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Abstract. In this work, an experimental investigation into vibration damping of elastomer filled open-pore
metal foams and their effectiveness as a bearing support in turbomachinery is presented. The polyurethane fillers
known for their high-energy absorption capacity were chosen to enhance the damping performance of the metal
skeleton. Aluminum (Al), copper (Cu) and nickel-chromium foams (NiCr), with different relative density and
pore size were tested dynamically using a dedicated device based on a single degree-of-freedom model. The
results indicate that the storage modulus and the loss factor for foam-polymer composites were greater than the
combined contribution of both phases taken separately. Foam morphology plays an important role in this effect
and it is shown that the increase in performance was more significant for higher specific surface area. Fillers with
different properties were also considered. The optimal combination of foam and polymer was selected and tested
on a rotor kit test bench. Annular shaped samples were placed between the external race of the ball bearing and
the housing. The tests were carried out using a flexible rotor configuration where the vibration amplitudes of the
rotor were monitored for foam and foam-polyurethane composites for rotational speeds up to 100 Hz while
hammer impact tests were performed using a semi-rigid shaft configuration due to higher resonance frequencies.
In the first case, no significant difference was observed between the foam, foam composite and the bearings-only

set-up. In the second case, the foam composite resulted with the highest energy dissipation capacity.

Keywords: Metal-foam / elastomer composites / bearings / vibration damping / turbomachinery

1 Introduction

During their operation, rotating machines are susceptible
to dynamic loads that cause undesired vibrations and
shocks if not controlled properly. The support elements
play an important role in limiting these effects and
guaranteeing safe running conditions by providing optimal
stiffness and damping into the system. In various
applications, among which aerospace, squeeze film damp-
ers (SFD) have been effectively used to reduce the
vibratory response coming from residual unbalance on
the rotor. But their disadvantages are the clutter, usage of
pressurized oil, and the presence of a squirrel cage.
Moreover, this device cannot avoid the aging of the fluid
and tuning which is needed for compensating the
temperature and frequency effects. Hence, finding new
technical solutions that guarantee load support, vibration
damping as well as an oil free operation remains an active
research area. In this regard, similar motivations have led
to the employment of new materials like metal rubbers,

* e-mail: pascal.jolly@univ-poitiers.fr

combining an elastic structure with high energy dissipating
capabilities from its internal friction [1,2]. Due to their
porous structure, further improvement on these properties
could be achieved by impregnating them with polymer
fillers [3]. However, due to its internal configuration, the
material stiffness is prone to variations with time [4] and
may require additional springs, increasing their complexity
and weight [5,6]. Metal and ceramic open-cell foams with
their connected microstructure on the other hand, offer
better structural integrity and high stiffness to weight
ratio. These foams itself have low damping as their base
constituents but, due to their open pores they can be filled
with elastomers to obtain composites with an attractive
combination of properties, inheriting the stiffness and load
carrying capacity of its metallic/ceramic phase and the
energy dissipating mechanisms of elastomer fillers or
interactions between the phases.

It is common for these porous materials to be
impregnated with polymers [7] but generally, the interest
has been on their energy absorption capacity well beyond
the elastic deformation zone [8-15]. As for the elastic
properties, increased flexural modulus on aluminum foam-
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Table 1. Foam properties.

Constituent material Al Cu NiCr

PPI (No. of pores / inch) 8-12 27-33 27-33
Relative density (p,)* 5% 5% 7.8%
Specific surface (m?/m?) 500 2800 2800
Average density (gr/cm®) 0.11 0.4-0.5 0.45-0.9
Plate thickness (mm) 10 5 10
Sample mass (gr) 1.1440.03 1.88+0.1 4.815+0.4

* In MF-PU composites, the relative density of the constituting foam (p,) corresponds to the volume fraction of the metallic phase.
Similarly, the porosity of the foam, which is equal to 1-p,, represents the volume fraction of the filler phase when fully occupied by the

latter.

