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High damping and nonlinear vibration of sandwich beams with entangled
cross-linked fibres as core material

Elsa Piollet!, Edith Roland Fotsing', Annie Ross!, Guilhem Michon?

Abstract

This article investigates the use of a recently developed fibrous core material to increase vibration damping in sandwich beams. The
entangled cross-linked fibre (ECF) material is made of short carbon fibres cross-linked with epoxy resin. Dry friction between fibres
provides energy dissipation when the material is deformed. Previous measurements on the material are post-processed to provide a
simplified viscoelastic description of the material, for an easier interpretation of subsequent structural testings. Two sandwich beams are
compared with reference honeycomb beams: a sandwich beam with an ECF core, and a hybrid beam with a honeycomb core and an
ECF insert. Steady-state tests are performed on both types of beams to obtain their frequency responses for different excitation levels,
and the corresponding apparent loss factors are computed. The beam with a full ECF core shows an apparent loss factor more than
ten times higher than the reference honeycomb beam. The hybrid sandwich beam provides an apparent loss factor four times higher
than the reference honeycomb beam. All beams exhibit nonlinear softening responses consistent with a dry friction phenomenon in the
material: the resonance frequencies decrease with increasing excitation amplitude, and damping increases then decreases again at very
high amplitudes while remaining largely superior to that of the honeycomb beams. Transient impact testings are also presented for a
qualitative comparison of the ECF and reference beams, and the ECF beams lead to shorter decay times compared to the reference
beams.
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Amortissement élevé et vibration non-linéaire de poutres sandwichs
avec un matériau d’ame a base de fibres enchevétrées-réticulées

Elsa Piollet!, Edith Roland Fotsing', Annie Ross!, Guilhem Michon?

Résumé

Cet article étudie 1’ utilisation d’un matériau d’ame récent pour augmenter I’amortissement vibratoire de poutres sandwichs. Le matériau
a base de fibres enchevétrées-réticulées est constitué de courtes fibres de carbone réticulées avec de la résine époxy. Le frottement
sec entre les fibres conduit a une dissipation d’énergie lorsque le matériau est déformé. Des mesures antérieures sur le matériau
sont post-traitées pour fournir une description viscoélastique simplifiée du matériau, afin de permettre une interprétation plus simple
des essais structuraux présentés par la suite. Deux poutres sandwichs sont comparées avec des poutres de référence ayant une dme
en nid d’abeille : une poutre avec une ame enchevétrée-réticulée, et une poutre hybride avec une dme en nid d’abelle et un insert
enchevétré-réticulé. Des essais en régime établi sont réalisés pour les deux types de poutres pour obtenir leur réponse fréquentielle pour
différents niveaux d’excitation, et le facteur de perte apparent est calculé. La poutre ayant une ame enchevétrée-réticulée sur toute la
longueur montre un facteur de perte apparent plus de dix fois plus élevé que la poutre de référence a ame en nid d’abeille. La poutre
sandwich hybride conduit a un facteur de perte apparent quatre fois plus élevé que la poutre de référence a ame en nid d’abeille. Toutes
les poutres conduisent a une réponse non-linéaire assouplissante cohérente avec le phénomene de frottement sec dans le matériau :
les fréquences de résonance décroissent lorsque 1I’amplitude d’exctation crofit, et I’amortissement croit puis décroit a nouveau a tres
haute amplitude, tout en restant largement supérieur a celui des poutres a ame en nid d’abeille. Des essais d’impact transitoires sont
également présentés pour une comparaison qualitative des poutres enchevétrées-réticulées avec les poutres de référence, et les poutres
enchevétrées-réticulées conduisent a un temps de décroissance plus court que celui des poutres de référence.

Mots-clés
structures sandwichs; matériau d’ame; fibres enchevétrées; amortissement; vibration non-linéaire; frottement sec
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In aerospace applications, structures must exhibit high stiffness to weight ratios, in order to reduce fuel consumption while
maintaining high mechanical strength. Sandwich structures, composed of two stiff layers separated by a lightweight layer, are
widely used for this purpose. However, because of their high stiffness to weight ratios and the reduced need of joints which
provide damping in metallic assemblies, composite sandwich structures tend to exhibit high levels of vibration and radiate noise.
Therefore, new solutions must be investigated to increase the intrinsic damping properties of sandwich structures and dissipate
vibration energy. Recent damping methods include inserting viscoelastic or piezoelectric patches on the structure [ ], modifying
facesheets to interleave viscoelastic layers [2, 3] and modifying honeycomb cores by filling their cells with polyurethane
foam [4] or with soft hollow particles [5].

Recently, Mezeix developed a new core material from entangled cross-linked fibres [0, 7, £], referred to as ECF material in
the present paper. The fibers are short — lengths from 10 mm to 45 mm were tested in different studies [0, 7, 9, 0] — and
can be carbon, glass or aramid fibres among others. The fibres are entangled to create a 3D random architecture, and some of
the fibre-fibre contacts are cross-linked to improve the general stiffness of the material [| |]. Preliminary vibration studies on
sandwich beams with an ECF core showed higher damping than beams with honeycomb or foam core materials [9, 17], and the
sandwich beams with ECF cores were shown to exhibit nonlinear vibration responses [13]. A study on the shear deformation of
ECF samples at different oscillation frequencies showed that the material dissipates energy with a behaviour typical of dry
friction [10]. This behaviour was attributed to friction between the fibres, as part of the fibre-fibre contacts are not cross-linked.
This is consistent with experimental and numerical studies on the static compression of entangled fibres, where friction between
the fibres plays an important role [ 14, 15]. These studies indicate that the ECF material may constitute a good candidate to
reduce vibrations in sandwich structures. However, two key questions must be answered before being able to design structures
with the ECF material. On one hand, the nonlinear behaviour of the material may lead to a variation in sandwich beam
damping depending on the excitation level. This variation was not quantified in previous studies, as comparisons between ECF
beams and reference honeycomb or foam beams were only performed at a single excitation level [9]. On the other hand, the
ECF material has a higher density than honeycomb, and solutions must be investigated to integrate ECF dissipation without
increasing significantly the overall mass of the structure.

