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Abstract

Uncontrolled vibration in mechanical systems (e.g. aircraft, trains and automobiles) may result in
undesirable noise and eventually, cause mechanical failure. In this context, the main objective of
the present research is to explore parameters that govern and affect the frequency response of three-
dimensional fiber metal laminates (3DFMLs). 3DFMLs are a class of novel lightweight hybrid
material systems with great potential for use in aforementioned applications. Therefore, the
vibration characteristics of the two most commonly used configurations of 3DFMLs are
experimentally investigated by nontraditional and conventional approaches. The material damping
is also improved by the inclusion of two different types of nanocarbon particles (NCP) within
the core and/or interfaces of the hybrid system. The results are presented and compared. The
inclusion of NCP improved the fundamental frequency of the system slightly; however, material
damping was enhanced significantly when only 1 wt% NCP was used in the interfacial sections of

the system.

Keywords: Fiber-metal Laminates, Vibration, Damping, Non-destructive Testing, Carbon

Nanoparticles.
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1 Introduction

Fiber-reinforced polymer (FRP) composites offer superior specific strength, stiffness and
durability compared to most metallic materials [1,2]. FRPs are corrosion resistant and highly
tailorable materials. They also possess high energy absorption capacity and controllable damage
mechanism [3-5]. These characteristics make them highly effective and desirable compared to
many materials traditionally used in various applications [6-11]. As a result, FRPs are increasingly
employed in primary and non-primary structural applications in the aerospace, infrastructure,
marine, automotive, offshore/onshore oil and gas industries. Amongst the positive attributes of
FRP composites is their favorable vibration damping capacity, which outperforms most other
materials. This characteristic is an important feature of this class of materials, since excessive and
unharnessed vibration in structures may result in undesirable consequences, such as unwanted
noise and even failure of the structure. Such problems are often encountered in transport vehicle

body components, airplane cabins, and train and subway enclosures.

Spanning several decades, vibration analyses of composite materials and structures (thin and thick
laminates and sandwich configurations) have been the focus of multiple analytical, numerical and
experimental studies [12]. In 1973, Noor [13] pointed out the inadequacies of available analytical
models for evaluating the low-frequency response of simply-supported thick composite beams.
Since then, several researchers have employed and modified the classical Rayleigh-Ritz method,
which has often been used to evaluate the natural frequencies of thin or thick laminates and
sandwich plates [14-16]. For instance, Hu et al. [17] analyzed the vibration response of twisted
angle-ply laminated plates using the Rayleigh-Ritz method based on the Mindlin plate theory. In
another work, Lei et al. [18] utilized the Ritz method to investigate the damping properties of
functionally graded thin laminate composite plates, reinforced with carbon nanotubes (CNT), with
clamped boundary conditions. Chen et al. [19] used Galerkin’s method to analyze the nonlinear
vibration response of rectangular laminated composite plates. Kant and Swaminathan [20]
developed a higher-order theory, considering through-thickness shear effects for analyzing the free
vibration of sandwich plates. Tu et al. [21] formulated a finite element approach to model the
vibration and bending characteristics of laminated and sandwich composite plates using a nine-
node rectangular element formulated based on a higher-order shear-deformation theory, thereby

accounting for the variation of the through-the-thickness shear.
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Improving the damping characteristics of laminated or sandwich composite plates has also been
explored experimentally by several researchers. The use of inherently damped materials and
nanoparticles (NPs) as passive damping tools on the one hand, and the use of external damping
sources as an active damping strategy on the other hand, have been found to generate the most
effective approach for enhancing the dynamic damping properties of composite materials and
structures. Zou et al. [22], Hajikhani et al. [23], Soltannia et al. [24,25], and De Cicco and Taheri
[26] experimentally investigated the vibration characteristics of laminated and sandwich
composite beams using nondestructive testing (NDT) techniques. Similarly, Cheraghi et al. [27]
used the impulse excitation technique along with the use of piezoelectric sensors to establish the
damping response of polyvinyl chloride (PVC) pipes. The accuracy of various methods for
retrieving the damping coefficient from the acquired vibration data has also been explored by a
few researchers [22,28,29].

Various approaches have also been explored to improve the material damping response. A notable
example would be the approach adopted by Berthelot [6,30], Piollet et al. [31], and Fotsing et al.
[32,33], who investigated the effect of entangled cross-linked fibers and interleaved viscoelastic
layers (as inherently damped materials) in damping the vibration response of laminate and
sandwich composites. Sargianis et al. [34] demonstrated the use of naturally damped materials to
augment the structural damping ratio of sandwich composite plates by 100%. They used balsa
wood for the core and natural fibers to form the facial laminate constituents of their sandwich
plates. They also incorporated a synthetic core material (Rohacell®51 WF) instead of the balsa
core, achieving an impressive damping enhancement of 233% at the expense of a marginal loss of
flexural bending rigidity (FBR).