polypropylene IPC (Interpenetrating Phase Composites)
has been reported and, the foam pore size was found to
influence this behavior [16]. The pioneering work of C.
Hauser and R. Hauser in vibration damping of open-cell
metal foams filled with different viscoelastic materials
showed improved damping and stiffness to weight ratio of
the composites [17]. S. Yin and N. Rayess [18] tested
aluminum foam impregnated with silicone and RTV
(Room Temperature Vulcanized) rubber on a Dynamic
Mechanical Analyzer (DMA). An increase in damping and
stiffness higher than the added contribution of each phase
were found within 1 and 2 Hz of excitation frequency. In a
recent study, Zh. Jiang et al. [19] prepared a novel multi-
scale composite having a CuAlMn memory alloy skeleton
and a polymer matrix which was reinforced with different
carbon nanomaterials. The tested frequency was up to
200 Hz and the temperature range from —10 to 100 °C. The
loss factor was found to be higher than 0.1 in all cases and
the storage modulus increased almost 3 times when the
polymer was introduced.

Metal foams have also been imbibed with fluids [20]
where aluminum foams, containing an average of 20 and 40
pores per inch (PPI) were imbibed with water, oil, glycerol
and petroleum jelly and tested in a device consisting of a
base excitation — mass system. In all the cases, the
damping ratio of imbibed foams increased slightly
compared to the metal structure itself, and the higher
values correspond to higher dynamic viscosities of the
fluids. In the case of petroleum jelly, an increase in stiffness
was also observed and it was reported that the dynamic
properties were frequency dependent.

In this paper, the vibration damping of elastomer filled
open-cell foams is presented. The polyurethane (PU)
known for its high energy dissipation capacity, inferior
elastic properties to open-cell metal foams, but also for its
lower viscosity compared to silicone, was chosen to enhance
the damping performance of the metal skeleton. The
influence on the dynamic properties for different PU fillers
and foam morphologies was evaluated. The optimal
combination of material properties was chosen and tested
in a rotor kit test bench. In this set-up the foam-PU
composite is placed between the bearings and the housing
and its capacity to reduce the rotor vibrations for different
configurations is discussed.

2 Materials and methods
2.1 Materials

Three types of commercially available open-cell metal
foams (MF) (Recemat-BV) were selected for comparison.
Their properties as specified by the manufacturer are
presented in Table 1. The Al foam is produced using
replication/investment casting method (solid struts) while
Cu and NiCr by electro-deposition techniques [21] (hollow
struts). For global characterization of the material
properties, cuboidal samples of 30 x 30 mm were cut by
Wire EDM (Electrical Discharge Machining) with 5- and
10-mm thicknesses, predetermined by the initial plate size.
All the samples were weighted and higher mass variation
on NiCr and Cu in comparison to Al foam were measured
(Tab. 1). In the same way, annular shaped samples with
internal and external diameters of 22 and 30 mm were
extracted from the NiCr foam to be used as bearing
supports.

A total of three polyurethane (PU) rubbers served as
filler materials. They were comprised of liquid components
A and B which had to be mixed according to the
recommended ratios. The physical properties of the PUs
are summarized in Table 2.

2.2 Global characterization

To carry out the tests, a dynamic shaker (forced vibration
resonant system) with base excitation was developed. To
allow for dynamic testing in tension-compression simulta-
neously, prior to testing, the cuboidal foam sample was
sandwiched between two aluminum plates and a thin layer
of cyanoacrylate adhesive (0.1 + 0.2mm) is used to glue
them together (Fig. 1). 3D printed parts guaranteed foam
alignment as the glue solidified. In this set-up, the foam was
positioned between a calibrated seismic mass and the
oscillating base, which could be mounted directly to a
piezoelectric actuator thanks to its high rigidity. Steady
state vibrations were generated by the actuator capable of
achieving 5000 Hz and excitation amplitudes up to 27 wm.
The mass on top of the foam was free to vibrate in different
directions which could lead to incorrect measurements
when multiple resonant frequencies occur close to one
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Designation PU-10 PU-20 PU-30
Shore A hardness 10 20 30
Specific gravity 1 1 1.03
Cure time at 25°C (hours) 24 24 16
Mixed viscosity (cps) 3100 1000 750

Mass accelerometer

Sample preparation

Piezoelectric
actuator

Fig. 1. Sample preparation and testing set-up for global
characterization of elastic and damping properties of foams
and foam-polyurethane composites.

another. To avoid this, the choices for the design of the
system were made so that a wide range of frequencies was
available around the compression/tension mode shape
without the interference of flexural and torsional vibra-
tions. Also, to remain within the elastic range of the
material and to avoid large tensile forces, the maximum
compressive/tensile amplitude (reached at the resonance
frequency) was limited at 2 = 3 pm.