The present article aims at providing quantitative data on the added damping obtained by replacing a honeycomb core by an
ECF core, and at relating the ECF sandwich beam behaviour to the underlying ECF material behaviour; it also investigates
a possible avenue to improve damping with a small mass increase. The novelty of the article is threefold: (1) equivalent
viscoelastic properties of the ECF material are computed for an easier interpretation of the consequences of material behaviour
on structural response; (2) the added damping obtained by replacing a honeycomb core by an ECF core is quantified for
different excitation levels, taking into account the effect of pre-cycling the beams before testing; (3) a preliminary study of a
hybrid beam with a honeycomb core and an ECF insert is presented.

The paper is structured as follows. In section 2, the fabrication process of the ECF material is first described. The properties
of the ECF material in shear are recalled and new equivalent viscoelastic properties are presented. Section 3 describes the
sandwich beam specimen dimensions and materials. In section 4, the experimental set-ups and procedures are detailed for the
pre-cycling of the beams and their testing in steady-state and transient vibrations. Section 5 presents the experimental results
for both the full ECF core and the hybrid configurations, showing high damping with a nonlinear behaviour. The results and
future work are then discussed in section 6.

2.1 Material fabrication

The ECF material was fabricated following the method developed by Mezeix [7]. In the present study, carbon fibres with a
7 pm diameter and an elastic modulus of 240 GPa were used.

The fibres were bought as yarns of stranded filaments. The yarns were first cut to a length of 31 mm. The filaments of
the yarns were then separated and entangled in a blower room with a 5 bar air pressure. A quantity of fibres was selected to
achieve a fixed fibre volume fraction of 8.5% in the final application volume, as in [7]. As the bulk density of carbon fibres is
1770 kg/m3, this volume fraction yields a density of 150 kg/m? in the final material.

In order to increase the stiffness of the material and make it usable as a sandwich core material, some of the contacts between
the fibres were then cross-linked. Epoxy resin was selected for cross-linking because of the widespread use of carbon-epoxy
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prepregs in aeronautical applications. A commercial paintgun was used to project droplets of epoxy resin on the entangled
fibres. The total density of the final material was 180 kg/m? including epoxy droplets.

The carbon fibres with epoxy cross-links were then introduced in a mould and polymerized at 70°C for 8 hours. Figure |
shows a scanning electron microscopy of the material after polymerization. In this material, some of the contacts between the
fibres are bonded with epoxy resin while others are free to slip. There is no matrix surrounding the fibres.

= = 7

Figure 1. Scanning electron microscope observation of the cross-linked entangled carbon fibre material.

2.2 ECF material properties
The ECF material properties in vibration were recently investigated through shear deformation of small samples [ 0]. Shear
deformation was studied because it is the main deformation of sandwich core materials [1 6, | 7]. The main results of [10] are
recalled in this subsection and are extended in subsection 2.3. The ECF material properties will serve as a basis to analyze
sandwich beam behaviours in the following of the paper.

Two groups of two samples with dimensions 20 mm x 40 mm x 60 mm were tested in a double lap shear configuration.
As the samples were handmade, testing two groups of samples with the same fibre and resin properties allowed measuring
variations due to the fabrication process. A sinusoidal shear deformation y was applied to the samples, resulting in a shear
stress 7. Frequencies from 1 Hz to 80 Hz were tested, with shear strain amplitudes ranging from 5-10~* to 1-10~2. Stress-strain
hysteresis loops were plotted, as shown on Fig. 2 for one set of samples at 20 Hz and 1 - 10~2 shear strain amplitude. The study
showed the following main properties, developed in the following sections:
high dependency with respect to the deformation history,
e low dependency with respect to the excitation frequency,
e high dependency with respect to the deformation amplitude (nonlinear behaviour),
e some variability between samples.

2.2.1 Deformation history and pre-cycling

The ECF material has to be pre-cycled to a level higher than its highest level of expected use in order to have a stable behaviour.
Indeed, when samples were deformed at a given shear strain amplitude for the first time for several cycles, their stiffness
decreased while energy dissipation increased. Then, after around 40,000 cycles, the stiffness and energy dissipation stabilized.
It was observed that after such cycling, any subsequent deformation with an amplitude lower than the cycling amplitude had no
effect on the material properties, even after days without deformation.

2.2.2 Low frequency dependency

The material behaviour showed a very low frequency dependency in the range of frequency tested, from 1 Hz to 80 Hz: there
was no frequency dependency up to 5 - 10~2 shear strain amplitude, and a very low dependency for shear strain amplitudes
between 5 - 1073 and 1 - 10~2. Therefore, in the following, only the results measured at 20 Hz are presented as they are
representative of the material behaviour on the whole frequency range tested, from 1 Hz to 80 Hz.
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Figure 2. Measured hysteresis loop for shear strain amplitude yo = 1 - 102 at frequency f = 20 Hz [10]; the dashed line corresponds to
T = Gy with G1 = 6.2-10° Pa

