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Abstract

Crashworthiness, energy absorption capacity and safety are important factors in the design
of light-weight vehicles made of fiber-reinforced polymer composite (FRP) components. The
relatively recent emergence of the nanotechnology industry has presented a novel means to
augment the mechanical properties of various materials. Also, uncontrolled vibration in
mechanical systems (e.g. aircraft, trains, and automobiles) may result in undesirable noise and
eventually, cause mechanical failure. As a result, recent attempts have contemplated the use of
nanoparticles to further improve the resiliency of resins, especially when resins are used for mating
FRP components as well as three-dimensional fiber metal laminates (3D-FMLs). 3D-FMLs are a
class of novel lightweight hybrid material systems with great potential for use in aforementioned
applications. Therefore, a comprehensive understanding of the response of nano-reinforced
polymer composites, subjected to various rates of loading, as well as exploring parameters that
govern and affect the frequency response of 3D-FMLs is vital for developing reliable structures.
In this study, the effects of nano-reinforcement on the mechanical response of a commonly used
epoxy resin subjected to different strain rates, were systematically investigated. The results were
then compared to those of the neat resin. To characterize the mechanical properties of the
nanocomposite, a combination of the strain rate dependent mechanical (SRDM) model of
Goldberg and his co-workers, and Halpin-Tsai’s micromechanical approach was employed.
Subsequently, a parametric study was conducted in addition to statistical approach, to ascertain the
influences of various parameters (i.e., the particle type, their weight percentage). Then, the
numerical results, as well as statistical results were compared to the experimental data obtained

from testing of the neat and the nano-reinforced epoxy resin.
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Further, the vibration characteristics of the two more commonly used configurations of 3D-
FMLs were experimentally investigated by nontraditional and conventional approaches. The study
explored the material damping by the inclusion of two different types of nanocarbon particles
(NCPs) within the core and/or interfaces of the hybrid system. The results were presented and
compared. The inclusion of NCPs increased 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 at room temperature.

Keywords: Carbon nanoparticles, functionalized graphene nanoparticles, nanocomposite
adhesives, Fiber-metal Laminates (FMLs), vibration, damping, shear deformation, thermal fatigue,

Finite Element Method (FEM), Design of Experiment (DOE), Non-destructive Testing (NDT)
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Preface

Chapter 3 has been published as a peer-reviewed journal publication in Vol. 2016 of the
journal “Nanomaterials” (IF: 1.980; CiteScore: 3.2 (Scopus; 2020)), by B. Soltannia as the 1%
author. The title is “Parametric Study of Strain Rate Effects on Nanoparticle-Reinforced Polymer
Composites”. The paper consists of nine double-column pages and was published in 2016 [1].
Note that Sections 3.2 ‘Nomenclature’ and 3.6 ‘Vibration Response of Pure and NP-reinforced
Polymer Composite Beam’ and some latter parts of Sections 3.3 ‘Introduction’, 3.7 ‘Results and
Discussion’ and 3.8 ‘Conclusions’ are not part of the published article and have been added later

to form Chapter 3.

Chapter 4 is an updated version of a previously peer-reviewed journal paper published in
Vol. 8, No. 2 of the journal “Reviews of Adhesion and Adhesives” (CiteScore 1.8 (Scopus; 2020)),
by B. Soltannia as the 1% author. The title is “Quantification of the Effects of Strain Rate and Nano-
Reinforcement on the Performance of Adhesively Bonded Single-Lap Joints”. The paper consists
of 19 single-spaced single-column pages and was published in 2020 [2]. Note that Section 4.2

‘Nomenclature’ is not part of the published article and has been added to this chapter later.

Chapter 5 has been published as a peer-reviewed journal publication in the journal
“Sandwich Structures and Materials” (IF: 5.616; CiteScore: 5.1 (Scopus; 2020)), by B. Soltannia
as the 1% author. The title is “Static and dynamic characteristics of nano-reinforced 3D-fiber metal
laminates using non-destructive techniques”. The paper consists of 32 single-spaced single column
pages and was electronically published in May 2020 [3]. An abbreviated and preliminary version
of this work was presented and published in the proceeding of the 11" Canadian-International
Conference on Composites (CANCOM2019) by B. Soltannia as the 1% author. The title is

“Vibration Characteristics of Multi-Wall Carbon Nanotubes (MWCNT) Reinforced 3D-Fiber
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Metal Laminates (3D-FML)”. The conference paper consists of eight single-spaced single-column
pages and was selected as one of the five best runner-up conference papers [4]. Note that Sections
5.2 ‘Nomenclature’ and 5.8 ‘Finite Element Modeling’, and Subsection 5.9.4 ‘Finite Element
Results’ are not part of the published journal article and were added to this chapter later. Also, note
that Sections 5.3 ‘Introduction’ and 5.9 ‘Results and Discussion’, as well as subsection 5.7.4

‘Bending Rigidity’ have been updated.

Chapter 6 has been presented and published in the proceeding of the 37" Annual Technical
Conference of Canadian Machinery Vibration Association by B. Soltannia as the 1% author. Its
title is “Vibration Characteristics of Thermally Cycled Graphene Nanoplatelet (GNP) Reinforced
3D-Fiber Metal Laminates (3D-FML)”. The conference paper consists of 11 single-spaced single-
column pages and received a Student Award for Article and Presentation [5]. Sections 6.4. ‘Results

and Discussion’, and 6.5. ‘Conclusions’ of this chapter have been updated.
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Chapter 1

Introduction



1 Introduction

1.1 Introduction

Unwanted and unharnessed vibration in structures results in undesirable noise and may cause
mechanical failure. Such problems are often encountered in transport vehicle body components,
airplane cabins, and train and subway enclosures. Three-dimensional fiber metal laminates (3D-
FMLs) are speculated to offer a damper vibration response compared to conventional fiber-
reinforced composites, as well as 2D-FMLs, especially if their polymer matrix is reinforced with
nanoparticles. Characterizing the different parameters that govern and affect the static and dynamic
response of such sandwich composites, along with the polymer composites as one of their main
constituents, would advance the knowledge required to produce systems with high damping and
proper noise and vibration reduction attributes. Therefore, it is important to understand and
characterize the static and dynamic response of polymer composites and 3D-FMLs and improve
their vibration characteristics, while maintaining or augmenting their stiffness-to-weight ratio, by
effective solutions, thereby reducing their vibration and the radiated noise, especially when such
systems are subjected to a critical frequency range (range of frequencies near its natural

frequency).

1.2 Hypothesis and Thesis Objectives

General and specific objectives can be extracted from answering to the following research
question: “Which parameters affect the vibration characteristics of 3D-FMLs, and how can the
performance of 3D-FML systems be enhanced when subject to vibratory loading?” Based on this

research question, the general objective of this work can be articulated as follows.



1.2.1 General Objective

The general objective for this research is to investigate the static and dynamic characteristics
of polymer composites and 3D-FMLs, and to formulate design recommendations to improve the
performance of 3D-FML structural components under vibratory loads and enhance their stiffness-
to-weight ratio by incorporating energy- and/or optimization-based approaches. From the general

objective, the derived specific objectives are fourfold as follows.

1.2.2 Specific Objectives
1 - Study the effect of nanoparticle reinforcement on the enhancement of stiffness and vibration

characteristics of polymer adhesives and polymer composites as one of the main constituents

of 3D-FMLs.

2 - Study the effect of nanoparticle reinforcement on stiffness enhancement as well as static and

dynamic response of different configurations of 3D-FMLs.

3 - Study the effect of temperature and moisture on the vibration response of such modified 3D-

FMLs.

1.2.3 Hypothesis

A novel way of enhancing structural (static and dynamic) properties of 3D-FMLs is believed
to be achievable by enhancing the stiffness and damping properties of their main constituent, their
polymer matrix. This may become possible by the inclusion of nanoparticles in the matrix of the
sandwich system. Hence, it is hypothesized that one may be able to enhance the stiffness-to-weight
ratio of the system and reduce its cost by strategically reinforcing sections of the 3D-FML, i.e.,

between the laminates of two face sheets using nano-reinforced polymer composites.



1.3 Thesis Organization

The present dissertation was organized in a hybrid format, i.e., the amalgamation of paper-based

and non-paper-based (traditional) content.

Chapters 1 and 2 of this thesis provide a general overview of the thesis and its structure, as
well as the background to the study and a literature review.

Chapters 3, 4, 5 and 6 each were written based on published articles.

Chapter 3 presents the results of parametric (systematic numerical) studies on the static and
dynamic behavior of neat and nanoparticle-reinforced (NP-reinforced) thermoset resin
(adhesive). This study provides some indication of the effects of NP modification on structural
performance, static and dynamic characteristics of NP-reinforced polymers and possible causes
for their enhanced performance. The effect of load and time on neat and NP modified thermoset
polymer is also explored. Hence, this work serves to obtain a deeper understanding of temporal
aspects in the context of the thesis. This chapter also provides the outcomes of a numerical
study on the transient response of neat and GNP-reinforced thermoset resin (adhesive) based
on structural dynamics.

Similar to Chapter 3, Chapter 4 is based on the outcome of a series of statistical studies on the
effect of incorporating NPs in thermoset resin (adhesive), a feasible range of nanoparticles
weight percentage (wt%), as well as processing and fabrication of NP-reinforced polymers
(thermoset resin (adhesive)) and their composites with application in single-lap joint (SLJ).
SLJs can be considered a simpler yet somewhat similar geometry to 3D-FMLs. This chapter
thus serves as a preparatory part for work on 3D-FMLs. The study also provides some

indication of the effects of NP modification on structural performance and static characteristics



of NP-reinforced polymers and their composites application in SLJs and possible causes for
their enhanced performance.

Chapter 5 deals with the rather complex hybrid system of material and geometry in 3D-FMLs.
This chapter is the core part of the thesis and provides the outcomes of systematic studies on
processing, fabrication, and behavior of NP-reinforced polymers (thermoset resin (adhesive))
and their composites with application to 3D-FMLs. Static and dynamic characteristics were
investigated experimentally based on a non-destructive testing (NDT) method and are
compared with a proposed empirical model. The chapter concludes with comparing results
from finite element analyses (FEA) to experimental and empirical findings.

Chapter 6 is an extension of the work in Chapter 5 as it expands into temperature and moisture
effects.

Chapter 7 summarizes the major findings of all parts of this research and provides a concluding
discussion. Moreover, suggestions and recommendations for further advancement of the
ongoing research are provided. In addition to summarizing Chapters 3 to 6, the learnings from
the different studies and how they support or contradict the research hypothesis, with Chapters

5 and 6 being the most impactful pieces of work, are discussed.



Chapter 2

Literature Review



2.1 Introduction

Crashworthiness, energy absorption capacity and safety are important factors in the design
of light-weight vehicles made of fiber-reinforced polymer composite (FRP) components. The
relatively recent emergence of the nanotechnology industry has presented a novel means to
augment the mechanical properties of various materials. Also, unwanted and unharnessed vibration
in mechanical systems (e.g. aircraft, trains, and automobiles) may result in undesirable noise and
eventually, cause mechanical failure. As a result, recent attempts have contemplated the use of
nanoparticles to further improve the resiliency of resins, especially when resins are used for mating
FRP components as well as 3D-FMLs. 3D-FMLs are a class of novel lightweight hybrid material
systems with great potential for use in the aforementioned applications. 3D-FMLs are speculated
to offer damper vibration response compared to the conventional fiber-reinforced composites, as
well as 2D-FMLs, especially if their polymer matrix is reinforced with nanoparticles. Therefore, a
comprehensive understanding of the response of nano-reinforced polymer composites, subjected
to various rates of loading, is vital for developing reliable structures, as well as exploring

parameters that govern and affect the frequency response of 3D-FMLs.

Characterizing the different parameters that govern and affect the static and dynamic
response of such sandwich composites, along with polymer composites as one of their main
constituents, may provide the understanding for producing a system with high damping and proper
noise and vibration reduction attributes. Therefore, it is important to understand and characterize
the static and dynamic response of polymer composites and 3D-FMLs and improve their vibration
characteristics, while maintaining or augmenting their stiffness-to-weight ratio, by effective
solutions, thereby reducing their vibration and the radiated noise, especially when such systems

are subjected to a critical frequency range.



2.2 Vibration

2.2.1 Static and Dynamic Characterization of Thin/Thick Isotropic/Anisotropic
Beams/Plates/Shells

Transverse vibration of a thin rectangular plate, which was first observed and demonstrated
by Chladni [6-9] in the early 19 century, is one of the simplest yet most sophisticate classical
problems, which attracted many mathematical physicists to tackle solving this old problem.
Despite many attempts to obtain a closed form solution, this problem only has an exact analytical
solution when two opposite edges of the plate are simply supported [10,11]. Amongst many
approximate solutions, a method of dual separation of variables and a method of superposition
have been found more attractive and applicable to solving the problem of free vibration of plates
with arbitrary boundary conditions [12—14]. The importance of vibration of plates, as an important
structural element of mechanical system, stimulated the development of solutions based on
variational principles to obtain a better understanding about the mechanical behavior of complex
systems. The Ritz method is one of this type of approached used to solve the free transverse
vibration problem of a plate with all free edges [15]. Later, Timoshenko solved the problem of free
vibration of plates with all clamped edges [16]. The vibration of other types of isotropic plates
with different geometry and boundary conditions has also been investigated, e.g., Meleshko and
Papkov [17] investigated the problem of bending vibration of rectangular plates using the method
of superposition; Shakeri et al. [18-26] studied the free vibration of parallelogram plates with an
all-edges free boundary conditions experimentally and theoretically using the method of
superposition; and Barnyak and Soltannia [27,28] studied the vibration of elliptical plate with a
clamped boundary condition. To study the effect of complex in-plane loads applied to a plate, the

Rayleigh-Ritz method was developed [29,30]. Dawe and Craig utilized the Rayleigh-Ritz method



to study vibration and stability of thin laminate rectangular composite plates under applied in-
plane load [31]. Beams are simpler structures and can be defined as a plate having one dimension
(length) much larger than the other two dimensions (i.e., length almost 10 times greater than width
and almost 40 times greater than thickness). Hence, studying vibration characteristics of a beam
can be considered a preliminary step towards exploring the characteristics of vibrating plates.
Figure 2.1 illustrates the first modes of longitudinal and lateral (transversal) bending vibration of
isotropic and anisotropic beams. It is also worth mentioning that throughout this work, free
vibration of a beam is of interest where after initial excitation, the beam vibrates on its own and
no external force is acting on the beam to derive the vibrations. Free vibration is in contrast to

forced vibration where the external stimulus acts on the beam.

") ™

(b)

(d)

Figure 2.1 Schematic illustration of (a) longitudinal bending vibration of isotropic beam; (b)

lateral (transversal) bending vibration of isotropic beam; (c) longitudinal bending vibration of
anisotropic beam; (b) lateral (transversal) bending vibration of anisotropic beam.



2.2.2 Mathematical, Numerical, Statistical, Stochastical and Experimental Approaches Used
in Static and Dynamic Characterization of Objects

Hu et al. [32] 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. [33] 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. [34] used Galerkin’s method to analyze the nonlinear vibration response of rectangular
laminated composite plates. Kant and Swaminathan [35] developed a higher-order theory,
considering through-thickness shear effects for analyzing the free vibration of sandwich plates. Tu
et al. [36] 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.

In addition to the aforementioned analytical and semi-analytical techniques used to solve
vibration problems of isotropic and anisotropic plates, Bardell et al. [37], and Tsay and Reddy [38]
used the finite element method (FEM) to study vibration of orthotropic plates. Ahmadi
Moghaddam and Mertiny [39-41] employed stochastic finite element analysis and introduced
effective means to predict material properties of particulate modified polymer composites for
elucidating experimental studies and guiding the design of this class of hybrid materials.
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
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effective approach for enhancing the dynamic damping properties of composite materials and
structures. Zou et al. [42], Hajikhani et al. [43], Soltannia et al. [4,5], and De Cicco and Taheri
[44] experimentally investigated the vibration characteristics of laminated and sandwich

composite beams using nondestructive testing (NDT) techniques.

2.3 Adhesives

Adhesives have been used in bonding applications for many decades, with effective methods
of adhesive bonding emerging in the mid-1940s as a result of enhancements in synthetic polymers
as the precursor material [45]. Synthetic polymers are capable of adhering to most materials and
are able to transfer a considerable amount of load. Kinloch in 1987 defined an adhesive as a
material that joins adherends and resists dissociation of the adherends [46]. Structural adhesives
are materials that can carry a significant amount of load, and sometimes improve the strength and
stiffness of the structure [47]. Of great interest is the concept of ‘cohesion’ and ‘adhesion’, where
the first term refers to the intermolecular forces inside one material while the latter one is
concerned with the intermolecular forces established at the interface of bonding substances or
substrates named adherends after bonding [48]. Bonded substances fail in the cohesion zone or at
the interface where adhesive and adherend meet, or by a combination of both. The interphase or
the zone enclosed by the adhesive and adherend has different chemical and mechanical properties
from those of the bulk adhesive and adherend, which plays a significant role for the adhesion

strength.

2.3.1 Adhesive Types

From a chemical point of view, there are two types of polymers: thermosets and
thermoplastics. Thermosets have a highly crosslinked structure and cannot be reformed again after
solidification (cure). In contrast, thermoplastics only contain linear and branched polymer chains
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with weak bonding between adjacent chains. Therefore, thermoplastics melt at sufficiently high
temperatures, allowing them to be reshaped and thus be recycled. Some examples of thermoset
polymers are: epoxies (often used in high-performance fiber reinforced polymer composites
(FRPC)); polyesters (often used in low-cost FRPC), polyurethanes (a highly durable polymer with
high resilience); and polyimides (typically for high temperature applications). The group of
thermoplastic polymers includes: polyethylene (the most widely used plastic); polypropylene (a
fatigue resistant polymer); polyamide (known for its high resilience and tenacity, e.g. Nylon 6 or

high strength Kevlar fiber); and polyvinyl chloride (the third most common plastic).

Structural polymer adhesives can be categorized as follows: high temperature adhesives
(polyimides, bismaleimides, and phenolics), silicones (provide excellent sealant for low strength
applications, high-temperature resistance and a high degree of flexibility), anaerobics (polymer
compound with a specially formulated curative that only reacts in the absence of oxygen,
predominantly used for bonding metallic cylindrical substrates), polyurethanes (offer flexibility at
low temperatures and fatigue resistant), cyanoacrylates (have capability of rapid curing but weak
resistance to temperature and moisture), acrylics (are versatile adhesives with fast bonding
capability, requiring less surface treatment), and epoxies (having high strength). From a physical
and design point of view, two basic types of adhesives are available: dry adhesives (reversible
adhesives) [49-51] and wet adhesives (irreversible or ordinary adhesives). In general, an increased
usage of resin-matrix composite materials and structures, including for operation in challenging
environments such as elevated temperature conditions, has promoted the development and

emergence of high-performance epoxy resins and adhesives.
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2.3.2 Surface Treatment

In general, surface engineering refers to physically or chemically altering and modifying the
surface properties in favor of requirements. For example, the application of physical surface
modification or patterning can be seen for dry adhesives [49-51], and the application of chemical
surface treatment is observed in thin film composite membranes used for water treatment [52—55]
or anti-icing surfaces. In terms of high-performance composite materials or structures, especially
in terms of bonding joints or thin-film metal to carbon- or glass-fiber reinforced polymers in the
case of 2D- or 3D-FMLs, surface treatment refers to the required chemical and/or physical
processes to render bonding surfaces of substrates receptive to the adhesive. The surface quality
plays an important role for bond strength and integrity of joints and sandwich structures [45].
Enhancing adhesion between metals and polymers is a rigorous yet inevitable process affecting
final product’s quality. Mechanical surface treatments include sandpaper abrading, sandblasting,
chemical etching, phosphoric acid anodizing (PAA), and other mechanical, chemical,
electrochemical processes or coupling agents [56,57]. Utilizing surface treatment before
lamination enhances mechanical properties of FMLs by altering surface morphology, surface

energy and wettability [58—62].

Coupling nanoparticles are an interesting aspect of surface treatment in the context of this
research. Konstantakopoulou and Kotsikos [63] showed that bond strength between aluminum and
glass fibers reinforced polymer (GFRP) composites is higher when the surface is grit-blasted
compared to anodized surfaces. They also showed that the inclusion of multi-walled carbon
nanotubes (MWCNTs) ameliorated adhesion strength. They further demonstrated that the
enhancement in adhesion strength in the presence of MWCNTSs was greater in the case of anodized

surface-treated samples compared to grit-blasted samples. They attributed this to the pores
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developed during the anodization process. Khurram et al. [64] studied the effect of pressure on
adhesion strength. They found that increasing the pressure results in higher adhesion strength
which can be attributed to higher filling performance of MWCNTSs into micro-pores caused by

chromic acid treatment.

2.3.3 Nanocomposite Adhesives

Nanocomposite adhesives have many applications in the aerospace, automotive, naval,
medical and construction industries. Nanocomposite adhesives are increasingly being used
following the advent of nanotechnology. In 1999, Kim and Reneker noted that the stiffness of
nanofiber-reinforced polymer composite becomes ten times greater compared to the pristine
material [65]. Carbon nanofibers (CNFs) can chemically functionalize facile sites with additives
or fillers to create a stronger interfacial bond with the matrix. DeArmitt and Rothon mentioned
that in contrast to nanoparticles, it is widely presumed that additives are cheap [66], however this
is not always the case. As the nanoparticle production grows, nanoparticles are more available in
large quantities, and their price greatly depends on their purity and type [67]. The application of
carbon nanotubes (CNTs) was first introduced by Iijima in 1991 [68]. There are two main types of
these sheets of graphite forming a tube: single-walled carbon nanotubes (SWCNTSs) consisting of
a single graphene layer shaped as a cylinder with diameter of 1-2 nm [69,70], and MWCNTs
containing multi coaxial graphene cylinders with outer diameter of 3-10 nm. The estimated elastic
modulus and strength of CNTs are 1 TPa and 150 MPa, respectively [71,72]. Due to weak Van der
Waals forces between the layers, tension loads will be carried only by the out layer of MWCNT
[71]. In 2000, Qian et al. reported that CNTs could evolve strength of composite adhesives by 25%
[73]. Liu et al. [74] investigated the effect of functionalized SWCNT on the damping properties of

composite materials. They investigated the influence of chemical crosslinking between SWCNT
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and epoxy resin in polymer composites on the interfacial shear strength and damping properties of
the composites. They found that enhancing the degree of crosslinking between SWCNT and epoxy
resin, by forming functional groups on the SWCNT, increases the interfacial shear strength of the
polymer composite. However, the SWCNT functionalization can either increase or decrease the
loss factor, depending on the combined effects of operational stress range, nanotube aspect ratio,
and interfacial shear strength. Nevertheless, they observed that merely adding randomly dispersed
SWCNT ropes generally augments the damping ability of the polymer composite, which can

further be enhanced by aligning the nanoropes in the loading direction.

In general, graphene nanoplatelets (GNP) are 1 nm-thick graphene sheets piled on top of
each other. Their lateral dimensions can vary from 25 nm to micrometers [75]. The quality of a
nano-reinforced adhesive is tied to the quality and level of dispersion of nanoparticles within the
adhesive. Dispersing the filler is rigorous process because formation of agglomerations can act as

defect zone, mitigating performance instead of evolving it.

Ahmadi-Moghadam et al. [76] demonstrated that the use of chemically functionalized GNP
(G-Si) using a silane coupling agent can result in significant improvement in mechanical and
fracture response of composite materials compared to non-functionalized GNP, due to the
chemical affinity of the functional group (Si) bonded to the surface of GNP with the host resin,
thus providing a stronger interface between each nanoparticle and some polymeric matrices.
They reported that the inclusion of 0.5 and 1 wt.% pristine and amino-functionalized GNP

enhanced the ductility of 3D-FMLs.
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2.4 2D- and 3D-Fiber Metal Laminates (2D- and 3D-FMLs)

At this juncture, it is worth mentioning some of the relatively recent efforts expended in
developing more resilient, cost-effective and lightweight hybrid materials, notably, FMLs [77,78].
FMLs are hybrid laminates consisting of thin alternating bonded layers of thin metallic sheets (e.g.,
aluminum or magnesium alloys) and fiber/epoxy [79]. 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 a student at
the University of Delft, Marissen, which consists of a layup of aramid fiber layers with aluminum
layers [80]. Since these pioneering efforts, various FMLs 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 [81], referred to as three-dimensional FLM. This class of
FML has been demonstrated to possess exemplary characteristics compared to conventional FRPs
and FMLs, especially from the perspective of crashworthiness and impact tolerance, as
demonstrated in [82]. A 3D-FML is essentially a sandwich composite consisting of a novel 3D
fiberglass fabric (3D-FGF), 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
3D-FML 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 [4,5,44,81],
beside many other techniques to enhance stiffness-to-weight ratio by introducing high performance
pseudo-ductile (HiPerDuCT) composites utilizing only FRP composite materials [83]. A

schematic illustration of 2D- and 3D-FML beams are shown in Figure 2.2.
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(b)
Figure 2.2 Schematic illustration of (a) 2D-FML and (b) 3D-FML beams.

2.5 Finite Element Modeling

To design structural components, it is vital to accurately evaluate and analyze mechanical
characteristics of the structure under given loading scenarios, and to estimate approximate failure
limit. There are two fundamental mathematical approaches for carrying out analyses: closed-form
solutions (i.e., analytical methods) and numerical methods (e.g., FEM). With the advancement in
numerical modeling the accurate prediction of the behavior of FMLs has greatly improved. A very
thorough and comprehensive literature review has been presented by Sayyad and Ghugal,
providing broad insight regarding analytical and numerical analyses of free vibration of composite

materials [84].
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The finite element method can be used to solve free vibration problem of laminated
composites and sandwich plates based on higher order shear and normal deformation theory
[35,85,86]. As it was mentioned earlier, Tu et al. [36] 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. Parhi et al. [87] carried out
finite element dynamic analysis of laminated composite plates with multiple delamination. De
Cicco and Taheri [44] numerically investigated the vibration characteristics of laminated and
sandwich composite beams using finite element modeling in LS-Dyna and compared the results

with ones obtained experimentally using NDT techniques.