The performance of viscoelastic materials is usually
expressed through their dynamic modulus of elasticity
E'=E, (1+¢ ég,), where E, is the elastic (or
storage) modulus, 8, is the loss factor and @ index
signifies frequency dependency. These properties were
identified using the vibration transmissibility for the foam,
PU and foam-PU composites [22]. It is defined as the ratio
of the mass displacement to base excitation amplitudes,
|Zazass| and | Zp,45¢/- In & single degree of freedom system, the
transmissibility T can be written as:

1+, )
T Mass ( @
| = : (1)

L Base \/(l

T=|

o hM 2
®° 4g, ) + 8%,

In equation (1), w is the angular speed, h and A stand for
sample height and cross-sectional area and M is the seismic
mass. For low-damping materials, as expected for the
foams due to their metallic constituent, E,, and §g, vary
little with frequency. Thus, the above equation was
simplified by considering E,, and §g, as constants. These
two parameters were then found by applying a least square
fit on experimental data. Four different masses were also
used with 0.238, 0.338, 0.454 and 0.554 kg each in order to
evaluate the variation of the dynamic properties for
different preloads and frequencies. Once the tests without
the filling polyurethane (PU) were carried out, the foam
samples were imbibed and retested. Before imbibition, the
components A and B of the PU were carefully mixed and
degassed in a vacuum chamber for about 3-4 minutes.
Then, with the help of a 3D printed mold, the polymer was
infiltrated under gravity into the foam for about 15-20 min
inside a vacuum chamber, at 1 mbar (Fig. 1). The curing
was done at room temperature for 24 h. In the same way,
three different polyurethane-only samples of 30 x 30 x
10mm were prepared in order to characterize their
behavior separately. Since polyurethane sticks firmly to
the Al plates, no gluing was necessary in these cases. The
hardness of the PUs was verified on a Shore A durometer
indentation test to assure complete polymerization. In the
case of high-damping materials like PU, the frequency
dependent properties E,, and 8, can be evaluated directly
using equations (1)and (3) derived from the complex form
of the transmissibility 7" = T% = T(cos ¢ + i sin ¢) with ¢
being the phase angle between mass and base accelerations
[23]:

_ hMa? Im( )* + [Re(T) — 1]-Re(T)

Bt A @y e -
and,
B Im(T)
o, = Im(T)? + [Re(T) — 1]-Re(T) ®)

2.3 Foam morphology

X-ray microtomography (.CT) scans with a resolution of
20 pm were also performed on all the foams to characterize
their microstructure before the dynamic tests. This
provided accurate insight on the local distribution of its
internal features. The main geometric properties defining
the foam are its relative density (the fraction of a given
volume occupied by the solid material), and the cell size
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Fig. 2. Morphological properties of Al, Cu and NiCr foams. The measurements are performed in thresholded 3d images using ImageJ

software.

whose measured values are presented in Figure 2. The
interactions between the metal matrix and the polyure-
thane filler occur at the interface where the two phases
meet. The size of this interface plays an important role on
the behavior of the composite. This property can be
described by the specific surface area which defines the
total surface area per unit bulk volume. It depends on cell
size and relative density, and was obtained directly from
the 3D images (Fig. 2), where only the outer surface of the
struts was considered for NiCr and Cu foams.

2.4 Rotor-kit test bench

A RKA4 rotor kit (Bently Nevada) was used to test the
annular NiCr foam samples, imbibed or not with the filler
PU, and compare them with an installation without foam
where the bearing was mounted directly on a rigid support
(Fig. 3). The foam sample was placed between the ball
bearing (Misumi TBB6900ZZ) and the housing. The test
rig was equipped with two disks with mass 800 gr and
75 mm diameter each, that are mounted on a 10 mm shaft.
Two types of tests were carried out using different
configurations, with flexible and semi-rigid rotors. In the
first case, the displacements along the shaft were monitored
for rotational speeds up to 6000 RPM using 8 proximity
probes (two on each plane numbered as shown on the left of
Fig. 3), on a balanced system. In the second case, only
hammer impact tests were performed (Fig. 3) using
accelerometers. The foam imbibition was done similarly
to the procedure for the cuboidal samples but a special
aluminum mold machined to have the same fitting
tolerances as in the bearing-housing system was used.