The advantages of including small amounts of NPs to improve the mechanical and electrical
properties of the matrix of laminated polymer composite structures and adhesives have been
actively investigated by several researchers in recent years [35-42]. Ahmadi-Moghadam et al. [43]
demonstrated that the use of chemically functionalized graphene nanoplatelets (GNP) can result
in much greater improvement in the mechanical and fracture response of composite materials
compared to non-functionalized GNP. Liu et al. [44] investigated the effect of functionalized

single-wall carbon nanotubes (SWCNT) on the damping properties of composite materials.
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DeValve and Pitchumani [45] experimentally investigated the effect of adding CNT on damping
enhancement of carbon fiber reinforced polymer (CFRP) laminated composite beams. The
addition of merely 1 to 2 wt% CNT improved the damping properties by 40 to 60%. Similarly,
Khan et al. [46] showed that the inclusion of multi-wall carbon nanotubes (MWCNT) enhanced
the damping properties of cantilever CFRP beams. They highlighted that the improved damping

performance of their beams was a result of enhanced beam stiffness facilitated by the MWCNT.

To establish the improvement gained in mechanical properties of composites by various
approaches as briefly described above, many investigators have used traditional techniques such
as those developed by the National Aeronautics and Space Administration (NASA) [47], or those
described in various ASTM Standards [48,49]. In addition, several novel and mainly
nondestructive approaches have also been developed by researchers. For instances, Viens and
Johnson [28] discussed the effectiveness of using the dynamic excitation technique for evaluating
the elastic properties of composites non-destructively. They demonstrated the utility of
GrindoSonic devices [50] as an effective tool for evaluating the elastic properties of composite

beams nondestructively and with acceptable accuracy.

At this juncture, and beside many other techniques to enhance stiffness-to-weight ratio by
introducing high performance pseudo-ductile (HiPerDuCT) composites utilizing only FRP
composite materials [51], it is worth mentioning some of the relatively recent efforts expended in
developing more resilient, cost-effective and lightweight hybrid materials, notably, fiber-metal
laminates (FMLs) [52,53]. FMLs are hybrid laminates consisting of thin alternating bonded layers
of thin metallic sheets (e.g., aluminum or magnesium alloys) and fiber/epoxy [54]. FMLs were
developed first in the early 1980s as a more cost-effective alternative to CFRP used in the
aerospace industry. The first FML was ARALL (an acronym for aramid reinforced aluminum
laminate), developed by Delf Student, Marissen, which consists of a layout of aramid fiber layers
with aluminum layers [55]. Since these pioneering efforts, various FMLSs have been developed and
produced using different fiber types, such as carbon and aramid. A new rendition of conventional
thin FMLs was recently introduced by Asaee and Taheri [56], thereafter referred to as three-
dimensional FLM (3DFML). This class of FML has been demonstrated to possess exemplary

characteristics compared to conventional FRPs and FMLs, especially from the perspective of
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crashworthiness and impact tolerance, as demonstrated in [57]. A 3DFML is essentially a sandwich
composite consisting of a novel 3D fiberglass fabric (3DFGF), sandwiched between thin sheets of
a lightweight metallic alloy (e.g., aluminum or magnesium alloys). The superior responses of
various configurations of this class of 3DFML under static and dynamic loading conditions have
been demonstrated, promising the suitability of this type of FML in forming lightweight structural
panels, especially for meeting recent weight reduction and thus fuel efficiency targets in the
automotive industry [24-26,56], beside many other techniques to enhance stiffness-to-weight ratio
by introducing high performance pseudo-ductile (HiPerDuCT) composites utilizing only FRP

composite materials [51].

2 Research Objectives of this Study

Several investigations revealed the superior mechanical response of 3DFMLs to lateral and axial
loading at various rates, see e.g. [56,57]. However, only a preliminary investigation has been
conducted to assess the vibration characteristics of this interesting material class [24-26]. The
latter study speculated that one could further improve the vibration response of 3DFMLs by
inclusion of suitable NPs. Therefore, the objectives of the present study are twofold. First, to
investigate the different parameters that affect and govern the vibration response of 3DFMLs.
Under this objective, the 3DFML configuration that would possess the highest damping and
optimal noise and vibration reduction attributes shall be identified. Secondly, the potential of
enhancing the vibration characteristics of 3DFMLs by incorporating NPs within the hybrid system
shall also be explored. In this regard, an attempt was made to improve the material damping
characteristics by including NPs within the core and/or interface layers of the hybrid system to
establish the 3DFML configuration that would generate the most effective damping response. For
that, two types of nanocarbon particles (NCP), namely MWCNT and functionalized GNP were
employed, thereby establishing an effective nanocomposite for enhancing the vibration response
of 3DFMLs. The results obtained by various NDT characterization approaches are presented, and
recently developed methods are contrasted with a traditional technique in order to verify the
accuracy of novel NDT methods and equipment. Figure 1 shows a graphical illustration of the
topics considered in the present experimental investigation that are described in detail in the

remaining parts of this paper.
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Figure 1. Schematic of research subjects considered in the present work.
3 Materials and Fabrication
3.1 Materials