2.2.3 Linear and nonlinear phenomena

From the plotted stress-strain hysteresis loops, it was observed that the material behaviour could be decomposed in a linear
part and a nonlinear part: 7 = G1y + 7y with GG; a constant shear modulus and 7 the hysteretic nonlinear part. The linear
behaviour was attributed to a general network stiffness due to the cross-links between fibres. A shear modulus G; = 6.0 MPa
was found on average for the samples. The nonlinear behaviour was the subject of a more thorough analysis in [10]. Fig. 3
shows the hysteresis loops without the linear part (vy, 7) at 20 Hz for shear strain amplitudes ranging from 5-10~4to 1- 1072
These hysteresis loops allowed identifying three main phenomena in the material nonlinear behaviour, highlighted in Fig. 3:

e dry friction: for shear strain amplitudes up to 5 - 10~2 (full line), the hysteresis loops had shapes typical of a microslip
behaviour, with a smooth evolution between a “stick" configuration in which all contacts are blocked, and a “slip"
configurations in which all contacts are sliding, as described by the Dahl model [ 18] or the Iwan model [ 9] for example;
these shapes, along with the very low frequency dependency, pointed toward dry friction between the fibres, each
fibre-fibre contact going from a stuck configuration to a sliding configuration one after the other;

e stiffening: for shear strain amplitudes higher than 5-10~3 (dashed line), an increase in the material stiffness was observed,
which was attributed to the creation of more contacts between fibres as the material is deformed;

e overshoot: for shear strain amplitudes higher than 5 - 10~3 (dashed line), the hysteresis loops exhibit an overshoot, and
therefore an increase in their area which corresponds to an increase in damping; this was also attributed to the creation of
contacts that would increase energy dissipation by friction.

Based on these considerations and on the generalized Dahl model [20] a full hysteresis model was derived for the ECF

material, which details can be found in [10].

2.2.4 Variability between samples

The previous article also studied the variability between two sets of samples. It was observed that both sets of two samples
exhibited the same general behaviour with a linear part, microslip friction, stiffening and overshoot. The overall stiffnesses
of the samples were similar, with a variation of less than 5% between the identified value of G1, but a larger variability was
observed in the energy dissipation. This was attributed to the fact that the material was handmade in the laboratory, which is
also the case for the present study.

Piollet et al. doi:10.1016/j.compositesb.2019.03.029
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2.3 First harmonic shear modulus and loss factor

As a complement to the hysteresis description presented in [ ! (], a Dynamic Mechanical Analysis (DMA) is performed here to
describe the material in terms of its elasticity and damping properties. DMA assumes a linear viscoelastic behaviour for the
material: for a harmonic strain -, the resulting stress 7 is assumed to be harmonic as well. This hypothesis allows obtaining the
complex shear modulus G*, the shear modulus G and the loss factor 7 using the Fast Fourier Transform (FFT) of the stress and
strain time signals. With I" the Fourier transform of v and 1" the Fourier transform of 7, the expression are the following:

copy - L)
& () =TA (1)
G=R(G" @)
- %(g*) 3)

where f is the fundamental frequency of the signals, ¢ (G*) is the real part and & (G*) is the imaginary part of G* respectively.

For a linear behaviour, both imposed strain and resulting stress have a single frequency component corresponding to the
fundamental frequency, therefore the DMA description is exact. For nonlinear materials such as the ECF material, however,
the DMA description is an approximation. Indeed, a harmonic shear strain will result in a shear stress containing multiple
harmonics, and taking into account only the fundamental harmonic component of the shear stress may lead to a loss of
information [2 | ]. However, the classical DMA description has the advantage of being simple to apply and conveying the main
properties of the material in a simple and visual manner, through quantities that are familiar to most engineering practitioners.
In the present paper, it is used as a complement to the full hysteresis description, whose effect on structural response is less
straightforward to predict.

Figure 4 shows the evolution of the obtained shear modulus and loss factor with respect to the shear strain amplitude at a
20 Hz fundamental frequency, for the set of two samples which hysteresis loops were presented in Fig. 2 and 3. The full line
corresponds to the properties after pre-cycling up to 1 - 1072 shear strain amplitude, while the dotted line corresponds to the
properties obtained during the first testing before pre-cycling. It can be observed that pre-cyling up to 1 - 10~2 shear strain

Piollet et al. doi:10.1016/j.compositesb.2019.03.029
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Figure 4. Evolution of (a) shear modulus and (b) loss factor with pre-cycling, with respect to shear strain amplitude
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amplitude reduced the shear modulus by about 25% from 9.9 MPa to 7.6 MPa and multiplied damping by more than four from
1.2% to 5.1% at the lowest shear strain amplitude tested (5 - 10~%).

After pre-cycling, Fig. 4(a) shows that the shear modulus decreased with increasing shear strain amplitude. The shear
modulus was comprised between 6.3 MPa and 7.6 MPa in the shear strain amplitude range studied. The hysteresis modeling
in [10] indicated that shear modulus would tend towards 9.1 MPa at very low amplitude for this set of samples. The evolution
of shear modulus is consistent with the hysteresis loop shapes shown in Fig. 3 which exhibited mainly softening dry friction.
The stiffening behaviour shown by hysteresis loops for higher amplitudes leads to a very slight increase in shear modulus
between 7.5 - 1073 and 1 - 10~ 2 shear strain amplitude. Figure 4(b) shows that the loss factor increased up to 1.5 - 10~2 shear
strain amplitude and then decreased with increasing amplitude, evolving between 2.8% and 6.3% in the shear strain amplitude
range studied. At lower shear strain amplitudes, the loss factor would tend towards zero as indicated by the decreasing area
inside the hysteresis loops. These evolutions are consistent with other works on equivalent stiffness and damping of systems
with microslip [22, 23].

This analysis of the ECF shear modulus and loss factor allows anticipating the following behaviour for sandwich beams
with ECF core:

e sensitivity to pre-cycling with decreasing stiffness and increasing damping at a given deformation amplitude after

pre-cycling;

e decreasing stiffness with increasing deformation amplitude, leading to decreasing resonance frequencies (nonlinear
softening behaviour); at higher amplitude, slightly re-increasing stiffness and resonance frequencies (nonlinear stiffening
behaviour);

e high damping due to dry friction, with damping first increasing and then decreasing as the deformation amplitude
increases.

3.1 Sandwich beam with ECF core

In order to assess the damping effect of the ECF material on a sandwich structure, two beams were compared: a sandwich
beam with an ECF core and a sandwich beam with a Nomex honeycomb core, called honeycomb beam A in the following.