Extensive research has been performed on the effect of nanoparticle reinforcement, static and
dynamic properties of polymer composite microbeams, beams and plates, also on static and
dynamic properties of non-reinforced FRPs, as well as 2D-FMLs using traditional techniques.
However, to the best of the author’s knowledge, these subjects have not been studied together as
a whole, including 3D-FMLs, and through non-traditional methods. It is worth mentioning that
“non-traditional” vibration characterization method refers to testing of structures that are excited
using an actuator or external stimulus (this ranges from piezoelectric transducers or accelerators
to manual or electrical hammer, etc.) to produce vibrations and then sense/acquire vibration signals
to be analyzed later. On the other hand, “traditional” vibration characterization method refers to
identifying vibration characteristics of a structure through equivalent (effective) material
properties (equivalent (effective) mass and stiffness of homogenized structure) through standard

material testing techniques.

18



It has also been demonstrated that 3D-FMLs would offer comparatively superior stiffness-
to-weight ratio to the material systems, thus reducing the overall material weight, thereby lowering
the overall cost. Therefore, it was hypothesized that by strategically damping the FML using nano-
reinforced polymer composites, one could potentially improve the dynamic response of 3D-FMLs.
By providing additional reinforcement using nanoparticles at strategic regions (e.g., matrix,
interface, both, etc.), it was postulated that one could optimize the reinforcing effect of nanoparticle
on the static and dynamic characteristics of 3D-FMLs, which to the best knowledge of the author
had not been attempted previously. The conducted characterizations would help the future
researchers to produce a lightweight, cost-effective and resilient system for both static and
dynamic loading applications. Therefore, it is important to understand and characterize the static
and dynamic response of nano-reinforced polymer composites as the main constituent of the
relatively new class of 3D-FMLs. As a result, attempts were made to establish an optimum
solution for a new class of material to produce proper static and dynamic performances with the

aim of targeting structural applications in transportation industries.
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Chapter 3

Parametric Study of Strain Rate Effects on Nanoparticle-reinforced

Polymer Composites and Their Dynamic Behavior
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3.1 Publication Statement

This chapter has been published as peer-reviewed journal publication in Vol. 2016 of the
journal “Nanomaterials” (IF: 1.980; CiteScore: 3.2 (Scopus; 2020)), by B. Soltannia as the 1%
author. Its title is “Parametric Study of Strain Rate Effects on Nanoparticle-Reinforced Polymer
Composites”. It consists of nine double-column pages and was published in 2016 [1]. Note that
Sections 3.2 ‘Nomenclature’ and 3.6 ‘Vibration Response of Pure and NP-reinforced Polymer
Composite Beam’ and some latter parts of Sections 3.3 ‘Introduction’, 3.7 ‘Results and
Discussion’ and 3.8 ‘Conclusion’ are not part of the published article and have been added later to

form Chapter 3.

3.2 Nomenclature

o State variable; controls the level of

hydrostatic stress’ effect as a state

variable
a Rate of change of the state variable «
Qg Initial value of the material constant a
Vxz Shear strain component
bij Kronecker delta
ek Elastic strain
e’ Total strain
gl Inelastic strain
& j Inelastic strain rate tensor; can be defined
as a function of deviatoric stress S;;
(c}i(]_"“) Total strain rate
Ex Normal strain component
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6(x)

v Y X

22

Natural coordinate

Rotation component

Shear correction factor

Shape factors

Damping ratio

Equivalent (effective) stress

Normal stress components

Initial guess, considered as a value less
than the yield stress

Normal stress component

Shear stress component

Nanoparticles volume fraction in the
mixture

Fundamental frequency

Incremental area

Stiffness matrix of the polymer
Rayleigh damping coefficient

Material constant; represents the
maximum inelastic strain rate
Diameter of the nanoparticles
Composite’s tangential modulus
Nanoparticle’s modulus of elasticity
Tangential modulus of neat polymer
Effective deviatoric inelastic strain rate
ol
Deviatoric inelastic strain rate
Force vector

Shear modulus

Mass per length

Inertia of the section (per unit length)
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Second invariant of the deviatoric stress
tensor

Kinetic energy

Stiffness matrix

Lagrangian functional

Length of the nanoparticles

Mass matrix

Shape function

Material constant; controls the rate
dependency of the material

Material constant; representing the
hardening rate

The inertial components of Rayleigh
damping matrix

The stiffness components of Rayleigh
damping matrix

Deviatoric stress

Thickness of the nanoparticles

Strain energy

Displacement component

General velocity component

General velocity component

State variable

Rate of change of the state variable Z
Initial value of the material constant Z ;
equal to magnitude of the stress at the
point where the shear stress-strain curve

becomes nonlinear



3.3 Introduction

Nanoparticle-reinforced polymer composites (NRPs) are receiving special attention,
especially for bonding applications in automotive, marine, aerospace and oil and gas industries.
NRPs are known to enhance the mechanical, electrical, thermal, permeability properties and
diffusion barrier attributes of their host polymers. Moreover, in some cases, they could also provide
self-healing ability. The enactment of mechanical properties gained by the inclusion of
nanoparticles includes improved strength and stiffness to weight and cost ratios, improved fatigue
and corrosion resistance, more controllable damage mechanism, and augmentation of the energy-
absorption capacity of their host polymer. Therefore, these attributed properties render them as

effective candidates for reinforcing polymers [88—97].

NRPs are increasingly being used in various engineering applications, especially in the form
of adhesives. Adhesives are becoming increasingly more popular for joining structural
components because of the recent advancements in techniques used for toughening them. One
such emerging technique has been the inclusion of an appropriate amount of inexpensive
nanocarbon, namely graphene nanoplatelets (GNP), in resins/adhesives. GNP, which have larger
diameter and aspect ratio than their more commonly used nanocarbon tubes counterpart, are less

expensive and are more widely available.

One of the thrusts of our current research has been to promote the use of NRPs, in form of
adhesives, in automobile applications. In such applications, the NRPs become often subject to
large loading rates. Unfortunately, there is a clear paucity in databases that convey the
performance of nanoparticle-reinforced adhesives, especially when subject to high loading (or

strain) rates. This issue, in turn, has impeded the greater usage of NRPs in such engineering
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applications. Therefore, the mechanical characterization of such nano-reinforced adhesives is vital,

especially when they are subject to large loading rates.

The use of carbon nanotubes, which are essentially sheets of graphite rolled into tubes
[68,69], was first proposed by lijima in 1991 and later by lijima and Ichihashi in 1993. Even though
CNTs (both single-walled, and multi-walled varieties) are quite flexible in the direction
perpendicular to their longitudinal axis [98], the strength and elastic modulus of MWCNTs have
been estimated to be as high as 150 GPa and 900 GPa, respectively [72]. Their superior mechanical
characteristics and proper length-to-diameter ratio have rendered CNTs as an effective reinforcing
agent for resins. Nevertheless, in order to fully harness the exceptional mechanical properties of

CNTs, a strong interfacial bond between the polymer matrix and CNTs must exist [99].

Since the advent of nanotechnology, nanoparticle reinforced adhesives have also been
increasingly used in many other advanced applications such as naval, automotive, acrospace, and
medical industries. Kim and Reneker reported that the Young’s modulus of a nanofiber-reinforced
composite was ten times greater than that of the neat adhesive [65]. It has also been demonstrated
that MWCNT particles enhance the strength and toughness of epoxies, because nano-particles
strengthen the polymeric chains of the resin and resist crack initiation and propagation by acting
as bridges [100]. Qian et al. suggested that nanotubes (CNTs) could enhance the composite
strength by as much as 25% [73]. It should also be noted that a nanoparticle-reinforced adhesive
with the most optimum properties can only be produced if the nanoparticles are distributed
uniformly and fully dispersed (exfoliated) within the polymer. This is a very challenging process,
because the formation of agglomerations can act as defect regions, thus reducing the performance

instead of enhancing it.
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Despite the noted studies, to date, there are only a limited number of studies that have
explored the mechanical properties of resins reinforced with carbon nanoparticles, especially GNP.
Moreover, the lack of such studies becomes even more noticeable when one requires information

on the effect of loading/strain rates on the response of nanoparticle reinforced resins.

Therefore, in order to better understand the mechanical behavior of the nanoparticle-reinforced
polymer composites under dynamic loading conditions (hence, to be able to establish and assess
the safety factor of the structure hosting NRPs), one should gain a better understanding of the
mechanical response of such resins under different strain rates. Several researchers have
demonstrated the rate-dependent mechanical behavior of neat polymers, and have developed
constitutive models for their characterization (see, for instance [101-109]). Notwithstanding the
abovementioned studies and those alike, there exists no unified and robust theoretical approach
capable of mimicking the atomic interaction between nanoparticles and polymers. The involved
challenges in constructing such a model have therefore necessitated the use of multi-scale
techniques to identify the macroscale mechanical behavior of nanoparticle-reinforced polymer
composites. An example of such modeling approach can be found in the work of Shokrieh et al.
[110]. They incorporated a strain rate dependent continuum-based macroscale level constitutive
model developed by Goldberg et al. [104—106], combined with the Halpin-Tsai micromechanical

model [111], to study the loading rate effects on a CNT-reinforced polymer composite.

Another important aspect of NRP’s mechanical behavior is their vibration response. To
fundamentally study the vibration response of such composite material, free vibration analyses of
a continuous beam with free-free boundary condition is required to be investigated. The
mathematical model of such beam was developed by Sharma et al. using Euler- Bernoulli beam

theory to determine the natural frequency of the beam [112]. In addition to Euler-Bernoulli model,
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different engineering theories can be used to investigate dynamic characteristics of a vibrating
beam e.g., Rayleigh, Timoshenko, and shear theory, i.e., Al-Ansari et al. identified the natural
frequency of a stepped cantilever beam using Rayleigh and modified Rayleigh models as well as
Finite Element Analysis (FEA) using ANSYS®[113]. Closed form solution for free vibration of a
beam with free-free (F-F) boundary condition (BC) has been examined by Sharma [114] and
Cresta [115]. Dynamic behavior of the Timoshenko beam with simply-supported (S-S) BCs was
discussed by Reddy, using finite element approach [116]. He observed that the reduced integration
element with adequate number of elements can estimate the natural frequencies precisely.
Younesian et al. classified various linear and nonlinear vibration modeling and applications of
different structures e.g., string, beam, plate, shell structures with different boundary conditions
resting on elastic and viscoelastic foundations [117]. Rajoria and Jalili experimentally investigated
passive vibration damping of CNT-reinforced composite cantilever beams with structural vibration
applications [118]. They observed a 700% increase in damping ratio for multi-walled nanotube-
epoxy beam compared to the plain epoxy beam. They also found out that enhancement in damping
ratio using carbon nanotube reinforcement is more dominant than enhancement in stiffness. They
also reported that MWCNT-reinforcement was superior to SWCNT-reinforcement. Shokri-
Oojghaz et al. studied the stress distributions of Aggregated Carbon Nanotube (A-CNT)-reinforced
nanocomposite sandwich cylinders under internal and external pressures, using a finite element
method (FEM) based on an axisymmetric model [119]. Mirzaalian et al. studied bending behavior
of sandwich plates with aggregated CNT-reinforced face sheets as functionally-graded material
(FGM), resting on Winkler-Pasternak elastic foundation using a mesh-free method based on first
order shear deformation theory (FSDT) [120], which can be simplified and used to identify

deflection and time dependent behavior of a homogenous beam resting on Winkler-Pasternak
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elastic foundation (implying F-F BC). They employed moving least square (MLS) shape functions
in their mesh-free analysis to estimate the displacement. They also used transformation method to
impose the essential BC. They observed FG-distribution of aggregation leads to less deflection of
the sandwich plates. Moradi-Dastjerdi et al. also investigated damped dynamic behavior
(deflection) of an advanced (GNP-FG) piezoelectric sandwich plate (APSP) under thermo-electro-
mechanical loads using MLS shape functions in meshless solution [121]. They observed that
increase in stiffness and inertial components of structural damping significantly reduce the settling
time of vibrations such that among Rayleigh’s structural damping coefficients, Ry is more sensitive
to change than Ra.. Their results also revealed that more voids in the core layer greatly mitigates
amplitude of vibration and damping ratio. They also found that increasing the volume fraction of
GNP from 3% to 7% significantly affects the damping ratio, settling time and dynamic responses,
however further increase had less influence. Further, Mohammadimehr et al. studied free and
forced vibration of uniformly and FG SWCNT reinforced viscoelastic microcomposite beam using
modified couple stress theory (MCST) [122]. They used energy method and Hamilton’s principle
to obtain the governing equation of motion (EoM). They employed the Kelvin-Voigt model to
account for material’s viscoelasticity. They observed that neglection of structural damping
coefficients in presence of external periodic force causes vibration amplitude to increase resulting
in loss of beam’s stability. In contrast to Rajoria and Jalili [118], Mohammadimehr et al. [122]
concluded that natural frequency of SWCNT-reinforced composite beam was higher compared to
those reinforced by MWCNT. Bouamama et al. conducted dynamic stability analysis of FG
Timoshenko beams based on Kelvin-Voigt model accounting for internal viscous damping
distribution (DIVD) [123]. They used Lagrange principle to develop their governing EoM,

discretized and solved to find natural frequencies and damped eigenfrequencies of the material
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system using FEM. They found that the damped frequencies are inversely proportional to internal
damping coefficient. The slenderness ratio (LL/h) has noticeable effect on variation of the damped

fundamental frequencies.

In this chapter, using a similar approach adopted by Shokrieh et al. [110], the effects of nano-
reinforcement on the mechanical response of a nano-reinforced resin, subjected to different strain
rates are modeled and systematically investigated. More specifically, neat and nano-reinforced
resins are subjected to tensile loadings applied at the rates of 1.5, 15, 150, and 1500 mm/min.
Further, the influence of various parameters (i.e., the particle type, their weight percentage) on the
mechanical properties of the nanocomposite was studied. Further, the numerical results are
compared to the experimental data obtained for the neat and the nano-reinforced epoxy resins
[124,125]. Finally, free vibration analysis of a continuous Timoshenko beam made of aluminum,
pure and GNP-reinforced epoxy resin (unidirectional (UD) case of FG beam) with free-free
boundary condition is carried out using Rayleigh structural method, discretized and solved by

FEM.

3.4 Experimental Investigation

3.4.1 Materials and Specimen Preparation
A commonly used thermoset epoxy resin (i.e., the West System 105 resin and 206 hardener
[Bay City, MI]), was used as the baseline adhesive to fabricate the test specimens. This resin was

selected because it is a commonly used resin, has a relatively low-cost, and is readily available.

In order to establish a cost-effective means for enhancing the mechanical properties of the
resin/adhesive, different types of nano-carbon particles were utilized as the reinforcing agent.

However, the uniform distribution, and dispersion of nano-carbon particles in resin were found to
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be quite time-consuming and challenging, hence increasing the processing cost. It should be noted

that not only do the distribution and dispersion of particles directly influence adhesive’s

mechanical properties, but more importantly, the nano-particle agglomeration results in significant
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ical discrepancies in performance of the final product.
different forms of nano-carbon particles were chosen to be dispersed into the epoxy resin.

Graphitized Carbon Nanofibers (CNF) with an outer diameter of 200 to 600 nm (reported
by the manufacturer; 4 pm in current study (this can be attributed to aggregation of the NFs
alongside each other) and more than 99.9 % purity (obtained from the US Research
Nanomaterials, Inc., Houston, TX).

Graphene nanoplatelets (GNP-M-25) with an average diameter of 25 pm (reported by the
manufacturer; 25 nm to 1 um reported in the literatures [67,126]; and 0.5 um in current
experiments and analyses which can be attributed to particles breaking into smaller pieces
due to milling process), thickness of 6 nm (reported by manufacturer; 34 nm in current
experiments and analyses which can be due to piling/stacking of NP on top of each other),
and surface area of 100 m?/g (obtained from XG Science Ltd., Lansing, MI).
Multi-Walled Carbon Nanotubes (MWCNTs) with an outer diameter of 5 to 15 nm
(provided information by the manufacturer. The outer diameter of MWCNTSs used in
current experiments and analyses was 20 nm) and more than 95% purity (obtained from
the US Research Nanomaterials, Inc., Houston, TX).

To facilitate uniform dispersion of the nanoparticles in resin, a mechanical stirrer was used

first. Each slurry of resin/nanoparticle was stirred at a speed of 2000 rpm for 10 min. This

procedure was followed by calendering the resin/nanoparticles mix with a three-roll mill. The

calendering rollers' speed was set to the machine’s maximum rotational speed of 174 RPM. To
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maximize dispersion quality and minimize agglomerations, the calendering was performed seven
times. The roller gaps were set at 20 um. Note that, concentrations of CNF, MWCNT, and GNP
with weight percentages of 0.25%, 0.5% and1% were considered. It should be noted that selection
of the rollers gap size is quite important. It is postulated that when the nanoparticles are dispersed
into adhesives, they are surrounded by monomer molecules. After each round, the quality of the
distribution and dispersion was monitored by sampling the mixed slurry and assessing the

uniformity of the dispersion with a digital microscope.

The subsequent addition of the curing agent would initiate the chemical reaction process of
the resin, promoting the monomer molecules to surround the GNP as the resin cures. In addition
to the mechanical bonding, chemical bonding known as Van der Waals bond is also generated.
The inclusion of nano-particles into resin also increases resin’s viscosity (thickens it). It should
also be noted that in comparison to other types of nanoparticles (e.g., CNFs or CNTs), the relatively
greater aspect ratio of GNP helps to increase the resin/nanoparticles interactions, thus forming a

tougher adhesive.

Following the aforementioned procedures, the curing agent (hardener) was added to the
slurry and mixed using a stirrer at a speed of 400 rpm for 4 to 6 minutes. The mixture was then
degassed under 28” Hg vacuum for 2 to 3 minutes (the degassing time period depends on the gel
time of the resin). After degassing, the mixture was poured into appropriately designed and
fabricated molds and allowed to cure for at least 12 hours at room temperature. The final products
in the form of dog-bone tensile coupons with dimensions as per ASTM D638, for both neat and

nanoparticle-reinforced resins are shown in Figure 3.1 [127].
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Neat resin

Nanoparticle-
reinforced resin

Figure 3.1 Representative tensile coupons of the neat and nanoparticle reinforced epoxy
resins, and their dimensions (in mm). “R” stands for radius.

3.4.2 Characterization of the Mechanical Properties of Adhesives

The prepared dog-bone shaped samples were tested in tension using an Instron servo-
hydraulic universal test machine equipped with 8500" electronics. To establish the stress-strain
characteristics of the neat and nano-reinforced resins, the specimens were subjected to a
displacement-controlled tensile loading [127]. First, tensile tests were performed on the neat resin
at room temperature, at cross-head speeds of 1.5, 15, and 150 mm/min, per ASTM D 897 (as the
baseline tests for the static and quasi-static loading conditions), as well as at 1500 mm/min, per
ASTM D 950 (as the baseline tests for the high-strain rate loading condition) [128,129].
Subsequently, the reinforced-adhesive specimens underwent testing with the same loading rates.
The gauge-length displacement of specimens tested under quasi-static loading rates (1.5 mm/min),
was recorded using an Instron extensometer (Instron Industrial Products, Grove, PA) as well as an
EIR Laser Extensometer (Electronic Instrument Research, Irwin, PA). An Instron dynamic
extensometer and the laser extensometer were used to record the gauge-length displacement of the
specimens tested under the quasi-static, and higher loading rate experiments (i.e., 15, 150, 1500
mm/min), as shown in Figure 3.2. Using the recorded load and gauge length displacement, the
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stress-strain curve of each adhesive was constructed and their elastic modulus evaluated. The

initial gauge length for all cases was 25.4 mm.

(b)
Figure 3. 2 Experimental setup for the (a) static; (b) quasi-static and higher loading rate tests.

The experimental results revealed that not only did the inclusion of nanoparticles improved
the mechanical properties of the adhesive, but it also enhanced the resin’s viscosity. The improved
viscosity renders the adhesive suitable for use in adhesively bonded joints that oriented vertically,
which are often encountered in several industrial applications, especially in marine and other
applications where relatively thick bond-lines are commonly used [124,125].
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Figure 3.3 Influence of strain rate, on the tensile elastic modulus of the epoxy resin reinforced
with various amounts (wt%) of GNP.
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Figure 3.3 shows that the inclusion of nanoparticles has the same effect as the increasing of the
strain rate, which means by increasing the amount of dispersed nanoparticles the stiffness of the

matrix has been enhanced. The same results can be seen as a result of increasing the strain rate.

3.5 Problem Statement and Modeling Strategy

The rate-dependent mechanical behavior of nanoparticle-reinforced polymers has been
studied by different researchers. Nonetheless, to the best of the authors’ knowledge, there exists a
clear lack of coherent and comprehensive parametric studies that have either theoretically or
experimentally characterized the effects of nanoparticle types, their weight-content and strain rates
on their response. Therefore, in this work, the macroscale rate dependent constitutive equation of
Goldberg et al. [104-106] will be modified by incorporating the Halpin-Tsai micromechanical
model [111], including the inclusion of more specific shape factors, in order to assess the influence
of different strain rates on the response of a polymer reinforced by different types of nanoparticles
with various weight-content. The predicted results obtained through the aforementioned
superposition technique (as incorporated by Shokrieh et al. [110]), will be validated with the
experimental results. At this juncture, it should be noted that one could equally adopt other
micromechanical modeling techniques (such as that developed by Mori-Tanaka [91,93], or others),

in place of the Halpin-Tsai model used in this study.

3.5.1 Strain Rate Dependent Continuum-based Constitutive Equation of Polymers
Various researchers [102,104-106] have shown that the stress-strain response of
nanoparticle-reinforced polymer composites is dominated by the nonlinear response of its main

constituent. In order to determine the viscoelastic-viscoplastic response of the polymer, the total
strain (gT) can be decomposed into elastic (gE ), and inelastic (81) components. Analogously, the

inelastic strain can be calculated as the difference of the total strain and elastic strain.
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Goldberg et al. [104—106] proposed a model for predicting the viscoplastic response of neat
polymers, utilizing a set of state variables as an indication of the resistance of polymeric chains
against flow. It should also be mentioned that polymer’s mechanical properties and loading/strain
rate are the two main parameters that govern the nonlinear response of the polymer. The inelastic
strain components can be expressed in terms of the deviatoric stress components as

follows[102,104—-106]:

, 1 Z 2n Sl_j
Sii:2D0exp[—§(o_—j ][2 0 +a5ijj 3.1
e 2

-7 - . . . . . . .
where, £ is the inelastic strain rate tensor which can be defined as a function of deviatoric stress;

J, 1s the second invariant of the deviatoric stress tensor, and Z and o are the state variables. Z is
the internal stress state variable that represents the resistance to molecular flow (internal stress),
and o is the hydrostatic stress effect state variable. Moreover, D, and n are material constants; D,
represents the maximum inelastic strain rate and 7 controls the rate dependency of the material.

The equivalent (effective) stress, also be defined as a function of the mean stress, such that the

summation of the normal stress components o, is three times of the mean stress, as follows:

o,=4/3J, + \/gaakk (3.2)

where, o controls the level of hydrostatic stress’ effect as a state variable. The term ¢’ represent the

effective deviatoric inelastic strain rate ¢/ .

: 2.

ee]: ge;e; (3.3)
-1

o =&, (3.4)
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The rate of change of the other two-state variables, Z and «, can be determined using the following

evolution equations:
Z=q(Z,-2)é! 3.5)
a=q(a,—a)é (3.6)
Here, ¢ is a material constant, representing the hardening rate, which is determined through
trial and error, based on the inelastic shear strain attaining a plateau, or the tensile strain
corresponding to the saturation region of the stress-strain curve. Z,, are material constants,
representing the maximum values of Z and a. Z, and ¢, are the initial values of the material
constants Z and a. Z, is the magnitude of the stress at the point where the shear stress-strain curve

becomes nonlinear. ¢, and ¢, are defined using equation (3.2) and tensile stress-strain, and shear

stress-strain curves (the values of stress at the plateau and first nonlinearity points of the stress-

strain curves, respectively).

The material constants Z,, Z,, a,, «,, n, and D, can be determined using the shear stress-strain
and tensile or compression stress-strain curves, obtained by experiments conducted under constant
strain rates on neat polymers. Empirically, it has been shown that the value of D,, quantitatively,
can be set equal to 10* times the maximum applied total strain rate; qualitatively, it is the restricting
(controlling) value of the inelastic strain rate. The values of », Z can be identified using the shear
stress-strain curves constructed under various strain rates. The plateau region of the effective stress
under a uniaxial tensile loading at a particular strain rate, corresponds to the saturation region of

the effective stress obtained under pure shear loading.
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To solve the implicit Goldberg constitutive equation (3.1), one should utilize an appropriate
numerical discretization technique. Moreover, one should ensure that the selected technique for
solving the equation would be stable. For that, the four-step Runge-Kutta (R-K-4) method is
adopted and implemented in this work, which is similar to the procedure that was first proposed
by Tabiei and Aminjikarai [130,131], and was also used by Shokrieh et al. [110]. The numerical
representations of equation (3.1), (3.5) and (3.6) take the following incremental forms after

multiplying the rate dependent equation by the time step (dt) :

el 2 i)

1
de! = ds! —di—'f"sl, (3.8)
1 2 1 1
de, = fgde,.jdeij (3.9)
dZ =q(Z,—Z)de! (3.10)
da=q(a, —a)de, (3.11)

As in any forward numerical method, the parameters' values from a previous step are
available to be used as an input in the subsequent step. Therefore, usually a value less than the

yield stress is considered as the initial guess for o7 to start the numerical integration. Another

given input parameter is the total strain rate, é‘;ml) , which can be described as:

gl(]n+1) l(]n) + sl.(j"”)dt (3.12)

As the first-time step of the R-K-4, values of o, =07, 2=2"" =2, a=a"" =q,are

“ 2

considered as the input parameters (note: the superscript “m” refers to the matrix). For an initial
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guess, the magnitude of o7 is selected such that it is less than the material’s yield strength. One
can then determine the values of 4¢!' by substituting the values of Z, and «, into equation (3.7). As

a result, based on equations (3.4), (3.7), (3.9)-(3.11), the first step of the R-K-4 can be represented

as follows:

de)"" =de), dzZ""" =dz, dad"" =da (3.13)
1 e
gl.jl, = gl;(") +Ed5i§(° 2 (3.14)
{o}= [Cm]({g}*"*1 —{5}') (3.15)
Z — Zm(n) + %dz(stepl) (3 . 16)
_ . m(n) 1 (stepl)
a=a +Eda (3.17)

where [c, ]is the stiffness matrix of the polymer, and the stress can be determined based on elastic

and inelastic strain’s constituents. The remaining steps of the R-K-4 procedure are shown in

Appendix I.