3DFGF was procured from China Beihai Fiberglass Co. (Jiujiang City, Jiangxi, China). For
3DFMLs with metal face sheets, magnesium alloy sheets (type AZ31B-H24) with thickness of
0.5 mm were purchased from MetalMart International (Commerce, CA, USA). A hot-cure epoxy
resin was used for fabricating the 3DFGF constituents. This two-part resin system was composed
of bisphenol-A based Araldite LY 1564 resin and Aradur 2954 cycloaliphatic polyamine hardener
(Huntsman Co., West Point, GA, USA). For bonding magnesium face sheets to 3DFGF cores, a
two-part cold-cure epoxy resin was applied at the interface (105 resin and 206 hardener, West
System, Bay City, MI, USA). To facilitate certain material characterization tasks an alternative
core material was employed, which was a two-part urethane foam with free rise density of
128 kg/m® (8 Ib/ft3) supplied by US Composites (West Palm Beach, FL, USA). To serve as a
baseline for comparison with various composite sandwich configurations, as well as for the
fabrication of some samples, an aluminum (Al) plate material (type 6061-T6) with thickness of

4 mm was obtained from a local supplier.
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Two types of NCP were chosen to be dispersed within the epoxy resins. They were
(i) functionalized GNP (type GNP-M-25) with an average diameter of 25 um, thickness of 6 nm,
and surface area of 100 m?/g (XG Science Ltd., Lansing, MI, USA); and (ii) MWCNT with purity
greater than 95% and outer diameters ranging between 5 and 15 nm (US Research Nanomaterials,
Inc., Houston, TX, USA).

3.2 Specimen Manufacturing

3.2.1 3DFGF Specimens

3DFGF was utilized in two forms: (i) 3DFGF was used to generate monolithic 3DFGF sandwich
plates; and (ii) 3DFGF formed the core region of the magnesium alloy faced 3DFML panels
investigated in this study. In either case, to create panels, the hot-cure epoxy resin was brushed
onto the fabric. It should be mentioned that the 3DFGF, which in its dry state is flat, ‘awakens’
upon resin impregnation, creating several rows of identical sized channels (or cavities) within the
thickness of the fabric. Each resin-impregnated fabric was then cured in an oven at 60°C for
2 hours and then at 120°C for 8 hours. After curing, at least three beam specimens were cut from
each panel. 3DFGF specimen dimensions were 200 mm by 20 mm by 4 mm, referring to the beam
length, L, width, b, and thickness, h, respectively, the same as for all other specimens unless
specified otherwise (e.g., in case of foam core sandwich beams). Preform 3DFGF specifications
have been listed in table 1 [58].

Table 1. Preform 3DFGF specifications [58].

Area Core Density Density Tensile Tensile
Weight Thickness of Warp  of Weft  strength Warp  strength Weft
(g/m? (mm) (ends/cm) (ends/cm) (n/50mm) (n/50mm)
740 2 18 12 4500 7600
800 4 18 10 4800 8400
1480 10 15 8 6800 12000

Also, picture of preform 3DFGF and its resin impregnated composite, as well as 3DFGF with

different thicknesses have been shown in Figure 2 [58].
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Figure 2. 3DFGF images: (a) preform 3DFGF; (b) its resin impregnated composite; and (c)
3DFGF with different thicknesses. [58]

3.2.2 3DFML Specimens

To form the 3DFML panels, the processed 3DFGF panels were sandwiched between a pair of
magnesium sheets. The sheets were initially roughened by grit-blasting and cleaned with an air
gun, followed by acetone washing and air-drying. They were then bonded to the 3DFGF core using
the cold-cure epoxy resin. Resulting sandwich panels were cured for at least 24 hours at room
temperature under vacuum to ensure high-quality interface-bonding. Additional details on the
fabrication procedure of the 3DFMLs can be found in [56].

3.2.3 Foam Core Sandwich Specimens

In order to establish the elastic modulus of the main 3DFGF constituents (i.e., the biaxial fabrics
forming the two outer panels of the 3DFGF), a series of sandwich specimens were fabricated in
conformance with the ASTM D7249 standard [59]. For that, first, the foam core section of the
sandwich panel was fabricated by pouring the two-part urethane foam (1:1 mix) in between the
space created between two clamped aluminum plates, separated by 4 mm spacers. The foam-
mating surfaces of the plates were covered with non-porous Teflon sheets. The foam was let to
cure at room temperature for 24 hours. Subsequently, two pieces of 3DFGF fabrics were resin
impregnated (using the hot-cure epoxy system) and then placed in an oven for curing while
applying vacuum bagging so that the 3DFGF fabrics would remain in their 2D state. Then, the
foam panel was sandwiched in between the two fabrics, using the cold-cure resin system for
8
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bonding. The resulting assembly was cured at room temperature under vacuum, yielding the final
sandwich configuration required for testing. Appropriately sized specimens fabricated in
conformance with the ASTM D7249 standard [59] having length, width and total thickness of
275 mm, 20 mm and 8.5 mm, respectively, were extracted from the fabricated foam core sandwich
plates to establish the elastic modulus of the biaxial fabrics forming the two outer panels of the

3DFGF. Specimens were cut using a diamond blade saw.

