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ABSTRACT

Biomineral composites, consisting of intercrystalline organics and biogenic minerals, have evolved
unique structural designs to fulfill mechanical and other biological functionalities. Aside from the intricate
architecturs at the composite leveind 3Dassembliesof the biomineral building blocks, the individual
mineral blocls enclose intracrystallinestructural features that contribute to the strengthening and
tougheningat the intrinsic material leveTherefore, the design strategies of biomineralized composites can
be categorized into two structural levels, the individual building block level and the composite level,
respectively. Thisdissertationaims atrevealing the material design strategasbah levelsfor the
bioinspired designs of advanced structural ceramics

At the building block level, there is a lack of comparative quantification of the mechanical properties
between geological and biogenic minerals. Correspondingly, | first benchmanketdteanical property
difference between biogenic and geological calcite through nanoindentation techniques. The selected
biogenic calcite includeAtrina rigida prisms andPlacuna placent#aths,corresponding to calcite {0001},
and {18} planes. The natat cleavage plane {J!} of geological calcite was added to the comparative
study.Under indentation load, geological calcite deforms plastically via twinning arsaisliier low loads
and shifts to cleavage fracture under high loads. In comparisoR, giacentacompositescomposed of
micro-sized singlecrystal laths and extensive intercrystalline organic interfaerkibit better crack
resistanceln contrastthe singlecrystal A. rigida prisms show brittle fracture with no obvious plastic
deformaton. Secondly, how the internal microstructueesl loading typeaffect the mechanical properties
of individual building blocks is investigated. The prismatic building bl@ksobtainedrom the bivalves
A. rigida and Sinanodord woodiana where the former consists of singley/stal calcite and the latter
consists of polycrystalline aragonite. The comparative investigation under different loading conditions is
conducted through micrbending and nanoindentation. The continuous minerabmatA. rigida prisms
leads to comparablrodulus undetensile and compressil@adingsin the elastic regimavhile thehigh-
densityintracrystalline nanoinclusions contribute to the conchoidal fracture behaviors (instead of brittle
cleavage)In compaison, the interlocking grain boundaries # woodianaprisms correlate with easier
tensile deformatior(smaller tensile modulus) than compressiam,well as theintergranular fracture
morphologies.The third topic in thebiomineratlevd investigation fauses on hovbiomineral utilizes
residual stresat the macroscopic scaleThe setcted model system is the spiftem the sea urchin
Heterocentrotus mamillatusvhich hasa bicontinuous porous structure and mesocrystalline texture. It is
confirmed that tB spine has a mascopicstress field with residual tension in thentralmedulla and
compression in the radiating layers. The multimodal characterizations on the spine conclude that the
structural origins are not associated with the gradient distribofiohe intracrystalline defects, including
Mg substitution in the calcite matrix, intracrystalline organics, and amorphous calcium carbonates (ACC).
It is hypothesized that the residual stress is generated due to the volume expansion during ACC
crystallizationat the compacted growth front



At the composite level, even though enhanced crack resistanegpectedin biomineralized
composites due to their hierarchical structures, the correlation between their 3D composite structures and
damage/crackvolution is quite limited inheliterature.l develodin-situ testingdevices integrated with
synchrotrorbased Xray tomography to capture the crack propagation in the materials, including the four
point bending and compression/indentation configoinat Two representative models are chogen
demonstrate the deformation of biomineralized composites under bending and compression, respectively
includingthe calcium carbonatbasedyastropod shellMelo diademaand the hydroxyapatieased fish
teeth(Pogonias cromis Also, the two composites are designed to achieve different functional requirements,
i.e,, enhanced fracture toughness wear resistance. The comprehensive characterizatiotigese two
compositesrevealedhow biological structural coposites are designed accordingly to their functional
needs. For the crossémellarM. diademashell, directional dependence of the shell propedyrevealed,
where the transversal direction (perpendicular to the growth line) represents both ther stnoingugher
direction, but the longitudinal direction is more resistant to notches and defects. Farrtiraisteeth the
enhanced wear resistance of the rmaface enameloid originates from the intricate designs at the
microscale, withc-axes of lydroxyapatite crystaland micresized enameloid rods coaligned with biting
direction and F and Zn dopintp addition, the fracture morphologies of the fish teeth correlate with the
microstructures; the enameloid exhibits corrugated fracture paths due to the interwoven fibrous building
blocks, and the dentin exhibitkean planar fracture surfaces.
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GENERAL AUDIENCE ABSTRACT

Ceramic materials have wide applications in daily life and advanced technologies, and examples range
from kitchenware €.g, cups and plates) tepacecraft(e.g, thermal coating) These materials have
indispensable applications due to their advantages of high strength and hardness, high heat and corrosion
resistance, lightweight, chemical inertnestg, Yet, intrinsic brittleness usually limits their applications.
Typical ways to enhance the toughness of ceramics involve microstructure design (by refisicesthad
shapes of graipngindtransformation tougheninghase transitiomttheindividual grain levelcomposite
reinforcement(or ceramic matrix composites) at the composite level, and introducing residual stress to
impede crack initiation and propagatiofhe engineering methods usually involve high energy input
chemical treatmengind usually significant waste @umonecofriendly emissions. Therefore, learning the
designstrategiegrom biological ceramic solids constructed by organismsl@vptovide valuable insights
into enhancinghe performance of ceramics while reducing the harmful impathe environment.