3.5.2 The Halpin-Tsai Micromechanical Model

There are different micromechanical models available for characterizing the elastic behavior
of nanoparticle-reinforced polymer composites under static loading condition. The models
developed by Halpin-Tsai, Mori-Tanaka, Nielsen, to mention a few [91-93]are some examples.

The Halpin-Tsai model [91-93] used in this work can be expressed in the following form:

E _L+end where, n=(&—1](ﬂ+§j (3.18)
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where, E_. is the composite’s tangential modulus, which can be determined by another equation
developed by Halpin and Tsai [111], E, is the tangential modulus of neat polymer, determined
using the predicted stress-strain curve as described in the previous section, and E, is the
nanoparticle’s modulus of elasticity. Moreover, ¢ is the nanoparticles volume fraction in the

mixture. Depending on the nanoparticles type, different shape factors, &, would have to be used
. . . . . / .
(i.e. for oriented discontinuous polymer composites &, = 2[;] , where [ is the length of

nanoparticles (NPs) in the 1%-direction and t is the thickness of the NPs in the 3"-direction;

&, =2 for circular or square-shape NPs, where their w = ¢t in &Zyp = 2 (%) where, where w is

the width of the NPs in the 2™-direction; and &, = 2[éj , where d refer to the diameter of the

NPs) [111].

In the following section, the abovementioned techniques will be employed to establish the
integrity of the proposed models and solution scheme. For that, first the stress-strain response of
the neat resin will be predicted. That will be followed by a parametric study that will assess the
strain-rate effects on the nanoparticle-reinforced epoxy resin. To calculate the stress-strain of
nanoparticle-reinforced polymer composite, first the global stress-strain curve of the neat resin is
predicted using the Goldberg model [104-106]. Then, the tensile tangent moduli of the pure
polymer in appropriate strain intervals are determined, sequentially. Subsequently, the tangent
moduli of the nanoparticle-reinforced resin are evaluated at each strain interval by modifying the
obtained tangential moduli of the pure polymer using the Halpin-Tsai equation. As a result, the

stress corresponding to each strain interval can be determined for the nanoparticle-reinforced resin.
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Finally, after establishing the stress values, one would be able to establish the global stress-strain

curve.

3.6 Vibration Response of Pure and NP-reinforced Polymer Composite Beam

In this section, the vibration response of a continuous Timoshenko beam made of aluminum,
pure epoxy, and NRP with free-free boundary condition, as it is shown in Figure 3.4, is studied

using finite element method (FEM), considering Rayleigh structural damping.

Zw

x70 x=t ,E

C
(a) (b)
Figure 3.4 (a) Two dimensional illustration of a Timoshenko beam with free-free boundary
condition; (b) Three dimensional illustration of first mode of longitudinal bending vibration of
isotropic beam with free-free boundary condition, undergoing free vibration.

3.6.1 Governing Equation of Motion

The governing EoM for a Timoshenko beam can be obtained by applying the Hamilton

principle to the Lagrangian £[121,123]:

t t
5ft01(£) dt = 5ft01(:76 —Wdt=0 (3.19)
where, K and ‘U denote the kinetic and strain energies of an elastodynamic system.

The kinetic energy can be expressed as follows:

K =2, pay (@ +1ir2)dV (3.20)
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where, 7t and i are the velocity components of the beam along the X and Z axes, respectively;

P(z) 1s the mass per unit volume.

. . a i X,
After applying the displacement fields w(x,z,t) = W (x, t) = w, u(x,z,t) =3 % = z0,

Equation (3.20) takes the following form:

187, . -
==/ [Lu? + 1,6%]dx (3.21)
where,

(1) = [, pen(1,23)dA (3.22)

where, I, I, are the mass per length, and inertia of the section (per unit length), respectively, and

dA is the incremental area.

Strain energy can be expressed as:U = 1/2 fv 0xE, AV + 1/2 fv TyzVuz AV (3.23)

. du du , ow .
where, in our case, &, = = Z0; x5 Vaz = 5> T = 0, + w, are the strains

and o, = E¢, ; Ty, = KGY,, are the stresses, in which G = > (i 5 K= % where k is the shear
correction factor [132].

Rewriting Equation (3.23) yields:

U="1/, [ EL, 02, dx+ 1/, [ kAG(w, +6,) dx (3.24)

Using Equations (3.21) and (3.24), Equation (3.19) takes the following form:

21 gy [nu? + 1262 — (EL6Z, + kAG(wy +6,) )| dxdt =0 (3.25)

1
2700
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3.6.2 Finite Element Modeling
Equation (3.25) can be solved using FEM with a variation of displacement w(x) and rotation
0 (x), implying four degrees of freedom (DoF) in each element (two DoF per node), as it is shown

in Figure 3.5 [133].

g i

:
W 1 w,

Figure 3.5 Timoshenko beam element: degrees of freedom of the two-noded element.

Hence, the nodal displacement vector has the following generic form:

W1

w ]\fl(x) 0 ]\fz(x) 0 l 01
=[n o, L= 3.26
{9} [ (x)]{ e(t)} l 0 My 0 Ny, gz (3.26)

2

where, V; w0 = (1 - %) ,and IV, = (1 + %) are the shape functions, and —1 < { < 1 resembles

the natural coordinate.

Substituting Equation (3.26) into Equation (3.25), the EoM takes the following general form:

Ml e} + €7 {The } + 15 {Ue o} = {Eao (3.27)
where, [M,] = f_ll IpANTN d{ + f_ll IpI,NTN d{ , is the Mass matrix;

[CR,] = R [M,] + Rp[K,], is the Rayleigh damping matrix, with R, and R, as are the inertial

and stiffness components of Rayleigh damping matrix, respectively [121];

Equation (3.28) shows how R, and R, can be related to the fundamental frequency and damping
ratio [134-136]:
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F=Pa RO (3.28)
where, & is damping ratio and @ is the fundamental frequency.

(K] = [2,Z2(ND) (N + [, 1AG (3N, + N)T (FNg +N)1dg, is the stiffness matrix;

and, {E,} = If f_ll NT d{ , is the force vector.

Matlab codes used to obtain the transient response of 200 mm x 20 mm x 3.5 mm (length x width
x height) beams made of aluminum, pure and NP-reinforced epoxy resin are shown in Appendix

11 [133,134,137-141].

3.7 Results and Discussion

In this section, we discuss the integrity and accuracy of the developed SRDM model
introduced in Section 4.5, for predicting the tensile stress-strain response of the neat epoxy resin
reinforced with various nanoparticles. For that, first by following the steps noted in section 4.5,
and those in Appendix I, the stability of the iterative R-K-4 numerical procedure for establishing
the tensile stress-strain response of the neat resin under an arbitrary strain rate is tested, with the
results illustrated in Figure 3.6. As can be seen, three different time-steps, d¢, were selected for this

task.

As seen and anticipated, smoother and more continuous curves are obtained as the value of
time step is deceased, and the numerical convergence is clearly evident. To establish the rate
dependent material constants, the experimental results of the tensile tests conducted under quasi-
static loading rate of 150 mm/min (=107 s™!) (load rate / (gauge length * 60 sec). The loading rates
can be easily converted into strain rates, considering the fact that initial gauge length is 25.4 mm.

Therefore, strain rate can be obtained by dividing the load rate to multiplication of initial gauge
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length and 60 seconds. The rate dependent material properties of the neat epoxy are provided in

Table 3.1.
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Figure 3.6 Influence of the time steps (dt) on the numerical stability of the adopted iterative
procedure used for predicting the stress-strain curves of the neat WS-105 epoxy resin at an
arbitrary strain rate

Table 3.1 Calculated rate dependent material constants of WS-105 epoxy resin.

Material

Strain

Tangential Poisson’s DO(S_I) n  Z,MPa) Z(MPa) (¢ a, o,
Rate Modulus Ratio
(s7)  (GPa)
“ 1x107
S ixi0?
A S e 3.1 0.3 50010° 0.745 200 1130 610 0.202 0.430
= © *
1

Due to the nonlinear behavior of nanoparticle-reinforced polymer composites, the value of
the constant linear modulus should be replaced by the tangential modulus. To establish the strain
rate dependent response of the resin reinforced with different nanoparticles, and their resulting

response to different strain rates, first the instantaneous tangential modulus of the neat resin under
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quasi-static strain rate (107! s™) is established. Figure 3.7 illustrates the variation of the tangential

tensile modulus of the neat resin.

35K
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-
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05 1 1 1 1 1 1 1 1 1 1 J
0 0.002 0.004 0.006 0008 001 0012 0014 0016 0018 002 0.022

Strain

Figure 3.7 Variation of the tangential modulus of WS-105 neat epoxy resin, as a function of
strain when the material loaded under quasi-static strain rate of 107! 5!

Subsequently, having established neat resin’s stress-strain response, the SRDM
micromechanical model is used to establish the tensile stress-strain response of the resin reinforced
with various weight-contents (%wt) of the three nanoparticle types, subjected to different strain
rates. The predicted responses are then compared to the experimental results.

Figure 3.8 shows comparison of the predicted and experimental stress-strain curves. Figure
3.8(a) illustrates the variation in stress-strain response as a function of nanoparticles type under
quasi-static strain rate of 10~ s”'. Figure 3.8(b) shows the influence of GNP weight-content on the
predicted stress-strain responses, loaded at a quasi-static strain rate of 107 s!. Finally, Figure
3.8(c) illustrates the influence of the different strain rates on the predicted stress-strain responses
of the resin reinforced with 1% wt GNP. It can be seen from the results illustrated in Figure 3.8,

that in all cases, the predicted values are in good agreement with the experimental results.
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Figure 3.8 Comparison of predicted and experimental stress-strain curves of WS-105 resins
reinforced with various types of nanoparticles; (a) Influence of nanoparticles type;
(b) Influence of GNP weight-content for a quasi-static strain rate of 10~ s7!; and (c) influence
of strain rate on the stress-strain responses of resin with 1wt% GNP.

As seen from the results shown in Figure 3.8(a), the inclusion of the GNP produced the most
optimum enhancement of the mechanical response of the resin. Moreover, among the weight
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contents considered for the inclusion of GNP in this study, 1 wt% was found to produce the most

optimum mechanical response, regardless of the applied strain rates (see Figure 3.8(b)). It was also

demonstrated that both the strength and stiffness of the nanoparticle-reinforced resin were

increased as the strain rate was increased.

To study the vibration response of 200x20x3.5 mm? (1xbxh) beams made of aluminum, pure

and GNP-reinforced epoxy resin, following specifications were taken into account (Table 3.2):

Table 3.2 Material specification of aluminum, pure and GNP-reinforced WS-105 epoxy resin

beams

E(GPa) v p(kg/m’) nElemnts t(ms)

Rw Rl,. K

0.3

Aluminum (6061) 70 3 2700 25 50
Pure WS-105 epoxy 2.708 0.3 1180 25 50
GNP-reinforced WS-105 epoxy 3.27 0.3 1180 25 50

0.01 2.04e-6 5/6

250 2e-5 5/6
250 2e-5 5/6

It is worth mentioning that R, and R, values were chosen based on trial and error and still require

experimental investigations to calibrate the values, for the best outcome. Obtained fundamental

frequencies (&) and damping ratios (§) have been summarized in Table 3.3, also illustrated in

Figure 3.9.

Table 3.3 Fundamental frequencies and damping ratios of aluminum, pure and GNP-reinforced

epoxy resin obtained numerically

ajNum, (HZ) ajExp. (HZ) é— Num. gExp.
Aluminum (6061) 458.80 463.75 1.80e-5 4.79¢-4
Pure WS-105 epoxy 136.40 N/A 3.82¢-5 N/A
ORI 149.90 N/A 8.21e-4 N/A
€poxy
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Figure 3.9 (a) Mode shapes of an aluminum beam with F-F BC, (b) Transient response of an
aluminum beam with F-F BC used to calculate its damping ratio, (c¢) Transient response of
pure epoxy resin, and (d) Transient response of GNP-reinforced epoxy resin.

As for the base-line tests, the fundamental frequency of aluminum, obtained numerically, is
relatively in agreement with the experimental results by an order of magnitude. The details of
experimentation are available in subsection 5.6.1. As it is shown in Table 3.3 and Figure 3.9, the

inclusion of GNP increases the fundamental frequency and damping ratio of GNP-reinforced

epoxy resin compared to the pure one.
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3.8 Conclusions

This study demonstrated that the combination of a strain rate dependent mechanical (SRDM)
model (in this case, the Goldberg et al. model) and a micromechanical model (in this case, the
Halpin-Tsai model) could predict the stress-strain response of neat and nanoparticle reinforced
epoxy resins with good accuracy. The predicted results also revealed that the response of the resin
was improved when it was reinforced with the relatively inexpensive type nano-carbon particles
(i.e., GNP), in comparison to the more expensive CNTs. It was also demonstrated that the increase
in strain rate resulted in higher apparent strength and stiffness of nanoparticle-reinforced resin.
Comparatively, this increase was even more significant than the enhancement obtained by
inclusion of the nano-carbon particles. Moreover, the enhancement in resin’s stiffness was

observed to be more significant compared to the gain in its strength.

As noted, the inclusion of GNP into the neat resin improved the stiffness of the adhesive,
resulting in enhancement of the elastic modulus by 11%, and 21% for the resin reinforced 0.5 wt%
GNP, evaluated at the lowest, and highest strain rates, respectively. Furthermore, based on the
obtained results, one can conclude that the higher weight percentage (i.e., 1 wt% GNP) resulted in
the highest stiffness. It was also observed that reinforced resin’s modulus of elasticity was
enhanced by 19%, and 33% when the resin was reinforced with 1 wt% GNP, and when the material

was tested under the lowest and highest loading rates, respectively.

Further, comparison of the results obtained for the resin reinforced with 0.5 wt% of GNP and
that reinforced with 0.5 wt% of CNF, subjected to the quasi-static strain rate, revealed that the
inclusion of GNP produced a greater average ultimate tensile strength and modulus of elasticity

than the inclusion of CNF could.
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Finally, the transient response analysis of pure and GNP-reinforced polymer composite
beams at room temperature indicated that the inclusion of GNP mitigates the settling-time response

of the vibration, and increases the damping ratio.
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Chapter 4

Quantification of the Effects of Strain Rate and Nano-reinforcement

on the Performance of Adhesively Bonded Single-Lap Joints
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4.1 Publication Statement

This chapter has been published as peer-reviewed journal publication in Vol. 8, No. 2 of the
journal “Reviews of Adhesion and Adhesives” (CiteScore 1.8 (Scopus; 2020)), by B. Soltannia as
the 1% author. Its title is “Quantification of the Effects of Strain Rate and Nano-Reinforcement on
the Performance of Adhesively Bonded Single-Lap Joints”. It consists of 19 single-spaced single-
column pages and was published in 2020 [2]. Note that Section 4.2 ‘Nomenclature’ is not part of

the published article and has been added to this chapter later.

4.2 Nomenclature

AUSS Averaged ultimate shear strength

A Adherend type

N Nanoparticle type

S Strain-rate

W Weight percentage of the nanoparticles
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4.3 Introduction

Single-lap joints (SLJs) are widely used to mate both fiber-reinforced polymer (FRP)
composite and/or metallic structural components in aerospace, marine, automotive,
offshore/onshore oil and gas industries and infrastructures. FRP SLJs offer several advantages,
including high strength- and stiffness-to-weight ratios, good corrosion resistance and fatigue
tolerance, high energy absorption capacity, and controllable damage mechanism, all of which make
them more efficient compared to mechanically fastened joints [47,142—-149] . However, a major
concern with the use of adhesively bonded joints (ABJs) in critical applications has been the lack
of adequate database in regard to their mechanical performance under various strain rates,
especially at high strain rates (HSRs). Compounded to that factor is the lack of a wide-range
database related to the performance of the most recently developed adhesives based on newly
emerging techniques.

One of the emerging techniques is strengthening and toughening adhesives by incorporation
of various types of nanoparticles (NPs). The NPs that are most widely discussed in the scientific
literature are carbon nanotubes (CNTs), which is despite the advantages that carbon nanofibers
(CNFs) and graphene nanoplatelets (GNP) offer. Ironically, the latter types have larger aspect
ratios, are more widely available and are less expensive than CNTs. The use of carbon nanotubes,
which are essentially sheets of graphite rolled into tubes [150], was first proposed by lijima in
1991. The multi-walled carbon nanotubes (MWCNTs) contain a number of coaxial graphene
cylinders, each of which has an end cap, with an outer diameter of 3-10 nm [71]. The strength of
MWCNTs has been estimated to be up to 150 GPa and their elastic modulus up to 900 GPa [98].
Their superior mechanical characteristics and superior length-to-diameter ratio make CNTs highly

desirable for reinforcement of resins [151].
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Hsiao et al. [151] demonstrated that utilizing 5 percent by weight (wt%) MWCNTs in
conjunction with an epoxy adhesive could facilitate a more effective shear stress transfer to the
adherends. Not only did the addition of the NPs enhance the average shear strength of the joints
by 45.6%, but it also facilitated the desired cohesive failure mode.

GNP is another type of nanoparticles, consisting of stocks of platelets that are exfoliated or
intercalated by a polymer during processing. The thickness of these plate-like particles is
approximately 1 nm and their lateral dimensions can vary from 25 nm to one micron, indicating
that they have large aspect ratios [67,126].

It is worth mentioning that the time-dependent behavior of the SLJs should be fully
understood, since full understanding of the effect of strain rate on the response of SLJs would
enable engineers to design more reliable structures. To understand the time-dependent performance
of ABJs, one would have to consider the influence of several parameters, which would render the
process time-consuming. As a result, researchers have reported inconsistent observations in regard
to the effect of strain rate on the performance of ABJs. For instance, in contrast to the observations
of Harris and Adams [152], stating that the strength of SLIJs is insensitive to loading rate, an
average increase of more than 50% in strength was observed by Galliot et al. [153,154], who
reported the results of absorbed energy by ABJs subjected to impact and quasi-static loading,
indicating that the failure load and the stiffness response of their joints were intensified as a
function of increasing strain rate. Their baseline quasi-static loading tests were conducted using a
universal servo-hydraulic test machine at a loading rate of 0.3 mm/min.

In order to effectively determine the influence of strain rate, and the other mentioned
parameters that affect the performance of ABJs, one can employ the design of experiment (DOE)

approach. It should be briefly mentioned that DOE can aid researchers to increase the efficacy of
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an experimental investigation by two means. Firstly, it can be used to optimize the number of the
required experiments when the effect of a set of parameters is to be established. Secondly, it can
be effectively used to establish the validity and consistency of a set of experimental data and
effectively rank the most influencing parameters in a given experiment [155,156]. In this paper,
we demonstrate the second utility of the DOE approach.

The objective of this study is to enhance the averaged ultimate shear strength (AUSS) of
SLJs and consequently to develop a relatively inexpensive and strong adhesive for common
engineering applications. Therefore, a statistical approach has been employed to quantify the
influence of a set of factors on the mechanical response of SLJs using two mixed-level full factorial
methodology. First, the influence of various variables on the AUSS of SLJs is assessed.
Subsequently, once the most influencing variable, strain rate, is identified, the phase 2 of analyses
is conducted, through which the other influencing variable, wt%, and its interaction and influence
on AUSS of SLJ is examined in detail. Moreover, SLJs can be considered a simpler yet somewhat
similar geometry to 3D-FMLs. This study also provides some indication of the effects of NP
modification on structural performance and static characteristics of NP-reinforced polymers and
their composites in SLJs and possible causes for enhanced performance. This chapter thus serves

as a preparatory part for work on 3D-FMLs.

4.4 Materials and Methods

As briefly stated earlier, the effect of strain rate on the mechanical response of nano-
reinforced SLJs with different types of FRP adherends is investigated in this work, and the results
are compared with those obtained through static, quasi-static and HSR tests. Uni-directional

carbon and E-glass fiber-reinforced epoxy laminates are used to fabricate the adherends (see Figure
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4.1). The HSR tests are carried out using a modified instrumented Charpy pendulum, equipped
with a specially designed tension impact apparatus (see Figure 4.2). The static and quasi-static
tests are conducted on an Instron 8500+ universal testing machine equipped with a digital
electronic controller (see Figure 4.3) [124]. For details on the employed material systems,

specimen fabrication and testing procedures the reader is referred to authors previous works

[1,124,125].
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Figure 4.1 Typical single-lap joint specimens (dimensions in mm; drawing not to scale) [124].

e

Figure 4.2 Experimental test setup used in the high strain rate test (tensile impact apparatus) [124].
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Figure 4.3 Experimental setup used for conducting the static and quasi-static strain rate tests [124].

4.5 Design of Experiments (DOE) Methodology

As briefly stated earlier, DOE is a statistical technique to investigate the dominance of
various parameters that influence the response of an experiment; the methodology is mainly
implemented to efficiently optimize the output with the least number of required experiments
[155]. The flowchart shown in Figure 4.4 demonstrates each step involved in a typical DOE

analyses.

In this approach, first, a mixed-level full factorial design (2x3?) is conducted as the phase 1.
The objective of the phase 1 within the context of our investigation is to study the influence of the
NP type, adherend type, and strain rate as manipulated variables, while keeping the wt% of the

particles constant at 0.5 wt% as the controlled variable (see Table 4.1 and 4.2).

In the phase 2, another mixed-level full factorial design (2x3?) is performed to investigate
the influence (or the “dominance”, in DOE terminology) and interactions (nonlinearity) between
the wt% content of GNP, strain rate and adherend type as manipulated variables. The NP type
(GNP) is considered as controlled variable, identified dominant variable in phase 1 (see Table 4.3

and 4.4). Since in this study, the number of levels from one factor to another is different, therefore,
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two mixed-level full factorial designs (i.e., 2x(2x32?)=36) are adapted to establish the influence of
the aforementioned parameters on the AUSS of the SLIJs through the phase 1 and the subsequent
phase 2 analyses [156]. As stated, NP type was the so-called “manipulated variable” in the phase
1, while in the phase 2, NP type was fixed and the GNP content (wt%) was considered as the

manipulated variable.

In this work, the three most significant manipulated factors affecting the mechanical response
of the SLJs were selected based on our previous studies (see Tables 4.1 and 4.3) [1,124,125].
Tables 4.2 and 4.4 summarize the selected controlled variables according to the standards
[150,157-161]. The AUSS is the selected response variable in this work. Repeated measurements
was not considered in this study due to the destructive nature of such experiments; however, each

test was replicated three times.
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Figure 4.4 Flowchart showing the required steps for design of experiments.
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Table 4.1 Manipulated variables for the phase

Factor Level

Manipulated variable(s)

-1 0 1
Adherend Type Glass-epoxy Graphite-epoxy
Nanoparticle Type GNP MWCNT CNF
Strain Rate Static Quasi-Static Impact
(ShH (1x1073) (1x102) (1.338x10%)

Table 4.2 Controlled variables for the phase

Controlled Variable(s) Level
Single-lap joint geometry See Figure 4.1
Adhesive thickness 0.25 mm
Adhesive type (thermoset) WS* 105 Resin, 206 hardener
Adherend thickness 5.0 mm
Nano particle weight percent 0.5 wt%
Temperature 22 °C

*WS stands for West System® [Bay City, MI]

Table 4.3 Manipulated variables for the phase 2

Factor Level

Manipulated variable(s)

-1 0 1
Adherend Type Glass-epoxy Graphite-epoxy
GNP wt% 0% 0.5% 1.0%
Strain Rate Static Quasi-Static Impact
(ShH (1x107%) (1x107h) (1x10%

Table 4.4 Controlled variables for the phase 2

Controlled Variable(s) Level
Single lap joint geometry See Figure 4.1
Adhesive thickness 0.25 mm
Adhesive type (thermoset) WS* 105 Resin, 206 hardener
Adherend thickness 5.0 mm
Nano particle type GNP
Temperature 22°C

*WS stands for West System® [Bay City, MI]
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4.6 Results

4.6.1 Influence of the Variables on the AUSS of SLJs

In DOE, the normal distribution and randomness of the data are usually evaluated through
two plots. First, the distribution of the normal probability of a set of data as a function of the
residuals is constructed, followed by tracing the variation of the residuals as a function of the
predicted values. There were no significant outlier values, which indicates that the data is normally
distributed. The influences of the selected parameters are illustrated through a Pareto chart in
Figure 4.5 using STATISTICA® software (Dell Software, Round Rock, TX, United States). The
values in the chart indicate that adherend type, strain rate, and NP types all have a linearly varying
effect on AUSS of the SLJs, with adherend being the most dominant. In other words, in phase 1,
regarding the linear effect of manipulated variables (among those manipulated variables having

linear effect), the Adherend Type has the most dominant linear effect.