The configuration of the beams is presented on Fig. 5. The length was 253 mm plus 40 mm of clamped end, and the width
was 40 mm. The core had a thickness of 20 mm, while the facesheets had a thickness of 2 mm each. The beam with an ECF
core can be seen mounted in clamped-free configuration on the testing set-ups in Fig. 8 and 9.

Clamped Carbon

end k Core e facesheets
N
N : e

40 mm 253 mm 40 mm

Figure 5. Geometry of the sandwich beams used to test the effect of full replacement of the core by the ECF material; the core is either ECF
material or Nomex honeycomb.

Aluminium
insert

Each facesheet was made of seven carbon/epoxy fabric plies [0°]5.

The Nomex honeycomb core material used as a reference had a density of 48 kg/m? and a shear modulus of 44.8 MPa in
the direction of the beam main axis. This is lower than the 180 kg/m? density of the ECF material, and higher than the 6 MPa
to 9 MPa shear modulus obtained after pre-cycling at 10~2 shear strain amplitude [10].

To allow testing in a clamped-free configuration without deforming the beam, the core material was replaced by an
aluminium part at the clamped end to locally increase the stiffness. The facesheets were then bonded to the core and aluminium
end with a Redux® 609 adhesive polymerized under vacuum (1 bar) at 120°C during 1 h.

Piollet et al. doi:10.1016/j.compositesb.2019.03.029
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3.2 Sandwich beam with hybrid honeycomb/ECF core

As the density of the ECF material exceeds the density of core materials such as honeycomb or foam, full replacement of the
core material by the ECF material may not be desirable due to weight considerations. An option would be to use a honeycomb
core with localized ECF inserts to increase damping while preserving an acceptable overall density. Therefore, preliminary
tests were carried out on a hybrid sandwich beam in which only part of the core material was replaced by the ECF material.

For comparison purposes, the dimensions and materials of the beam were based on previous work on the damping of
sandwich beams with viscoelastic layers [2, 3]. The geometry is shown on Fig. 6. The beam length was 245 mm plus 50 mm of
clamped end, and the width was 30 mm. The core had a thickness of 12.7 mm, while the facesheets had a thickness of 0.8 mm
each.

The facesheets were made of four plies of carbon/epoxy fabric stacked in a 0°/45°/45°/0° sequence (the directions
90°/-45°/-45°/90° were equally represented).

A reference beam was made with Nomex honeycomb core material. At the clamped end, the honeycomb core was filled by
epoxy resin loaded with hollow glass spheres to increase the stiffness. This beam is called honeycomb beam B in the following.

A hybrid beam was made by inserting ECF material instead of honeycomb on a length of 40 mm near the clamped end, as
illustrated on Fig. 6. The inserted 30 mm x 40 mm X 12.7 mm fibrous sample was cut from a larger 325 mm x 40 mm x 12.7 mm
sample. The position was chosen to maximize shear in the ECF insert, as the clamped end of a beam is a region of higher shear
for all flexural modes [2]. This solution represented a 2.4% (2 grams) increase of the overall mass of the beam.

Entangled Carbon
Clamped cross-linked fibres Honeycomb facesheets
end / // & ﬂﬂt 14.3 mm
LT T Hm‘/36rnm
50mm 40 mm 245 mm

Figure 6. Geometry of the hybrid beam with honeycomb/fibrous core material.

In order to compare the effect of the ECF material on damping with another damping treatment, a beam with viscoelastic
layer damping was also tested. Viscoelastic inserts were interleaved between two plies of the facesheet as studied in [2, 3], see
Fig. 7(c). The viscoelastic inserts were 0.2 mm thick and covered the full length of the beam, which led to a 1.9% mass increase,
close to the mass increase obtained with the ECF insert. The viscoelastic material (commercial name Smacwrap ST) has a
maximal loss factor of 1.2 and a maximal shear modulus of 8.5 MPa in the [0 Hz, 600 Hz] frequency range as characterized
in [2].

(@) (b)

— o

= |} 14.3 mm

245 mm

Figure 7. Three beams tested to assess the effect of a hybrid honeycomb/fibrous core on sandwich beam damping, top and side views: (a)
reference honeycomb beam B, no damping treatment, (b) beam with hybrid honeycomb/fibrous core, and (c) beam with viscoelastic inserts

Figure 7 presents the three beams tested: a reference beam with no damping treatment, a beam with a hybrid honey-
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comb/fibrous core and a beam damped by interleaved viscoelastic material in the facesheets.

4.1 Overview of the procedures

When studying linear structures, both steady-state testing and transient testing can be used to characterize the damping and
resonance frequencies of the structure through its frequency response function. In the case of nonlinear structures, because the
behaviour of the structure depends on the vibration level, steady-state and transient tests do not provide the same information.
In this paper, both steady-state and transient tests are performed, for different purposes. On one hand, steady-state testing is
performed to obtain the frequency response of the structures under different levels of excitation, and compute an apparent
loss factor. On the other hand, transient testing under impact is performed in order to compare visually the response decay of
different structures in the time domain. Advanced methods exist to extract quantitative data from these so-called ring-down
tests when performed on nonlinear structures [24, 25], but these methods are out of the scope of the present paper.

4.2 Steady-state vibration

The set-up for steady-state response is illustrated on Fig. 8. The beam was clamped vertically and was excited by a 10 kN
shaker with a stepped sine excitation signal between 50 Hz and 2000 Hz.

Sandwich
beam
10 kN
shaker
. Laser

‘ vibrometer

Figure 8. Set-up for steady-state testing of the sandwich beams

For the full ECF beam and the corresponding reference honeycomb beam A, amplitudes ranging from 0.1 g to 10 g were
applied to observe the nonlinear response. Velocity was measured at the free end of the beam, at one corner.

For the hybrid beam and the corresponding reference beams (honeycomb beam B, and honeycomb beam with viscoelastic
inserts), amplitudes ranging from 0.05 g to 1 g were applied, the hybrid beam being less stiff than the beam with full ECF core
as discussed in the next sections. To obtain both the frequency response and the transverse deformation, measurements were
made at 33 positions along the length from the clamped end to the free end, with 2 positions across the width.