In this dissertation, | investigated the mechanical design strategies from natural 3D biomineralized
composites from two structural levels., building-block and compositéevels, analogous to individual
grains and composite reinforcement in engineeceigmics.For the buildingblock level research, the
model systems include bivalve shellrina rigida, Placuna placentaandSinanodora woodiana The
three bivalve shells contain differehtiilding blocks with intrinsic microstructuresorresponding to
monolithic prisms with controlled nanoinclusions, diamahaped thin laths, armublycrystalline prisms
with interlocking grainstespectivelypresenting different structural desigrfsndividual grains irceramic
materials. The sea ahiin Heterocentrotus mamillatuspine represents a natural porous material with
compressive residual stress on the surface, and the investigation of the structural origins aims to provide
insights into the costeffective synthesis ofstressedceramicswith residual stresfor engineering
applications. In addition, the composiéxel studies focus on the compositteucturesof the crossed
lamellar shelMelo diademaand the fish teeth frofAogonias cromisThese two model systerogrrespond
to natual ceranic matrixcomposites with nanscale fibrous building blocks arranged in 8pecialized
for enhanced crack resistance and wear resistance, respeclivelgomprehensive investigation of the
deformation behaviors and mechanisms allows ddrsetter undetanding of the intricate strategies
specialized for differentinctional requirements, whiepplyto bio-inspired designs in ceramic composites
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Chapter 1

Introduction

Nature represents anexhaustiblesource of inspiration for engineering designs for the engineering
problemdaced byhumanity. For instance, we human baialyvays had the ambitions to conquer or explore
every niche on the planet, yet we have not beele &b finish the ambitioustask, since the extreme
environments remained challenging for current technologies, such as high pressure and low/no visibility at
the sea floor,and thehigh temperatures and toxicity near volcanic surroundings. However, arganis
survive and thrive in such extremes. An example of the most resilient organisms is the tardigrade,
commonly known as water bears, found in diverse extremes, either high/low temperatures and pressures,
air deprivation, radiation, dehydration, and stdorét The diverse organisms, not limited to animals,
developed specialized strategies to deal with the harsh surrounding environments, providing valuable
inspiration for biomimetic designs and engineering applications used in similar environments. Therefore,
the protection of the natural environment and the diversity of organisms not only represents the need for
human survival, but also a necessity for maintaining the library of inspiration for engineering challenges.

Many organisms construct structural comsipes for survival, such as tliff and strong skeletal
elementgboth endos@letons and exoskeletoAshnd the wearesistant teeff®. To achievethe desired
functionality, these biological structural materials are often mizedhand assembledto hierarchical
structures with organic interfaceBiomineralized composites combine thdvantage®f hard minerals
(e.g, stiffness, hardness, strengtnd soft organicée.g, deformability, energy dissipation, toughness).

With gill expanding lists of species known to human knowledge, we have already benefited from studying
and mimicking materials from natural organisms. The examples are 3&n8omecommonly known

design strategies in biomineralized composites are highlighted in Chapter 2. Those findings led to
substantial progress in designing and manufacturing biomimetic structural materials with advanced
propertied. For examplethe nacrestructure (bund in the inner layer of mokl shell$ has been widely
studied for its structural design in increasing the toughness (work of fracture) to a level of over three orders
of magnitude than the constituent mineral pHa3ée hierarchical structures in nacre consist of mesolayers
(organic layer with ~2@m in thickness) interspaced in ~36fh nacreous layers, in which the mineral
building blocks are polygeshaped aragonite tablets of.50.0em in thicknessand ~10em in diameter,

f or mi ng-angmdibtr a rc & .dates sudidslreyealed intricate midnanofeatures, such as the
nancasperities on the tablet surface, mineral bridges between adjacent nacre lamellae, and tablet waviness,
all resisting intettablet sheaf 1. Correspondingly, continuous efforts have been devoted to-imesgrieed
compositesand substantial improvemeintstrength and toughness has been achieved by introducing the
interfacial structural features between nacre talSl&tsin recent decades, research on biominerals is
stepping into the intrinsic scalieg., intracrystallineeatures within the individual biomineral urtfts

Due to the abundance of biomineralized compsditeind in organisms, the research in this field is
still witnessing a continuous rise, prdirig biomimetic strategies fomdvanced structural materials
However, open questions still existtime fundamental understanding of biomineralized composités. Th
research aims to elucidate the fundamental design strategies bfothaeral building blocks and
biomineralized composites, and the additional focuthéscorrelationand comprison of these design
strategies with thdypical engineering methods ®mnhance the properties of structucramics,i.e.,
microstructural designs of individual grains, introducing residual stress, and structural reinforcement in
ceramic matrix composit&pecific research questions include: (1) What are the differences in mechanical
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properties and deformation behaviors in biogenic and abiotic minerals? (2) How are the internal
microstructures of biomineral building blocks influence their Inagical properés under different
loading® (3) How ddbiominerals address residual stress and what are the structural origins? (4) What are
the correlations between the 3D structural designs and the deformation mechanisms anbluridakin
biomineralized composite especially in the context of their functional requirememtgRis dissertation,

by selecting four mollusk sheflased model systems, one echinoderm skeleton, and another fish tooth
example, | explore the underlying design principles and {offdeof the multiscale biomineralized
composites, including the intrinsic level of biomineral building blocks and the macroscopic level of the
biomineralized composites. The model systems are the bivAlvem rigida, Placuna placentaand
Sinanodonta woodianthe gastropotelo diademathe sea urchirleterocentrotus mamillatugpine, and

the black drum fislPogonias cromiseeth, respectively.

This dissertationis organized according to the length scales of the examined problems in
biomineralized compositese, from the intrinsiescale comparisoof the difference between biogenic and
abiotic minerals(Chapter 3) to micrometeiscale buildingblock-level characterization of prismatic
biominerals(Chapter 4) to residual sess/train characterization in theentimetessized singlecrystal
porous biomineral skeletorif€hapter 5)and the macroscopic biomineralized composites of the mollusk
shell (Chapter 6)and fish teetChapter 7) In each length scale, specific experimental and numerical
methods are intragted to provide insightstmthe design strategies of these biominerals and composites.

Chapter 2 provides the relevant background informationthef dissertation Two types of
biomineralized composites are introduced, (i) solid composites composed of densely packed mineral
building blocks andii) porous biomineralized skeletal elements with a bicontinuous struetbeze the
bicontinuity refers to both themineral and void phasesCorrespondingly, the investigationf o
biomineralized composites can be generally characterized by comieesiteand building blockevel
studies. This is followed by a literature review of our current knowledge of the defanmeizhanisms at
these two scales: On one hand, the review on the comjmsaiestudies of biomineralized composites
summarizes common 3D structural motifs of building blocks and Ashby plots providing predictive indices
for mechanical performances likeelding under blunt contact and cracking under sharp contact. On the
other hand, the reviewf dhe individual biomineral units focuses on the introduction of mechanical
differences between biogenic and geological crystals, as well as the intracrystaHingeeie distributed in
the biomineral matrix with special emphasis on the intracrystalline organic mataddigonally, some
recognized open questions in understanding the multiscale strpotyrerty relationships in 3D
biomineralized composites argddly introduced. As thislissertatiordeals with some of the open questions,
four model systems with different textsrim biomineral units and two biomineralized composites with
different 3D structural assenigs are brieflyintroducel with emphasis on specific open questions to be
dealt with.

