 11). These damping values, which arise
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from dissipations within the material, are used for parameterization. In this connection, a static
hysteresis model is utilized which was already recommended by Lazan (1968)
∆WS
1
ΨS =
=
2πUS
2πUS

ZVS

V =0

∆Wloc

1
dV =
2πUS

ZVS

Jσ n dV

(5.1)

V =0

In Eq. (5.1), ΨS , ∆WS , US and VS represent the specimen-specific loss coefficient, the entire loss,
the potential energy and the entire volume of the specimen. In this context, the local energy
dissipation ∆Wloc is describable as a function of the local stress σ weighted by two material
constants J and n. Analyzing the stress distribution by the Finite Element approach within
the specimen, the parameters can be identified. From this, the least squares method is used
to identify the magnitudes on the basis of the experimental data. In Fig. 15, the course of the
normalized damping with respect to the maximal local stress σmax is presented.

Fig. 15. Parameterization of a common model for material damping description

It is to be mentioned that the maximal local stress σmax within the specimen corresponds
to the measured amplitude. The magnitude of the maximal local stress is identified using the
Finite Element approach. Finally, it can be seen that the experimental data presented in Fig. 15
are describable in a suitable way using the static hysteresis model presented by Lazan (1968).
In this context, the coefficient of determination has a magnitude of R2 = 0.94.

6.

Conclusions

In the present paper, an experimental setup for specimen-specific material damping determination is developed. A design optimization with respect to the natural frequencies of a vacuum
chamber and a frequency range of interest are performed. It could be shown that requested
frequency gaps are achieved to avoid possible aerodynamic coupling between test specimen and
vacuum chamber. In addition, test specimens are clamped in their nodes of vibration to avoid
unintended frictional damping. The clamping device is also frequency optimized to avoid possible
structural coupling. Moreover, a method for damping determination is discussed briefly. Subsequently, several parameters influencing the measured specimen-specific damping value using
the analyzed setup are identified. It can be shown that a defined magnitude of the clamping
torque as well as a defined geometry of the clamping apex is important to identify an accurate
damping value. In this connection, an adjustment of the experimental setup is presented. In
this context, the lowest identifiable damping value is used as a criterion for the adjustment of
the experimental setup. Additionally, it can be shown that an adequate reproducibility of the
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measured values is realizable. Finally, a model for material damping description is parameterized
on the basis of the measured material-specific damping values.
Using the developed experimental setup, it is possible to identify influential parameters on
structural damping values arising from dissipations within the material. Based on this, development and parameterization of material damping models is realizable. It should be mentioned,
that the analyzable respectively excitable frequency range is limited by the impact force.
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