4.3 Transient vibration

The set-up for transient vibration is illustrated on Fig. 9. A transient force was applied to the beam with an impact hammer
with a plastic tip. The velocity response was measured with a laser vibrometer. A 1 s response was recorded with a 16,384 Hz
sampling frequency, and the acquisition was triggered to start 0.015 s prior to the beginning of the impact.

The positions of impact and measurements on the beams are illustrated on Fig. 10(a) and (b). For the full ECF beam, the
position of impact was x = 27 mm, with z being the longitudinal position along the beam, x = 0 mm corresponding to the
clamped end. The measurements were made at x = 228 mm at the middle of the width. For the hybrid beam, the position of
impact was x = 20 mm and the measurements were made at x = 190 mm.

Different impact force amplitudes were applied to observe nonlinearity. For the full ECF beam and the corresponding
reference honeycomb beam A, responses were measured for impact amplitudes of 10 N, 20 N, 50 N and 100 N. The two

Piollet et al. doi:10.1016/j.compositesb.2019.03.029
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Figure 9. Set-up for transient testing of the sandwich beams
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beam A, (b) the hybrid beam, honeycomb beam B and beam with viscoelastic inserts; (c) example impulse signal for the hybrid beam and
corresponding reference beams

reference beams for the hybrid beam were tested under 20 N and 50 N impact amplitudes. The hybrid beam itself was tested
under 12.9 N and 31 N impact amplitudes, which correspond to impulse levels similar to those applied to the reference beams
(same area under the force time signal), as illustrated in Fig. 10(c). Indeed, as discussed further in the paper, the hybrid beam is
less stiff which leads to longer impact durations.

As impacts were made with a manual impact hammer, only impacts with an amplitude within +10% of the prescribed
amplitude were kept. For each beam, 5 impacts were kept for each amplitude. The results were averaged in the frequency
domain.
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5.1 Full ECF core

5.1.1 Pre-cycling

As discussed in section 2, the ECF material behaviour evolves with its deformation history. Therefore, it is necessary to first
pre-cycle the material to the highest amplitude of interest before making any testing. In the present case, the beam with full
ECF core was pre-cycled on its first bending mode on a set-up similar to the steady-state set-up described in section 4.2 with
a 10 g acceleration. It was decided to pre-cycle the full beam on a structural mode instead of pre-cycling the core material
separately before assembly for practical reasons: shear pre-cycling of the core material would have required gluing metal plates
to the core material, pre-cycling, and then removing the metal plates to assemble the beam, which would have degraded the
material.

Figure 11 presents the effect of pre-cycling on the response of the ECF sandwich beam around its first bending mode for a
given excitation level of 1 g. A first response was measured before pre-cycling, the beam behaviour being stable at the current
excitation level of 1 g. Then, the beam was pre-cycled by exciting it with a 10 g excitation level until its frequency response
was stable. A second response was then measured for a 1 g excitation level. For the same excitation level, Fig. 11 shows
that the resonance frequency decreased by 36% after pre-cycling. As the resonance frequency is dependent on the mass and
stiffness of the beam, this indicates a decrease in the overall stiffness of the beam, which is consistent with the decrease in shear
modulus observed for small samples pre-cycled in shear (Fig. 4(a)). Pre-cycling also increased energy dissipation in the beam:
for the same level of excitation, the maximal response was divided by more than 4.5 (from 0.043 s to 0.0094 s) after pre-cycling.
This is also consistent with the increase in loss factor observed for the small samples pre-cycled in shear (Fig. 4(b)).

10!

.......... before pre-cycling
after pre-cycling

Response velocity/acceleration (s)
=
-

10 -3 1 1
50 100 150 200 250

Frequency (Hz)

Figure 11. Effect of pre-cycling on the frequency response of the ECF beam to a 1 g excitation

The vibration response of the reference honeycomb beam A did not exhibit any evolution under the pre-cycling procedure,
which confirms that the sensitivity to pre-cycling is intrinsic to the ECF material.

The results presented in the following sections were all obtained after pre-cycling at 10 g (the highest level of excitation
tested), so as to compare stabilized behaviours.

5.1.2 Steady-state response

Figure 12 shows the velocity response of both the ECF beam (full lines) and the honeycomb beam A (dashed line) beams on
their first bending modes, normalized with respect to the base acceleration.
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Figure 12. Frequency response of the ECF beam and the honeycomb beam A around their first bending mode.

It can be observed that the ECF beam exhibited a nonlinear response: for each excitation level, a different response was
obtained. The response of the ECF beam was nonlinear softening: increasing excitation levels led to decreasing resonance
frequencies. Figure 13(a) shows that the resonance frequency decreased significantly, by 40% from 0.1 g to 10 g. The
decreasing frequency with increasing excitation amplitude is consistent with the decreasing shear modulus G with increasing
strain amplitude observed for small samples (Fig. 4). Nonlinear softening responses are also characterized by asymmetrical
resonance peaks bended towards the lower frequencies [26], which can be observed clearly up to 5 g. At 10 g, the resonance
peak showed a slight bending towards the higher frequencies which indicated that stiffening started to occur. Again, this is
consistent with the behaviour of small samples which exhibited stiffening in the measured hysteresis loops (Fig. 3) and a slight
increase in the corresponding shear modulus G (Fig. 4).

The general shapes of the peaks up to 5 g are consistent with structural responses encountered in the literature for other
systems featuring microslip dry friction damping, such as steel wire ropes [27, 28], structures with bolted joints [29, ?] or
turbine blades with underplatform dampers [30].