Chapter 3 compares the intrinsic mechanical difference between biogenic éaldgeda prisms and
P. placentdaths) and geological calcité.is well known inthe literature that biogenic mineratehave
differently in comparison to their geological counterparts. For example, biogenic calcite exhibitkglass
conchoidal fracture, in contrast to the cleavage fracture behavior in geological calti@ugh
nanoindentation has been widely usedieasuring the local mechanical properties of various biominerals
and biomineral compositethere is dack of a systematic quantification and comparison of the mechanical
properties and fracture behavior between biogenic and geological calcite usiimgleatation, especially
when effects such as the indentatioadingwith respecto crystal orientation, indentation tip geometry,
and environment humiditgreinvolved The A. rigida prisms are composed of singteystal calcite with
the prism length ahg calcite <0001e-axes, while th®. placentaathsare oriented with their top surfaces

2



parallel to the crystallograph{@0p8} plane ofcalcite In comparisonthree characteristic planes of calcite
{0001}, {10p4}, and{10p8} were prepared and examined for comparison. The work conducted in Chapter
3 presents a&omprehensive nanoindentatibased investigation to provide a benchmark for future
comparative studidsetween biogenic and abiotic minerals.

Chapter 4 focuses on the comparison of prismatic biogenic calcite and aragonite, where the calcite and
aragonite prisms are the building units in the outer prismatic layer of the mollusk/Ahiglida and S.
woodiana respectivelyln biomineralized compsites, he mineral building blocks often have complex
mor phol ogi es, which contribut e {andthelprsmabid baildiogmp o s i t
blocks in mollusk shells provided equivalent model systems for direct comparison between loiaigéaic
and aragoniteUsing micrebending experiments, grovide the first direct mechanical quantification of
biogenicmineralsunder tensiledlominated failure athe individual building block level. Combined with
fractographic analysis and nanoindematil then provide a systematic comparison ofie deformation
mechanisms of these biominerals under various loading conditions. These results demonstrate that the
intrinsic structures of biomineral building blocks, such as intracrystalline organics in-cipstal calcite
and interlocking nanograins polycrystalline aragonite, contribute to the drastic mechanical difference of
the biomineralsThefindings also highlight that the structural information of the building block should be
considered when designing Hiwspired structural materials.

Chapters explores the magnitude and distribution, mechanical contribution, and structural origins of
the residual stress iH. mamillatussea urchin spine§hrough the sectioning technique along the spine
length, the cut opening at the tiptb&sea urchin spmcloses prominently. It is proposed that the sea urchin
spines have a compressive residual stress field on the outer circumference while tensile residual stress in
the center of the spine, which is further confirmed via strain gauge measurements anepiRaman
spectroscopy. Regarding the mechanical effects, the nanoindentation characterizations before and after the
release of the residual stress demonstrate the toughening and strengthening contributions of the compressive
residual stress on the performaraf the outer spindn addition the multimodal characterizations of the
spine areconductedthrough a number of material characterization techniqoesplore the structural
origins Specifically, from the inner spine to the outer circumference, ttehiition of intracrystalline
structural fatues includs increasing Mg substitution but decreasing organics and amorphous calcium
carbonates (ACC), which explains the decreasing lattice parameters revealed foywtes Xray
diffraction on the ground pine stereomalong the radial directionBased on the multimodal
characterizations and revievil the biomineralization ofhe sea urchin spine, the residual stress field was
hypothesized to be generated due toAB€ volume expansion during crystallizatiat the growth front,
where the volume expansion is constrained producing compressive residual stress in the newly grown layers.

In Chapters 6 and The comprehensive investigations of two fideased biomineral compositase
conductedvith afocus on he deformation mechanisms with respect to the functionality of the organisms.
First, Chapter 6 investigates the gastropdd diadema shell with threetier crossedamellar structures.
Through comparativia-situfour-point bending tests integrated with synchrotb@ased Xray tomography,
the different deformation mechanisms in the shetved beams along the longitudinal and transversal
directionsare revealedExtensiveexsitu four-point bending tests providedditional quantification of the
bending properties of these two groups of samples, concluding the superior performance of the shell beams
alongthe transversal direction. Additional nanoindentation characterizations on the planes parallel and
perpendiculato the shell normal reveal the mechanical difference that thed&sisalmal surface with
lamellae oriented: 3571 45° is prone to quagplastic deformation. Second, Chapter 7 deals with the
comprehensive characterizatiorisotack drum fish P. cromig teeth, even though also composed of fiber
based building blocks, with interwoven 3D architectures with gradiadthsvof fiber bundles. Due to the
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functional requirementsf the durophagous dieblack drum fish teeth need ke wearresistant on the
oute surface of enameloid, enhanced crack resistance of the enaghehtid composites, and resilient
against crushing loads of the todibne design. Correspondingly, the investigations of the structure
property correlations at different scaldgize different methods. The characterizatiofithe neaisurface
enameloidinvolve microstructural and crystallographémalysisvia polarizatiordependent imaging
contrastPIC) mappingandmechanical analysis througlanoscratch probind@he characterizatiorsf the
enameloiddentin compositeequire additional chemicanalysisusing Raman andnergy-dispersive X
ray spectroscaps andmechanical analysis usinganoindentation mappindhe bulkscaleinvestigation
of thetooth-bore structual compositeadopts macroscopexsitu andin-situ mechanical tests, as well as
finite element simulations. The integration of these struatbemistrycrystallographyproperty
relationships across mubicales in the teeth enables the functional atlaptto themolluscivoroudiet of
black drum fish.

The last section Chapter 8 of tlissertatiorsummarizes the design principles associated with the
biomineral building blocks and composites. Additional emphasis is concentrated mewhaowledge
andcontributions Finally, several potential research directions aggested and briefly discussed.