3 Results and discussion

The transmissibility results for two Al, one Cu and two
NiCr foam samples are presented in Figure 4. At first
glance, a clear difference in resonance frequency between
the different NiCr samples is seen (NiCr and NiCr’ in
Fig. 4). As mentioned in the materials section, there was on
average about 10% variation in mass for these samples. The
Young’s modulus of highly porous materials depends
strongly on their relative density, p,, thereby a dispersion

in mass affects the elastic properties [24]. For two foams
having the same material, the ratio of their Young’s
modulus E;/FE, can be estimated using equation (4).

El/E2 = (prl/pr2)2' (4)

Based on this, the maximal variation on stiffness that
might result due to changes in mass is found to be 11%, 17%
and 61% for Al, Cu and NiCr foams respectively. As
expected, the Al foam with slight variations in weight has
similar elastic behavior throughout its tested samples (Al
and Al’ in Fig. 4). In the same figure, the existence of other
mode shapes can also be observed, but they had few
influence in the overall results and occurred at more than
200Hz away from the resonance peak.

The measured storage modulus and loss factor of the
foams are depicted in Figures 5 and 6. They showed negligible
variations with frequency and preload, so considering them
as constant was areasonable assumption. The NiCr foam was
stiffer than the Al and Cu foams which have similar elastic
behavior. As expected, due to their metallic constituents, the
loss factor of the three foams remained small.

The transmissibility for the 30 SHA-PU, the measured
storage modulus and loss factor using equations (2) and (3)
are depicted in Figures 7 and 8 for a wide range of
frequencies. The test was stopped after a certain frequency
because the inertial effects of the sample could not be
neglected anymore. Due to the intrinsic characteristics of
the system with base excitation, the acceleration of the
mass kept reducing with the increase in frequency and
became comparable to the inertial effects on sample cross
sections. In order to avoid this error and to get a rough
estimation on the dynamic parameters, the same fit as for
the metal matrix was applied to the transmissibility data
through equation (1). It can be seen in Figure 7 that the
fitted curve gave a good description of the experimental
data. In the same way, the properties of the other PU
samples were estimated and the overall results are
summarized in Table 3.

The influence of different filler material properties on
foam composites was studied through Al foam samples,
which were imbibed with the 10, 20 and 30 SHA PU. This
foam, having higher permeability due to its superior cell
size, allowed the high viscosity PUs, especially the low
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Driving End (DE)

Accelerometers

Non-Driving End (NDE)

Impact hammer §

Disks (@ 75 mm) i

-
Accelerometer

MF housing

Rigid housing

Fig. 3. RK4 rotor kit (Bently Nevada) used to obtain the vibration response of the rotor for different configurations. On the right,
details about different housings and the hammer impact tests are shown.
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Fig. 4. Vibration transmissibility of metal foams with their
respective seismic mass.

hardness ones, to penetrate easily into the foam micro-
structure. The storage modulus and loss factor of the foams
before and after imbibition are shown in Figures 9 and 10.
The inclusion of polyurethane in the metal foam matrix
modified their dynamic behavior. An increase in elastic
properties for the three samples is observed. Looking
carefully at the evolution of the storage modulus with
frequency, only a shift on the curve from the corresponding
metal foam is seen, while the shape remains the same,
meaning that the composite inherited the same properties
as their parent metal matrix with little dependency on
frequency and preload.

The storage modulus computed by adding the separate
contribution of the two phases using a simplified version of
the mixing law as shown in (Eq. (5)), where the foam is
introduced as a separate structural unit (Ey,q,,), under-
estimates the elastic properties of the composite E. (see
Fig. 11). The latter however, still remains within the Voigt-
Reuss bounds, indicating a mutual restriction in the
deformation of the constituting phases. In order to evaluate
this effect, in equation (5) an extra component was added,
Eyr/pr, and was attributed to the interactions between the
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=
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g 100 , T , | |
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Fig. 5. Storage modulus of metal foams.

metal foam and the polymer filler. Eyr/py was higher for
the PUs with higher storage modulus (Fig. 12).