3.24 NCP Reinforced 3DFGF and 3DFML Specimens

In order to create NCP reinforced 3DFGF and 3DFML specimens, NCP modified resin was first
prepared as follows. For each type of NCP, filler particles with 1 wt% (by weight concentration)
were dispersed in the resin system using a mechanical stirrer set at a speed of 2000 rpm for
10 minutes. Then, the NCP resin slurry was calendered using a three-roll mill homogenizer (Torrey
Hills Technologies, San Diego, CA, USA). The roller gaps were set at 30 um using a feeler gauge.
In this study, the roller speed was set at a constant rate of 174 rpm. To maximize the quality of
dispersion, calendering was conducted seven times. The curing agent was subsequently blended
with the resin slurry using the stirrer at a speed of 400 rpm for 4 to 6 minutes. The mixture was
then degassed under 711 Torr (28 Hg) vacuum for 2 to 3 minutes. The interested reader is referred
to [38,43] for information on NCP functionalization and particle dispersion and calendaring

processes.

To study the morphology of NCP modified 3DFGF-epoxy panels, a jeweler saw was used to
extract samples from several panel locations for field emission scanning electron microscopy
(FESEM) using a S-4700 device by Hitachi High-Technologies (Tokyo, Japan). Samples for
microscopic analysis were palladium-gold coated using a sputtering device (Model ACEZ200,
Leica, Wetzlar, Germany).

3.2.5 Specimen Configurations and Nomenclature

Various specimen types were fabricated as per the procedures described in the preceding sections.
The different specimen configurations are listed in Table 2 along with the abbreviations used to

identify samples throughout this study. In the remainder of this document, data is also presented
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using an abridged nomenclature to ease the identification of specimens or groups thereof, in
addition to the specimen identifiers (ID) listed in Table 2. For example, MWCNT-4-3DFML refers
to 3ADFML specimens having 4 mm thickness and being reinforced with MWCNT. The length and
width of all beam specimens reported in this table are 200 mm by 20 mm, respectively.

Table 2. Specimen configurations and nomenclature.

D Material _Core Re_sin_ Filler/resin in FiI_Ier/resin at
thickness modification core interface

Al Al 6061-T6 4 mm

3DFML1 3DFML 4 mm Neat 0 wt% 0 wt%
3DFML2 3DFML 4 mm GNP 0 wt% 1 wit%
3DFML3 3DFML 4 mm GNP 1 wit% 0 wt%
3DFML4 3DFML 4 mm GNP 1 wt% 1 wt%
3DFML6 3DFML 4 mm MWCNT 0 wt% 1 wt%
3DFMLY7 3DFML 4 mm MWCNT 1 wt% 0 wt%
3DFMLS8 3DFML 4 mm MWCNT 1 wt% 1 wt%
3DFML9 3DFML 10 mm Neat 0 wt% 0 wt%
3DFML10 3DFML 10 mm GNP 0 wt% 1 wt%
3DFML11 3DFML 10 mm GNP 1 wit% 0 wt%
3DFML12 3DFML 10 mm GNP 1 wit% 1 wt%
3DFML14 3DFML 10 mm MWCNT 0 wt% 1 wit%
3DFML15 3DFML 10 mm MWCNT 1 wt% 0 wt%
3DFML16 3DFML 10 mm MWCNT 1 wt% 1 wt%
3DFGF17 3DFGF 4 mm Neat 0 wt%

3DFGF18 3DFGF 4 mm GNP 1 wit%

3DFGF19 3DFGF 4 mm MWCNT 1 wit%

3DFGF20 3DFGF 10 mm Neat 0 wt%

3DFGF21 3DFGF 10 mm GNP 1 wit%

3DFGF22 3DFGF 10 mm MWCNT 1 wit%

4 Experimentation

4.1 Vibration Testing

The instrumentation used to acquire vibration signals employed contact type and non-contact type
techniques. As illustrated in Figure 3, the contact type device was a GrindoSonic instrument (GS)
model MKS5i (Leuven, Belgium). The non-contact type device was a laser-Doppler vibrometer
(LDV) (Model LPO1, Optical Measurement System, Laguna Hills, CA, USA). Also shown in

Figure 3 are two prismatic low-density foam sponges supporting a specimen during testing. This
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setup mimics a free-free boundary condition. A light-weight hammer, consisting of a steel ball
attached to a thin wooden rod, was used to excite the specimens, as per the GS technical
documentation [50] and NASA Technical Memorandum 104629 [28].

The prismatic sponge supports were located to coincide with specimens’ fundamental vibration
mode nodal points. The GS instrument has a small and highly sensitive probe tip (see Figure 3),

which was positioned in light contact with the specimens, close to one of the free vibration nodal
points, where the vibration amplitude vanishes. The span between nodal points (S), which are

distanced equally from each specimen extremity, can be calculated using Eq.(1) [50,60].

s=02241L (1)

where L is the beam length. A distance of 45 mm between a support and the corresponding
specimen extremity was adjusted for all specimens. The correctness of this distance was confirmed
by an eigenvalue finite element analysis conducted earlier by this research group [26,57].

Several researchers demonstrated that data with satisfactory accuracy can be obtained via GS
measurements [22,28,29]. However, as mentioned in NASA Technical Memorandum 104629
[28], GS may produce inaccurate results in environments with significant external noise.
Inaccurate results are also obtained when a specimen is excited such that higher vibration modes,
as opposed to the fundamental mode, are imposed. To mitigate these anomalies, present
experiments were conducted in a quiet room. Moreover, all specimens were excited by tapping
them at a consistent location (i.e., at a point between the two supports, close to the center span of

each specimen).