Chapter 2

Literature review

In Section 2.1, the general structural characteristics of biomineralized composites are summarized
with anemphasis on the differentiation between the comptssitel and buildingblock-scale features. In
Section 2.2 | briefly introduce the common design strategies in tiodobical materialsonstructed from
different structural motifs. Theommonstructural features and deformation mechanisms are discussed. In
Section 23, the primary focus is to introduce the intracrystalline structural features in the building blocks
of biomineralized composites with special emphasis on the correspostdemgthening and toughening
contributions. InSection 2.4 some open questions in the understanding of biomineralized composites at
both the building block and composite levels are suriz@dr The model systems and specific methods
used for the selected aspects deith in this dissertatiorare introduced.

Section 2.3n thischaptemwas extendednd writtenas a review article and has been published: Deng,
Z., Jia, Z., &Li, L. Biomineralized Materials as Model Systems for StructGrahposites: Intracrystalline
Structural Features and Their Strengthening and Toughening Mechaadraaced Sciend@022)°.

2.1 Biomineral compositesvs biomineral building blocks

In nature, organisms often rely on stiff and strong skeletal elements for structural support and other
functional requirements for survial Typical examples include endoskeletons (internahédody) for
body support and protection of internal ang and exoskeletons (externatitebody) for protection from
the environment 2anmoder achievedesredsnéchamitat propektiss such as stiffness,
strength,and fracture resistance, many of these biologicdétkeclements are mineralizethe complex
hierarchical organizations of biomineral building blocks with organic components allow organisms to build
robust composites for the aforentiened functons. If we consider biomineral composites as analogs to
engineering structural materials/composites, the individual building blocks in biomineral composites
correspond to the grains/reinforcing phases in engineering materials.

Based on theompositelevel structural features, biomineral composites can be yrotadisified into
two groups: i) solid composites composed of densely packed mineral building bgksr(ollusk shells
in Figure 2.1A,D), and {i) porous biomineralized skeletdements with a bicontinuous structuead,
porous skeletons akea urchins ifrigure 2.1F. In specific, the first type of biomineral composites is well
known for the hierarchical designs across multiple scales, where the microscopic biomineral joivitscare
together by thin organic interfaces. The mineral units are defined as the individual building blocks, such as
theprisms in the prismatic layefFigure 2.1B), tablets in the nacre compositegyure 2.1C), and aragonite
fibers/lamellae (3-order bmellae}!in the crossedamellar structuréFigure 2.1E) in mollusk shellsThe
organic layers between the building blocks are refeiwex$ the intercrystalline organic materials (inter
OMs), as shown ifrigure 2.1B,C,E In contrast, the second type of biomin@@mposites does not have
interconnected inte®Ms (Figure 2.1G); in sea urchins, for example, each spine diffracts as a single crystal
under Xray diffraction (XRD) and thus can be considered as a single large building3fock
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Figure 2.1] Overview of biomineral skeletal elements and intracrystalline structural features within the
individual building blocks°. (A-C) Schematic illustrations dfA) bivalve shells as examples of delyspacked
biomineral composites, and their typical microstructure$Byfprismbased andC) plateletbased composite
(nacre), where the mineral building blocks are separated by intercrystalline or@arigsSchematic illustrations
of (D) gastropod shells as examples of another type of densely packed biomineral composiEstheniypical
crossedamellae microstructure with fibdyased building blockgF,G) Schematic illustrations dF) sea urchin
spines as examples of porous biomineral skeletal elements, and their microst{@tungen cell bicontinuou:
biomineral foams(H) Schematic illustration of the intracrystalline structural features within the mineral bui
blocks (lattice), including intirystalline organic materials (int@Ms), trace element substitution, nar
heterogeneity domains, crystalline defects, and twinning boundaries.

2.2 3D architectures in biomineralized composites

There have been many studies the structures properties, and deformation mechanisms of
mineralizedbiological materials and representative reviews can be found in Re¥s?®. A general
consensus of this body of work is that the structural hierarchi¢kediatricate organization of biomineral
building blocks and inte®Ms contribute to the enhanced toughness significditlyCorrespondingly, it
can be summarized that biomineralized materials sheee structural characteristics: composite, hierarchy,
and texturé. First, the composite nature results from that all the biomineralized materials are composed of
mineralized building blocks and organic mdls, eventhough the mineralization level can have
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significant variationsSecondthe structurahierarcly in biomineralized materials refgio that they contain
structural elements which themselves have smatlale structuresThe structural hierarchy in
biomineralizd materials can span frothe crystal lattice level (18 m) to the macroscopic scale (m).
Several examples of the hierarchical structures in biomineralized materials as well as the deformation
mechanismatdifferent length scales are presente8éttion 2.2.1 Third, it has also been confirmed that
biomineralized composites are usually textured respective to their crystallographic characterisfies;
generally have preferred crystallographic alignmefigpical examples include mollusk shet#e®,
echinoderm exoskeletofi$**%3! and teth from different animafé®, while typical characterization
methods include >ay diffraction (XRD), electron backscattered diffraction (EBSD), anday
photoelectron emission microscopy (PEEM).

2.2.1Structural characteristics and deformation mechanisms

Assemilies

Tablet

(ANS :_.-vr.‘ Fiberous

Diversity

Hierarchical

Figure 2.2| Basic structural motifs and 3D assembly in biomineralizednaterials®. (A) Four fundamenta
geometric motifs include the granular, fiber, tablet, and bicontinuous/porous stipgdsrphological variations
of the fundamental motifs(C) 3D structural assemblies of biomineralized building blocks using the sar
multiple motifs.Figure 2.2 is adapted frodiaet al?®.

The biomineralized composithave diverse microstructural features, which leads to an overwhelming
number of different types of structural models if we classify each characteristic microstructural morphology
as an individual type Recently, we propose four fundamental structural stditlescribe the geometrical
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features of building blocks in biomineralized composites, including grains (0D), fibers (1D), tablet/plate
(2D), and bicontinuous/porous (3D) motifEidure 2.2° Note that the structural motif concept is
independent of length scales.