Simpli fied mizing law
E. =

=  ——7—
Efoam+(1_ﬂr)'EPU

(5)

The loss factor of the material on the other hand, from
its definition can be expressed as in equation (6), where ¢ is
the porosity of the foam and represents the volume fraction
of the filling elastomer (¢=1—p,).

+Epr/pu-

E -BE
8 = Sfoam'M'i' Spy- it 4

Evr/py
E. E. .

E.

(6)

+ dymr/PU

Supposing that the storage modulus of the interactions
came purely from the reaction of the PU due to the
constrained conditions inside the cellular structure,
equation (6) becomes:

8 foam * E foam + 8pu * (e-Epu + Exrp/py)
5, = & W
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Table 3. PU10, PU20 and PU30 dynamic properties.

Polymer PU10 PU20 PU30
Storage modulus (MPa) 0,86 2,94 5,8
Loss factor (%) 45 16 35

The estimated values from equation (7) agree well with
the experimental data especially for the AI-PU20 and Al-
PU30 (Fig. 13). This suggests that the added energy
dissipation mechanism in these composites originates from
the intrinsic damping of the PU phase.The 30 SHA PU
performed better than the other two in terms of damping
capacity and was used as a filler to study the impact of
different foam microstructures on the final composite
properties. Two other foam samples, Cu and NiCr were
tested and imbibed using the same procedure as above. The
results for Cu-PU30 and NiCr-PU30 compared to their
metallic counterparts and to the previous Al, AI-PU30 are
shown in Figures 14 and 15 for different frequencies.

Similar to Al foam, the composite samples experience an
increase in storage modulus and loss factor. Again, the
evolution of the storage modulus with frequency and
preload for the imbibed foams resembled to their initial
metal foams. Similar effects took place concerning the loss
factor, whose values for NiCr-PU30 and Cu-PU30 were
close to each other and higher than for the Al-PU30 besides
having the highest loss factor without filler.

Even though the same polymer was used, the overall
impact in the elastic properties was greater for NiCr,
followed by Cu and Al foams. The added storage modulus
due to the interactions between the foam and the PU, noted
as Eyp/py, is dependent on the originating foam as
depicted in Figure 16. The surface area of the metallic
phase surrounding the filler material was higher for
microstructures with higher specific surface area resulting
in a more constrained PU, and thus its contribution on the
elastic properties for the tested composites was the highest
for NiCr foam. Also, the difference between Cu-PU30 and
Al-PU30 which had similar elastic behaviors before PU
imbibition, reflects the importance of the foam morphology
over the influence induced by the varying base materials of
these foams.

The predicted loss factor using equation (7), while
considering only the PU as responsible for the increase in
storage modulus, yielded a good approximation for the
energy dissipation capacity even in the case of different
metal foams (see Fig. 17).

Equation (8) defines the damping coefficient C., (or
equivalent viscous damping). The product E-S is the
highest for the NiCr-PU30 and thus the NiCr foam was
used for further testing in the rotor kit test bench.

_Bs

Ceg = (8)

1))
The stiffness of the annular samples was estimated
numerically using finite element analysis where the
Young’s modulus of the material was taken as the mean
value of the storage modulus from the previous tests. Based
on these results only a flexible and a semi-rigid shaft
configuration could be tested experimentally. Two differ-
ent housings were used to mount the ball bearings. The first
one allowed for a rigid connection to the supports while on
the second one the foam sample laid between the bearing
outer race and its housing, so that the load on the support
was transmitted through the metal foam or metal foam-PU
composite (see Fig. 3). In this set-up, the bearings were
placed 33 cm apart and the disks were 11 and 22 cm away
from the bearing on the driving end side. The first test was
run with a rigid coupling to characterize the rotor response
without foam. The frequency response was obtained for
rotational speeds up to 6000 rpm (100 Hz) with displace-
ment data recorded at constant speeds for every increment
of 25rpm. The main vibration amplitudes were found
within the synchronous frequencies, showing two resonance
peaks at 41.6 and 48.3 Hz (see Fig. 18).