Pareto Chart of Standardized Effects; Variable: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=.2578926

(1)Adherend(L) -30‘4171

(3)Strainrate(L) 25.10676
(2)Nanoparticle(L) -14.6374
Strainrate(Q) -4.04355
Nanoparticle(Q) -3.19088

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 4.5 The Pareto chart of the phase 1

Table 4.5 is the effect estimates table for the phase 1 of analyses, which helps to distinguish
the influence of a particular manipulated variable on AUSS. In other words, it reveals the predicted

change in the mean response values as a function of the parameters changing from a low to higher
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values. It is shown that strain rate, which affects the results in a nonlinear (quadratic) fashion, had
predominant effect on the AUSS than other manipulated variables. This means, in terms of
nonlinear (quadratic) effect of manipulated variables (among those manipulated variables also
having nonlinear (quadratic) effect), strain rate has dominant effect.

Table 4.5 Effect estimates results of the phase 1

Effect Estimates; Var.:AUSS: R-sqr=97992; Ad:.97339 (Spreadsheet100)

1 2-level factors, 2 3-level factors, 54 Runs

DV- AUSS; M5 Residual=2388127

Effect | Std.Em. t(40) p -95.% +95.% | Coeff. | StdEr. | -95.% +95 %
Factor Cnf Limt |Cnf Limt Coeff.  |CnflLimt |Cnf Limt
Mean/Interc. [12.783331 0.199505| 64.07536) 0.000000| 12.38012] 13.18655] 12.78333] 0.199505| 12.38012] 13.18655
(1)Adherend(L}) 4 08704 0297404 13.74237 0000000, 348596 468811\ 2.04352| 0148702 1.74298| 2 34406
(2)MNano Type(l) [ -2.53833 0.282142| -§.99665| 0.000000 -3.10856/| -1.96810| -1.26917 0.141071| -1.55428  -0.953405
Mano Type(Q) 1.27600) 0 488685 260904 0.012709| 028733 226267 063750 0244342 014367 1.13133
(3)Strain Rate(L) | 4.33167 0282142 15.35278| 0.000000, 3.76144| 490190 216533 0.141071| 1.88072 245095
Strain Rate(Q) 162600 0 488685 312062 0.003344| 053733 2.51267| 0.76250 0244342 026867 1.25633

1L by 2L -0.22889 0.162895 -1.40513| 0167701 -0.55811 0.10033] -0.11444  0.081447 -0.27306 0.05017
1L by 20 -0.05556  0.282142 -0.19691| 0.844898 -0.62579 0.51468| -0.02776 0141071 -0.31289 025734
1L by 3L -0.12222 0162895 -0.75031) 0.457457 -0.45145  0.20700| -0.06111 0.081447 -0.22572| 0.10350
1L by 30 023111 0262142 0.81913 0417566 -0.33912| 0.80134| 011556 0.141071 -0.16956 0.40067
2L by 3L -0.55250| 0.199505 -2.76936| 0.008474| -0.95571) -0.14929| -0.27625 0.099752| -0.47786| -0.07464
2L by 30 0.09083 0345552 0.26286 0.794004 -0.60755 0.78922( 0.04542 0172776) -0.30378 0.39461
20 by 3L -0.12250  0.345552  -0.35451| 0.724823 -0.82089 0.57589| -0.06125 0172776 -0.41044 028794
20 by 3Q -0.50917 0.598514 -0.85072| 0.399930 -1.71881 0.70048| -0.25458 0299257 -0.859400 035024

Next, we examine the plots of mean values (Figure 4.6), which essentially represents the
influence of the manipulated variables selected in this study. The variations in the AUSS, as a
function of NP type for different strain rates, reveals that the greatest enhancement could be
obtained by GNP (-1 nano type) NPs in comparison to the gains attained by the inclusion of CNT
and CNF nanoparticles. Hence, in the phase 2 of analyses, the GNP’s was held constant but weight
content was selected as the new manipulated variable. Table 4.6 reports the regression coefficients

for the phase 1 of analyses.
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Plot of Marginal Means and Conf. Limits (95.%)
DV: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
NOTE: Std.Errs. for means computed from MS Error=.2388127
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Figure 4.6 Interaction (Mean) plots of the phase 1 tests (see Table 4.1 for the
meaning of -1, 0 and 1 noted on the chart). Note that data is valid only for discrete
values at -1, 0, and 1, lines have been added to guide the eye. Some data points are

offset from the integer values by the software to improve clarity.

Table 4.6 Regression table for the phase 1 analyses

Regr. Coefficients; Var.:AUSS; R-sqr=.97992; Adj-.97338 (Spreadsheet100)
1 2-level factors, 2 3-level factors, 54 Runs
OV: AUSS; MS Residual=2388127

Regressn | Std.Emr. t(40) p -95.% +95 %
Factor Coeff. CnfLimt |CnfLimt
Mean/Interc. | 12.?8333_0.199505 64 07536 0.000000) 12.38012) 13.18655

(1)}Adherend(L} 2043521 0148702 13.74237 0.000000| 1.74298| 234406
(2)Mano Type(L) -1.26917| 0.141071| -8.99665| 0.000000| -1.55428  -0.98405

Mano Type(Q) 0.63750 0.244342 2.60904| 0.012709| 014367 1.13133
(3)Strain Rate(L) 2.16583 0.141071) 15.35278 0.000000| 1.88072) 245095
Strain Rate(Q) 0.76250 0.244342 3.12062| 0.003344| 0.26867| 1.25633
1L by 2L -0.11444 | 0.081447| -1.40513 0167701 -0.27906  0.05017
1L by 20 -0.02778| 0141071 -0.19691 0.844898 -0.31289 0.25734
1L by 3L -0.06111) 0.081447 -0.75031 0.457457 -0.22572 0.10350
1L by 3Q 0.11556 0141071 0.81913 0417566 -0.16956 0.40067
2L by 3L -0.27625| 0.099752| -2.76936| 0.008474| -0.47786 -0.07464
2L by 3Q 0.04542 0172776 0.26286 0.794004 -0.30378 0.39461
20 by 3L -0.06125 0172776 -0.35451 0.724823 -0.41044 0.28794
20 by 3Q -0.25458| 0.299257 -0.85072  0.399990 -0.85940 0.35024

At this juncture, a model is proposed, which was obtained by conducting a multi-variable
least-square regression of the data reported in Table 4.6 using STATISTICA® By using the

proposed model (equation (4.1)), one can evaluate a given SLJ’s AUSS (the response variable) as
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a function of NP type, strain rate, and adherend type (in other words, evaluating AUSS as a
function of the manipulated variables). The model is somewhat complicated due to the interactions

of the variables which are both linear and nonlinear.

AUSS = 12.783 + 2.043 A —1.269 N + 0.6375 N? + 2.165 S + 0.762 S? — 0.114 AN —
0.027 AN? — 0.061 AS + 0.115 AS? — 0.276 NS + 0.045 NS% — 0.061 NS —

0.254 N252 4.1)

In the above equation, 4 refers to adherend type, N refers to NP type, and S represents the
strain-rate. It is worth mentioning that as the factors involved in an experiment can be either
qualitative or quantitative [155], here, adherend type and NP type are qualitative and must be fixed
at their levels -1, 0 or 1, however the magnitude of the coefficients in the equation still show their

relative importance.

The surface plot shown in Figure 4.7 exhibits a pseudo-linear relationship (not completely
linear and not completely nonlinear, with tendency towards linear behavior) between AUSS versus
strain rate and NP type. Moreover, the slope of the surface plot corresponding to the strain rate and

NP type demonstrates the intensity of the influence of these factors on AUSS.
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Fitted Surface; Variable: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=0.23

AUSS (MPa)

Adherend=+1

Figure 4.7 Surface plot of AUSS (MPa) vs. strain rate and nano particle type
(for the SLJ with CFRP adherend). Note that a continuous surface is shown
for illustration purposes only, with data being valid only for discrete values

at-1,0,and 1.

4.6.2 Influence of GNP wt% on AUSS of the SLJs

Figure 4.8 and Table 4.7 show the Pareto chart and the effect estimates table for the phase 2
of analyses, respectively. Note the effect estimate values enables one to discern the influence of a
particular manipulated variable on AUSS. In other words, it reveals the predicted change in the
mean response values as a function of the parameters changing from a low to higher values. It is
shown that NP content (wt%), which affects the results in a nonlinear (quadratic) fashion, had a
more predominant effect on the AUSS than the strain-rates. This further confirms the importance
of NP wt% in comparison to the other manipulated variables, i.e., in phase 2, NP wt% was found

to be the most dominant linear as well as nonlinear (quadratic) effect.
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(2)wt%(L)

(1)Adherend(L)

(3)Strainrate(L)

wi%(Q)

Strainrate(Q)

Pareto Chart of Standardized Effects; Variable: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=.3019503

7.318774

1318354

4.890929

10.79994

p=.05

Standardized Effect Estimate (Absolute Value)

Figure 4.8 Pareto chart of the phase 2 of analyses

Table 4.7 Effect estimates table of the phase 2 of analyses

Effect Estimates; Var.:AUSS; R-sqr=.99044; Adj:.98733 (Spreadsheet24)
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=.0485369

Effect Std Err. t(40) p -85 % +95 % Coeff. Std Err. -95. 9 +95 %
Factor Cnf Limt Cnf Limt Coeff. Cnf Limt CnfLimt
Mean/Interc. [ 15275000 0.029981 509.4978] 0.000000| 15.21441| 15.33559| 15.27500) 0.029981[ 15.21441| 15.33559
{1)AdherendiL) 1.61519] 0.059961 26.9373] 0.000000 1.49400 1.73637 0.80759 0.029981 0.74700 0.86819
(2wt %s(L) 379944 0073437 51.7375 0.000000 3.65102 3.94787 1.69972 0.036718 1.82551 1.97393
wit%(Q) 077583 0.063598 12.1990f 0.000000 0.64730 0.90437 038792 0031799 032365 045219
(3)Strainrate(L) 1.34056) 0.073437 16.2545(  0.000000 1.19213 1.48898 0.67028 0.036718 0.59607 0.74449
Strainrate(Q) 0.02083 0.063598 03276 0744940  -0.10770 0.14937| 0.01042 0031799 -0.05385 0.07469
1L by 2L 062389 0.073437 84956 0.000000 0.47547 077231 0.31194| 0.036718 023773 0.38616
1L by 2Q 084361 0.063598 132647 0.000000 0.71507 097215 042181 0031799 0 35754 048607
1L by 3L 0.06833 0.073437 0.9305 0.357693  -0.08009 0.21675 0.03417 0.036718 -0.04004 0.10838
1L by 3Q -0.10306  0.063598 -1.6204) 0.113001 -0.231459 0.02548| -005153 0031799 -0.11580 0.01274
2L by 3L 023667 0089942 26313 0012022 0.05489 0.41845 0.11833] 0.044971 0.02744 0.20922
2L by 3Q 0.01167 0.077892 0.1498| 0881630 -0.14576 0.16909 0.00583 0038946 -0.07288 0.08455
2Q by 3L 0.00833 0.077892 0.1070f 0.915335  -0.14909 0.16576 0.00417 0.038946| -0.07455 0.08288
2Q by 3Q -0.01250 0067456 -0.1853] 0853926  -0.14883 012383 -0.00625 0033728] -0.07442 0.06192

Furthermore, examination of the interaction plot illustrated in Figure 4.9 further confirms the

fact that 1 wt% GNP content would produce the maximum enhancement of the response variables

and that it has the greatest effect among the other parameters considered in this study.
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Plot of Marginal Means and Conf. Limits (95.%)
DV: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
NOTE: Std.Errs. for means computed from MS Error=.0485369
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Figure 4.9 Interaction (Mean) plot of the phase 2 of analyses (see Table 4.3 for the
meaning of -1, 0 and 1 noted on the chart). Note that data is valid only for discrete values
at-1, 0, and 1, lines have been added to guide the eye. Some data points are offset from
the integer values by the software to improve clarity.

In DOE, the half-normal plot illustrates graphically the order of considered factors’ effect in
terms of their importance. The results are shown for the phase 2 of analyses in Figure 4.10 also

confirms that NP wt% has the greatest effect on AUSS.

Probability Plot; Var.:AUSS; R-sqr=.92862; Adj:.92118
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=.3019503
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Figure 4.10 Half-normal plot of the phase 2

At this juncture, STATISTICA® software is used again to generate a reduced regression

model based on the results obtained through this study, as reported in Table 4.8. The proposed
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model (equation (4.2)), indicates that AUSS (response variable) is affected by NP wt%, strain-rate,
and adherend type (i.e., the manipulated variables), as well as having some linear and quadratic
interactions with the lower probability value (P-value).

Table 4.8 Reduced regression values of the phase 2 of analyses

Regr. Coefficients; Var -AUSS; R-sqr=98956; Ad): 98797 (Spreadsheet24)

1 2-level factors, 2 3-level factors, 54 Runs

DV: AUSS; MS Residual=_0460753

Regressn | Std.Ermr. t(46) p -95 % +95 %

Factor Coeff. Cnf Limt Cnf Limt
Mean/Interc. | 16.792221 0.050594| 312.1371| 0.000000| 15.69038| 15.89406
(1)}Adherend(L) 137000, 0.0505594 270734 0.000000 1.26816 1.47184
(2wit%(L) 1.89972  0.035775 53.1016  0.000000 1.82771 1.97173
wt%(Q) -0.77583 0061965  -12.5206| 0000000  -0.90056| -0.65111
(3)Strainrate(L) 067028 0.035775 187356 0.000000 059827 074229
1L by 21 031194  0.035775 87196 0.000000 023993 0.38396
1L by 2Q -0.84361, 0061965  -13.6144| 0000000, -0.96834| -0.71588
2L by 3L 011833 0.043816 27007 0.009652 0.03014 0.20653

AUSS = 15.795+ 1.37 A+ 1.89 W — 0.77 W2 + 0.67583 S+ 0.31194 AW —

0.84351 AW? + 0.11833 WS (4.2)

In the above equation, W represents NP wt%, and 4, W, and S are as defined previously in equation

(4.1).

The contour (or surface) plot illustrated in Figure 4.11 reveals a linear relationship between
the strain rate and AUSS, but a nonlinear interaction between NP wt% and AUSS, respectively.
Moreover, the slope of the surface plot demonstrates the intensity of the influence of these factors

on AUSS.
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Fitted Surface; Variable: AUSS
1 2-level factors, 2 3-level factors, 54 Runs
DV: AUSS; MS Residual=0.05

B - 18
Bl < 18
B <17
[1<16
[C1=<15
B <14
B <13
B <12

Adherend=+1

Figure 4.11 Surface plot of AUSS (MPa) vs. nanoparticle wt% and strain-rate (CFRP
adherend). Note that a continuous surface is shown for illustration purposes only, with
data being valid only for discrete values at -1, 0, and 1.

The normal distribution and randomness of the data were evaluated with normal probability plot

and the predicted vs. raw residuals without any concerns.

Another effective approach for illustrating the influence of the variables can be done through
the Taguchi plot. This plot, which is also referred to as “signal-to-noise” or S/N plot essentially
reveals the intensity of the independent variable leading to the best value of the response as
measured by the largest value of the signal-to-noise (S/N) ratio (or simply, the ratio of mean to
variance). In such plots (see Figure 4.12), the ratio of S/N denotes the greater influence of the

variable. The plot clearly shows the dominant influence of NP wt% on the response variable.
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Average Eta by Factor Levels
Mean=15.2750 Sigma=1.95726 MS Error=.301950 df=48
(Dashed line indicates +2*Standard Error)
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Figure 4.12 Taguchi results based on maximum S/N for the phase 2. Note that data is valid only
for discrete values at -1, 0, and 1, lines have been added to guide the eye. Some data points are
offset from the integer values by the software to improve clarity.

4.7 Discussion

Based on the results of this study presented in Figures 4.5 and 4.8, and Table 4.5, it is revealed
that amongst the investigated variables, NP wt% proved to have the greatest influence on the
ultimate load-bearing capacity of SLJs, dominating its effect in a quadratic fashion. Moreover,
among the NPs considered in this study, the results shown in Figure 4.6 indicate that GNP produces
the greatest enhancement in the joints load-bearing capacity, compared to CNT and CNF.
Therefore, GNP was selected as a controlled variable for the phase 2 of analyses conducted within
this study, while its wt% was considered as a manipulated factor to augment AUSS of SLJs. Results
presented in this study (see Figures 4.8 and 4.9, and Table 4.7) reveals the intensity of GNP content
on enhancing AUSS.

Based on the presented results the greatest AUSS value was attained by the inclusion of 1.0
wt% GNP content, and CFRP adherend type which was determined to be proper GNP-

reinforcement content for enhancing the load-bearing capacity of the SLJ, under 1x10° (S!). This
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level of enhancement was attained when the joints were subjected to the highest strain rate amongst
the rates considered in the phase 2 of this study. In other words, SLJ’s load-bearing capacity was
enhanced compared to the capacity of SLJs formed by the neat adhesive, which corroborates with
the actual experimental results reported in [125]. For the future work, finding the optimum GNP
wt%, after which the AUSS drops (i.e., 0.5% 1% and 1.5% to determine the behavior around 1%),

has paramount importance and interest.
4.8 Conclusions

Improved results were obtained when the relatively inexpensive type nano-carbon (i.e., GNP)
was added to the resin. It was also observed that the addition of CNF or MWCNTs to a widely
used epoxy resin improved the resin’s mechanical properties, but not to the same degree as the
GNP did.

It was demonstrated that the increase in loading rate resulted in a higher apparent strength of
the SLJ. This enhancement was even more significant than the enhancement obtained by inclusion
of GNP in the resin.

As expected, SLJs with graphite/epoxy adherends exhibited higher strength compared to
those formed by glass/epoxy adherends. This increase is attributed to the fact that graphite/epoxy
adherends are in general stiffer than glass/epoxy adherends, and consequently, the bending
moments at the overlap region (hence the shear and peel stresses) are comparatively lower.

Moreover, this study demonstrated the influence of some parameters such as NP wt%,
adherend type, and strain-rate on the mechanical response of SLJs, particularly on their AUSS. It
was shown that inclusion of GNP in the adhesive forming SLJs with CFRP adherends under HSR
produced the most enhancement in the load-bearing capacity. Moreover, the effective utility of the

DOE approach to optimize the augmentation of the response variables within a desired
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experimental investigation was also demonstrated. It should also be mentioned that SLJs would

exhibit higher load-bearing capacity when subjected to a load that is applied at a high rate.
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Chapter 5

Static and Dynamic Characteristics of Nano-Reinforced 3D-Fiber

Metal Laminates Using Non-Destructive Techniques
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5.1 Publication Statement

This chapter has been published as a peer-reviewed journal publication in the journal
“Sandwich Structures and Materials” (IF: 5.616; CiteScore: 5.1 (Scopus; 2020)), by B. Soltannia
as the 1% author. The title is “Static and dynamic characteristics of nano-reinforced 3D-fiber metal
laminates using non-destructive techniques”. The paper consists of 32 single-spaced single column
pages and was electronically published in May 2020 (it’s still in-press and to be indexed) [3]. A
brief and preliminary version of this work was also presented and published in the proceedings of
the 11th Canadian-International Conference on Composites (CANCOM?2019) by B. Soltannia as
the 1*' author. The title of the conference paper is “Vibration Characteristics of Multi-Wall Carbon
Nanotubes (MWCNT) Reinforced 3D-Fiber Metal Laminates (3D-FML)”. It consists of eight
single-spaced single-column pages and was selected as one of the five best runner-up conference
papers [4]. Note that Sections 5.2 ‘Nomenclature’ and 5.8 ‘Finite Element Modeling’, and
Subsection 5.9.4 ‘Finite Element Results’ are not part of the published journal article and were
added to this chapter later. Also, note that Sections 5.3 ‘Introduction’ and 5.9 ‘Results and

Discussion’, as well as subsection 5.7.4 ‘Bending Rigidity’ have been updated.

5.2 Nomenclature

Slope of load-displacement curve (o=P/d)
Logarithmic decrement
Natural logarithm of the ratio of the
amplitudes of two successive oscillations
S Displacement in three-point bending tests
th

Ih n™ solution of the equation obtained by

solving the constitutive equation of motion
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of a free-free prismatic beam using the
separation of variable technique

Mass per unit length

Damping ratio (damping coefficient also

has been used

(c<c=1)
Critical damping ratio (£ < & =1)

interchangeably)

Phase angle

Undamped angular natural frequency
Damped angular natural frequency
Amplitude

Distance between the load P and the
nearest support

Width (breadth) of the beam

Bending rigidity per unit width of the
laminate in the longitudinal direction
Distance between the centroid of the face
sheets (d = tr + tc)

Modulus of elasticity

Flexural modulus of the face-sheets
Flexural modulus of the core

Frequency of the n'™ vibration mode

Shear modulus of the thick 3D-FGF or
thick 3D-FML beam calculated based on
Gp and G¢

Shear moduli of the pillars

Shear moduli of the core

Hilbert transform of the function u(¢)

Total thickness of the specimen



Tp

tf
L
u(?)

X()

Zi

Zi-1
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Cross-section moment of inertia about the
bending axis

Individual ply (layer) index in the panel
Beam length

Span length

Total number of plies in the panel
One-half of the actual total load applied to
the specimen

Applied load in three-point bending tests
Transformed stiffness matrix of each ply
(layer) of the composite material

Bending rigidity of the beam

Span between nodal points

Oscillation period

Time

Thicknesses of the face-sheets
Thicknesses of core

Deformation (displacement) function
Time (¢#) dependent motion of a single
degree of freedom vibrating mass
Distances measured from the mid-plane of
the 3D-FGF or 3D-FML panels to the
bottom of each plies (layers)

Distances measured from the mid-plane of
the 3D-FGF or 3D-FML panels to the top
of each plies (layers)



5.3 Introduction

Fiber-reinforced polymer (FRP) composites offer superior specific strength, stiffness and
durability compared to most metallic materials [162,163]. FRPs are corrosion resistant and highly
tailorable materials. They also possess high energy absorption capacity and controllable damage
mechanism [164—166]. These characteristics make them highly effective and desirable compared
to many materials traditionally used in various applications [146,149,167—170]. 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 [84]. In 1973, Noor [171] 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 [172—174]. For instance, Hu et al. [32] 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. [33] utilized the Ritz method to investigate the damping

properties of functionally graded thin laminate composite plates, reinforced with carbon nanotubes
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(CNT), with clamped boundary conditions. Chen et al. [34] used Galerkin’s method to analyze the
nonlinear vibration response of rectangular laminated composite plates. Kant and Swaminathan
[35] developed a higher-order theory, considering through-thickness shear effects for analyzing
the free vibration of sandwich plates. Tu et al. [36] 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.

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. [42], Hajikhani et al. [43], Soltannia et al. [4,5], and De Cicco and Taheri
[44] experimentally investigated the vibration characteristics of laminated and sandwich
composite beams using nondestructive testing (NDT) techniques. Similarly, Cheraghi et al. [175]
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 [42,176,177].

Various approaches have also been explored to improve the material damping response. A
notable example would be the approach adopted by Berthelot [146,178], Piollet et al. [179], and
Fotsing et al. [180,181], who investigated the effect of entangled cross-linked fibers and

interleaved viscoelastic layers (as inherently damped materials) in damping the vibration response
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of laminate and sandwich composites. Sargianis et al. [182] 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 [1,2,45,124,125,183—185]. Ahmadi-
Moghadam et al. [76] demonstrated that the use of chemically functionalized graphene
nanoplatelets (G-Si) using silane coupling agent, can result in much greater improvement in the
mechanical and fracture response of composite materials compared to non-functionalized GNP,
due to chemical affinity of the functional group (Si) bonded to the surface of GNP, with the host
resin, thus providing a stronger interface between each nanoparticle and some polymeric
matrices. can result in much greater improvement in the mechanical and fracture response of
composite materials compared to non-functionalized GNP. Liu et al. [74] investigated the effect
of functionalized single-wall carbon nanotubes (SWCNT) on the damping properties of composite
materials. DeValve and Pitchumani [186] 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. [187] 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.
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Static and dynamic properties of the functionally graded polymers composite have also been

investigated numerically and analytically by several researchers [188—190].

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) [191], or those
described in various ASTM Standards [192,193]. In addition, several novel and mainly
nondestructive approaches have also been developed by researchers. For instances, Viens and
Johnson [176] 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 [194] 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 [83], 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) [77,78]. FMLs are hybrid laminates consisting of thin alternating bonded layers
of thin metallic sheets (e.g., aluminum or magnesium alloys) and fiber/epoxy [79]. 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 a University of Delft student, Marissen, which consists of a layout of
aramid fiber layers with aluminum layers [80]. Since these pioneering efforts, various FMLs 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 [81], thereafter
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referred to as three-dimensional FLM (3D-FML). This class of FML has been demonstrated to
possess exemplary characteristics compared to conventional FRPs and FMLs, especially from the
perspective of crashworthiness and impact tolerance, as demonstrated in [82]. A 3D-FML is
essentially a sandwich composite consisting of a novel 3D fiberglass fabric (3D-FGF), sandwiched
between thin sheets of a lightweight metallic alloy (e.g., aluminum or magnesium alloys). Having
lower density (almost one-third lower than aluminum and three-quarter lower than steel), and
costing less compare to aluminum alloys, as well as possessing a high strength to weight ratio,
makes magnesium alloys more suitable candidates for the fabrication of sandwich panels [195—

197]. A schematic illustration of 2D- and 3D-FML beams are shown in Figure 5.1.