Contrary to the ECF beam, the reference honeycomb beam A exhibited a symmetrical resonance peak, which characterizes
a linear behaviour, as shown on Figure 12. Only one excitation amplitude was tested on this set-up for the honeycomb beam,
however other tests were carried out beforehand to assess that the beam properties were independent of the excitation amplitude.
In particular, transient tests were carried out with the set-up decribed in section 4.3 and showed that for impact amplitudes
ranging from 10 N to 100 N, the first bending mode frequency varied by 0.07% while the loss factor varied by 3.89%. Therefore,
the reference honeycomb beam behaviour was considered linear for the remainder of the study, with properties corresponding
to those obtained with the measurement at 1 g.

Figure 13(a) shows that the first resonance frequency of the ECF beam (o) was always lower than that of the honeycomb
beam (x) regardless of the excitation level. This can be explained by the higher density and lower stiffness of the ECF material
compared to the honeycomb.

In order to evaluate the damping added by the ECF material, a linear viscoelastic approximation was applied to the
steady-state responses to compare quantatively the damping level of both beams, similarly to what was done in section 2.3.
The half-power bandwidth method [3 1] was used to determine an apparent loss factor from each of the resonance peaks. The
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Figure 13. Evolution of (a) the resonance frequency and (b) the apparent loss factor with respect to the base acceleration level for the first
bending mode of the ECF beam and the honeycomb beam A

expression for the loss factor is:

fo—f1
Ir

n~ “

where f, is the resonance frequency and f; and f, are the two frequencies around f,. for which the response level is 1/v/2
times the peak level. For a structure with linear viscoelastic damping, Eq. (4) provides a good approximation for small loss
factors when the resonance peak considered is distant enough from other peaks to be approximated by a single degree of
freedom response [ 1]. In the present case, the use of Eq. (4) is an approximation as the beam behaviour is nonlinear; as such,
only an apparent loss factor is obtained for comparison purposes. The applicability of the half power bandwidth method to
nonlinear systems is discussed in [32] and [33] among others, and is out of the scope of the present paper.

Figure 13(b) shows the loss factor of the honeycomb beam and the evolution of the apparent loss factor of the ECF beam
with the level of base excitation. A loss factor of 1.1% was found for the honeycomb beam under a 1 g base acceleration. At
the same excitation level, an apparent loss factor of 12.9% was found for the ECF beam, more than ten times higher than for the
honeycomb beam. The apparent loss factor of the ECF beam increased for increasing excitation level from 0.1 gto 2 g with a
maximum of 15.9%, and then decreased for higher levels of excitation. This evolution is consistent with the increasing and
decreasing loss factor found for the small samples of ECF material (see Fig. 4).

Figure 14 shows the response of the ECF and the honeycomb core sandwich beams for a broader frequency range of 50 Hz
to 2000 Hz, which covers the first four bending modes of the ECF beam and the first three bending modes of the honeycomb
beam. The mode numbers are indicated in full circles for the ECF beam and dashed circles for the honeycomb beam. For each
mode, the maximal response of the ECF beam was smaller than that of the honeycomb beam under the same level of excitation
(1 g), which confirms the higher damping of the ECF beam. Contrary to what was observed for the first mode, damping only
increased with increasing excitation level for the second and third modes on the amplitude range tested, and the behaviour
was only softening. This can be explained by the fact that at higher frequencies for a given acceleration level, displacements
are smaller, leading to lower levels of deformation in the core: the material did not enter the level of deformation leading to
decreasing damping and then stiffening. As was the case for the first mode, the shapes of the resonance peaks are typical of
microslip dry friction, which is consistent with the hypothesis of friction between the fibres inside the material.

5.1.3 Transient response

The study of the transient response provided another illustration of added damping due to the ECF material. Figure 15 shows
the response of both beams to 10 N and 100 N impacts. The ECF beam exhibited higher damping than the honeycomb beam at
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Figure 14. Frequency response of the ECF beam and the honeycomb beam A on a larger frequency range, with corresponding mode numbers
in circles

both impact amplitudes. Under a 100 N impact, a 10-fold amplitude decrease was obtained in less than 0.02 s for the ECF
beam, against 0.14 s for the honeycomb beam.

In the range of 10 N to 100 N tested, damping increased with increasing amplitude. This is illustrated on Fig. 16 where
approximate envelopes of the transient responses have been represented from local oscillation maxima to highlight the decay
rate of the oscillations. Both responses have been normalized with respect to their maximal amplitude. For both 10 N and
100 N impacts, the responses decayed particularly fast during the first oscillations, and decreased more slowly at lower levels of
oscillations. Moreover, the decay following a 100 N impact was much faster than following a 10 N impact. This shows than in
the amplitude range tested, dissipation increases with increasing amplitude.

5.1.4 Variability

A second sandwich beam with full ECF core was tested in the same set-ups. Qualitatively similar responses were found under
pre-cycling, steady-state excitation and transient excitation. Quantitatively, resonance frequencies of the first bending mode
varied by about 10% under steady-state excitation after pre-cycling up to 10 g. The variations can be explained by the fact that
the material was handmade; further development in the fabrication process will ensure better repeatability.
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Figure 15. Transient response of the ECF and the honeycomb beams to (a) 10 N and (b) 100 N impacts
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5.2 Hybrid core
5.2.1 Absence of pre-cycling

The hybrid beam was tested for excitation amplitudes ranging from 0.05 g to 1 g, which correspond to high deformation levels
in the ECF insert as shown in the following sections. However, no pre-cycling effect was observed: the beam response was
stable under repeated sollicitations at the highest excitation amplitude. This is different from what was observed for the full
ECF beam. As discussed in section 6, this difference can be explained by a difference in the fabrication process of the two
beams: the core of the full ECF beam was made of a single specimen fabricated directly to the dimensions of the beam, while
the insert used in the hybrid beam was cut from a larger specimen, which affected the mechanical properties of the sample.

5.2.2 Steady-state response

Figure 17 shows the steady-state responses of the hybrid beam and the reference honeycomb beam B. The behaviour was very
similar to the behaviour observed for the beam with full ECF core: the hybrid beam exhibited asymmetrical peaks, decreasing
resonance frequency and decreasing then increasing peak levels with peak shapes typical of microslip. This showed that the
ECF insert was deformed during the beam vibration and that it played a role in the overall vibration response.