Among the vaying ways of I assemblies in biological materials, many have redBatriguing
hierarchicaldesign principles to be utilized in biomimetic advanced matéti&lsSeveral examples are
summarized inFigure 2.3 following the order of increasing complexity of assembly, from simple
plate/laminatdike blocks to complex, wavy fibdrased assembly.

_B Plywood  (C Crossed-lamellar [) Wavy fibers
2 /‘r"

7))l o
Yk

Crack propagation
| Middle el 72
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T
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Figure 2.3| Overview of the strengthening and toughening mechanisms of hierarchical designs in biominer
composites.(A) Nacre as an example of plaaesembly structure and the toughening mechanisms by
deflection at extensive organic interfatesnineral bridges, narasperities, viscoelastic deformation of orga
fibers, and tablet interlockiigy (B) Bouligandand herringbone plywood structures in crustacean exoskele
where the Bouligand patterns hatvested plywood layers completing a 180° rotati@mplane fibers forming
honeycomktype arrayso allow outof-plane reinforcement by pore tubuf&s}, and the herringbone structure h
a sinusoidal bending pattemf Bouligand layersalso penetrated bynineralized fiber®. (C) Crossedamellar
structure as an example of hierarchical assembly of straightlifdegouilding blocks. Corresponding tougheni
mechanisms include multiple tunnel cracks arrestédeanacralayer interface, largscale bridging by -order
lamellae, and micrenanescale bridging by ligaments'® and 3%-order lamella€f). (D) Teeth enamel design ¢
an example of complex 3D wavy fibers, wittraight and parallel rods in the outer enamel and interwoven rc
the inner enam&“3 contributing to enhanced toughening by extensiaek branching and deflectitin(E) A

composite structwfrom Clio pyramidatashellwith ordered helical fibrous building blocks with helix orientati
parallel to shell normal, where the individual mineral fibers have Titdsnterlocking morphologi€8. Images
are adapted frorfA) Lin and Meyerst al®’, andWegstet al?, (B) Weaveret al3, Raabeet al?®, and Yaraghet

al.*%, (C) Kamatet al*!, (D) Bajaj et al*?, Habelizet al*3, andYahyazadehfaet al*4, and(E) Li et al*.

First, the plate assembly represents one of the siioypies of biomineral assembly, which consists of
Aistandardo miner al bri cks/ pl aFiguse/2BA.tTypisal exanplesmb | e d
include the nacre tablets and mollusk I4this nacre structurdor example, additional nanoscale features
on the mineral tablets add reinforcement along the tei&kdirection, including the mineral bridges, rano



asperities resisting iplane shearing, and interlocking geonestiof tabletge.g, spiral centers connecting
adjacent lamelldé) against sliding, and the organic layers enable viscoelastic deformation.

The second type is the twisted plywood laminate structure, corestintd typical Bouligand and
herringbone pattern&igure 2.3B). The Bouligand patterrtgave twisted plywood layeompleting 180°
rotations, while each layer consists of parallel fibers. The specific structural features (fiber diameters, layer
thickness, rotidon angle sinusoidal amplitudemineralization degreestc) vary significantly in different
biological systems, including the collagbasedelasmoidfish scale$’, some chitifdbased insect
cuticle$®, and crustacean exoskeletti8 The herringbone structure exhibié additional level of
structural complexity by showing th@aasoidal bending pattern of Bouligand layeasknown example is
the impact layer of the dactyl club fro@dontodactylus scyllarysvhere the herringbone structure is
reinforced by oubf-plane minealized fiberé’. The twisted plywood laminates are believed to toughen the
structure by forming 3D cracks across theak interfaces between the building fibers

Third, straight mineral fibrous buildinglocks can forma complex but hierarchical assembly, and a
typical example isa crossedamellar structure commonly found igastropodshells Figure 2.30.
Extensive research on this biomineral composite reveals the multiscale toughening mechanisiimg inclu
the multiple tunnel cracks arrested at the mdayer interface?, 1°-order lamelladridging crack%, and
2% and 3*-order lamellae (ligament) bridging at mieimanoscalé.

Further complexity irthe biomineral composites with fibrous building blocks involves wavy and
twisted fibers Figure 2.3D). A classic example is human tooth enamel, where the building rods are straight
near the outer enamel and gradually twisted and interwoven in the irameefénAdditional toughening
results from the misoriented hydroxyapatites in individual enamel rods, where the crystallites align with
the rod axis in the head region but incline at thetallhe complex assembly contribsitie® extensive
branching and deflection of cracksthre enamel, while the interweaving rodstire inner enamel lead to
further tougheninty.

In addition, curved fibers in biominerabmposites can also be shaped into standard building blocks,
like helical fibers Figure 2.3E), where the examples inclufdio pyramidatd®, Cuvierina columnellz>4,
etc The rotatinghelix is oriented parallel tineshell normal, whicleffectively restrics crack initiation and
propagationAdditionally, the fibrous building blocks also exhibit Tetliie interlocking morphologies,
which enhance the toughness by formioiguouscracks alonghe interlocking interfaces

Apart from some universal design strategies summarizEdyure 2.3 there are more variations not
only for speciespecific adaptions of known strategies but dfsounknown design principles yet to be
discovered. Therefore, the study thie compositelevel structuremechanical relationship of biological
composites represeyaninexhaustiblesource for bioinspired designs.

2.2.2 Mechanical properties

The asemblies and variations of one multiple structural motifs at different length scales form the
complex architectures in biomineralized composites, while the different mineralization levels of the
building blocks construct biological materials with a wide range of mechanical propertidgférent
functional purposed{gures 24, 25).

Based on contact mechartftghe yielding criteion under a blunt conta¢figure 2.4) is
0 0 (@)
—_ 5 = = Eqg. 2.2,
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wherePy is the yielding loadR is theradius of curvature of the tip (abrasive med@y)js a constant 0.8,
H andOare the hardness and plasteain modulus of the abraded materehdOeds the planestrain
modulus of the tiglefined as

P P y
O Orp ) (Eq. 2.3,
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Figure 2.4| Ashby plot of modulus E against hardnessH for biological materials with different mineral
contents$®. The blue dashed lines indicate the referend¢’ti2 astheindex for yielding from blunt contadEigure
2.4 is adapted from Amirgt al>S,
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Figure 2.5| Ashby plot of hardnessH against fracture toughnesK. for biological materials with different
mineral contents®. The blue dashed lines indicate the referendé. 43 astheindex for cracking from a shar
contact.Figure 2.5 is adapted from Amiat al®.