Fiberglass Fabric
Adhesive Bonding Layer

Magnesium Skin Laver

Fiberglass Pillars
Bidirectional Fiberglass Fabric
Adhesive Bonding Laver

Magnesium Skin Laver

(b)
Figure 5.1 Schematic illustration of (a) 2D-FML and (b) 3D-FML beams.
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The superior responses of various configurations of this class of 3D-FML 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 [4,5,44,81], beside many other techniques to
enhance stiffness-to-weight ratio by introducing HiPerDuCT composites utilizing only FRP

composite materials [83].
5.4 Research Objectives of This Study

The work presented was prompted by the speculation that 3D-FMLs could offer a more
damped vibration response compared to the conventional fiber-reinforced composites (shown in
De Cicco and Taheri’s work [26]), especially if their polymer matrix is reinforced with
nanoparticles. Therefore, in the paper it has been demonstrated that comparatively, 3D-FMLs
would offer superior stiffness-to-weight ratio to the material systems, thus reducing the overall
material weight, thereby lowering the overall cost. Moreover, it was hypothesized that by
strategically dampening the FML using nano-reinforced polymer composites, one could
potentially improve the dynamic response of 3D-FMLs. By providing additional reinforcement
using nanoparticles at strategic regions (e.g., matrix, interface, both, etc.), it was postulated that
one could optimize the reinforcing effect of nanoparticle on the static and dynamic characteristics
of 3D-FMLs, which to the best knowledge of the authors’ had not been attempted previously. In
other words, there are quite bit of investigation on the effect of nanoparticle reinforcement on the
static and dynamic properties of polymer composite microbeams, beams and plates; also works
done on static and dynamic properties of non-reinforced FRPs, as well as 2D- and 3D-FMLs using
non-traditional techniques, however again to the best knowledge of the authors, no one has

investigated all these subjects together as a whole. The conducted characterizations would help us
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and the future researchers to produce a lightweight, cost-effective and resilient system for both
static and dynamic loading applications. Therefore, it is important to understand and characterize
the static and dynamic response of this new class of 3D-FMLs. As a result, attempts were made
to establish an appropriate solution for a new class of material to produce proper static and dynamic
performances with the aim of targeting structural applications in transportation industries.
Results of several investigations have revealed the superior mechanical response of 3D-
FMLs to lateral and axial loading at various rates, see e.g. [81,82]. However, only a preliminary
investigation has been conducted to assess the vibration characteristics of this interesting class of
material system [4,5,44]. The latter study speculated that one could further improve the vibration
response of 3D-FMLs 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 3D-FMLs. Under this objective, the 3D-FML configuration that would possess the
highest damping and proper noise and vibration reduction attributes shall be identified. Secondly,
the potential of enhancing the vibration characteristics of 3D-FMLs 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 material system to establish the 3D-FML configuration that would generate the most
effective damping response. For that, two types of nanocarbon particles (NCP), namely MWCNT
and functionalized GNP (G-Si) were employed, thereby establishing an effective nanocomposite
for enhancing the vibration response of 3D-FMLs. The results obtained by various NDT
characterization approaches are presented and compared with a traditional technique in order to

verify the accuracy of NDT methods and equipment. Figure 5.2 shows a graphical illustration of
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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 5.2 Schematic of research subjects considered in the present work.

5.5 Materials and Fabrication

5.5.1 Materials

Preform 3D-FGF was procured from China Beihai Fiberglass Co. (Jiujiang City, Jiangxi,
China). For 3D-FMLs 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 3D-FGF 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 3D-FGF 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/ft*) supplied by US Composites (West Palm Beach, FL, USA). To serve
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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.

Two types of NCP were chosen to be dispersed within the epoxy resins. They were
(1) 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).

5.5.2 Specimen Manufacturing

5.5.2.1 3D-FGF Specimens

3D-FGF was utilized in two forms: (i) 3D-FGF was used to generate monolithic 3D-FGF
sandwich plates; and (ii) 3D-FGF formed the core region of the magnesium alloy faced 3D-FML
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 3D-FGF, 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. 3D-FGF specimen dimensions were 200 mm by 20 mm by 4 mm, referring to
the beam length, L, width, b, and thickness, 4, respectively, the same as for all other specimens
unless specified otherwise (e.g., in case of foam core sandwich beams). Preform 3D-FGF
specifications have been listed in Table 5.1 [198]. Note that preform warp direction aligned with
the specimen longitudinal direction. Also, picture of preform 3D-FGF and its resin impregnated

composite, as well as 3D-FGF with different thicknesses have been shown in Figure 5.3 [198].
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Table 5.1 Preform 3D-FGF specifications [198].

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

- < -

Sl

(a) (b)
Figure 5.3 3D-FGF images: (a) preform 3D-FGF; (b) its resin impregnated composite; and (c)
3D-FGF with different thicknesses. [198]

5.5.2.2 3D-FML Specimens

To form the 3D-FML panels, the processed 3D-FGF 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 3D-FGF 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 3D-FMLs can be found in [81]. Specimens were appropriately cut
into dimensions using a diamond blade saw, having length and width of 200 mm and 20 mm, and

total thickness of ~5.5 mm and ~11.5 mm for 4 mm and 10 mm 3D-FGFs, respectively. To identify
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their flexural bending rigidity, three-point bending tests were conducted according to the ASTM

D790 standard [199].

5.5.2.3 Foam Core Sandwich Specimens

In order to establish the elastic modulus of the main 3D-FGF constituents (i.e., the biaxial
fabrics forming the two outer panels of the 3D-FGF), a series of sandwich specimens were
fabricated in conformance with the ASTM D7249 standard [200]. 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 3D-FGF 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 3D-FGF 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
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 [200] 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
3D-FGF, conducting four-point bending tests according to the pertinent ASTM standard [200].

Specimens were cut using a diamond blade saw.

5.5.2.4 NCP Reinforced 3D-FGF and 3D-FML Specimens

In order to create NCP reinforced 3D-FGF and 3D-FML specimens, NCP modified resin was
first prepared as follows. For each type of NCP, filler particles with 1 wt% (by weight
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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 [76,125] for information on NCP functionalization and particle dispersion and

calendaring processes.

To study the morphology of NCP modified 3D-FGF-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 ACE200,

Leica, Wetzlar, Germany).

5.5.2.5 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 5.2 along with the abbreviations
used to identify samples throughout this study. In the remainder of this document, data is also
presented using an abridged nomenclature to ease the identification of specimens or groups
thereof, in addition to the specimen identifiers (ID) listed in Table 5.2. For example,
MWCNT-4-3D-FML refers to 3D-FML 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.
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Table 5.2 Specimen configurations and nomenclature.

D Material Core Resin Filler/resin in  Filler/resin at
thickness modification core interface

Al Al 6061-T6 4 mm

3D-FML1 3D-FML 4 mm Neat 0 wt% 0 wt%
3D-FML2 3D-FML 4 mm GNP 0 wt% 1 wt%
3D-FML3 3D-FML 4 mm GNP 1 wt% 0 wt%
3D-FMILA4 3D-FML 4 mm GNP 1 wt% 1 wt%
3D-FML6 3D-FML 4 mm MWCNT 0 wt% 1 wt%
3D-FML7 3D-FML 4 mm MWCNT 1 wt% 0 wt%
3D-FMLS 3D-FML 4 mm MWCNT 1 wt% 1 wt%
3D-FML9 3D-FML 10 mm Neat 0 wt% 0 wt%
3D-FML10 3D-FML 10 mm GNP 0 wt% 1 wt%
3D-FML11 3D-FML 10 mm GNP 1 wt% 0 wt%
3D-FML12 3D-FML 10 mm GNP 1 wt% 1 wt%
3D-FML14 3D-FML 10 mm MWCNT 0 wt% 1 wt%
3D-FML15 3D-FML 10 mm MWCNT 1 wt% 0 wt%
3D-FML16 3D-FML 10 mm MWCNT 1 wt% 1 wt%
3D-FGF17 3D-FGF 4 mm Neat 0 wt%

3D-FGF18 3D-FGF 4 mm GNP 1 wt%

3D-FGF19 3D-FGF 4 mm MWCNT 1 wt%

3D-FGF20 3D-FGF 10 mm Neat 0 wt%

3DFGF21 3D-FGF 10 mm GNP 1 wt%

3D-FGF22 3D-FGF 10 mm MWCNT 1 wt%

5.6 Experimentation

5.6.1 Vibration Testing

The instrumentation used to acquire vibration signals employed contact type and non-contact
type techniques. As illustrated in Figure 5.4, 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 5.4 are two prismatic low-density foam sponges supporting a specimen during

testing. This setup mimics a free-free boundary condition. A light-weight hammer, consisting of a
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steel ball attached to a thin wooden rod, was used to excite the specimens, as per the GS technical

documentation [194] and NASA Technical Memorandum 104629 [176].

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 5.4), 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 Equation (5.1)

[194,201].

s=02241L (5.1)

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 [44,82].

Several researchers demonstrated that data with satisfactory accuracy can be obtained via GS
measurements [42,176,177]. However, as mentioned in NASA Technical Memorandum 104629
[176], 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).
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Figure 5.4 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
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a personal computer (PC) running the Signal Express software (2010, National Instruments,
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. Modal experiments were repeated at least nine times.

5.6.2 Bending Rigidity Testing

The FBR of the various specimens was evaluated employing three- and four-point bending
tests according to the pertinent ASTM standards [199,200]. A servo-hydraulic testing machine
equipped with a digital electronic controller was employed for this purpose (2518-610, MTS, Eden
Prairie, MN, USA). Figure 5.5 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.

Specimen

1.

Laser extensometer % Specimen

(a) (b)

Figure 5.5 (a) Three- and (b) Four-point bending rigidity test setup.
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5.7 Data Analyses

5.7.1 Fundamental Frequency
The frequencies acquired experimentally using the GS and LDV were contrasted with results
from the available closed-form solution given by Equation (5.2). The latter was explained

extensively in various sources [4,5,44,146,178,201,202].

_1(m\ R . _ (EI for homogeneous beams
fn = Zn(L) \/; with R = {bD11 for composite beams (5:2)

where £, is the frequency of the n' vibration mode; s is the n™ solution according to Equation (5.3)
[201]; In this equation, R is the bending rigidity of the beam, and its value, EI, for an isotropic
(homogeneous) beam, is replaced by bDi; for orthotropic (composite) beam based on
homogenization model of material (rule of thumb), where b is the width of the beam, and D1
(dynamic stiffness) is the bending rigidity per unit width of the laminate in the longitudinal
direction; x 1s the mass per unit length; £ is the modulus of elasticity; / is the cross-section moment

of inertia about the bending axis.
cosycoshy =1 (5.3)

Equation (5.3) 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 y was computed numerically,
yielding » =4.73. Moreover, D11 (apparent stiffness (Equation (5.10)) and shear-free stiffness
(Equation (5.14))) obtained from the experimental data (i.e., load-deflection curves of 3-point

bending tests) were contrasted with the analytical solution for D1 (dynamic stiffness) back-

93



calculated from Equation (5.2), knowing fundamental frequencies obtained experimentally using

GS. [146,149,167-170].

5.7.2 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. [203], who used various
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 Equation (5.4) [4,5,44,146,201]:
Xty = Ae~%@0t cos(wpt — ) (5.4)

where x(;) is the time (f) dependent motion of a single degree of freedom vibrating mass; A4 is the
amplitude; ¢ is the damping ratio (& < & = 1), with & being the critical damping ratio; ¢, @ and
wp are the phase angle, undamped and damped angular natural frequency, respectively. @ and wp

are related to each other according to Equation (5.5).

Wp = woy/1 — &2 (5.5)

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 5.6.
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The damping coefficient, &, can be determined using the logarithmic decrement, o, of the signal

over an oscillation period, 7p, using Equation (5.6).

__ 6

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).
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Figure 5.6 Typical vibration signals and the representative signal envelopes for (a) aluminum
and (b) 1% GNP-reinforced 3D-FML specimens (GNP in both core and interface).

5.7.3 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
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the aforementioned analytical equations. In other words, the subroutine takes the vibration signal
from 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 5.7.
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Figure 5.7 Power spectrum of: (a) Aluminum; (b) 3D-FML 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. [175], using the following

mathematical operation:
_ 1) XD
H(t) = nf_w u(r)dr (5.7)

where H(t) is the Hilbert transform of the function u(z). 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. [204]). 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 3D-FML, the logarithmic decrement
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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.

5.7.4 Bending Rigidity
The specimen bending rigidity was calculated based on the experimental data and compared
to analytical results. Equations (5.8) and (5.9) relate the displacement of a simply-supported 3- and

4-point bending specimens to the applied load, respectively [205].

P

Smax = o (31§ — 4a?) (5.8)
P

Smax = 5557 (3§ — 4a?) (59)

where P is the actual total applied load to the specimen in case of 3-point bending, and one-half of
the actual total load applied to the specimen in case of 4-point bending; Ls is the span length; and

a is the distance between the load P and the nearest support.

Substituting for EI= Di1b (for the composite specimens), and a = L/2 in Equation (5.8) and

a = L/3 in Equation (5.9), and solving for D1, we obtain Equations (5.10) and (5.11).

Di==(%)a (5.10)

23 (L3
Dll = E(?) a (511)

where a is P/&, or the slope of load-displacement curve.
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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 Equation (5.12) [170]:

Eftfdz + E¢ tg

3
Dy, = 2 4
11 6 2 12

(5.12)

where t;, fc, Er and E. 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 Equation (5.11) into Equation (5.12) and solving for Eryields the flexural modulus of
the face sheets as per Equation (5.13), used to complete Table 5.3. The detail of testing method to
identify a has been explained in Section 5.6.2. In this Equation, the value of E. has been obtained

from [82].

23 L3 Ectd

— 1296 b 12
BT e (-13)
6 2

5.8 Finite Element Modeling

The commercial software package LS-DYNA was used to conduct finite element analyses
and to identify the frequency response (frem (Hz)) of homogenous (aluminum) and non-
homogenous (3D-FGF and 3D-FML) beam specimens mentioned in this study. Eight-node
isoparametric (brick) elements with reduced integration were used to simulate all specimens. To

obtain the fundamental frequency of each specimen, a linear eigenvalue analyses was carried out.

A finer mesh size typically improves the accuracy of modeling results, and hence, a mesh

refinement study should be performed to establish acceptable accuracy while maintaining
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computational efficiency. In the present study, the mesh size, as seen in Figure 5.8, was adopted

based on the De Cicco and Taheri’s work [44].

In case of 3D-FGF or 3D-FML all components were modeled individually, giving the entire
model orthotropic properties, i.e., in case of 3D-FMLs, plies, pillars, magnesium skins and bonding
adhesives were simulated to build up the whole model. To demonstrate perfect bonding between
each layer forming a specimen, all constituent layers were tied to each other at their contact nodes.
In the case of plies and pillars consisting of fiberglass fabric, actual orthotropic material properties,
calibrated with De Cicco and Taheri’s work [44], were implemented (where applicable) to account
for material anisotropy of 3D-FGFs and 3D-FMLs. An example of a K-file used to conduct finite
element analyses and to identify the frequency response (frem (Hz)) of homogenous (aluminum)
and non-homogenous (3D-FGF and 3D-FML) beam specimens mentioned in this study is provided

in Appendix III.
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Figure 5.8 Mesh representation used for finite element analyses: (a) Aluminum (b) 3D-FMLI (c)
3D-FML9 (d) 3D-FGF17 (e) 3D-FGF20
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5.9 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 (modal experiments) 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).

5.9.1 Bending Rigidities

The results of 3-point bending rigidity were used as a parameter to normalize the main results
of this investigation, i.e., frequency and damping ratio values. The D1; values (apparent stiffness
(Equation (5.10)) and shear-free stiffness (Equation (5.14))) obtained from the experimental load-
deflection data (i.e., load-deflection curves of 3-point bending tests), and theoretically calculated
values of D11 (dynamic stiffness), back-calculated from Equation (5.2), knowing fundamental

frequencies obtained experimentally using GS, are illustrated in Figure 5.9.

It should be noted that Equation (5.10), which was used to give apparent stiffness based on
empirical solutions for the flexural modulus, is based on a formulation that homogenizes the face
sheets and core constituents of the 3D-FGF, yet, both the face sheets and core are inhomogeneous
materials. In fact, in preform 3D-FGFs, the fibers (or pillars) in the core region of the 3D-FGF,
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 3D-
FGFs 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 resin-rich pockets. Therefore, the simplifying assumptions used
in developing the empirical 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
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noted in Figure 5.9. 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
Equation (5.10). To rectify this issue, Equation (5.14), which is provided in a NASA report [191]
and accounts for shear effects, may be employed for calculating the shear-free D11 (solving
equation (31) on page 12 of the NASA report). This D11 parameter represents the deflection of a

material with equal moduli in both tension and compression [191].

3
— 0.2083aL°Gh (514)

11 ™ 10Gbh-3aL

where 4 is the total thickness of the specimen; and G is the shear modulus of the thick 3D-FGF or
thick 3D-FML beam calculated based on Gp and Gg, i.¢., the shear moduli of the pillars and core,

respectively, with the values provided in [82].
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Figure 5.9 Specimen flexural bending rigidity obtained theoretically and experimentally via
Egs. (5.2), (5.10) and (5.14).

Values of D1 for dynamic stiffness were calculated through back substituting the
experimental values of frequencies, directly obtained using GS, into Eq. (5.2). In contrast, D1 for
apparent stiffness from Eq. (5.10) and shear-free stiffness from Eq. (5.14) were determined based
on experimental values of & which is P/ (the slope of load-displacement curve) obtained through

3-point bending tests.

It is also worth mentioning that other researchers studied vibration of SWCNT reinforced

composite beams resting on Winkler-Pasternak elastic foundation considering first-order shear
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deformation theory (FSDT), using shear correction factor [206—208]. The equivalent properties of

nano-reinforced composite polymers can be calculated using a rule of mixture approach.

As stated earlier, sandwich specimens were also constructed for the purpose of establishing
the flexural elastic modulus of the biaxial face sheets of the 3D-FGF 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 5.3. This information is required for conducting further analyses,

e.g., in finite element modeling.

Table 5.3 Modulus of elasticity of baseline aluminum material and 3D-FGF 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

5.9.2 Fundamental Frequencies

The results of the experimentally measured frequencies by GS and LDV are tabulated in
Table 5.4, along with values calculated using the analytical approach. The analytical results are in
agreement with the experimental data. In addition, normalized results are depicted in Figure 5.10.
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 3D-FML with neat resin (non-
reinforced) and 4 mm thickness. Moreover, due to the good correlation amongst the frequency
results seen in Table 5.4, only normalized frequency results obtained by GS are included in

Figure 5.10 for clarity.
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The normalized fundamental frequency of 3D-FMLs shown in Figure 5.10 is lower than that
of 3D-FGFs, because in the case of 3D-FML its 3D-FGF 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 3D-FML specimens. In few
cases, the inclusion of NCP slightly affected the fundamental frequencies negatively, i.e., f values
were slightly reduced in case of MWCNT inclusion. This can be attributed to agglomeration of
NPs as it is shown in Figure 5.12 (b). To further examine the influence of NCP reinforcement in
3D-FML 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 5.11. The results presented in this figure indicate that NCP reinforcement affected the
fundamental frequency of specimens marginally for 3D-FML specimens with 4 mm thickness, and
detrimentally in the case of 3D-FML specimens with 10 mm thickness. As for 3D-FML specimens
with 4 mm thickness, GNP-reinforced samples marginally outperformed MWCNT-reinforced
samples, except in the case of interface reinforcement. Nevertheless, interface reinforcement
remains important option from a fabrication and cost perspective owing to its lower material and

labor requirements.

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 5.12. One of the reasons that NCP inclusion affects the vibration

characteristics can be attributed to energy dissipation property of NCPs.
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Table 5.4 Fundamental frequencies obtained experimentally (via GS and LDV) and analytically

Specimen ID f(;s (HZ) fLDV (HZ) F Empirical.-SF (HZ)
Al 460.66 460.00 463.75
3D-FML1 711.11 705.55 698.73
3D-FML2 716.44 716.66 714.47
3D-FML3 758.66 751.11 685.95
3D-FML4 787.77 785.55 714.27
3D-FML6 714.66 713.88 677.99
3D-FML7 677.66 676.66 671.71
3D-FMLS 755.44 752.22 726.35
3D-FML9 1067.77 1065.55 984.63
3D-FML10 1050.00 1045.55 895.67
3D-FML11 933.77 946.66 783.64
3D-FML12 972.11 947.55 812.96
3D-FML14 923.77 922.22 802.45
3D-FML15 1046.44 1052.22 758.07
3D-FML16 1054.11 1056.66 1017.7
3D-FGF17 355.66 363.33 340.86
3D-FGF18 405.11 406.66 402.21
3D-FGF19 344.44 345.00 367.63
3D-FGF20 683.11 682.22 559
3D-FGF21 695.44 690.00 617.17
3D-FGF22 674.44 673.33 602.01

B4 "m-GSFreq [___]10 mm-GS Freq

Normalized Frequency
w

Figure 5.10 Influence of NCP reinforcement on fundamental frequencies of 3D-FGF and 3D-
FML.
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Figure 5.11 Influence of NCP reinforcement on the fundamental frequencies of 3D-FMLs as a
function reinforced constituent(s).
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Figure 5.12 FESEM images of NCP reinforced 3D-FML resin phase: (a) GNP; (b) MWCNT
agglomeration; (c) voids; and (d) well-dispersed MWCNT reinforcement.
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5.9.3 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 3D-FMLs 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 5.5, which shows that the calculated results based on GS and LDV measurements agree

quite closely.

Table 5.5 Comparison of damping ratios obtained from GS and LDV measurements.

Specimen ID &Gs &y

Al 4.79E-04 4 98E-04
3D-FML1 7.17E-04 7.38E-04
3D-FML2 3.42E-03 3.45E-03
3D-FML3 4.01E-03 3.82E-03
3D-FML4 2.42E-03 2.35E-03
3D-FML6 2.62E-03 2.55E-03
3D-FML7 1.68E-03 1.70E-03
3D-FMLS 2.54E-03 2.57E-03
3D-FML9 2.15E-03 2.29E-03
3D-FML10 2.31E-03 2.32E-03
3D-FML11 2.84E-03 2.83E-03
3D-FML12 2.30E-03 2.35E-03
3D-FML14 1.92E-03 1.98E-03
3D-FML15 2.24E-03 2.26E-03
3D-FML16 1.86E-03 1.85E-03
3D-FGF17 5.78E-03 5.67E-03
3D-FGF18 6.57E-03 6.66E-03
3D-FGF19 6.89E-03 6.96E-03
3D-FGF20 4.14E-03 4.26E-03
3D-FGF21 4.29E-03 4.43E-03
3D-FGF22 4.89E-03 4.85E-03
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Damping ratios were further analyzed as shown in Figure 5.13, which depicts data that were
normalized with respect to the damping ratio of the 3D-FML 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 3D-FML 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 3D-FGFs than for 3D-FMLs, 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 3D-FGFs but no clear trend can be ascertained as
shown in Figure 5.13(a), that is, GNP seems to reduce the damping capacity of 3D-FGFs while
MWCNT have only a minor influence on damping capacity of 3D-FGFs. Among the 3D-FMLs,
GNP-reinforcement yields remarkable results for the 4 mm panels as shown in Figure 5.13(b).
When reinforcing the interface with GNP a notable increase in damping ratio by 234 % was
ascertained. Improvements were even higher when the resin phase in both the interface and core
was modified with GNP. However, from a fabrication and cost perspective, the additional increase
in damping ratio afforded by the NCP modification of the 3D-FML 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 3D-FML interface is rather

straightforward proposition.
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Figure 5.13 Influence of NC-reinforcement on the damping ratio of (a) 3D-FGF and (b) 3D-
FML hybrid materials

5.9.4 Finite Element Results

The fundamental frequencies obtained through finite element analyses using the LS-DYNA
software were compared to the experimental and empirical results. As shown in Figure 5.14, the
FEM results are in agreement with ones obtained experimentally and using the developed

empirical model.
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Figure 5.14 Fundamental frequencies obtained through finite element analyses using LS-
DYNA commercial software versus experimental and empirical measurements

5.10 Conclusions

In this study, the vibration characteristics of 3D-FGF and 3D-FMLs were experimentally
investigated. In addition, the effects of modifying the resin phase with GNP and MWCNT in the
3D-FML and at the interface in 3D-FMLs 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 results of finite element analyses were in good
agreement with the experiment and theoretical results. 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
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of certain sample types. In fact, a 1 wt% inclusion of GNP in the interface of 4 mm thick 3D-FMLs
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 3D-FGFs
were higher than for 3D-FMLs. Moreover, specimens with 4 mm core thickness exhibited 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 3D-FMLs
(being approximately 10 times lower), which limits utilizing 3D-FGF for many structural
applications. In light of the findings made in this study, the 3D-FML 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 superior performance and cost-effectiveness among the system

considered in this study.
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Chapter 6
Vibration Characteristics of Thermally Cycled Graphene
Nanoplatelet (GNP) Reinforced 3D-Fiber Metal Laminates (3D-

FML)
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6.1 Publication Statement

This chapter has been presented and published in the proceedings of the 37th Annual
Technical Conference of Canadian Machinery Vibration Association by B. Soltannia as the 1%
author. The title is “Vibration Characteristics of Thermally Cycled Graphene Nanoplatelet (GNP)
Reinforced 3D-Fiber Metal Laminates (3D-FML)”. The paper consists of 11 single-spaced single-
column pages and received Student Award for Article and Presentation [5]. Sections ‘6.4. Results

and Discussion’, and ‘6.5. Conclusions’ of this chapter have been updated.
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6.2 Introduction

The superior strength- and stiffness-to-weight ratios of fiber-reinforced composite materials
(FRPs) have increased their applications as load-bearing structural components in automobiles,
trains, airplanes and even pipelines. Fiber-metal laminates (FMLs) also possess similar, and in
some cases, even more positive attributes than FRP, thus making them even more attractive for
incorporation in such potential applications. Therefore, several researchers have explored
techniques that would ensure the safe and reliable performance of such materials when used under
harsh environmental conditions [84,149,167-169,183,209]. A new rendition of FMLs, in the form
of a new class of three-dimensional FMLs (3D-FMLs), exhibiting superior static and dynamic
attributes and excellent crashworthiness was recently introduced by Asaee and Taheri [81]. Good
damping properties are also an important feature of this class of materials, since unwanted and
unharnessed vibrations in structures could result in undesirable noise and potential mechanical
failure, or even worse, coupled with harsh environmental conditions, could cause the material to
degrade and eventually result in the permanent failure of the system. De Cicco and Taheri [44],
and Soltannia et al. [4], experimentally investigated the vibration characteristics of laminated and
sandwich composite beams using non-destructive testing techniques (NDT). Other researchers
have also examined the vibration characterizes of composites with innovative techniques. For
instance, Cheraghi et al. [175] used the impulse excitation technique to establish material damping
characteristics of polyvinyl chloride pipes by using piezoelectric sensors to record the vibration
response. Hajikhani et al. [43] used an acoustic emission NDT technique to determine the presence
and extent of defects.

