A micromechanical investigation ofbiomimetic composites: experimental

characterization and threedimensional computational modeling

by

Aram Bahmani

A thesis
presented to theniversity of Waterloo
in fulfillment of the
thesis requirement for the degree of

Master of Applied Science

Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canada, 2018

© Aram Bahmani 2018



Aut hor 6s Decl arati on

| herebydeclare that | am the sole author of this thesis. This is a true copy of the

thesis, including any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

Biological and natural composites have been naturally optimized over millions of years. These
materials benefit from higperformance responses under various loading conditions. Mimicking
these materials offers the opportunity of understanding matelgalgn key features; and hence,
the chance of developing such a hggrformance material with synthetic constitueiitee main
objectives of this research are summarized as follows
) Develop a computational tool for assessing the elastic responses of biomimetic
composites using 3D finite element micromechanical modeling.
(i) Make a 3D-printable nanocomposite ink comprised of a planbasged polymer and
nanoparticlesor bonemimetic applications
(i) 3D printing nanocomposite filamentsving staggered nanostructurasd testingn
order to valdate 3D micromechanical modelsing mechanical properties.
Two 3D finite element micromechanical models were developed to stoitynbetic compoges
with nonruniformly dispersed staggerémxagonal platelstand cylindrical inclusionsA novel
algorithmtermed staggered hardcore algorithm (SH@A}¥ usedo rapidly generate 3D periodic
representative volume elements (RVE) thoese types ahicrostructuresThe spatial tspersiors
of inclusionsin these generate@D RVES were assessed using autocorrelation analysis
demonstrating the effectiveness of the SHCA algoritAmew technique was developed within
the commercial finite element softreeABAQUS to produce required matching mesh patterns on
opposite surfaces of the 3D RVE, and to apply the corresponding periodic boundary conditions
(PBCs) using custom PYTHON scriptBo verify the developed 3D RVEs,rthotropic elastic
properties werecomputedand compared witlavailable experimental dafeom literature for

nacremimetic and shorfiber composits. Also, these data were compared wetablished



analytical models, namely modified shdag, Mori Tanaka and HalpiTsalL These comparisons
showed that 3D RVE predictions haexcellent correlations with experimental dafehe
capabilities of the computational model were further demonstrated thaczaghparative study of
orthotropic elastic constants for the cylindrical and hexagonal inclesiomposites The study
revealed the necessity to use 3D micromechanical models with realistic inclusion dispersions for
accurately assessing the response of high inclusion volume fraction biomimetic compbssges.

3D RVE models were also validated amunpared with experimental data obtained in this study.

Threedimensional printable nanocomposite inks consigt of a plant o#based polymer
(epoxidized soybean oil acrylate (SOEA)), and nanohydroxyapatite (nHA) particles were made for
different nHA volume fractionsSilanization process was implemented on nHA particles to
enhance bonding between nHA and biopolymeesins.A second ink was made by adding an
additional monomer-Rydroxyethyl acrylate (HEA)o SOEA for improving the rheology dtiie

ink. Also, ethanol (EtOH) was employed during ink preparation to improve nHA particles
dispersions. Using these two 8)kbonemimetic filaments with staggered nanostructures were
fabricated with direct ink writing (DIW) technigu&hermogravimetric analysis (TGA), scanning
electron microscopy (SEM), and enefgdigpersive Xray spectroscopy (EDX) were performed to
characteize the material microstructur&@hese analyses revealed actual nHA volume fractions,
the effective value of Si on nHA, as well as, nHA dispersions and alignments in different regions
of 3D-printed nanocomposite inks. A numbenwoiaxialtensile testsisng a very small universal
machine andligital image correlation (DIC) measurements were conducted to determine the
mechanicabproperties of biopolymeric resins and 3printed nanocomposite filaments7%St
nHA/SOEA+HEAand 20% SnHA/SOEAInk hadperfectly dispersed andligned nanopatrticles.

Thus the strength and toughness of SOEA+HEA SOEAhad been remarkably improved



The extracted experimental data for both biopolymeric resins were used to run 3D finite element
micromechanical models. While the experimental data for the nanocomposite filaments were
employed to validate the 3D FE micromechanical models. Eventuallyesés of 3D RVEs

were compared with measured experimental data and-Torka prediction. According to
notabledifference betweethe stiffness obiopolymeric resins and nanohydroxyapatite inclusions,

the predictions of 3D RVEs were correlated weith experimental datparticularly for Si
nNHA/SOEA+HEA ink. These comparisons showed the influences of inclusion misalignments and

agglomerations as well as limitations of generating staggered nanostructures.