In comparison, the cracking criterion under a sharp corfeagirg 2.5 is
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whereP. is the cracking load. is the fracture toughness, a@dis a calibration constant depending on

the geometry of contact.

These two criteria deal with the onset of yielding and cracking damage and donsater the
variations of the indices as the damage zone proceeds. However, many biological materials are reported to
exhiPdur vie o buehhasborié®®t and teetf?54%% where thecritical stress intensity factor
increasess the crackropagates

Based on the mineral contents, the biological materials can be classified into three broad categories,
high mineral content 7 \®l.%), mediumlow mineralcontent, and no mineral content, even though this
classification is rathearibitrary’®. Based on the obtained Ashby plots, it can be summarized that: (1) In the
E-H plot (Figure 2.4), the highly mieralized materials are found in the upper right corner, which have
high modulus and hardness. The outer layer of chiton teeth (gaedéures the highest resistance against
yielding amongall biological materials under blunt contact. (2) In H. plot (Figure 25), the highly
mineralized materials are found in the lower right corner, where they usually have lower toughness. It must
be noted that this map ideally should rely on fracture toughness values (or critical stress intendiy)factor
obtained througha notched bending test or compact tension experiment, but in some tases
nanoindentatiofbased fracture experiments were conducted instead due to the difficulty in performing the
traditional experiments, either due to extrémmall sampe dimensions or the irregular shaffe3here
are debates orthe absolute values of fracture toughness obtained framoindentation fracture
experiment®®’ but this technique providguantitative information on the initiation of fracture events.

2.3 Intracrystallin e structural features within biomineral building blocks

While the structural design principlestae composite level are well recognized in the literature, the
intracrystalline structure and mechanical properties of individual biomineral bublttings are often less
considered in the investitions of biomineral composite:58 Currently, over 60 biogenic mineralsave
been identified in different organisms. Typical examples include carbonates and silica (widely found in
protists, plants, and animals), phosphates (found in monerans and animals), and oxalates (found in fungi,
plants, and mimals¥®. Calcite and aragonite, being two polymorphs of calcium carbonates, are the most
esential minerals in constructing skeletal elements in various invertebrate groups, such as echinoderms,
mollusks, and arthropotf$® while hydroxyapatite (HAP) crystals are comryofound as the building
units in bone and teeth of vertebrate$

Although the minerals formed by organisnig, biominerals or biogenic minerals, have similar
compositions to thie geological counterparts, they elhisome important distinctioffs For example,
biogenic minerals are themselves composite materials, as they often integrate a small amount of organic
materials within the mineral matrix, despite that individual biomineral building blocks offeactias
single crystalg?23 Biogenic minerals also exhibit lattice distortions in comparison ta gyithdic or
geological counterpart$he intracrystalline features within individual biomineral building blocks, such as
impurities, residual strain/stress, crystallinity, and grain morphologies, have profound effects in controlling
the mechanical propies of biominerals.
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2.3.1 General mechanical difference between biogenic and geological minerals

The mechanical difference between biogenic and geological minerals is extremelyirigtfit}. It
has been long recognized that biogenic minerals have different fracture characteristics from geological pure
forms For example,he geologicatalcite often fracture along the cleavage plandgsidure 2.6A), while
the biogeniacalcite exhibits conchoidal fracture resembling amorphous gl&#gufe 2.6B). The earliest
observation of conchoidal fracture in biominerals was fouraldalcareous sponge, vahi dated back to
1869 by Cartét, and similar fracture characteristics were observeédninoderm calcifé?*72 The
biogenic and geological aragonite also fracture differefilyure 2.6C,D).
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Figure 2.6|Mechanical difference between biogenic and geological minerafs (A,B) Fracture surfaces ¢A)
geological calite and(B) biogenic calcite (sea urchin spirtégterocentrotus nraillatus), where the former show
preferred cleavage fracture and the latter shows conchoidal fra@@yBd. Fracture surfaces dfC) geological
aragonite andD) biogenic aragoniteSinanodonta woodiana(E,F) Nanoindentation hardness of biogenic &
geological (E) calcite®¥ 77 and (F) aragonité®88 along different crystallographic orientations, where
overlapping bars shaded with lighter colors indicate different results for the same species. Giings
crystallographic planes are shown in the inset illustrations.

Biogenic and geological minerals also exhibit different mechanical properties, such as stiffness and
hardness. For example, the bending stiffness of the calcitic spicules of echinoid lardatineg lower
than that of geological calcite The ranoinderdtion hardness obiogenic calciteis also higherthan
geological calcitewhen measured oequivalent crystallographic orientatiof§igure 2.6E)2377, In
contrast, biogenic aragonite often extshimostly) lower hardness compared to geological aragonite
(Figure 2.6F)2°788 gych difference might correlate with the sample sizes and the crystalline features.
Biogenic calcite usually exists as miesized single crystals, such as the calcite prigas205 0 € m) i n
mollusk shells and porous skeletons in echinoderms (branch thicknessléf3 5 ¢ m) so that
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load indentation (usually generate indent depth of hundreds of nanometers) is not influenced by sample size
effect. In comparison, biogemaragonite often exists as an aggregation of nanogmigsnacre tablets

with thicknessota. -2 e m) , which i mpose strong sample size
organics may further degrade the hardness.

2.3.2Intracrystalline features and deformation mechanisms

The different mechanical properties suggest that biogenic minerals should possess different internal
nanoscopic structures in comparison to their geological or pure forms. Indeed, many recent studies have
revealed the subtlructural modifications and defects within individual biomineral building blocks. These
structural defects include intracrystalline organic materials (Divis), trace element substitution,
crystalline defects (amorphous phase, polycrystalline, splittigstal, nanograingtc), inhomogeneous
nanedomains, and twinning={gure 2-1H). Here, the intrdDMs refer to those organic materials enclosed
inside the biomineral building blocks (#ieintracrystalline level), in contrast to the il@Ms definedas
the organic interfaces between adjacent building blockbéabmposite level).