The technical literature addressing the issue of thermal fatigue in conventional 2D-, and 3D-

fiber metal laminates is quite scarce. In fact, only a few works have studied the influence of thermal
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fatigue on honey-comb sandwich structures or FMLs. Addressing this issue is essential and
inevitable for the aerospace, automotive, and other industrial sectors that use FML composites.
The following is a summary of the notable studies.

Khosravani and Weinberg [210] studied loading and aging effects on honeycomb sandwich
T-joints subject to thermal fatigue in the range of -35 °C up to 70 °C. They studied the failure
behavior of the T-joints using fractographic analysis. They contrasted their results to 3D finite
element analysis using cohesive zone modelling. They observed specimens to experience brittle
failure. They also noticed that the application of 25 and 100 cycles degrade critical fracture stress
(oc) of specimens by 2% and 40%, respectively. Their results show that the exposure time has
greater influence compared to the exposed temperature. They also reported that specimens
sustained 60% less load because of thermal fatigue, and the mode of failure changed in the
thermally cycled specimens. Li et al. [211] studied the effect of thermal fatigue on 2D-FML, which
had aluminum-lithium alloy as its metallic constituent. They observed no degradation or sign of
failure after 1000 cycles. Notably, they found that the tensile and flexural strengths of their
specimens increased after the application of thermal cycles due to a positive age-hardening
response of the aluminum-lithium laminate. Khalili et al. [212] also studied the thermal effect on
hybrid single-lap joints (SLJs) made of fiber metal laminate and stainless steel adherends both
bonded and bolted. They investigated the influence of thermal cycles on the mechanical properties
of hybrid SLJs by conducting a series of tensile tests. Their specimens were subjected to 40 °C to
100 °C and -40 °C to -100 °C cycles. Their results showed 52% and 50% strength recovery after
heating and cryogenic cycles, respectively. Mosse et al. [213] showed that a glass fiber-reinforced
thermoplastic fiber metal laminate (GFRT-FML) system had better formability (stamp forming)

compared to aluminum, so long as the GFRT-FML was pre-annealed and rapidly transferred to
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heated casting process tool (punch-die tool). Muller et al. [214] studied the effect of thermal
cycling on interlaminar shear strength (ILSS) or bending rigidity (BR) of heater element-integrated
glass-FML used in anti- or de-icing applications. Having heater elements embedded in FMLs gives
the opportunity of thermally cycling (heating up) the specimens internally while cooling them
down externally. They found that the ILSS of specimens subjected to a thermal gradient of 120 °C
slightly increased by 6.9% after 8000 cycles of 60-90 sec., compared to the non-cycled specimens’
response. In contrast, ILSS of internally heated and externally heated/cooled specimens was
reduced by 7.8% after 12000 cycles. Jakubczak et al. [215] also studied thermal cycling effects on
ILSS of 2D aluminum-carbon fiber laminates, by applying 1500 thermal cycles. As per their
findings, thermal cycles did not affect the strength of their specimens. Da Costa et al. [216] studied
the effect of thermal-shock cycles on the mechanical characteristics of aluminum-glass fiber-
reinforced polymer FML composites, bonded using an epoxy adhesive tape. They exposed
specimens to a 130 °C temperature gradient with a rapid transition and cycled the specimens to
1000 and 2000 cycles, stating that 2000 cycles would mimic a typical C check interval for a
commercial aircraft maintenance program. They observed that thermal-shock cycles did not have
a significant effect on the mechanical properties of FML. Majerski et al. [217] studied the
hygrothermal effect on the mechanical properties of 2D FMLs and FRPs. They exposed specimens
to 60 °C and 99% relative humidity (RH) to investigate the combined effect of elevated
temperature and moisture. They identified that moisture absorption in the FMLs was significantly
lower than in FRPs. They also found that the ILSS of FMLs and FRPs was degraded 9% to 11%
and 27%, respectively;tensile strength decreased by 1% to 15% and 7% to 30%, respectively. Hu
et al. [218] studied the effect of cyclic temperature on mechanical properties of adhesively bonded

joints, and they reported a severe weakening effect due to a post-curing process. Through the
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‘response surface’ method (a statistical-based technique of design of experiment), they determined
that exposure to lower temperatures could cause greater and steeper degradation compared to
degradation due to exposure to elevated temperatures. Brewis et al. [219] studied the effect of
heating (16 °C to 85 °C) and moisture exposure for 2500 hours on mechanical properties of SLJs.
They reported that moisture resulted in plasticization of the bonding adhesive and consequently
degradation of mechanical properties of the SLJs.

The damping characteristics of 3D-FMLs may be improved using nanoparticles (NPs) as a
passive technique for enhancing the dynamic damping properties of composite materials and
structures. The advantages of including small amounts of NPs to improve the mechanical and
electrical properties of resins used as the matrix in composite structures, as well as for adhesives,
have also been investigated extensively by several researchers in the past [1,124,125,184,185].
Mohamed and Taheri [220,221] investigated the contribution of graphene nanoplatelets (GNP) in
fracture toughness enhancement of a commonly used room-cured epoxy resin, and its performance
and degradation, using double cantilever beam specimens subjected to various numbers of thermal
cycles (to a maximum of 1000 heating/cooling cycles). They observed that in general, GNP
improved the performance of the adhesive. They observed that the adhesive performance degraded
initially (up to 300-400 cycles), and then the response was improved after exposure to a higher
number of cycles (up to nearly 600 cycles), after which the performance suffered upon increased
numbers of thermal cycles.

In this work, an investigation was conducted to assess the damping characteristics of GNP-
reinforced 3D-FMLs subjected to thermal fatigue. It is demonstrated that the inclusion of 1 wt%
GNP within the interface layers of the hybrid system improved the fundamental frequency of the

3D-FML specimens marginally and their damping ratio quite significantly at room temperature.
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However, when the specimens were subjected to thermal fatigue, the gain in the properties reverted
back to the values observed for the non-reinforced FML. Similar to work presented in [222], a

maximum number of cycles performed was 999.

6.3 Materials and Methods

6.3.1 Materials

A three-dimensional fiberglass fabric (3D-FGF) was obtained from China Beihai Fiberglass
Co. (Jiyjiang City, Jiangxi, China). Magnesium alloy sheets (AZ31B-H24; 0.5 mm thick) were
acquired from MetalMart International (Commerce, CA, USA). As a benchmark for test
comparison, 6061-T6 aluminum sheets with 4mm thickness were obtained from a local distributer.
The hot-cure epoxy resin used to fabricate the 3D-FGF and the core part of the 3D-FMLs
composed of two parts (bisphenol-A-based Araldite LY 1564 resin and Aradur 2954
(cycloaliphatic polyamine) hardener) was purchased from Huntsman Co. (West Point, GA, USA).
A two-part cold-cure thermoset epoxy resin (the West System (WS) 105 resin, and 206 hardener
(Bay City, MI, USA)) was used for bonding the magnesium sheets to the core. The NP filler to be
dispersed into the epoxy resin was GNP with an average diameter of 25 um, thickness of 6 nm,
surface area of 100 m? /g, and more than 95% purity (XG Science Ltd., Lansing, MI).
6.3.2 Specimen Preparation

The different specimen categories are listed in Table 6.1 along with the abbreviations used
to identify samples throughout this study. 3D-FGF sheets (plates) for the core part of 3D-FMLs
were fabricated in situ using the hot-cure epoxy resin system, by a hand brushing technique. Each
plate was then cured in an oven at 60 °C for 2 hours and at 120°C for 8 hours. At least five beam
specimens with dimensions of 200 mm x 20 mm x 4 mm (length x width X thickness) were cut

from each plate prepared to study the effect of thermal fatigue (6 categories % 5 specimens = 30
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specimens, as shown in Figure 6.1). In addition, three specimens for each control category were
tested at room temperature, i.e., aluminum, Neat-4-3D-FML-0 Cycle and GNP-4-3D-FML-0
Cycle (3 categories x 3 specimens = 9 specimens). Hence, 39 samples were tested in total.

For the magnesium skins the bonding surfaces were roughened by grit-blasting, cleaned with
an air gun, acetone washed and air-dried. The skins were then bonded to the core panels either
using the neat cold-cure epoxy resin or a NP-modified version of this resin and kept under vacuum
for at least 24 hours at room temperature to assure proper bonding. More details on the fabrication
of 3D-FMLs can be found in De Cicco and Taheri [44] and Soltannia et al. [3].

For the NP dispersion, NPs were first distributed in the cold-cure resin system using a
mechanical stirrer set at a speed of 2000 rpm for 10 minutes. Then, the NP-resin slurry was
calendered using a three-roll mill homogenizer (Torrey Hills Technologies LLC, San Diego, CA,
USA). The roller gap was adjusted at 30 um using a filler gauge for a 1 wt% (by weight)
concentration of GNP. In this study, the roller speed and calendering frequency were set constant
at 174 rpm. To maximize the dispersion quality, calendering was conducted seven times. The
curing agent was subsequently added to the slurry and mixed for 4-6 minutes using a stirrer set at
a speed of 400 rpm. The mixture was then degassed under 28" Hg vacuum for 2 to 3 minutes.
6.3.3 Cyclic Thermal Fatigue Test

As stated earlier, cyclic thermal fatigue is a common and critical loading scheme experienced
by structures and materials. In service, materials often experience temperature fluctuation (warm-
cold and vice versa). Table 6.2 summarizes the results of some studies that considered the influence
of temperature fluctuations on the response of various composite materials and structural

configurations.
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Table 6.1 Specimen configurations and nomenclature.

Specimen ID * Interface resin modification NP filler loading

Al

Neat-4-3D-FML-0 Cycle Neat 0 wt%
GNP-4-3D-FML-0 Cycle GNP 1 wt%
Neat-4-3D-FML-333 Cycles Neat 0 wt%
GNP-4-3D-FML-333 Cycles GNP 1 wt%
Neat-4-3D-FML-666 Cycles Neat 0 wt%
GNP-4-3D-FML-666 Cycles GNP 1 wt%
Neat-4-3D-FML-999 Cycles Neat 0 wt%
GNP-4-3D-FML-999 Cycles GNP 1 wt%

*74” indicates the 3D-FML thickness of 4mm, and “0 Cycle”, “333 Cycles”, “666 Cycles” and
“999 Cycles” refers to specimens without, after 333, 666 and 999 thermal cycles, respectively.

Table 6.2 Temperature range, type of specimens and results.

Type of Temp. range RH
Ref. # # of Cycl Result
e specimen °C) of Cycles o esults
Toioint -2% and -40% reduction in
[210] honeJ comb -35to +70 0,25,100 N/A strength at 25 and 100 cycles,
- respectively
0, 250, 500 L
[211] FML -65 to +135 ;5 0 i 000 > N/A Qualitative study
-100 to -40
[212] FML 140 tz " 0(;& 0,5,10 50%  50% increase in tensile strength
[215] FML -50 to +80 1500 N/A Qualitative study
1000 & 100 12% reduction in tensile and
21 FML B +
[216] 301080 2000 % ILSS
1% - 15% reduction in tensile
[217] FML +60 0 99% strength

9% - 11% reduction in ILSSS

In the present investigation, the specimens were exposed to —60 °C to +60 °C thermal cycles
with 55 % relative humidity. This thermal fluctuation is often experienced by transport vehicles in
a given year. Note that the exposure cycle was limited to +60 °C as the glass transition temperature
(Ty) of the WS cold-cure epoxy resin used for bonding the magnesium sheets to 3D-FGF of 3D-

FML is 65 °C. Cyclic thermal testing was conducted within an environmental chamber (Associated
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Environmental Systems, Model ZBHD-205 benchtop humidity chamber, Acton, MA, USA). The
temperature within the chamber was monitored continuously.

Each heating/cooling cycle included four stages, as illustrated in Figure 6.1(a). A typical
thermal cycle consisted of a 30-minute hold period for each the high and low temperature level of
+60 °C and -60 °C, respectively, with 30-minute intervals for ramping linearly between hold

periods. For each test, the initial heating cycle started at room temperature.

20

60

40

20 /
]

20 40 0 80 100 120 140

Temperature (°C)

-20

— i-_g_."

Figure 6.1 (a) Typical heating/cooling cycle, and (b) specimens in the environmental chamber.

Time (Min)

In summary, five specimens were tested per specimen group in order to investigate the
influence of thermal fatigue on vibration characteristics of 1 wt% GNP-reinforced 3D-FMLs at the
interface (20 samples were tested only for the thermal fatigue study of 1 wt% GNP-reinforced
3D-FMLs at the interface). Overall, nine groups of specimens were tested, each being subjected to
a different total number of cycles, as reported in Table 6.1.

6.3.4. Bending Rigidity Testing

The flexural bending rigidity (FBR) of the various specimens was evaluated employing
three-point bending tests according to the pertinent ASTM standard [199]. A servo-hydraulic
testing machine equipped with a digital electronic controller was employed for this purpose (2518-
610, MTS, Eden Prairie, MN, USA). Figure 6.2 illustrates the experimental setup. Experimental

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

Bending fixture

Figure 6.2 Three-boin:t bndin':g rigidity test setup.
6.3.5 Testing and Analysis Procedures
The experimental instruments used to acquire vibration signals are shown in Figure 6.3.
Vibration data were recorded using a contact type device, i.e., a GrindoSonic (GS) instrument
model MKS5i (Leuven, Belgium). Two prismatic pieces of low-density foam were used as supports

to resemble free-free boundary conditions. A lightweight hammer, consisting of a steel ball as the

stiff tip attached to a thin wooden rod (‘steel-wood hammer’) was used to excite the specimens.

1 —

— e
Grindosonic . - 4 DAQ

|- (GS)

Figure 6.3 Experimental test setup for recording vibration signals of specimens with free-free
boundary conditions using a Grindosonic device.
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To extract the fundamental frequency (f;) and damping ratio (&), one should capture the
entire vibration oscillation spectrum. Hence, the GS was connected to a data-acquisition system,
and the Signal Express software (National Instruments, Austin, TX, USA) was used to record the
entire oscillation spectrum of each specimen at a 100 kHz sampling rate. The recorded data was

then processed using LabVIEW (National Instruments).

6.3.6 Vibration Signal Extraction and Analysis

The frequency obtained from each complete vibration signal spectrum and more particularly,
the power spectrum, was computed using the Spectral Measurements subroutine of LabVIEW.
This subroutine takes the vibration signal from the GS and provides the amplitude of each
frequency within the signal spectrum by subjecting the signal to a Fast Fourier Transform
algorithm. Subsequently, the fundamental frequency is the frequency corresponding to the one

with the largest amplitude, as shown in Figure 6.4(b).
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Figure 6.4 (a) Typical vibration signal and its representative envelope; (b) power spectrum
(aluminum specimen).
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To calculate the damping coefficient, first, the signal was filtered in LabVIEW with a
bandpass of £30 Hz to mitigate noise. The envelope was then retrieved from the filtered signals
using the Hilbert transform through the procedure described by Cheraghi et al. [175], as

schematically illustrated in Figure 6.4(a), using the following mathematical operation:

H() = f::o u(T)%dT (6.1)

1
n

In practice, if the envelope contains a complex number, its real part includes the signal’s
amplitude and its imaginary part contains the Hilbert operator, as it has been explained by Yang
and Song [204], as implemented in LabVIEW. In the end, the averaged damping coefficient was
calculated based on the logarithm decrement method over 50 successive oscillatory points of the
signal within the envelope. Using 50 successive oscillatory points ensured acceptable accuracy of
the results while maintaining computational efficiency. As the damping coefficient of the
aluminum specimens is relatively low compared to that of the 3D-FML specimens, a cut-off value
of a 3-second time period was applied to aluminum specimen signals while a 0.1-second long
signal duration was considered for 3D-FML specimens as the time period through which the

decremental logarithm (and hence the damping coefficient) were calculated.
6.4 Results and Discussion

In the following, the results of the experiments and analyses are presented. It is worth
mentioning that due to the nondestructive nature of vibration testing, at least nine vibration tests
(modal experiments) were conducted per specimen and the reported results are the average of at
least 45 tests and analyses for at least five specimens within each category of thermal fatigue study.
Regarding bending rigidity tests, at least five specimens per category were tested for bending

rigidity (at least 30 tests and analyses were conducted in total, for at least five specimens within
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each category of thermal fatigue study). External noise was minimized during impulse excitation.
Specimens were excited by tapping each specimen on the same location between the two supports,
close to the center span of each specimen. Tapping on a different location could cause excitation
of a different vibration mode and frequency.

Figure 6.5 shows experimental and theoretical flexural bending rigidity of thermally cycled
and non-cycled specimens. The reported results indicate that the inclusion of 1 wt% GNP in the
interface of the 3D-FMLs resulted in enhancement of their flexural bending rigidity regardless of
thermal cycling number. However, thermal cycling in general degraded flexural bending rigidity
of the specimens after 666 and 999 cycles in contrast to 333 cycles. These finding may be attributed
to the state of crosslinking, as reported about the stiffness and ultimate tensile strength of the
employed WS 105 epoxy resin system as well as its unidirectional fiber-reinforced composites by
Mohamed et al. [222]. The authors claim that additional curing, i.e., crosslinking, of the resin
occurred during the initial thermal cycling (to around 300 cycles), which may have counteracted
degradation effects. Then, upon further thermal cycling, mechanical properties degradation

occurred at a higher rate [222-225].
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Figure 6.5 Experimental and theoretical flexural bending rigidity of thermally cycled
specimens in comparison with non-cycled ones (Eq. 5.10, Eq. 5.2 and Eq. 5.14 have been
explained in detail in Sections 5.7.4, 5.7.1 and 5.9.1, respectively)

Figure 6.6(a) shows all normalized fundamental frequency values of each category obtained
experimentally through the use of the GS. Results were normalized by dividing them by their
respective bending rigidity first, and then dividing the obtained values by the one obtained for the
3D-FML with neat resin. The reported results indicate that the inclusion of 1 wt% GNP in the
interface of the 3D-FMLs undergone 333 and 666 thermal cycles resulted in lower normalized
fundamental frequency, in contrast to the result of normalized fundamental frequency of the
3D-FMLs undergone 999 thermal cycles. Thermal cyclic loading also had a significant degrading
influence on the normalized damping ratio of the specimens; however, NP-reinforced specimens
exhibited higher damping compared to the non-NP-reinforced specimens without thermal cycling

or long-run thermal cycling (666 and 999 cycles), see Figure 6.6(b).
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Figure 6.6 (a) Specimen averaged normalized fundamental frequencies, and (b) damping

ratios.
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6.5 Conclusions

The presented research explored the frequency response of 3D-fiber metal laminates
undergoing cyclic thermal loading and the effect of nanoparticle modification of the interface
layers of the hybrid system. In general, the inclusion of GNP in the interface of specimens
enhanced their flexural bending rigidity compared to specimens fabricated using neat adhesive.
However, thermal cycling degraded flexural bending rigidity of the specimens after 666 and 999
cycles in contrast to 333 cycles. This can be attributed to the resin’s crosslinking capacity which
first stiffens the resin then degrades it, as it has been extensively discussed in Mohamed and
Taheri’s work [222].

It can also be concluded that the inclusion of GNP in the interface of specimens decreased
the frequency response, after 333 and 666 cycles in contrast to 999 cycles. The frequency response
of specimens fabricated with neat adhesive remained almost unchanged. In general, thermal
cycling lowered the damping ratio, however, NP-reinforced specimens exhibited higher damping

compared to specimens made of pure resin except when 333 times thermally cycled.

128



Chapter 7

Summary and Conclusion
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7.1 Summary

The thesis is built on the outcome of a series of experimental, statistical and numerical studies
on the effect of nanoparticle (NP) incorporation in thermoset resin (adhesive) used in the
fabrication of NP-reinforced polymers and their composites with application in single-lap joints
(SLJs) as well as 3D Fiber Metal Laminates (3D-FMLs), and their structural performance, static
and dynamic characteristics, and possible causes for their enhanced performance. SLJs were
investigated in this research as they are considered a simpler yet somewhat similar geometry to

3D-FMLs.

7.2 Conclusions

Chapter 3 presented the results of parametric (systematic numerical) studies on the static and
dynamic behavior of NP-reinforced thermoset resin (adhesive) and their composites with
application in SLJs as well as 3D-FMLs. This study provided some indication of the effects of NP
modification on structural performance, static and dynamic characteristics of NP-reinforced
polymers and their composites with application in SLJs (as a simpler yet somewhat similar
geometry to 3D-FMLs) and 3D-FMLs, and possible causes for their enhanced performance. The
effect of load and time on neat and NP-modified thermoset polymer was also explored. This work

served to obtain a deeper understanding of temporal aspects in the context of the thesis.

In this chapter, it was demonstrated that the combination of a strain rate dependent
mechanical (SRDM) model (in this case, the Goldberg et al. model [104-106]) and a
micromechanical model (in this case, the Halpin-Tsai model [111]) could predict the stress-strain
response of neat and NP-reinforced epoxy resins with good accuracy. The predicted results also
revealed that the response of the resin was improved when it was reinforced with the relatively

inexpensive type of nano-carbon particles (i.e., Graphene Nano Platelets (GNP)), in comparison
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to the more expensive carbon nanotubes (CNTs). It was also demonstrated that the increase in
strain rate resulted in higher apparent strength of NP-reinforced resin. Comparatively, this increase
was even more significant than the enhancement obtained by inclusion of the nano-carbon

particles.

Further, comparison of the results obtained for the resin reinforced with 0.5 wt% of GNP and
that reinforced with 0.5 wt% of CNF, subjected to the quasi-static strain rate, revealed that the
inclusion of the GNP produced a greater average ultimate tensile strength and modulus of elasticity
than inclusion of CNF could. Outcomes of a numerical study on vibration behavior of pure and
NP-reinforced thermoset resin (adhesive) based on structural dynamics were also presented. It was
shown that NP-reinforced thermoset resin (adhesive) has a higher damping ratio compared to the

pure adhesive.

Finally, a transient response analysis of pure and GNP-reinforced polymer composite beams
at room temperature indicated that the inclusion of GNP mitigates the settling-time response of the

vibration and increases the damping ratio.

Chapter 4 contains statistical studies on the effect of NP-reinforcement on mechanical
properties of the thermoset resin (adhesive), considering different variables, included, but not
limited to, the feasible range of nanoparticles types, the filler content used in fabrication of NP-
reinforced polymers (thermoset resin / adhesive) and their composites with application in SLJ and
3D-FMLs. Similar to Chapter 3, this work also serves to obtain a deeper understanding of temporal

aspects in the context of SLJs as a simpler yet somewhat similar geometry to 3D-FMLs.

It was shown that improved results were obtained when the relatively inexpensive nano-

carbon (i.e., GNP) was added to the resin. It was also observed that the addition of carbon
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nanofibers (CNF) or multi-walled carbon nanotubes (MWCNTs) to a widely used epoxy resin
improved the resin’s mechanical properties, but not to the same degree as the GNP did.

It was demonstrated that the increase in loading rate resulted in a higher apparent strength of
the SLJs. This enhancement was even more significant than the enhancement obtained by inclusion
of GNP in the resin.

As expected, SLJs with graphite/epoxy adherends exhibited higher strength compared to
those formed by glass/epoxy adherends. This increase is attributed to the fact that graphite/epoxy
adherends are in general stiffer than glass/epoxy adherends, and consequently, the bending
moments at the overlap region (hence the shear and peel stresses) are comparatively lower.

Moreover, this study demonstrated the influence of some parameters such as NP loading
(wt%), adherend type, and strain rate on the mechanical response of SLJs, particularly on their
averaged ultimate shear strength (AUSS). It was shown that the inclusion of GNP in the adhesive
forming SLJs with carbon fiber-reinforced polymer (CFRP) adherends under the highest strain rate
(HSR) produced the most enhancement in the load-bearing capacity. Moreover, the effective utility
of the design of experiment (DOE) approach to study the augmentation of the response variables
within a desired experimental investigation was also demonstrated. It should also be mentioned
that SLJs would exhibit higher load-bearing capacity when subjected to a load that is applied at a

high rate.

Chapter 5 was the first chapter dealing with rather complex hybrid system of material and
geometry that constitutes a 3D-FML. This chapter is the core part of the thesis and provides the
outcomes of systematic studies on processing, fabrication, and behavior of NP-reinforced
polymers (thermoset resin (adhesive)) and their composites with application in 3D-FMLs. Their

static and dynamic characteristics were investigated experimentally based on a non-destructive
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testing (NDT) method and were compared with proposed empirical model. At the end the results

of finite element analyses (FEA) were compared to experimental and empirical findings.

In this study, the vibration characteristics of 3D-FGF and 3D-FMLs were experimentally
investigated. In addition, the effects of modifying the resin phase with GNP and MWCNT in the
3D-FML and at the interface in 3D-FMLs were explored. It was observed that the employed
measurement systems, i.e., a Grindosonic (GS) and a laser-Doppler vibrometer (LDV) device,
produced repeatable results that were in good agreement. The results of finite element analyses
were in good agreement with the experiment and theoretical results. 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 3D-FMLs 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 3D-FGFs were higher than for 3D-FMLs. 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 3D-FMLs (being approximately 10 times lower), which limits utilizing
3D-FGF for many structural applications. In light of the findings made in this study, the 3D-FML
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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Chapter 6 is an extension of the work in Chapter 5 as it expands into environmental effects.
The presented research study explored the frequency response of 3D-fiber metal laminates
undergoing cyclic thermal loading and the effect of nanoparticle modification of the interface
layers of the hybrid system. In general, the inclusion of GNP in the interface of specimens
enhanced their flexural bending rigidity compared to specimens fabricated using neat adhesive.
However, thermal cycling degraded flexural bending rigidity of the specimens after 666 and 999
cycles in contrast to 333 cycles, due to resin’s crosslinking capacity which first stiffens the resin
then degrades it [222].