The 3D RVEs had relatively good and acceptatdeigtionsfor nanascale inclusions; while their
predictions for micrescale inclusions were more reliable. future work, developed 3D FE
micromechanical models may be used to predict the onset and evolution of local damage and
cracking in different inalsionreinforcedbiomimetic compositesas well as local nonlinear or
time-dependent behavioFurthermore, these micromechanical models can be an applicable and
efficacious tool in designing a variety of new composite material systems and optimizing their

microstructures.
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Chapter 1: Introduction

1.1 Context and Motivation

In the initial stagesf technological development of humanity number of industries and
technologies were built by the aid of biological and natural materials namely wood,|lshels;

and bone. Over the years, these material systems were gradually substituted by their synthetic
counterparts which offeredhproved performanceéresearchers continue to show interest in the
sophisticated microstructures and unique characteristics of natdabiological composite
materials, including high specific mechanical properties when compared to that of the constituents.
Cutting-edge laboratory facilities and modeling tools currently provide the chance of deciphering
the complicated interactions nfechanisms from atomic to macroscopic scale by which natural
and biological structures enrich the distinctive mechanical properties. Today, there are many
demands for lowdensity material systems which can address higher efficient technologies for a
variety of strategic fields includg medicine, transportation, and construction among others. In
order to overcome this challenge, developing material systems which would offer simultaneous
combinations of stiffness, strength, and toughness in a lightweiglts& would require to be
fabricated in practicascale bulk geometries, high volume, and inexpensive cost. Recently, this
achievement is a fashion goal among a number of research groups. Alevegalbiomimetic
materialshave generated in laboratosgale, there is a considerable doubt concerning their

capabilities to be scaleap for diverse practical engineering applications.

Humanengineered materials have been generated by the aid of synthetic compositions in an
uncomplicated micracale structwe. It has been ascertained that by manipulation of material
nanostructures which previouslere unattainablea broad range of opportunities can be opened

1



to newly develop material systems. However, there is still the extensive number of limitation
regard to having control of the naiscale characteristic of materials during fabrication. Any
intelligent approach must include nanmicro-, and macrescale characteristics. For the purpose

of accomplishing this, the critical design features of natuib#aslogical structuresiamely their

design motifs must be extracted and translated to the other material systems. Nevertheless, it must
be considered that current advanced engineering requires that any biomimetic process should be

scaledup for practicalfabrication in order to speed up manufacturing as well as decrease the

designing and executing tinig].

| ~67 nm

~300 nm

(©)

e ~1.3 nm

Figurel. Typical staggeresdtructures discovered in biological and natural materials; (a) mineral tablets in
shells; (b) hydroxyapatite nanocrystals in collagen fibrils of bone; (c) tripocollagen molecules in collagen

fibrils of tendon[4].

One exciting potential application d@iomimetic composite materials is bone reconstruction.

Indeed, various factors including chemical composition, nano/microstructure, and hierarchy
archtecture can be inspired from bone itself. Bone is composed of ~45 vol% stiff hydroxyapatite
nanocrystals embedded in ~55 vol% compliant collagen fibrils and proteins arranged in

sophisticated hierarchical architectures in different length scales. I, sffadar to other natural

2



or biological composites, bone is formed by the staggered hierarchy structure frortorraaoro
scale (see Figure 1). In orderdenerate a bormimic (or boneinspired) material, a composite
material is required which isomprised of nanascale inclusions and compliant matrix with

chemical and physical bonding between inclusions and matrix.

There are amall number of studiesonducted on these biomimetic composite materials due to

the limitations of manufacturing naszale hierarchy architecturés.order to generate botike
nanostructurethe fabrication process must be able to have control on the arrangement of nano
scak inclusion orientations and the many layers of structure at larger length scales. Furthermore,
high nanescale inclusion volume fraction, as well asvicio challenges namely biocompatibility

and cytocompatibility which are related to the matrix of thesserials systems, are other
obstaclesCharacterization of such bome@metic and othebiomimeticcomposites with different
inclusion shapes and sizes as well as complex structural arrangements and the establishment of
general design guidelines is pivotat widespread adoption of these materials. To facilitate this,

it is essential to develop robust hifitielity design and fabrication tools to assess the performance

of thesebiomimeticcomposites.

By using reliable computational tools suchr@sromechanical models, different mechanical tests

can be virtually performed for various material systems, and thus mechanical performances can be
assessed prior to experimental implementations and tests. Accordingly, the influences of inclusion
and matrx properties, as well as, inclusion shape, size, volume fraction and dispersion on the

mechanical responses of material can be virtually investigated.



1.2 ResearchObjectives

The main objectives of this research are summarized as follows
(iv) Develop a computatnal tool for assessing the elastic responses of biomimetic
composites using 3D finite element micromechanical modeling.
(V) Make a 3D-printable nanocomposite ink comprised of a planbasged polymer and
nanoparticlesor bonemimetic applications
(vi) 3D printing nanocomposite filamenltsving staggered nanostructuraed testingn

order to vadate 3D micromechanical modelsing mechanical properties.