11
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Figure 3. Experimental test setup for recording vibration signals of free-free supported
specimens using the GS and LDV.

The outputs from GS and LDV are in the form of an electric potential (voltage), proportional to
the amplitude of the excitation. After specimen excitation, the software embedded in the GS
automatically analyzes the specimen’s oscillatory motion transient response and calculates and
displays the specimen’s fundamental frequency. However, in order to determine the material
damping ratio, the entire oscillation spectrum needs to be captured. Therefore, the GS device was
connected to a data-acquisition system (cDAQ-9172, National Instrument, Austin, TX, USA) and

a personal computer (PC) running the Signal Express software (2010, National Instruments,

12
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Austin, TX, USA) to record the entire oscillatory spectrum at a 100 kHz sampling rate. The
recorded data was then post-processed using the LabVIEW software (2010, National Instruments).
For the LDV a laser reflective tape was applied to the specimen to increase the reflected signal
intensity.

4.2 Bending Rigidity Testing

The FBR of the various specimens was evaluated employing four-point bending tests according to
the pertinent ASTM standard [59]. A servo-hydraulic testing machine equipped with a digital
electronic controller was employed for this purpose (2518-610, MTS, Eden Prairie, MN, USA).
Figure 4 illustrates the experimental setup. The mid-span deflection of the test specimens was
acquired using a laser extensometer (LE-05, Electronic Instrument Research, Irwin, PA, USA).

Experimental data in terms of load and deflection was recorded using a PC.

Bending fixture

Laser extensometer P4 Specimen

2
Figure 4. Four-point bending rigidity test setup.

5 Data Analyses

5.1 Fundamental Frequency

The frequencies acquired experimentally using the GS and LDV were contrasted with results from
the available closed-form solution given by Eq.(2). The latter was explained extensively in various
sources [6,24-26,30,60,61].

13
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_ 1\ R __ (EI for homogeneous beams
fo = 211:(L) \/; with R = {bD11 for composite beams )

where f, is the frequency of the n'" vibration mode; s is the n solution according to Eq.(3) [60];
In this equation, R is the bending rigidity of the beam, and its value, El, for an isotropic
(homogeneous) beam, is replaced by bDii for orthotropic (composite) beam based on
homogenization model of material (rule of thumb), where b is the width of the beam, and D11 is
the bending rigidity per unit width of the laminate in the longitudinal direction, which was obtained
experimentally and also calculated analytically, using Eq.(4); u is the mass per unit length; E is

the modulus of elasticity; | is the cross-section moment of inertia about the bending axis.
cosycoshy =1 (3)

Equation (3) is obtained by solving the constitutive equation of motion of a free-free prismatic
beam using the separation of variable technique. Since in this study the fundamental bending
frequency of the beam is of interest, only the first value for » was computed numerically, yielding
yn =4.73. Moreover, D11 obtained from the experimental data (i.e., load-deflection curves) was

contrasted with the analytical solution calculated using Eq.(4) [6-11].
1
Dy, = 3 k=1 Qf1 (Zg - ZI?—1) 4)

where Q is the transformed stiffness matrix of each ply (layer) of the composite material; Zx and
Zk-1 refer to the distances measured from the mid-plane of the 3DFGF or 3DFML panels to the
bottom and top of each plies (layers), respectively, and k and n indicate correspondingly the

individual ply (layer) index and total number of plies in the panel.

5.2 Damping Ratio

Knowledge of a material’s damping properties is vital for controlling the vibration response of a
given structure that is subjected to vibratory loading. By knowing the damping ratio and natural
frequencies, one can simplify a complex vibration analysis into a much simpler equivalent quasi-
static analysis. However, conventional techniques used to evaluate the material damping

coefficient are very time-consuming, as discussed by Naghipour et al. [62], who used various

14
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characterization techniques to identify the damping coefficient of fiber-reinforced glue-laminated

timber beams.

The evaluation of the damping coefficient involves solving the governing constitutive equation of

the damped oscillatory motion of a system, represented by Eq.(5) [6,24—26,60]:
Xy = Ae 4@t cos(wpt — @) (5)

where X is the time (t) dependent motion of a single degree of freedom vibrating mass; A is the
amplitude; & is the damping ratio (& < & = 1), with & being the critical damping ratio; ¢, ao and
wp are the phase angle, undamped and damped angular natural frequency, respectively. o and wp

are related to each other according to Eq.(6).

wp =(A)0\/1_€2 (6)

It should be noted that in a damped vibrating system where & < & = 1, the amplitude of motion is
bound between two exponential curves that form the so-called ‘signal envelope’. The half-

symmetry envelope of typical signals is illustrated in Figure 5.

The damping coefficient, & can be determined using the logarithmic decrement, 6, of the signal

over an oscillation period, Tp, using Eq.(7).

___ G

where & is the natural logarithm of the ratio of the amplitudes of two successive oscillations. To
improve accuracy, the damping ratio can be evaluated over multiple oscillation periods instead of
over only one period. The logarithmic decrement and damping coefficient were computed using
LabVIEW, employing exponential curve fitting and extraction of curve parameters (power and
coefficients).