It can also be concluded that the inclusion of GNP in the interface of specimens decreased
the frequency response, after 333 and 666 cycles in contrast to 999 cycles. Frequency response of
the specimens fabricated with neat adhesive almost remained unchanged. In general, thermal
cycling lowers the damping ratio, however, NP-reinforced specimens exhibited higher damping

compared to specimens made of pure resin except when 333 times thermally cycled.

In general, it can be concluded that although NP inclusion enhances overall stiffness of the
composite material system in room temperature and under harsh environmental conditions,
however, damping properties of such a material system are enhanced only in room temperature,

and only in long-run harsh environmental condition.

7.3 Recommendations

Based on overall conclusion of this work, to enhance the performance of 3D-FML structures and
specifically their stiffness-to-weight ratio and damping behavior, it is recommended to reinforce
the interface section between the laminates of two face sheets using nano-reinforced polymer
materials. On this basis, one may suggest to further explore the effect of functionally graded nano-
reinforced polymer composites on the static and dynamic response of 3D-FML material systems.
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The findings of this thesis provide the opportunity for further research and investigation on:

1.

Experimental investigation of dynamic characteristics of neat and GNP-reinforced
adhesive at room temperature, as well as after being thermally cycled, using non-
destructive testing techniques (DMA and GrindoSonic tests) and validating the numerical
results with the experimental results.

Damping modeling of neat and GNP-reinforced adhesives, as well as 3D-FMLs using LS-
Dyna, and validating extracted damping ratios with the experimental values.
Partially/interleaved layer damping (P/ILD) studies by just applying epoxy resin to
SMACWRAP® (SMAC® Group MontBlanc Tecnologies, Toulon, France) to embed it
between skin and ply layers, instead of using 3M™-VHB™ (3M™, Ontario, Canada)
adhesive transfer tape.

Fatigue behavior of 3D-FMLs under dynamic loading condition (forced vibration)

Static and dynamic characteristics of 3D Fiber Metal Laminate Tubes (3D-FMLTs)

Static and dynamic characteristic of 3D-FML joints (SLJs, DBJs, T-joints, etc.) at room
temperature, as well as at elevated temperature or under cryogenic conditions.
Implementing/utilizing the same concept or other similar non-destructive techniques into
defect/crack detection of tubular 3D-FML composite pipes.

Also, besides the potential of modifying the system by strategically reinforcing sections of
the 3D-FML using nano-reinforced polymer materials as a passive method of damping,
one may suggest and work on active methods, i.e., implementing piezoelectric functionality
(sensors/actuators) for active damping purposes. Also, filling the empty columns separated
by pillars using foam and/or viscoelastic materials may be a feasible means for

performance improvements.
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Appendices

Appendix I

The second step of the R-K-4 using the results of the first step takes the following form:

de)" =de), dz"" =dz, do"" =da (I-1)
TN ld I(step2) I-2
& =& +5 & (1-2)
toy=[c.]({e"" ~{e}') (I-3)
Z — Zm(n) _I_%dz(stepZ) (1-4)

_ o m(n) 1 (step2)
a=a +Eda (1-5)

And the 3™ step can be obtained using the results of the 2™ step:

A’ —dgl a7z gz, da" " = da (1-6)

i i

1w (I-7)
I _ _In) 1(step3)
g =g +—de;""

{o}=[C.]({e)"" ~{e}') I-8)
Z — Zm(n) +le(.vtep3) (1'9)
2
a :am(n) +lda(.vtep3) (1-10)
2
Similar to pervious steps, results of the third step are used in the final step:
de)"V =de), dz"""=dz, do"" =da (I-11)

Then the magnitude of stress and inelastic strain in the next time step can be calculated throw the
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final step of the Rang-Kutta method as follow:

g{(n+1) — g{(n) +ldg{(stepl) +ldg{(ste172) +ld€{(.¢t9113) +ldg{(.vt¢774) (1‘12)
ij ij ij ij 7 6 q
m(n+1) n+l I(n+1) -
o} =[e](tet = {e}) (I-13)
Zm(n+1) :an(n)+le(stepl)+le(step2) +le(SI€p3) +le(stcp4) (1-14)
6 3 3 6
am(nH) :am(n) +%da(srepl) +éda(srep2) +%da(xtep3) +%da(step4) (1-15)

Consequently, based on abovementioned equations the tensile stress-strain curve of the neat

polymer under an arbitrary strain rate can be obtained.
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Appendix 1T

Developed MATLAB codes used to calculate strain-rate and nano-reinforcement effects on

polymer composites:

sample loader;

$change 1 for different rates

for i=1:1

$========Specification of Experiment

SW %the material specification
str rate= le-3*10"1i; %$strain rate
dt=0.01/(10"1) ;

max str=0.03; %the max strain rate

N=round ((max_str/str rate)/dt);
% define the matrixes

STR _I(1:N,1:6)=0;

STR(1:N,1:6)=0;

dSTR I(1:N,1:6)=0;
dSTR(1:N,1:6)=0;
SIG(1:N,1:6)=0;
Z(1:N)=0;

a(l:N)=0;

% Initiation

STR _I(1:N,1:6)=0;
dSTR(1,1)=str rate;dSTR(1l,2)=-str rate*nou;dSTR(1l,3)=-str rate*nou;

SIG(1,1)= 1le2;
STR(1,1)=SIG(1,1)/E;STR(1,2)=-nou*SIG(1,1)/E;STR(1,3)=-nou*SIG(1l,1)/E;
Z2(1)=2 0;

a(l)y=a 0;

% Stifness matrix =

C _mat=zeros (6);

C mat(l,1)=1-nou;C mat(2,2)=1-nou;C mat(3,3)=1-nou;

C mat(4,4)=(1-2*nou)/2;C mat (5,5)=(1-2*nou) /2;C mat (6,6)=(1-2*nou) /2;
C mat (1,2)=nou;C mat (1, 3)=nou;

C mat (2,1)=nou;C mat (2, 3)=nou;

C mat (3,1)=nou;C mat (3, 2)=nou;

C mat=C _mat*E/ (l+nou)/ (1-2*nou) ;

o —
% =
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STR (1, :)=transpose (inv (C _mat) *transpose (SIG(1l,:)));

STR(1,:);
STR I(1,:);
SIG(1,:);
Z(1);
a(l);

$gh=input ('Initiation has been done');

% =Strain rate Matrix

while STR(1l:n)<max str
%$while n<1000

$gh=input ('Kutta Step 1'")

[ sig new,str new,str I new,z new,a new,dz new,da new ] =...
Solver 1(

S1G(n,:),STR I(n,:),STR(n,:),a(n),Z(n),D 0,2 1,a 1,

n u,q,C mat,dSTR(n, :),dt,str rate );

str I new l=transpose (mat col(str I new));
str new l=str new;

sig new l=transpose(sig_new);

z new_l=z new;

a new_ 1l=a new;

dz new 1=dz new;

da new 1=da new;

$gh=input ('Kutta Step 2')
[ sig new,str new,str I new,z new,a new,dz new,da new ]=...

Solver 1(sig new 1,str I new 1,str new l,a new 1,z new 1,D 0,Z 1,a 1,
n u,q,C mat,dSTR(n, :),dt,str rate );

str I new 2=transpose(mat col (str I new));
str new 2=str new;

sig new 2=transpose(sig_new);

Z_New_2=7Z New;

a_new_2=a new;

dz new 2=dz new;

da new 2=da new;

$gh=input ('Kutta Step 3')
[ sig new,str new,str I new,z new,a new,dz new,da new ]=...

Solver 1l(sig new 2,str I new 2,str new 2,a new 2,z new 2,D 0,2 1,a 1,
n u,q,C mat,dSTR(n, :),dt,str rate );

str I new 3=transpose (mat col(str I new));
str new 3=str new;
sig new 3=transpose (sig new);
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Z_new_3=z new;
a new_3=a new;
dz new 3=dz new;
da new 3=da new;

$gh=input ('Kutta Step 4')
[ sig new,str new,str I new,z new,a new,dz new,da new ] =...

Solver 1(sig new 3,str I new 3,str new 3,a new 3,z new 3,D 0,Z 1,a 1,
n u,q,C mat,dSTR(n, :),dt,str rate );

str T new 4=transpose (mat col(str I new));
str new 4=str new;

sig new 4=transpose(sig_new);

z new_4=z new;

a _new_4=a new;

dz new 4=dz new;

da new 4=da new;

STR I(n+l,:)=STR I(n,:)+str I new 1/6+str I new 2/3+str I new 3/3+str I new_
4/6;

Fmmm—————————— STR-——==—=—=——————————

STR(n+1,1)=str rate*dt+STR(n,1);

Temp (1,1)=C_mat (2,2)*STR I(n,2)+C mat(2,3)*STR T (n,3)-C mat(2,1)* (STR(n,1)-
STR I(n,1));

Temp (2,1)=C_mat (3,2) *STR I (n,2)+C_mat(3,3)*STR T (n,3)-C mat(2,1)* (STR(n,1)-
STR I(n,1));

A(l,1)=C mat(2,2);

A(l,2)=C mat(2,3);

A(2,1)=C mat(3,2),

A(2,2)=C mat(3,3);

Temp2= inv (A )*Temp
STR(n+1,2)=Temp2(1,1);

STR (n+1,3)=Temp2(2,1);

STR (n+1,4)=0;

STR (n+1,5)=0;

STR (n+1,6)=0;

T STR-——————————=——————
SIG(n+1l, :)=transpose (C mat*transpose (STR(n+1l,:)-STR I(n+l,:)));

Z(n+tl)=Z(n)+dz new 1/6+dz new 2/3+dz new 3/3+dz new 4/6;
a(ntl)=a(n)+da new 1/6+da new 2/3+da new 3/3+da new 4/6;

STR T (n+1,:)
STR (n+1, :)
SIG(n+1, :)

Z (n+1)
a(n+l)
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sgh=input ('pause');

%}

g==========S0lver================

%$this is descrit solver

[ sig new,str new,str I new,z new,a new ] =...
Solver 2(

S1G(n,:),STR I(n,:),STR(n,:),a(n),Z(n),Db 0,2 1,a 1,

n u,q,C mat,dSTR(n, :),dt,str rate );

STR I(n+l,:)=transpose(mat col(str I new));
STR(n+1, :)=str new;
SIG(n+l, :)=transpose (sig new);

Z (n+l)=z new;

a(n+l)=a new;

dSTR (n+1,1)=dSTR (n, 1) ;

dSTR (n+1,2)=(STR(n+1,2)-STR(n,2)) /dt;
dSTR (n+1,3)=(STR(n+1,3)-STR(n,3)) /dt;

o\°

Plotl3
Plotl4
Plotlb
Plotlo
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F========================== sFunction-Solver l%==============================%
function [ sig new,str new,str I new,z new,a new,dz new,da new ] = Solver 1(
sig,str I,str,a,z,D 0,72 1,a 1,n u,q,C mat,dstr,dt,str rate)

SUNTITLEDS Summary of this function goes here

% Detailed explanation goes here
sig mat=row mat (sig);

S mat=sig mat-(sig mat(1l,1)+sig mat(2,2)+sig mat(3,3))/3*eye(3);

J 2=1/6*(sig mat(1l,1)-sig mat(2,2))"2+1/6*(sig mat(l,1)-sig mat(3,3))"2+...
1/6* (sig mat(3,3)-sig mat(2,2))"2+sig mat(1l,2)"2+sig mat(2,3)"2+...
sig mat(3,1)"2;

sig kk=sig mat(1l,1)+sig mat(2,2)+sig mat(3,3);

O

sig e=sqrt (3*J_2)+sqrt(3) *a*sig_ kk;

dSTR=(2*D O*exp (-0.5* (z/sig _e)”(2*n u))*(S_mat/2/sqrt (J_2)+a*eye(3))) *dt;
de_l=dSTR—l/3*trace(dSTR)*eye(3);

de e 1=(2/3*(de_1(1,1)"2+de 1(1,2)"2+de 1(1,3)"2+...

de 1(2,1)"2+de 1(2,2)"2+de_1(2,3)"2+...

de 1(3,1)"2+de _1(3,2)"2+de_1(3,3)"2))".5;

str I new=row mat(str I)+0.5*dSTR;

str new(l,1)=str rate*dt+str(l,1);

Temp (1,1)=C mat(2,2)*str I new(2,2)+C mat(2,3)*str I new(3,3)-
C mat(2,1)*(str new(l,1)-str I new(l,1));

Temp (2,1)=C mat(3,2)*str I new(2,2)+C mat(3,3)*str I new(3,3)-
C mat(2,1)*(str new(l,1)-str I new(l,1));

A(1,1)=C mat(2,2);
A(l,2)=C mat(2,3);
A(2,1)=C mat(3,2);

A(2,2)=C mat(3,3);
Temp2=1inv (A) *Temp;

str new(l,2)=Temp2(1l,1);
str new(l,3)=Temp2(2,1);
str new(l,4)=0;
str new(l,5)=0;
str new(l,6)=0;

sig new=C mat* (transpose(str new)-mat col(str I new));
z new=z+0.5*dz 1;

a new=a+0.5*da_1;

dz new=dz_ 1;

da new=da_ 1;

end
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function [ sig new,str new,str I new,z new,a new ] = Solver 2(
sig,str I,str,a,z,D 0,72 1,a 1,n u,q,C mat,dstr,dt,str rate)
SUNTITLEDS Summary of this function goes here

% Detailed explanation goes here
sig mat=row mat (sig);

S mat=sig mat-(sig mat(1l,1)+sig mat(2,2)+sig mat(3,3))/3*eye(3);

J 2=1/6*(sig mat(1l,1)-sig mat(2,2))"2+1/6*(sig mat(l,1)-sig mat(3,3))"2+...
1/6* (sig mat(3,3)-sig mat(2,2))"2+sig mat(1l,2)"2+sig mat(2,3)"2+...
sig mat(3,1)"2;

sig kk=sig mat(1l,1)+sig mat(2,2)+sig mat(3,3);

o)

sig e=sqrt (3*J_2)+sqrt(3) *a*sig_ kk;
str _dot I=(2*D O*exp(-0.5*(z/sig e)”(2*n_u))* (S mat/2/sqrt(J_2)+a*eye(3)));

e dot ij=str dot I-1/3*trace(str dot I)*eye(3);

ee dot I=(2/3*(e_dot i1j(1,1)"2+e dot ij(1,2)"2+e dot ij(1,3)"2+...
e dot 1j(2,1)"2+e dot ij(2,2)"2+e _dot ij(2,3)"2+...
e dot 13j(3,1)"2+e dot ij(3,2)"2+e _dot ij(3,3)"2))".5;

z_dot=q*(Z 1-z)*ee dot I;
a_dot=g*(a_l-a)*ee dot I ;
z new=z+z_ dot*dt;
a_new=a+a_dot*dt;

str I new=str dot I*dt+row mat (str I);

str new(l,1l)=str rate*dt+str(l,1);

Temp (1,1)=C mat(2,2)*str I new(2,2)+C mat(2,3)*str I new(3,3)-
C mat(2,1)*(str new(l,1)-str I new(l,1));

Temp (2,1)=C mat (3,2)*str I new(2,2)+C mat(3,3)*str I new(3,3)-
C mat(2,1)*(str new(l,1)-str I new(l,1));

A(l,1)=C mat(2,2);
A(l,2)=C mat(2,3);
A(2,1)=C mat(3,2);
A(2,2)=C mat(3,3);
Temp2=inv (A) *Temp;

str new(l,2)=Temp2(1l,1);
str new(l,3)=Temp2(2,1);
str new(l,4)=0;

str new(1l,5)=0;

str new(l,6)=0;

sig new=C mat* (transpose(str new)-mat col(str I new));
g=========mms=omsoooooooo=======AN SWe Y SS==ss=sssssssssossosoSoo oSS SSSSsm ===
$gh=input ('pasue')

end
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$=======%ML-526% % % $PR-520%=======% $=======%WS-105%=======%
material="ML-526"; material="PR520"'; material="wWSs"';

nou=0.38; nou=0.38; nou=0.30;

E=3.00e9; E=3.54e9; E=3.1e9;

D 0=leé6; D 0=leé6; D 0=5e6;

n u=0.83; n u=0.93; n u=0.745;

Z 0=396.09e6; Z 0=396.09e6; Z 0=200e6;

Z 1=800.82e6; Z 1=753.82e6; Z 1=1130e6;

g=239.26; g=279.26; g=610;

a 0=0.568; a 0=0.568; a 0=0.202;

a 1=0.156; a 1=0.126; a 1=0.430;
$=================================% (CNF S$===================================%
d=4000e-9;

1=20000e-9

E f=220e9;

si=0.0055;

E m=diff(SIG(:,1))./diff(STR(:,1));

zeta=.3*2*1/d;
for i=1:n-1

eta(i)=(E_f/E m(i,1)-1)/(E_f/E m(i,1)+zeta);

E c(i,1)=E m(i,1)*(l+zeta*eta(i)*si)/(l-eta(i)*si);

end

sig c(1,1)=SIG(1,1);
est c(1,1)=STR(1,1);
for i=2:n-1

sig c(i,1)=sig c(i-1,1)+E _c(i)* (STR(i,1)-STR(i-1,1));

end

o

for i=1:n-1

o°

o°

eta(i)=(E f/E m(i,1)-d/4/t)/(E_f/E m(i,1)+d/2/t

) 14
E c(i,1)=E m(i,1)*((3

eta (i) *si)+(5/8)* ((1+2*eta(i)*si)/ (l-eta(i)*si)));

% end
% sig c(1,1)=sIG(1,1);
% est c(1,1)=STR(1,1);

o\°

for i=2:n-1

o o

oe

end

/8)* (1+2*1/d*eta (i) *si)/ (1-

sig c(i,1)=sig c(i-1,1)+E c (i) *(STR(i,1)-STR(i-1,1));
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1=500e-9;
t=0.34e-9;

E f=250e9;
si=0.0055;

% 1l=le-6;

%  t=5e-9;

5 E _f=250e9;
% si=0.011;

E m=diff (SIG(:,1))./diff(STR(:,1));
zeta=15;%2*1/t;
for i=1:n-1

eta(i)=(E f/E m(i,1)-1)/(E_£f/E m(i,1)+zeta);
E c(i,1)=E m(i,1)*(l+zeta*eta(i)*si)/(l-eta(i)*si);

end
sig c(1,1)=sIG(1,1);
est c(1,1)=STR(1,1);

for i=2:n-1

sig c(i,l)=sig c(i-1,1)+E c(i)* (STR(i,1)-STR(i-1,1));
end

oe

F=================================% CNT %
d=20e-9;

1=20000e-9

E_f=lel2;

si=0.0055;

t=1.5e-9

E m=diff (SIG(:,1))./diff(STR(:,1));

zeta=5%2*1/d;

for i=1:n-1

eta(i)=(E f/E m(i,1)-1)/(E_£f/E m(i,1)+zeta);

E c(i,1)=E m(i,1)* (l+zeta*eta(i)*si)/(l-eta(i)*si);

end

sig c(1,1)=SIG(1,1);

est c(1,1)=8STR(1,1);

for i=2:n-1

sig c(i,1l)=sig c(i-1,1)+E c(i)* (STR(i,1)-STR(i-1,1));
end

% for i=1:n-1
% eta(i)=(E_f/E m(i,1)-d/4/t)/(E_£/E m(i,1)+d/2/t);

% Eic(i,l)=E7m(i,l)*((3/8)*(l+2*l/d*eta(i)*si)/(l—
eta (i) *si)+(5/8)* ((1+2*eta (i) *si)/(l-eta(i)*si)));
% end
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g==============Sample l======================
A = csvread('Neat (0-0%) (1-5) .csv');

samplel=A;

samplel (:,2)=A(:,2)*1.02

clear A;

Y==================Sample 2===================

A = load('WS-(15)neat-Nol.mat"');
sample2=A.A;

$sample2 (:,2)=sample2 (:,2)

clear A;

A = load('WS-(150)neat-Nol.mat');
sample3=A.A;

$sample2 (:,2)=sample2 (:,2)

clear A;

sampled=A.A;
$sample2 (:,2)=sample2 (:,2)
clear A;

[}
°

A = csvread ('GNP(1.0%) (1.5).csv");
sampleb5=A;

A = csvread ('GNP(1.0%) (15) .csv');
sample6=A;

A = csvread ('GNP(1.0%) (150) .csv'");
sample7=A;

A = csvread ('GNP(1.0%) (1500) .csv');
sample8=A;

A = csvread ('GNP(0.5%) (1.5) .csv");
sample9=A;

clear A;
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A = csvread ('GNP(0.25%) (1.5) .csv");

samplelO=A;

clear A;

g==================Sample lll===================
A = csvread ('CNT(0.5%) (1.5).csv");

samplelll=A;

$sample2 (:,2)=sample2 (:,2)

clear A;

g==================8Sample ll2===================
A = csvread ('CNF(0.5%) (1.5).csv");

samplell2=A;

$sample2 (:,2)=sample2 (:,2)

clear A;

A = load('samplel2l.mat');
samplel2l=A.samplel2l;

%sample2 (:,2)=sample2 (:,2)
clear A;

%$Load Numerical

load samplel5;
load samplel6;
load samplel?;
load samplel8;

load samplel9;
load samplell;
load samplel2l;
load samplel22;

Q

F===============================%row-mat$==================================%
function [ A ] = row mat( B )
SUNTITLED2 Summary of this function goes here
Detailed explanation goes here
eros(3);
»1)=B(1,
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%::::::::::::::::::::::::::::::::Oomat_colOO::::::::::::::::::::::::::::::::::

Q

o

function [ A ] mat col( B )
SUNTITLED2 Summary of this function goes here

% Detailed explanation goes here

A(l,1)=B(1,1);

A(1,2)=B(2,2);

A(1,3)=B(3,3);

A(1,4)=B(1,2);

A(1,5)=B(1,3);

A(1, 6):B(2I 3)7

A=transpose (A) ;

end

g===========================3%Tnag_modulus calct============================%

test=samplel8;

differentiall=diff (test(:,2))./diff(test(:,1))
$differential2=diff (samplel (:,2))./diff (samplel (:,1));
NNN=size (samplel) ;

clc

differentiall (1:100,1)

clear samplell

templ=size (STR) ;

n=templ(1,1);

samplell (:,1)=STR(:,1);

samplell (:,2)=SIG(:,1);

save ('samplell.mat', 'samplell');
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figure (1)
$subplot(2,2,1)

grid on
hold on
S=====================Numerical GraphS=========================

plot (STR(:,1),SIG(:,1),'b', 'linewidth',62)
$plot (STR(2:n,1),sig c(:,1),'k"', 'linewidth',2)
$=====================FExperiment Graphs=========================
plot (samplel (:,1),samplel (:,2)*1le6, " '--bo', 'linewidth',2)
$plot (samplel5(:,1),samplel5(:,2),"'--r*', 'linewidth',2)

plot (sample3(:,1),sample3(:,2)*1le6,'--g', 'linewidth',?2)

plot (sampled (:,1),sampled (:,2)*1le6,'--m', 'linewidth',?2)

o° o

o°

x1lim ([0 0.03])

set (gca, 'FontSize',14)

ttl temp=' with strain rate ';
ttl=[material ttl temp num2Zstr (str rate)];

% title(ttl)

%legend ('Numerical', 'EXP-rate 1.5 mm/min', 'EXP-rate 15 mm/min', 'EXP-rate
150 mm/min', "EXP-rate 1500 mm/min"')