It is well-known that the structural defects within individual grains in engineering metals and ceramics
have significant effects in contimg the mechanicapropertie®. In analog to individual grains in
engineering materials, the intracrystalline structural features in biomineral building blocks are expected to
have similar mechanical contributiorfSigure 2.7 summarizes fiveaspects of intracrystalline sttwral
features found in biogeniminerals, including intr@Ms, the substitution of tracelements in the crystal
lattice, crystalline features and defsctesidual strain/stress, and twinning

Each type of intracrystalline features has distinctive dautions to the mechanical properties of
biominerals For example, the incorporation of iMEaMs has been shown to serve strengthening effects by
impeding dislocation slip and toughening contributions by controlling crack propagatiama(rigida
prism, Figure 2.7A)%. In addition, the trace elements substituted in the crystal lattice induce local lattice
distortions Pinna nobilis prisms, Figure 2.7B)%8” and residual strains/stresse@phiocoma wendii
skeletons,Figure 2.7D)"##8 The crystalline nature controls the cracking behavior, such as crack
propagation along the grain boundari€®) in polycrystalline mineralsSjnanodonta woodianprisms)
vs cleavage crack in singlgystalline mineralsKigure 2.7C)%°. In addition, the twinning boundaries in
the biogenic mineral building blocks provide crack impeding and deflectitre @aianoscale §trombus
gigas Figure 2.7E) #. Theseresultssuggesthat the biomineral building blocks conceal a rich library of
design strategies for strengthening and toughening, which surpass the performance of their geological
counterparts.

It should be noted that some of the aforementioned structural features ymeristically. For
instance, intreaDMs, amorphous calcium carbonate (ACC) phasesl Mg substitutionsall contribute to
the lattice distortion calcite i.e., atomicscale residual straiff$®>°° Moreover, some structural features
often coexist, e.g, ACC phases usually contain considerable teleenents including Mg, and some
intraeOM molecules prefer binding with Ca to Rigand thus help stabilize the ACC ph&s$é The
inclusion of Mg and organics is shown to redtieestrain required to induce twin formation in caf€ité
An excellent example @& biogenic mineral system with different intracrystalline mechanisms working in
synergy is the grinding tip of sea urchin teeth: theéfigiched polycrystalline calcite matrix improves
wearresistance, while the Mgalcite singlecrystal calcite needles provide a relatively compliant
framework, together contribiag to the selsharpening upon fract e,
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Although these intracrystalline features and associated strengthening and toughening mechanisms are
less appreciated e literatureon biomineralized compositesimilar mechanismisave been extensively
studied in engineering structural material systdmshe following paragraphs, | introduce th&ra-OMs
in biomineralsas an example to illustrate the specific strengthening and toughening contributions related
to intracrystalline features.

Ccrystalline defects D
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Figure 2.7| Overview of the strengthening and toughening mechanisms of the intracrystalline structura
features within biominerals!®. (A) Intracrystalline organic materials (int@M, gray ellipse) inhibit dislocatior
motion (red line, dislocation motion direction is indicated by asjoand promote crack deflect@dn(B) The
presence of trace @hents (blue balls) introdusdocal lattice distortion and solute strengthenito present
dislocation motioff. (C) Comparison of cleavage fracture in single crystal and graimdary (GB) crack
deflecton in polycrystalline minerat (D) Residual strain and stress induced by crystal lattice distortion anc
rich nanoparticles in biomamal$®. (E) Twinning boundary (TB) strengthening where mobile and/or se:
dislocations could be generated either in neighboring domains or at TBs and craafeateddand impeded ¢
the TBS$°. Images are adapted frop) Denget al?8, (B) Cuif et al®, (C) Deng and L4°, (D) Seknaziet al®, and
(E) Shinet al®.

2.3.2.1 Chemistry of intraOMs

Early observations of the inteand intraOMs wereachieved by decalcification experiments in bivalve
nacret®, Later inthe 1970s, transmission electron microscopy (TEM) was utilized to examine the intra
OMs in nacre tablets, which revealed their bubbly and frothy morphol®igi@ecent advances in TEM
techniques have contributedaéurther understanding of intk/@M compositions. For example, the annular
darkfield scanning transmission electron microscopy (ABFEM) demonstrated that the inclusions
(dashed ellipses iRigure 2.8A) in theA. rigida prisms contain organic materials ratheart voids Figure
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2.8B)!%2 Berman et al. further suggested that int@Ms are selectively occluded into specific
crystallograpit planes of the mineral matt% which might be responsible o r bi omineral sbo
fracture characteristi¢¥ and crystal texturé®. It is now generally accepted that the in®s are widely

distributed in different types of biomineral building blocks, includimigms (calcite’f?1% foliated laths

(calcite}?’, nacre tabletsagagonite)’®1% curved nanofiberén pteropod shells (aragonife)stereom in
echihoderm skeletons (calcité)etc

The systematic characterization of in®@& chemical compositions is of great importance. Previous
studies on intr®M and interOM chemistry have been focused on the prismatic layess imgida®,
Pinctada fucatd®, and Atrina pectinatd'®, and the echinoderm calcite Paracentrotus lividus! and
Pisaster giganted$ Typically, biomineral composites exhibit a higher amount of ibts than intra
OMs, for exampleca. 5wt.% vs 0.4wt.% (weight percentages) in the prismatic layeAofigidal®. The
intra-OMs consist mostly of proteins and chiffpwhile the specific concentrations vary in different species.
Figure 2.8Cshows detailed compositis of amino acids in intr@Ms fromA. rigidaprisms (in both water
soluble and insoluble phas¥$)which significantly differ fromP. fucataprisms (27.4 % Asx, 1098 GIx,

17.5 % Gly,etc) andA. pectinatgorisms (45.6 % Asx, 12.8% Glx, 10.8 % Géte) . It should also be

noted that intraDMsare reported to bear negative chafge’s? which attract cationse(g, C&*in calcium

based minerals) and therefore align themselves to the charged planes in the crystal lattice, for instance,
{0001} planes in calcité® In addition to the diverse variety of amino acids, chitin morphology is also
found to vary in differenbiomineral systems. For examplehile no chitin was found in the int€Ms in