15
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Figure 5. Typical vibration signals and the representative signal envelopes for (a) aluminum and
(b) 1% GNP-reinforced 3DFML specimens (GNP in both core and interface).

5.3 Vibration Signal Extraction and Analysis

As mentioned earlier, GS and LDV were used to obtain the fundamental frequency of the beam.
The software associated with each instrument calculates the fundamental frequency by measuring
the time elapsed between two peak amplitudes of a decaying vibration signal. The results from the
instruments were compared against the values obtained from the power spectrum of the entire
signal using the ‘Spectral Measurements’ subroutine of LabVIEW, which is based on the

aforementioned analytical equations. In other words, the subroutine takes the vibration signal from
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GS and LDV, and yields the amplitude of each frequency of the signal spectrum by employing the
Fast Fourier Transform algorithm. The fundamental frequency of the signal spectrum is indicated

by the peak amplitude, as illustrated in Figure 6.
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Figure 6. Power spectrum of: (a) Aluminum; (b) 3DFML specimens with 1% GNP-reinforced
core and interfaces.

To calculate the damping coefficient, the signals were first filtered in LabVIEW with a bandpass
of £30 Hz to mitigate noise. Then the filtered signal envelope was retrieved using the Hilbert
transform through the procedure described by Cheraghi et al. [27], using the following

mathematical operation:

HE) =27 w0 dr (8)
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where H(t) is the Hilbert transform of the function u(t). In practice, if the envelope being
considered has a complex number, its real part includes the signal amplitude and the imaginary
part contains the Hilbert operator (as it has been explained and implemented in LabVIEW by Yang
et al. [63]). Finally, the averaged damping coefficient was calculated based on the logarithmic
decrement of 50 successive oscillatory points of the signal within the envelope. Since the damping
coefficient of aluminum is significantly smaller than that of 3DFML, the logarithmic decrement
of the signals within two different periods were used in calculating the damping coefficient. In
other words, the signal within a 3-second window was considered for the aluminum specimens

while the signals within a window of 0.1 seconds was considered for the other specimen types.

5.4 Bending Rigidity

The specimen bending rigidity was calculated based on the experimental data and compared to
analytical results. Equation (9) relates the displacement of a simply-supported 4-point bending
specimen to the applied load [64].

P
Omax = ;:"I (3L§ - 4a2) (9)

where P is one-half of the actual total load applied to the specimen; Ls is the span length; and a is

the distance between the load P and the nearest support.

Substituting for EI = D11b (for the composite specimens), and a = L/3 in Eq.(9), and solving for
D11, we obtain Eq.(10).

23 (L3
D11 = 1296 (?) a (10)
where « is P/9, or the slope of load-displacement curve.

On the other hand, one can also calculate the analytical value of the flexural modulus of the face-
sheets based on bending rigidity (per unit width) employing the mechanics of material-based

expression in Eq.(11) [10]:
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Eftfdz + Ectg

Eftf3
Dy, = 2 4
11 6 2 12

(11)
where t;, t;, Ef and Ec are the thicknesses and flexural modulus of the face-sheets and core,

respectively, and d is the distance between the centroid of the face sheets (i.e., d = tr + tc).

Substituting Eq.(10) into Eq.(11) and solving for Es yields the flexural modulus of the face sheets
as per Eqg.(12). The detail of testing method to identify a has been explained in 3.2.3. In this Eq.,

the value of E¢ has been obtained from [57].

23 13 Ect}
E. = 1296b 122 (12)
f 3
t_f+tf(tf+tc)
6 2

6 Results and Discussion

The results of the experiments and related analyses are presented in the present section. It should
be noted that at least nine vibration tests were conducted on each specimen; therefore, the presented
results for each group of specimens are the average of at least 27 tests (test were performed at least

in triplicate per specimen group).

6.1 Bending Rigidities

The results of the bending rigidity were used as a parameter to normalize the main results of this
investigation, i.e., frequency and damping ratio values. The values obtained from the experimental
load-deflection data, and theoretically calculated values, are illustrated in Figure 7.

It should be noted that Eq.(11), which was used to give analytical solutions for the flexural
modulus, is based on a formulation that homogenizes the face sheets and core constituents of the
3DFGF, yet, both the face sheets and core are inhomogeneous materials. In fact, in preform
3DFGFs the fibers (or pillars) in the core region of the 3DFGF that attach the two biaxial facial
fabrics (on either side) have varying distribution in the two orthogonal directions. This degree of
inhomogeneity increases in case of resin impregnated 3DFGFs reinforced with or without NCP,
especially when only one of the core or face sheets are NCP reinforced. Moreover, the equation

does not consider the presence of any voids or non-uniformity in resin distributions and potential
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resin-rich pockets. Therefore, the simplifying assumptions used in developing the analytical
solution affect the calculated value of the flexural rigidity of the complex hybrid composites
considered in this study and are seen to be the cause for discrepancies noted in Figure 7. Moreover,
the approach described above is based on Euler-Bernoulli theory and does not account for potential
shear deformation. In general, short span sandwich beams may experience shear deformation
depending on the span to depth ratio and also the degree of orthotropy of the overall beam material.
Therefore, when ignoring shear deformation, relatively large discrepancies were produced when
calculating the bending rigidity of the thicker beams via Eq.(11). To rectify this issue, Eq.(13) may

be employed, which accounts for shear effects, to obtain values for D11 [47].