Figure 18(a) shows the evolution of the first mode frequency of the hybrid beam with the base acceleration level, compared
with the honeycomb beam. As for the sandwich beam with full ECF core, the frequency decreased with increasing excitation
level. However, the evolution was smaller: the frequency decreased by 9% from 0.05 g to 1 g against 34% for the beam
with full ECF core for a similar range of 0.5 g to 10 g (see Fig. 13(a)). Moreover, the first mode frequency of the hybrid
beam was significantly lower than that of the honeycomb beam. Since the added mass was low (2.35% of the original beam
mass), this indicates a reduced stiffness. This is confirmed by the transverse displacement along the beam, shown on Fig. 19.
There is a clear change of slope at the junction between the fibrous material and the honeycomb. The higher slope in the part
corresponding to the ECF insert position indicates a reduced stiffness at this specific position. This indicates that the insert is
responsible for the stiffness degradation.

Figure 18(b) shows the loss factor of the honeycomb beam and the evolution of the apparent loss factor of the ECF beam
with the excitation level. A loss factor of 1.1% was found for the honeycomb beam at 0.1 g, which is consistent with the
honeycomb beam A studied in the previous section, and with previous work on similar beams [2]. The apparent loss factor of
the hybrid beam increased then decreased with increasing acceleration level, with a maximum of 4.5% at 0.1 g. While being
lower than for the full ECF core (15.9%), this was still a large increase in damping compared with the reference honeycomb
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Figure 17. Frequency response of the hybrid beam and the honeycomb beam B with corresponding mode numbers in circles

beam.

5.2.3 Transient response

Figure 20 shows the measured transient response for the hybrid beam, compared with the reference honeycomb beam B and
the beam with viscoelastic inserts. All beams were impacted with a similar impulse (area under the force signal), which
corresponded to different force amplitudes due to different bending stiffness. Figure 20(a) shows the impact force signal. In
order to see the different phases of the response, Fig. 20(b) shows the full time response of the beams while Fig. 20(c) shows
the envelopes of the responses, zoomed on lower oscillation levels and on a reduced duration of 0.5 s. The envelopes were
obtained with the envelope function of the commercial software MATLAB, which is based on the Hilbert transform.

The initial amplitude of the hybrid beam response confirms its lower bending stiffness: under similar impulse, the response
of the hybrid beam was almost three times higher than the response of the other beams. However, from this higher initial
amplitude, the vibration level of the hybrid beam decreased faster than the vibration level of the other beams. Around 0.055 s
after the beginning of the impact, the vibration of the hybrid beam was lower than that of all the other beams, including the
beam with viscoelastic inserts. This confirms that the ECF material dissipates vibration energy very efficiently. After a certain
time however, as observed for the full ECF core, the damping efficiency decreased, and the viscoelastic solution became more
effective: it can be observed on Figure 20(c) that around 0.2 s after the impact, the vibration level of the beam with viscoelastic
inserts became lower than that of the hybrid beam again.
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High damping and nonlinear vibration of sandwich beams with entangled cross-linked fibres as core material
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Figure 20. Response to an impact: (a) impact force signal for all beams, with the same impulse level, (b) time response of the beams and
(c) envelopes of the responses, zoom on lower amplitudes of vibration

Piollet et al. doi:10.1016/j.compositesb.2019.03.029 20


mailto:elsa.piollet@polymtl.ca
http://dx.doi.org/10.1016/j.compositesb.2019.03.029

The results obtained for the beam with full ECF core and the hybrid beam both confirmed that using the ECF material in
sandwich beams can increase significatively their level of damping compared to a Nomex honeycomb core material: maximum
apparent loss factors of 15.9% and 4.5% were found for the full and partial replacement of the core, respectively, compared to
1.1% for the reference honeycomb beams.

This study gives the following elements for the design of structures including the ECF material:

e The evolution with pre-cycling gives an opportunity to “tune” the material, as the behaviour of the structure is stable for
any level of sollicitation lower than the pre-cycling applied. For instance, if the level of excitation is known for a given
application, a higher pre-cycling level could be applied to increase damping, if stiffness is not the main concern. On the
contrary, pre-cycling could be kept as small as possible above the application level, for maximal stiffness.

e Energy dissipation in the material increases then decreases with increasing deformation levels: therefore, during the
design phase, the excitation amplitude of interest and the resulting deformation in the material depending on its position
in the structure should be taken into account to use the ECF material at the maximum of its capacity.

o The ECF material exhibits low damping at low deformation amplitude, which is consistent with the hypothesis that
damping is coming solely from dry friction between the fibres. This is especially obvious at the end of transient responses
following an impact. The comparison with viscoelastic damping in section 5.2.3 showed that the hybrid beam was
more damped at higher vibration amplitudes, while the viscoelastic solution was more damped at lower amplitudes: this
indicates that a solution that would associate friction damping and viscoelastic damping could significantly improve
damping at all amplitudes.

e The nonlinear stiffness of the ECF material leads to strong variations in resonance frequencies depending on the excitation
level: for the first bending mode of the beam with full ECF core between 0.1 g and 10 g, the resonance frequency
decreased by as much as 40% for the first bending mode of the beam with full ECF core between 0.1 g and 10 g.
Therefore, during the design phase, the nonlinear behaviour of the material has to be taken into account and considering
an equivalent linear behaviour is not possible.