These peaks correspond to different vibration planes
showing elliptical orbits, almost orthogonal to one another,
indicating a highly anisotropic stiffness behavior of the
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bearings. The variation of the synchronous amplitudes
from the middle of the shaft to its ends confirms the
presence of a bending mode shape. In such configurations,
with flexible shafts, most of the elastic energy is maintained
in the shaft flexural mode and wunsignificant energy
dissipation can occur at the bearings.

The tests with metal foam were run on two pairs of
samples for multiple mounting/unmounting of the foam
whose bounding curves are plotted in Figure 19. Due to the
high rigidity of the foam relative to the shaft, the response
of the rotor after the introduction of the foam rings was still
dominated by the bending mode, and as expected, the
results were overall similar to the installation without
them. A slight decrease of the peak amplitudes is however
seen compared to the previous rigid coupling, but this was
attributed to the use of two different housings and
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Fig. 16. The increase in complex modulus vs foam specific
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Fig. 17. Estimated loss factor of different metal foam composites
based on experimental measurements for complex modulus.

especially the influence on the foam-bearing contact from
mounting /unmounting of the system. Later, one pair of the
foams was imbibed with PU30 and other tests were carried
out. Even in this case the difference was not significant and
the influence of the MF or the MF-PU composite on the
resonant amplitudes of the rotor were negligible.

To achieve efficient damping at the bearings a
cylindrical mode shape is usually preferred, because the
amplitude of the vibrations at the supports can be reduced
by adding external damping on the bearing elements. Even
though high porosity metal foams compared to non-porous
materials tolerate higher elastic strains, to have an optimal
stiffness for a given application and to remain within the
elastic range of the material, careful design is required,
considering both system and foam properties. In the
current study, such an approach was sought through the
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semi-rigid shaft configuration in an attempt to find a
proper combination of foam and shaft stiffnesses, so that
higher strains occur on the supporting foams. In this
configuration, the bearings were found at a distance of
7.2 cm and the disks were placed on its center (see Fig. 3).
The resonance frequency was found higher than the
maximal motor speed, so only hammer impact tests were
performed with an accelerometer attached below the disks
(y-direction). The transfer function, defined as the ratio of
the amplitudes of the acceleration and the exciting force for
every excitation frequency on the excited range, was used
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A = ! ! I

0 | i i
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Fig. 20. Transfer function for rigid coupling, metal foam and
metal foam-PU composites.

to evaluate the stiffness and the damping of the rotor
supported on bearing only, foam and foam/PU composite.
The tests for the foam and for the composite were carried
out for multiple unmounting/mounting of the samples and
the minimal and maximal range of the results are shown in
Figure 20. The tests for NiCr foam resulted with the lowest
resonance frequency. Also, for this foam, a higher peak
value on the transfer function compared to the rigid
coupling was measured, indicating that the compression of
the foam was now participating on the rotor vibration
amplitudes. For the composite foam, the resonance
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Table 4. Modal damping of the rotor for different
configurations.

Configuration Modal damping
MF 4.7%
MF-PU 5.9%
Bearing only 4.2%

frequency was found between the metal foam and the rigid
coupling, showing that the rotor still remained in a semi-
rigid condition and vibration damping could be achieved
through the composite at the bearing locations. To
evaluate the damping performance for the three tested
scenarios, the modal damping was computed using the half
bandwidth method (Tab. 4). The results affirm that the
NiCr-PU30 has the highest energy dissipation capability.

4 Conclusions

Open-cell metal foams imbibed with polyurethane provide
better elastic and energy dissipating capabilities than
their metallic counterparts. Its final properties can be
adjusted by varying the filler material or the foam
microstructure.

The storage modulus and the loss factor of the tested
composites were greater than the added contribution of
both phases taken separately. Foam morphology played an
important role in this behavior and it was shown that the
increase in performance was more significant for foams with
higher specific surface area.

The tests on the rotor kit carried out using a flexible
shaft configuration showed no significant difference on the
vibration amplitudes of the rotor between the foam, foam
composites and the bearing-only set-up for rotational
speeds up to 100 Hz. On the other hand, with a semi-rigid
shaft the foam composites resulted with the highest energy
dissipation capacity highlighting the potential of these
materials. However, further investigations are required to
provide an optimal combination of properties for a given
application.
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