$legend ('Numerical', 'EXP-rate 1500 mm/min','")

ylabel ('Stress')
xlabel ('Strain')
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================================3P] 0ot 1 3§ ==================================
hFig2 = figure (2);

set (gcf, 'position', [0,0,500,300])
set (gcf, 'units', 'centimeter')
set (gcf, 'papersize', [10,6])

set (gcf, 'paperposition', [0,0,10,61])

set(gca, 'XTick', [0:0.002:0.03]);

set (gca, 'fontsize', 14, 'linewidth', 1)
grid on

hold on

g=====================Numerical Graphs=========================

mat sl=size (samplell);

mat s2=size (samplel22);
( )
(

’

mat s3=size (samplel2l
mat séd4=size (samplel9);

plot (samplell (1:100:mat s1(1,1),1),samplell(1:100:mat s1(1,1),2)/le6,'b’,
'linewidth',1.5)
plot (samplel (:,1),samplel (:,2),'b:*"'", 'linewidth',1.5, "MarkerSize', 8)

plot(sample122(lzmat_SZ(l,l),1),samplelZZ(l:mat_sZ(l,l),2)/1e6,'g',
'"linewidth',1.5)
plot (samplell2(:,1),samplell2(:,2),"'g:s', 'linewidth',1.5, "MarkerSize', 8)

plot(samplelZl(lzmat_SZ(l,l),1),samplelZl(l:mat_sZ(l,l),2)/1e6,'m',
'linewidth',1.5)
plot (samplelll(:,1),samplelll(:,2), 'm:0"', 'linewidth',1.5, "MarkerSize', 8)

plot (samplel9(1:20:mat s4(1,1),1),samplel9(1:20:mat s4(1,1),2)/le6,'r",
'"linewidth',1.5)
plot (sample9(:,1),sample9(:,2),'r:”*"'", 'linewidth',1.5, "MarkerSize',8)

x1im ([0 0.0227)
ylim ([0 707)

legend ('Neat WS-Predicted', 'Neat WS',...
'"WS 0.5% CNF-Predicted','WS 0.5% CNF', ...
'WS 0.5% CNT-Predicted','WS 0.5% CNT ', ...
'WS 0.5% GNP-Predicted','WS 0.5% GNP ', ...
'Location', '"southeast');

ylabel ('Stress (MPa) ')
xlabel ('Strain')
print ('-dtiff', '-r300', 'new folder\resl3.tiff');
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D S S L
hFig3 = figure(3);

set (gcf, 'position', [0,400,500,3001])

set (gcf, 'units', 'centimeter')

set (gcf, 'papersize', [10,6])

set (gcf, 'paperposition', [0,0,10,61])
(
(

set(gca, 'XTick', [0:0.002:0.03]);
set (gca, 'fontsize', 14, 'linewidth', 1)
grid on
hold on
$=====================Numerical Graphs=========================

mat sl=size (samplell);
mat s2=size (samplel9);
mat s3=size (samplel5);

plot (samplell (1:100:mat s1(1,1),1),samplell(1:100:mat sl1(1,1),2)/1le6,'b",
'linewidth',1.5)
plot (samplel(:,1),samplel(:,2),'b:*", '"linewidth',1.5, '"MarkerSize', 8)

plot (samplel9(1:20:mat s2(1,1),1),samplel9(1:20:mat s2(1,1),2)/le6,'g",
'"linewidth',1.5)
plot (sample9(:,1),sample9(:,2),'g:s', 'linewidth',1.5, 'MarkerSize',8)

plot (samplel5(l:mat s3(1,1),1),samplel5(l:mat s3(1,1),2)/le6, 'm",
'linewidth',1.5)
plot (sample5(:,1),sample5(:,2), 'm:0', 'linewidth',1.5, '"MarkerSize',8)

legend ('Neat WS-Predicted', 'Neat WS', ...
'"WS 0.5% GNP-Predicted','WS 0.5% GNP', ...
'WS 1.0% GNP-Predicted','WS 1.0% GNP ', ...
'"Location', '"southeast');

x1im ([0 0.027)
y1im ([0 707)

ylabel ('Stress (MPa) ')
xlabel ('Strain')
print ('-dtiff', '-r300', 'new folder\resld.tiff');
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===============================%Pl ot 1 5%==============
hFig4 = figure (4);

set (gcf, 'position', [0,0,500,300])

set (gcf, 'units', 'centimeter')

set (gcf, 'papersize', [10,6])

set (gcf, 'paperposition', [0,0,10,61])
(
(

set(gca, 'XTick', [0:0.002:0.03]);

set (gca, 'fontsize', 14, 'linewidth', 1)
grid on
hold on

$=====================Numerical Graphs=========================
mat sl=size (samplel5);

mat s2=size (samplel6);

mat s3=size (samplel?);

mat séd4=size (samplel8);

plot (samplel5(l:mat s1(1,1),1),samplel5(l:mat s1(1,1),2)/le6,'b",
'linewidth',1.5)
plot (sample5(:,1),sampleb5(:,2),'b:*"'", '"linewidth',1.5, "MarkerSize', 8)

plot (samplel6 (l:mat s2(1,1),1),samplel6(l:mat s2(1,1),2)/le6,'qg",
'"linewidth',1.5)
plot (sample6(:,1),sample6(:,2),"'g:s', 'linewidth',1.5, 'MarkerSize', 8)

plot (samplel7 (l:mat s3(1,1),1),samplel7(l:mat s3(1,1),2)/le6,'m',
'linewidth',1.5)
plot (sample7(:,1),sample7(:,2), 'm:0', 'linewidth',1.5, 'MarkerSize', 8)

plot (samplel8 (l:mat s3(1,1),1),samplel8(l:mat s4(1,1),2)/le6,'r",
'"linewidth',1.5)
plot (sample8(:,1),sample8(:,2),'r:*"'", 'linewidth',1.5, "MarkerSize', 8)

$=====================Fxperimental Graphs=========================
legend('WS 1.0% GNP 1le-3 1/s Predicted', 'WS 1.0% GNP le-3 1/s',...
'WS 1.0% GNP le-2 1/s Predicted', 'WS 1.0% GNP le-2 1/s',...
'"WS 1.0% GNP le-1 1/s Predicted', 'WS 1.0% GNP le-1 1/s ',...
'"WS 1.0% GNP 1leO 1/s Predicted','WS 1.0% GNP 1le0O 1/s',...

'location', "'southeast')
x1im ([0 0.0227)
ylim ([0 807)
ylabel ('Stress (MPa)"'")

xlabel ('Strain')

print ('-dtiff','-r300', 'new folder\resl5.tiff");

o\°
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S ——
hFig5 = figure(5);

set (gcf, 'position', [600,400,500,3007])
set (gcf, 'units', 'centimeter')
set (gcf, 'papersize', [10,6])

set (gcf, 'paperposition', [0,0,10,61])

set(gca, 'XTick', [0:0.002:0.03]);

set (gca, 'fontsize', 14, 'linewidth', 1)
grid on

hold on

$=====================Numerical Graphs=========================
mat sl=size (samplell);

differentiall=diff (samplell(:,2))./diff (samplell (:,1));
differential2=diff (samplel (:,2))./diff (samplel(:,1));
NNN=size (samplel) ;

plot (samplell(l:mat s1(1,1)-1,1),differentiall/le9,'b', 'linewidth',1.5)
plot (samplel (1:NNN(1)-1,1),differential2/1e3, 'ro'
'"linewidth', 1.5, "MarkerSize', 8)

x1im ([0 0.0221)

legend ('Neat WS-Predicted', 'Neat WS-Test Data', ...
'Location', 'northeast');

ylabel ('Tangential Modulus (GPa)'")

(
xlabel ('Strain')
print ('-dtiff', '-r300', 'new folder\differential.tiff');
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Appendix I

Developed MATLAB codes used to calculate vibration response of prismatic beams with

rectangular cross-section resting on Pasternak elastic foundation:

=======================%Main-Vibration Responses========================== 5
$Timoshenko beam in free vibrations
clear; clc

% L: length, bb: width, hh: thickness, (m, AL)

E=70e9; poisson = 0.33; rho=2700;

L =0.2; bb=0.02; hh=0.0035;

nElem = 25; % Element Number

f0o = -1; % uniform pressure

BC=1; % boundary conditions 1: S-S, 2: C-C, 3: C-F
Ra=0.5; Rb=1le-5; % Rayleigh damping - Cr=Ra*M+Rb*K (AL)
ti=0; dt=5e-8; tf=50e-3; $tf=20e-3;

I=bb*hh”~3/12; EI=E*I; kapa=5/6; A=bb*hh; t=ti:dt:tf; nt=length(t);
% constitutive matrix

G=E/2/ (1+poisson) ; Cmat=[ EI 0; 0 kapa*hh*G];

% mesh

nodeCoordinates=linspace (0,L,nElem+1) ; xx=nodeCoordinates’';

Nodal=zeros (nElem, 2) ;
for i=1l:size (nodeCoordinates,2)-1
Nodal (i,1)=1i; Nodal (i, 2)=i+1;
end
% generation of coordinates and connectivities
nNodes=size (xx,1);

% GDof: global number of degrees of freedom
sdof=2*nNodes; %%%% [1l:nNodes for w ; nNodes:2*nNodes for Tx]

% computation of the system stiffness, force, mass
[kk, ff,mm]=M K F TimoshenkoBeam (sdof,nElem,Nodal, nNodes, xx,Cmat, £0,rho,I,A);

% BC application
[mm b,kk b, ff b]=feaply MKF (mm, kk, £f, BC, nNodes) ;

[o)

% Damping Matrix
cc=Ra*mm+Rb*kk; cc_b=Ra*mm_b+Rb*kk b;

% Static Response UNDER BOUNDARY CONDITIONS
SR=kk b\ff b;
W max=max (abs (SR(l:length(xx))))
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figure(1); hold on; plot(xx*1000,SR(1l:1length(xx))*1eb6)
xlabel ('"x (mm)'"); ylabel ('deflection (\mum)");
title('Static response (initial condition) - Beam with BC');

% Natural frequencies and Mode shapes
(

ss free,NA free]=eig(kk,mm); na free=sqrt(diag(NA free));
nas_ free=sort (na_ free); nas Hz free=nas free/2/pi;
[ss BC,NA BC]=eig(kk b,mm b); na BC=sqgrt (diag(NA BC));
nas_BC=sort (na BC); nas Hz BC=nas BC/2/pi;

one to 4=ModeShape Ploter (ss free,ss BC,xx,BC,nNodes);

Omega free HZ=nas Hz free(3:6)"'

o)

% time history of vibrations

First=1; Mid=ceil (nNodes/2); Last=nNodes;

FF=zeros (sdof,1); sv=zeros (sdof, 1) ;

su f(:,1)=SR; % static response of the beam with a BC is initial
displacement

% compute displacement and acceleration

°

% free-free beams with

°

inv_mm f=inv (mm) ;

sa_f=inv mm f*(FF(:,1)-cc*sv(:,1)-kk*su f(:,1)); $%initial Acceleration
vectors$s

su0 f=su f(:,1)-dt*sv(:,1)+(dt"2)*sa £/2;

M ef f=mm/ (dt"2)+cc/(2*dt); inv Mef f=inv(M ef f);

hl f=kk-2*mm/(dt"2); h2 f=mm/ (dt"2)-cc/ (2*dt);

FEt f=FF(:,1)-hl_f*su f(:,1)-h2 f*su0 f; su f(:,2)=inv Mef f*FEt f;

uselect f(1,:)=[su f(First,1),su f(Mid,1),su f(Last,1)];
uselect f(2,:)=[su f(First,2),su f(Mid,2),su f(Last,2)];

% beams with BC
su b(:,1)=SR;

inv_mm b=inv (mm_b) ;

sa_b=inv _mm b* (FF(:,1)-cc _ b*sv(:,1)-kk b*su b(:,1)); %%initial Acceleration
vectors$s

su0 b=su b (:,1)-dt*sv(:,1)+(dt"2)*sa b/2;

M ef b=mm b/ (dt"2)+cc b/ (2*dt); inv Mef b=inv (M ef b);

hl b=kk b-2*mm b/ (dt"2); h2 b=mm b/ (dt*2)-cc b/ (2*dt);

FEt=FF(:,1)-hl b*su b(:,1)-h2 b*sul b; su b(:,2)=inv_Mef b*FEt;

uselect b(1,:)
uselect b(2,:)

[su b(First,1l),su b(Mid,1),su b(Last,1)];

[su b(First,2),su b((Mid,2),su b(Last,2)];
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for it=2:nt-1

FEt f=FF(:,1)-hl f*su f(:,it)-h2 f*su f(:,it-1);
su f(:,it+l)=inv_Mef f*FEt f;
uselect f(it+1l,:)=[su f(First,it+1l),su f (Mid,it+1),su f(Last,it+1)];

FEt b=FF(:,1)-hl b*su b(:,it)-h2 b*su b(:,it-1);

su b(:,it+l)=inv_Mef b*FEt Db;

uselect b(it+1l,:)=[su b(First,it+l),su b(Mid,it+1l),su b(Last,it+1)];
end

figure(21); hold on; plot (t*1000,uselect f(:,1)*1le6); % first end
xlabel ('t (ms)'"); ylabel ('first node deflection (\mum)");
title('first node - Free-Free Beam');

figure (22); hold on; plot (t*1000,uselect f(:,2)*1le6); wmid surf
xlabel ('t (ms)'); ylabel ('mid node deflection (\mum)'");
title('mid node - Free-Free Beam');

% figure(23); hold on; plot (t*1000,uselect f(:,3)*1le6); % last node
% xlabel ('t (ms)'); ylabel('last node deflection (\mum)"');
% title('last node - Free-Free Beam');

figure (31); hold on; plot(t*1000,uselect b(:,1)*1le6); % first end
xlabel ('t (ms)'"); ylabel ('first node deflection (\mum)"');
title('first node - Beam with BC');

figure (32); hold on; plot (t*1000,uselect b(:,2)*1le6); wmid surf
xlabel ('t (ms)'); ylabel ('mid node deflection (\mum)"'");
title('mid node - Beam with BC');

o°

figure (33); hold on; plot (t*1000,uselect b(:,3)*1le6); % last node
xlabel ('t (ms)'); ylabel ('last node deflection (\mum)"');
title('last node - Beam with BC');

o°

o

o°

calculating of zeta

X=t; Y b=uselect b (:,2); Y f=uselect f(:,2);

Ave Yf=sum(Y f)/length(Y f); Y f2=Y f-Ave Yf;

[pks f,locs f] = findpeaks(Y f2,X, 'MinPeakDistance',0.7/Omega free HZ(1l));
figure (35); hold on; plot (t*1000,Y f2*le6,locs £*1000,pks f*le6,'0")
xlabel ('t (ms)'); ylabel ('mid node deflection (\mum)"'");

title('mid node - Free-Free Beam'):;

[pks b,locs b] = findpeaks (Y b,X, 'MinPeakDistance',0.7/Omega BC HZ(1));
figure (32); hold on; plot(locs b*1000,pks b*le6,'o")

xlabel ('t (ms)'); ylabel ('mid node deflection (\mum)"'");

title('mid node - Beam with BC');
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%%% y=A0 e " (-zeta * wn * t) or a*exp(b*t)

f fit(locs f',pks f,'expl")
b = fit(locs b',pks b, 'expl")

$======= after importing a and b values from the main window ======== g

al=1.545e-06

bl=-41.86
a2=4.16le-06
b2=-8.33

figure (35); hold on; plot(t*1000,al*leb*exp(bl*t))
zeta free=-b1/1000/Omega free HZ (1)

figure (32); hold on; plot(t*1000,a2*1leb*exp (b2*t))
zeta BC=-b2/1000/Omega BC HZ (1)

S==—=====—=——==————==————====—======9Y feaply_MKFOO::::::::::::::::::::::::::::::::OO
function [M,K,F]=feaply MKF (M, K, F,BC,nNodes)

if BC== % (simply-supported at both ends)
fixedNodeW =[1 ; nNodes]; fixedNodeTX=1[];

elseif BC== % (clamped at both ends)
fixedNodeW =[1 ; nNodes]; fixedNodeTX=fixedNodeW;

else % (cantilever)
fixedNodeW =1; fixedNodeTX=1;

end

fixedDof=[fixedNodeW; fixedNodeTX+nNodes]; n=length (fixedDof); sdof=size (K);

for i=1:n
c=fixedDof (i) ;
for j=l:sdof

K(er):O; Kj,C)=O,‘
M(c,3)=0; M(3,c)=0;
end
K(c,c)=1; M(c,c)=1; F(c,:)=0;
end
F=========================3%M K F TimoshenkoBeam$===========================%

function [stiffness,force,mass]=M K F TimoshenkoBeam (GDof,numberElements, ...
elementNodes, numberNodes, xx,C, P, rho, I,ARA)

% computation of stiffness matrix and force vector

% for Timoshenko beam element
stiffness=zeros (GDof) ;
mass=zeros (GDof) ;

force=zeros (GDhof, 1) ;

% stiffness matrix
gaussLocations=[0.577350269189626;-0.577350269189626];
gaussWeights=ones (2,1);

% bending contribution for stiffness matrix
for e=l:numberElements
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indice=elementNodes (e, :);

elementDof=[ indice indice+numberNodes];
indiceMass=indice+numberNodes;

ndof=length (indice) ;

length element=xx (indice (2))-xx(indice (1))
detJacobian=length element/2;invJacobian=1/detJacobian;
for g=l:size(gaussWeights, 1)

pt=gaussLocations(q, :);
[shape,naturalDerivatives]=shapeFunctionL2 (pt (1)),
Xderivatives=naturalDerivatives*invJacobian;

% B matrix

B=zeros (2, 2*ndof) ;

B(l,ndof+1:2*ndof) = Xderivatives(:)';

% K

stiffness (elementDof,elementDof)=stiffness (elementDof,elementDof)+...
B'*B*gaussWeights (q) *detJacobian*C(1,1);

force (indice)=force (indice) tshape*P*detJacobian*gaussWeights (q) ;

mass (indiceMass, indiceMass)=mass (indiceMass, indiceMass) +...
shape*shape'*gaussWeights (q) *I*rho*detJacobian;

mass (indice, indice)=mass (indice, indice)+. ..
shape*shape'*gaussWeights (q) *AA*rho*detJacobian;

end

end

% shear contribution for stiffness matrix

gaussLocations=[0.]; gaussWeights=[2.];

for e=1:numberElements
indice=elementNodes (e, :);

elementDof=[ indice indice+numberNodes];
ndof=length (indice);
length element=xx(indice(2))-xx(indice(1));

detJ0=length element/2; invJ0=1/detJo0;

for g=l:size(gaussWeights, 1)
pt=gaussLocations(q, :);
[shape,naturalDerivatives]=shapeFunctionL2 (pt (1)) ;
Xderivatives=naturalDerivatives*invJacobian;

%$ B

B=zeros (2, 2*ndof) ;

B(2,1l:ndof) = Xderivatives(:)'; B(2,ndof+1:2*ndof) = shape;
% K

stiffness (elementDof,elementDof)=stiffness (elementDof,elementDof)+...
B'*B*gaussWeights (g) *detJacobian*C (2,2);

end

end

S==—======================c=c=—s=3Mode ShapeiPlOter%=============================%
function one to 4=ModeShape Ploter (ss_ free,ss BC, xx,BC,nNodes)

ufl=ss free(l:nNodes, 3); uf2=ss_free(l:nNodes, 4);
uf3=ss_free(l:nNodes, 5); ufd=ss_ free(l:nNodes, 6);
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figure (11);plot(xx,ufl,xx,uf2,xx,uf3, xx,ufd);
legend ('17s”t', '2%n"d"', '3"r"d', "4"t"h")
title ('Modeshapes of a Free-Free Beam');

%%%% modesapes of Beam with BC

if BC== % (clamped at both ends)
ubl=ss BC(l:nNodes, 5); ub2=ss BC(1l:nNodes, 6);
ub3=ss BC(l:nNodes, 7); ub4=ss BC(1l:nNodes, 8);
one to 4=5:8;

else % (S-S OR cantilever)
ubl=ss_ BC(l:nNodes, 3); ub2=ss_BC (1l:nNodes, 4) ;
ub3=ss_ BC(l:nNodes, 5); ub4=ss BC(l:nNodes, 6);
one to 4=3:6;

end

figure (12);plot (xx,ubl, xx,ub2, xx,ub3, xx,ub4) ;
legend ('17s™t', '2"n"d"', '3"r"d', "4"t h")
title ('Modeshapes of a Beam with BC');

o

function [shape,naturalDerivatives]=shapeFunctionL?2 (x1i)
shape function and derivatives for L2 elements

o°

% shape : Shape functions

% naturalDerivatives: derivatives w.r.t. xi
% xi: natural coordinates (-1 ... +1)
shape=([1-xi,1+x1]1/2)"';
naturalDerivatives=[-1;1]1/2;

end % end function shapeFunctionL?2

S============================%ghapeFunctionl2$===================

o
°
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Appendix IV

LS-Dyna * k-file used in finite element analysis to determine the frequencies of the beam with
rectangular cross-section resting on Pasternak elastic foundation (in this case Neat-4-FML (3D-
FML1) with free-free boundary condition); to avoid boredom and to save the space only first- and

last-ten nodes and elements have been mentioned here:

$# LS-DYNA Keyword file created by LS-PrePost(R) V4.3 - 300ct2019(20:00)
$# Created on Feb-07-2020 (18:55:08)
*KEYWORD MEMORY=125M
*TITLE
$# title
LS-DYNA keyword deck by LS-PrePost
*CONTROL ACCURACY
$§ OSU INN PIDOSU TACC
$# osu  inn pidosu iacc
1 4 0 1
*CONTROL IMPLICIT EIGENVALUE
$# neig center Iflag Iftend rflag rhtend eigmth shfscl
10 0.0 0-1.0000E29 01.00000E29 2 00
$# isolid ibeam ishell itshell mstres evdump mstrscl
0 0 0 0 0 0 0.001
*CONTROL IMPLICIT GENERAL
$ IMFLAG DT0O IMFORM NSBS IGS CNSTN FORM
$# imflag  dt0 imform nsbs igs cnstn form zero v
1 1.0 2 1 2 0 0 0
*CONTROL_IMPLICIT _SOLUTION
$# nsolvr ilimit maxref dctol ectol rctol Istol abstol
1 11 15 0.001 0.011.00000E10  0.91.0000E-10
$# dnorm diverg istif nlprint nlnorm d3itctl cpchk
2 1 99999 1 2 0 0
$# arcctl arcdir arclen arcmth arcdmp arcpsi arcalf arctim
0 0 00 1 2 0 0 0
$# lIsmtd Isdir irad srad awgt sred
4 2 00 00 00 00
*CONTROL_OUTPUT
$ NPOPT NEECHO NREFUP IACCOP OPIFS IPNINT IKEDIT IFLUSH
$# npopt neecho nrefup iaccop opifs ipnint ikedit iflush
1 3 0 0 00 0 100 5000
$§ IPRTF IERODE TETI0 MSGMAX IPCURV
$# iprtf ierode tetl0s8 msgmax ipcurv gmdt ipldblt eocs
0 0 1 50 0 00 0 0
$ TOLEV NEWLEG FRFREQ MINFO SOLSIG MSGFLG
$# tolev newleg frfreq minfo solsig msgflg cdetol
2 0 1 1 0 1 100
*CONTROL TERMINATION
$# endtim endcyc dtmin endeng endmas
1.0 0 0.0 0.01.000000E8
*PART
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$# title

Bottom Skin

$# pid secid mid eosid hgid grav adpopt tmid
1 1 2 0 0 0 0 0

*SECTION_SOLID_TITLE

Section-Solid

$# secid elform  aet

1 1 0
*MAT_ELASTIC TITLE
Magnesium

$# mid 1o e pr da db not used
21.74000E-6 360 035 0.0 0.0 0

*PART

$# title

Bottom Adhesive

$# pid secid mid eosid hgid grav adpopt tmid
2 1 5 0 0 0 0 0

*MAT ELASTIC TITLE

Adhesive

$# mid ro e pr da db not used
51.18000E-6 2.708 03 0.0 0.0 0

*PART

$# title

Bottom Ply

$# pid secid mid eosid hgid grav adpopt tmid
3 1 3 0 0 0 0 0

*MAT ORTHOTROPIC ELASTIC TITLE

Skin Ply

$# mid ro ea eb ec prba prca prcb
31.63000E-6 9.3 93 1.0 025 0.028 0.028

$# gab gbc gca aopt g sigf
1.0 1.0 1.0 20 00 0.0

$#  xp yp zp al a2 a3 macf
00 00 0.0 1.0 00 0.0 1

$# vl v2 v3 di d2 d3  beta ref
00 00 00 00 00 10 00 0.0

*PART

$# title

Pillars

$# pid secid mid eosid hgid grav adpopt tmid
4 1 4 0 0 0 0 0

*MAT ORTHOTROPIC ELASTIC TITLE

Core Pillars

$# mid ro ea eb ec prba prca prcb
41.63000E-6 3.1  1.03 1.0 0.083 0.083 0.25

$# gab  gbc gca aopt g sigf
1.0 1.0 1.0 20 00 00

$#  xp yp zp al a2 a3  macf
00 00 00 05 08 00 1

$# vl v2 v3 di d2 d3 beta ref
0.0 00 00 00 1.0 00 00 00

*PART

$# title

Top Ply

$# pid secid mid eosid hgid grav adpopt tmid
5 1 3 0 0 0 0 0
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*PART

$# title
Top Adhesive
$# pid secid mid eosid hgid grav adpopt tmid
6 1 5 0 0 0 0 0
*PART
$# title
Top Skin
$# pid secid mid eosid hgid grav adpopt tmid
7 1 2 0 0 0 0 0
*ELEMENT_ SOLID
$# eid pid nl n2 n3 n4 n5 n6 n7 n8
1 3 1 2 1080 1079 5391 5392 5490 5489
2 3 2 3 1081 1080 5392 5393 5491 5490
3 3 3 4 1082 1081 5393 5394 5492 5491
4 3 4 5 1083 1082 5394 5395 5493 5492
5 3 5 6 1084 1083 5395 5396 5494 5493
6 3 6 7 1085 1084 5396 5397 5495 5494
7 3 7 8 1086 1085 5397 5398 5496 5495
8 3 8 9 1087 1086 5398 5399 5497 5496
9 3 9 10 1088 1087 5399 5400 5498 5497
10 3 10 11 1089 1088 5400 5401 5499 5498
23990 7 27467 27468 30682 30681 27446 27447 30637
23991 7 27468 27469 30683 30682 27447 27448 30638
23992 7 29922 30681 30684 30020 28452 30636 30687
23993 7 30681 30682 30685 30684 30636 30637 30688
23994 7 30682 30683 30686 30685 30637 30638 30689
23995 7 27424 27470 30693 30314 26836 27452 30642
23996 7 27470 27471 30694 30693 27452 27453 30643
23997 7 27471 27472 30695 30694 27453 27454 30644
23998 7 30314 30693 30696 30412 28648 30642 30699
23999 7 30693 30694 30697 30696 30642 30643 30700
24000 7 30694 30695 30698 30697 30643 30644 30701
*NODE
$# nid X y z tc rC
1 0.0 -2.25 00 0 O
2 2.0 -2.25 00 0 O
3 4.0 -2.25 00 0 O
4 6.0 -2.25 00 0 O
5 8.0 -2.25 00 0 0
6 10.0 -2.25 00 0 O
7 12.0 -2.25 00 0 O
8 14.0 -2.25 00 0 O
9 16.0 -2.25 00 0 O
10 18.0 -2.25 00 0 O
30695 200.0 2.565001 1775 0 0
30696 196.0 2.789999 17825 0 0
30697 198.0 2.789999 17.825 0 0

30636
30637
30118
30687
30688
28648
30642
30643
30510
30699
30700
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30698
30699
30700
30701
30702
30703
30704
*END

200.0
196.0
198.0
200.0
196.0
198.0
200.0

2.789999
2.789999
2.789999
2.789999
2.789999
2.789999
2.789999

17.825
18.175
18.175
18.175
20.0
20.0
20.0

0

0

S oo o

SO OO
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