This study highlights the need to investigate further the evolution of the ECF properties under pre-cycling. At the
macroscopic level, a quantitative relationship between the pre-cycling level and the material properties should be established.
Moreover, the actual pre-cycling level of the ECF material in a structure should be known, which is not necessarily straight-
foward. In the case of the full ECF beam studied in this paper, pre-cycling was made on the first bending mode of the beam,
which means that the ECF material did not experience the same level of deformation at different locations along the length of
the beam. Therefore, the level of pre-cycling, the final stiffness and final loss factor of the ECF material were probably different
for different positions in the length of the beam: for the first bending mode of a clamped-free beam, the level of deformation is
higher close to the clamped end than close to the free end, which would imply higher pre-cycling, lower stiffness and higher
loss factor close to the clamped end. The actual level of pre-cycling in the length of a beam pre-cycled on a given vibration
mode should be investigated. Possibilities to pre-cycle the material in an uniform way before integrating it in the sandwich
structure should also be considered. At the microscopic level, the underlying phenomena leading to the property evolution
under pre-cycling should be identified.

The low bending stiffness of the hybrid beam, coupled with the lack of sensitivity to pre-cycling highlighted in section 5.2.1,
can actually give an insight on one of the mechanisms governing the stiffness and the pre-cycling sensitivity of the ECF material.
As described in sections 2.2.1 and 5.1.1, sensitivity to pre-cycling was observed both for small samples tested in [ 0] and for
the beam with full ECF core. The main difference between the small samples and the full ECF core on the one hand, and the
insert used in the hybrid beam on the other hand, lies in their fabrication process. The small samples and the core for the full
ECF beam were fabricated directly in moulds with the dimensions of the final samples to be tested, while the insert was cut
from a larger sample. If ECF samples were homogeneous, cutting them would have no effect on their behaviour, but they are
actually heterogeneous. Indeed, it was observed that at the end of the fabrication process, the density and organization of the
fibres and resin was different on the sides of the samples compared to the interior of the samples. Fig. 21(a) and (b) show small
samples and the full ECF core, respectively, which exhibit similar fibre organization at their sides. Fig. 21(c) shows the insert
of the hybrid beam, which exhibits a different fibre organization and less resin on the side: as this sample was cut from a larger
sample, this side is actually the interior of the original sample. The difference between sides and interior can be attributed to
the contact of the fibres and resin against the surrounding mould during the fabrication process. While this difference has not
been quantified yet, hand manipulation of the samples tends to indicate that the sides are denser and stiffer than the interior of
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the samples. As the insert exhibited both a low stiffness and no sensitivity to deformation history, it is possible that these sides
provide a significant part of the stiffness of the ECF samples, and that pre-cycling mainly acts on the side stiffness, possibly by
breaking epoxy links in that part of the samples. This hypothesis would have to be confirmed by more analysis at the fibre-resin
level.

(a) (b)

(c)
Figure 21. Consequences of the fabrication process on the sample sides: (a) small samples with adapted moulds, (b) full ECF core beam with
adapted mould and (c) ECF insert in the hybrid beam cut from a larger sample.

The study on a hybrid beam was one step forward to understanding how the ECF material can be used to increase sandwich
structure damping while maintaining an acceptable weight. Regarding the future use of ECF inserts in sandwich beams, the
following avenues could be investigated:

o test the effect of ECF inserts in sandwich panels rather than beams to reduce the sensitivity of the structure with respect

to the ECF sample stiffness;

e use small inserts fabricated in moulds at their dimension instead of cutting from larger samples;

e identify an optimal position where the shear constraint is reduced in order to limit the impact of the insertion on the

overall stiffness, but where it is high enough to take advantage of the dissipative properties of the ECF material.

This paper investigated the effect of entangled cross-linked carbon fibres on the vibration response of sandwich beams. Two
configurations were tested: a configuration with full ECF core, and a hybrid configuration with part ECF core and part
honeycomb core.

The main result of the study lies in the large increase in damping level observed in both configurations. For the beam with
full ECF core, the apparent loss factor was more than ten times higher than the loss factor of the reference honeycomb beam.
The transient responses confirmed this high damping, especially under high impact levels. For the hybrid beam, an apparent
loss factor four times higher than the loss factor of the reference honeycomb beam was found, whereas the added mass was only
2.4%. The initial responses to impacts showed shorter decay time than both the reference honeycomb beam and a sandwich
beam with viscoelastic inserts; at the end of the transient response, however, ECF damping was lower than the reference beams.

Nonlinear stiffness and damping were observed for both types of ECF beams. The behaviour was consistent with studies on
smaller ECF samples, which showed a softening behaviour attributed to dry friction between the fibres. While the samples
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and structures were different in size and had different levels of pre-cycling, the general behaviours were consistent in all
testings. The stiffness decreased with increasing deformation amplitude. The sandwich beam with full ECF core also exhibited
a slight increase in stiffness at higher deformation amplitude, consistent with small sample behaviour. All beams tested showed
increasing then decreasing energy dissipation with increasing deformation amplitude. The sandwich beam with full ECF core
also exhibited decreasing overall stiffness and significantly increasing damping under pre-cycling, which was again consistent
with small sample behaviour.

The hybrid beam showed a low bending stiffness with a local weakness at the position of the insert. Moreover, the hybrid
beam did not exhibit any sensitivity to pre-cycling in the amplitude range tested. These observations allowed hypothesizing that
the stiffness and pre-cycling sensitivity of the ECF material were related to a physical difference between the sides and the
interior of ECF samples, and were therefore affected when the tested sample was cut from a larger sample.

This study opens the way to developments on the optimal use of the ECF material for vibration damping. From a material
point of view, future work includes parametric investigations of the material properties depending on the fibre type, length and
density as was done for static properties [7], and specific analyses of the pre-cycling sensitivity and side/interior differences
highlighted in this study. Fibre parameters, pre-cycling evolution and nonlinear behaviour form a rich set of elements that could
be used to tailor the ECF material to specific usages. These avenues will also enrich the existing numerical and analytical models
of materials involving entangled fibres. Currently, numerical models are developed for representative volume element (RVE) of
entangled fibres [ | 5] and future work includes the integration of cross-links in such models. Improving the repeatability of the
fabrication process will also constitute an important step towards the integration of the ECF material in industrial structures.
On the structural side, future work includes the optimal placement of the material in sandwich structures and the integration of
the material behaviour in structural simulations.
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