__0.2083aL3Gh
1™ 10Gbh-3aL

(13)
where h is the total thickness of the specimen; and G is the shear modulus of the thick 3DFGF or

thick 3DFML beam calculated based on Gp and G, i.e., the shear moduli of the pillars and core,

respectively, with the values provided in [57].
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Figure 7. Specimen flexural bending rigidity obtained theoretically and experimentally via Egs.
(2), (10) and (13).

Values of D11 (Pseudo Theoretical) were obtained through back substituting the experimental
values of frequencies, directly obtained using GS, into Eq. (2). However, both D11 (Empirical w/o
shear (Eqg. 10)), and D11 (Empirical with shear (Eqg. 13)) were obtained based on experimental
values of & which is P/ (the slope of load-displacement curve) obtained through 4-point bending

tests.

As stated earlier, sandwich specimens were also constructed for the purpose of establishing the
flexural elastic modulus of the biaxial face sheets of the 3DFGF in their original (neat) form and
when the fabric is reinforced with GNP and MWCNT. The values of the evaluated modulus of

elasticity are reported in Table 3. This information is required for conducting further analyses, and
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for comparison of experimentally obtained bending rigidity values with analytically calculated

data, i.e., using Eq.(13).

Table 3. Modulus of elasticity of baseline aluminum material and 3DFGF facial fabrics with and

without NCP reinforcement.

Material E: (GPa)

Al 70.00 £ 0.00
Neat fabric 9.32+1.07
GNP-reinforced fabric 12.93 + 3.38

MWCNT-reinforced fabric  18.05 + 6.16

6.2 Fundamental Frequencies

The results of the experimentally measured frequencies by GS and LDV are tabulated in Table 4,
along with values calculated using the analytical approach. The analytical results are in good
agreement with the experimental data. In addition, normalized results are depicted in Figure 8. To
provide a better perspective of the relative and unbiased performance of the materials, data were
normalized in the following manner. Results were first divided by their respective bending rigidity,
and then normalized with respect to the value for the 3DFML with neat resin (non-reinforced) and
4 mm thickness. Moreover, due to the good correlation amongst the frequency results seen in

Table 4, only normalized frequency results obtained by GS are included in Figure 8 for clarity.

The normalized fundamental frequency of 3DFMLs shown in Figure 8 is lower than that of
3DFGFs, because in the case of 3DFML its 3DFGF component has been sandwiched and bonded
between two thin sheets of magnesium. The data further indicates that the influence of NCP
reinforcement on the fundamental frequencies, f, is marginal in 3DFML specimens. In few cases,
the inclusion of NCP slightly affected the fundamental frequencies negatively, i.e., f values were
slightly reduced in case of MSCNT inclusion. This can be attributed to agglomeration of NPs as it
is shown in Figure 10 (b). To further examine the influence of NCP reinforcement in 3DFML
specimens, resultant fundamental frequencies are presented as a function of the constituent(s) that
was/were reinforced, and compared to the frequency of aluminum, as illustrated in Figure 9. The

results in this figure indicate that the NCP reinforcement affected the fundamental frequency of
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specimens marginally or even detrimentally, with the exception of 3DFML specimens with 10 mm

thickness.

At this juncture, it is of interest to consider the morphology of NCP reinforced polymer phases,
with the objective of exploring the effects that NCP addition had on the observed material
responses. The examinations of samples using FESEM clearly confirmed the presence of dispersed
NCP but also evidenced the existence of particle agglomerations and/or voids, as illustrated by the
images shown in Figure 10. One of the reasons that NCP inclusion affects the vibration

characteristics can be attributed to energy dissipation property of NCPs.

Table 4. Fundamental frequencies obtained experimentally (via GS and LDV) and analytically.

Specimen ID fos (Hz) fLov (H2) Fempirical.-sk (HZ)
Al 460.66 460.00 463.75
3DFML1 711.11 705.55 698.73
3DFML2 716.44 716.66 714.47
3DFML3 758.66 751.11 685.95
3DFML4 787.77 785.55 714.27
3DFML6 714.66 713.88 677.99
3DFMLY7 677.66 676.66 671.71
3DFMLS8 755.44 752.22 726.35
3DFML9 1067.77 1065.55 984.63
3DFML10 1050.00 1045.55 895.67
3DFML11 933.77 946.66 783.64
3DFML12 972.11 947.55 812.96
3DFML14 923.77 922.22 802.45
3DFML15 1046.44 1052.22 758.07
3DFML16 1054.11 1056.66 1017.7
3DFGF17 355.66 363.33 340.86
3DFGF18 405.11 406.66 402.21
3DFGF19 344.44 345.00 367.63
3DFGF20 683.11 682.22 559
3DFGF21 695.44 690.00 617.17
3DFGF22 674.44 673.33 602.01
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Figure 8. Influence of NCP reinforcement on fundamental frequencies of 3DFGF and 3DFML.
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Figure 9. Influence of NCP reinforcment on the fundamental frequencies of 3DFMLs as a
function reinforced constituent(s).
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Figure 10. FESEM images of NCP reinforced 3DFML resin phase: (a) GNP; (b)) MWCNT
agglomeration; (c) voids; and (d) well-dispersed MWCNT reinforcement.