1.3, Outline of Thesis

In Chapter 2, theoretical background and literature review of mechanical responses and fabrication
methods of biological and biomimetic inhomogeneous materials are be described to understand
the required knowledge, and realize limitations, gaps, and shartg of in this aredn Chapter

3, the development of novel, computational 3D finite element micromechanical models are
describedIn Chapter, the methods used to generbi@mimeticnanocomposite filaments, such

as ink preparation, extrusidrased 3Eprinting process, and various material characterization
tests, are describeth Chapter 5, the preparation of mechanical test specimens and their tensile
tests are describeth Chapter6, results from the computational and experimental studies are
presented and compared. In Chapter 7, the findings of this project are discussed in the context of

the literature. Finally, in Chapter 8, conclusions and recommendations are presented.



Chapter 2: Theoretical Background andL iterature Review

In this chapter, the characteristic high performance of biological and natural composites are
reviewed. Afterward, biomimetic materials that have been produced in seeking to achieve the same
performance Dbiological and natural materials are reviewed. Thereafter, various fabrication
techniques that have been used to manufacture biomimetic materials are introduced. In addition,
micromechanical modeling aspects of heterogeneous materials, including discoststaggered
structure, periodic micrfields, periodic boundary conditions (PBCs), and homogenization theory
are explained. Welstablished analytical models for discontinuous microstructures are also
described. Finally, micromechanical modeling, aasgsociated algorithms, employed for
biomimetic materials are reviewed. All these contents are required to understand and implement

various steps of this project.

2.1 Overview of Biological and Natural Composites

Various biological materials, including bonepth enamel, mollusk shells, mantis shrimps, have

been naturally optimized over millions of years and, presumably as a result, dxglbit
mechanical performance. These biological composites benefit from simultaneous low density,

high specific toughnessspecific stiffness, and specific strength, which are unmatched in
comparison to &ditional engineering materidls, 3, 5, 7] Figures 2 (&) illustrate high strength
versus high stiffness, and high fractufe tou:i
performance biological composites, namely bone and nacre. The key features or motifs that are
pervasive among the matedahentioned above are overlapping stiff inclusions embedded in a

compliant matrix having complex staggered architectures (Figure [B]c))



Specific strength (MPa/Mg m™3)

The staggered micrasicture is the main archetype by which many biomimetic composite
materials are developeigure 2 (ab) also, demonstrate thHay means of biomimicking angsing
syntheticconstituts, various highperformance composite material systems can be genecated f
different engineering applications, such as biomedical implants, synthetic bone grafts, and many

otherg[3, 8].
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Figure2. (a) Specific strength and stiffness Ashby p[8isand (b) fracture toughness versus stiffness

plot[3] for biological and biomimetic materials and their constituents. (c) Various universal staggered

structures observed in natural and biological compofétes

A number of biological composites, such as bone and nacre, demonstrate higher fracture toughness
than their constituents (i.e., inclusions and matrix). They are able to sustain the onset of fracture
and crack propagation using extensimginsic and extrinsic toughemj mechanisms, such as
collagenfibril and uncrackedligament bridging in bone (see Figure 3), as well as, viscoelastic
organic layer and inelastic shear resistance of rasyerities in nacre. These phenomena increase
crack propagation resistance (post crack growth initiation) significaimbjeed, fabricating
biomimetic composites is a challenging process when trying to mimic the interlocking mechanisms

in their hierarchical architecture structure and high inclusion volume fractions (see Figure 3 and

4)[1, 3].
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Figure3. (Structure) Seven levels of bone hierarchy structure from rtagranescale.
(Mechanisms) Behindrack tip and frontrack tip bone toughening mechanisms from m#gro

nanoescale[l, 3].

Presumable, by mimicking the staggered hierarchical teress found in bone and nacre in a
synthetic biomimetic composite, similar mechanical performance can be atfain8fi For
instance, Figure 4 illustrates the considerable effects of various mimicked hierarchy structures on
the toughening mechanism and crack trajectory subjected to the pure mode | (of@ning)
Consequently, by inspiration and bimicry, the aforementioned higherformance
characteristics of biological and natural composites can be achieved and implemented for several

different engineering applications.
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Figure4. The effects of different bimimicked hierarchy structures on improving toughening

mechanism and crack propagation under the pure mode | Id&dling
2.2 Overview of Existing Biomimetic Composites

Various research groups have been motivated to develop and fabricate synthetindoaere

like composites in order to investigate #teuctureproperty relationshipl, 8]. Dimas et al[9]
generated bonkke compositeto mimic the behavior of various staggered structures in-tzomte
nacrelike materials. Grossman et §.0] fabricated a nacremimetic composite using alumina
micro-platelets. Not only they achieved a simultaneous stiffness and tasghug also the high
fracture toughness due to the fracture mechanisms in this material system was attained. Le Ferrand
et al.[11] manufactured a biomimetic toesinaped composite containing a bilayer microstructure

for locally tuning composition and alumina migotatelet orientation. Compton and LeWi?]
produced various geometries of cellular archite