6.3  Damping Ratio

A high damping ratio is a desirable property for sandwich panels, and as stated earlier, other
researchers have reported exemplary damping characteristics for novel sandwich panel
configurations, see e.g. [19,27]. Part of the present study’s objectives are (a) evaluating the
damping characteristic of 3DFMLs and (b) assessing whether damping can be improved by the
inclusion of NPs. Damping ratios, & for all the tested material configurations are tabulated in
Table 5, which shows that the calculated results based on GS and LDV measurements agree quite

closely.
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Table 5. Comparison of damping ratios obtained from GS and LDV measurements.

Specimen ID &cs Eipv

Al 4.79E-04 4.98E-04
3DFML1 7.17E-04 7.38E-04
3DFML2 3.42E-03 3.45E-03
3DFML3 4.01E-03 3.82E-03
3DFMLA4 2.42E-03 2.35E-03
3DFML6 2.62E-03 2.55E-03
3DFMLY 1.68E-03 1.70E-03
3DFMLS8 2.54E-03 2.57E-03
3DFMLY9 2.15E-03 2.29E-03
3DFML10 2.31E-03 2.32E-03
3DFML11 2.84E-03 2.83E-03
3DFML12 2.30E-03 2.35E-03
3DFML14 1.92E-03 1.98E-03
3DFML15 2.24E-03 2.26E-03
3DFML16 1.86E-03 1.85E-03
3DFGF17 5.78E-03 5.67E-03
3DFGF18 6.57E-03 6.66E-03
3DFGF19 6.89E-03 6.96E-03
3DFGF20 4.14E-03 4.26E-03
3DFGF21 4.29E-03 4.43E-03
3DFGF22 4.89E-03 4.85E-03

Damping ratios were further analyzed as shown in Figure 11, which depicts data that were
normalized with respect to the damping ratio of the 3DFML with neat resin (non-reinforced) and
4 mm thickness. As discussed in the previous section, NCP reinforcement did not significantly
affect the fundamental frequency of 3DFML specimens. However, a significant influence of NCP
reinforcement on damping ratios was observed in certain sandwich specimens. In general, damping
ratios are much higher for 3DFGFs than for 3DFMLs, which can be attributed to an inherently
lower damping capacity in metal-faced sandwich specimens. NCP modified resins affect the
damping characteristics of GNP reinforced 3DFGFs but no clear trend can be ascertained as shown
in Figure 11(a), that is, GNP seems to reduce the damping capacity of 3DFGFs while MWCNT
have only a minor influence on damping capacity of 3DFGFs. Among the 3DFMLs, GNP

26



coO N oo o1 A W N PP

9

10
11
12
13
14
15
16
17

reinforcement yields remarkable results for the 4 mm panels as shown in Figure 11(b). When
reinforcing the interface with GNP an impressive increase in the damping ratio by 234 % was
determined. Improvements were even higher when the resin phase in both the interface and core
was modified with GNP. However, from fabrication and cost perspective, the additional increase
in damping ratio afforded by the NCP modification of the 3DFML core must be weighed against
the significant effort required for processing a NCP modified resin and applying it to the core.
Conversely, the use of a modified resin for bonding at the 3DFML interface is rather
straightforward proposition.
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Figure 11. Influence of NC-reinforcement on the damping ratio of (a) 3DFGF and (b) 3DFML
hybrid materials

7 Conclusions

In the study, the vibration characteristics of 3DFGF and 3DFMLs were experimentally
investigated. In addition, the effects of modifying the resin phase with GNP and MWCNT in the
3DFML and at the interface in 3DFMLs were explored. It was observed that the employed
measurement systems, i.e., a Grindosonic and a laser-Doppler vibrometer device, produced
repeatable results that were in good agreement. The experiments revealed that the inclusion of
nanoparticles did not have an appreciable influence on increasing the fundamental frequencies of
the hybrid material systems. However, nanofiller addition greatly augmented the damping ratio of

certain sample types. In fact, a 1 wt% inclusion of GNP in the interface of 4 mm thick 3DFMLs
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led to a significant gain of 234% in the damping ratio of the hybrid system. It was also observed
that in all cases, normalized fundamental frequency and normalized damping ratio of 3DFGFs
were higher than for 3DFMLs. Moreover, specimens with 4 mm core thickness exhibited a
comparative higher fundamental frequency and normalized damping ratio compared to specimens
with 10 mm core thickness. It should be noted that the substantial gain in damping offered by
nanoparticle reinforced 3D fabrics must be considered in light of their much lower bending rigidity
compared 3DFMLs (being approximately 10 times lower), which limits utilizing 3DFGF for many
structural applications. In light of the findings made in this study, the 3DFML with 4 mm core
thickness and 1 wt% GNP modified resin for bonding at the metal-interface proves to be an
attractive material system that offers the best performance and cost-effectiveness among the

system considered in this study.
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