A. rigidaprisms?, chitin sheets were found in the in®@M scaffold between nacre lartad'“ Moreover,

the study by Liet al.revealed that chitin resided dalcitic prisms A. rigida) as a fibrous network coated

with proteinaceous globular structu¥s
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Figure 2.8| Intracrystallme organic matenals chemistry. (A) SEM image of the intr®Ms in etched pits oA.

rigida prismt®2 (B) ADF-STEM intensity across an inclusionAnrigida prism, in comparison with pure calcit

calcite withavoid, and calcite with organic materials (agar8g)C) Quantitative measurement of different ami

acids in the soluble and insoluble intMs in A. rigida prismt%, Images(A,B) are adapted from Lét al1°2
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While the intraOM compositions vary significantly in different biogenic calcite, the nanoindentation
properties are rather consistent (indentation results on {000FEjguare 2.6E). This suggests that the
compositions of intrdMs may have little influence on mechanical performance. In contrast, it might be
the relative percentage and distribution of infMsls that control the mechanical behaviors of biogenic
minerals. However, thehemical compositions of int@Ms may play a significant role in controlling the
nucleation, growth process, and tbemed shape of the biominerafs In vitro experiments revealed that
the intraOMs extracted from different dgenic calcitecould induce distinctive modifications in crystal
microstructures and morphologié&!®1’. For example, calcite crystals synthesized in the presence of
intra-OMs extracted from mollusk prisma.(rigida) exhibited flattened morphologies perpendiculahto
calcitec-axis, whik the incorporation of intr®Ms from sea urchin spineB (lividug producecelongated
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crystals parallel to calcite-axis'*>11811% Reduced wmmetry has also been observadierethe trigonal
symmetry of calcite was reduced to monaxon sp&inl&ebira uteoide°.

2.3.2.2 Sizes, geometries, and distributions of it@Ms

For biogenic calcite, ADISTEM electron tomographgvealed the diskke geometries of the intra
OMs inA. rigida prisms with lateral elongation along the basal plane of calcite (perpendicular to@alcite
axis, Figure 2.9A)1%2 XRD measurements also confirmed such @i alignments in the calcite prisms
of Pinna nobilid®**2'andAtrina serratashell$®. These observations acensistent with our recent TEM
characterizations oA. rigida prisns, where the geometry of individual ii@Ms can be approximated by
an equabxed ellipsoid with a height afa. 5 nm and a lateral span ©d. 10 nm Figure 2.9B,0%. In
addition, alternating regions of higland lowdensity of intraOMs were observed along the prism
lengtht®192 At a larger scale, these int@Ms gradually tilt upwards when approachingphiem and inter
OM boundary Figure 2.9D)%. Other TEM studies also revealed variations in terms of-idivageometries
and distributions. The intr@Ms inA. pectinatgprisms exhibit 2D elongated geometriesitmto A. rigida
prismsbut with homogenous distribution, while the in®s inP. fucataprisms shovaninhomogeneous
distribution and form smatingle grain boundaries with associated crystal détécts

Intercrystalline organic interface

50 nm

Figure 2.9|Intracrystalline organic materials: morphologies, and distributionsin biogenic calcite A. rigida
prisms). (A) 3D visualization of intreDMs inA. rigida based on ADFSTEM electron tomograpf$?. (B,C) TEM
images on the sections &) parallel andC) perpendicular to the length axis Afrigida prisms €-axis [0001]
of calcite), where brighter regions denote the intracrystalline incli8io(®) TEM image across thi
intercrystalline organic interface betweanrigida prisms, where the yellow dashed lines indicate the alignr
of the inclusions. The yellow line in the inset shows the cut location for the TEM3tniagages are adapted frol
(A) Li et al2?2 and(B-D) Denget al?8,

In porous echinoderm calcit®. lividug, on the other hanckRD measurements indicate the parallel
alignment of intraOMs to the calcitec-axis'®® Further observations indicated that these iQhas
exhibited concentric lars bridged by radial threads, as revealed by the lagénecture on the fracture
surfaces Figure 2.6B)?>1?2 and the etched crosection$®®. Cytochemistry analysis of the skeleton
forming cells in sea urchins revealed similar concentric layers in the mineralization organic matrix,
indicating that these intr@Ms might function as the scaffold for mineralizatin

In aragonitebased biominerals, the int@Ms exhibit rather different morphologies. In the helical
fibrous building blocksof Clio pyramidatashell, there are two types of irH@M geometries Kigure
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2.10A)*: (i) the diamoneshaped inclusions (red dashed rhombus) distributed in the upper peripheral
regions, andii) the thin elongategheetinclusions (blue dashed ellipse) randomly distributed over the
entire crosssection. Nacre tablets show two similar types of HaMs (Figure 2.10B), both of which
appear to be circular and randomly distributed when viewed down the (001) pignee (2.10C)10%12%5
However, there are depletion zones near thanapbottom surfaces of nacre tablets (yelkhaded bands

in Figure 2.10D, where no intraDMs were detectétf. Further, other works suggested a continuous
organic framework in the nacre tablets that divides the individual building blocks into nant§rains

Figure 2. 10|Intracrystallme organlc materials: morphologles and dlstrlbutlonsm blogenlc aragonlte (A)
TEM image of the aragonite fiber building block@ pyramidata showing two types of intr&@Ms*, i.e., typei
diamondshaped inclusiongred dashed rhombus) and tyipeslongated inclusions (blue dashed ellip$8)C)
ADF-STEM images of nacre tableRifctada maximp(B) parallel andC) perpendicular to the thickness directi
(c-axis [001] of aragnite), respectivel?®, where the inclusionshew darker contrast compared to the arago
matrix. (D) Random distribution of intr®@Ms and depletion zones (yellesthaded regions with no inclusions)
nacre tabletsRerna canaliculug®. Images are adapted frogh) Li et al®, (B,C) Wanget al, and(D) Younis
et all%

2.3.2.3 Mechanical influence of intraOMs

Intra-OMs modify thecrystal microstructure of biominerd!§ and their mechanical influence inclisde
several aspects, suchlatiice distortion, dislocation restriction (or strengthening), modification of fracture
behavior through crack coalesce and deflection, and energy dissipation via the viscoelastic or plastic
deformation of intreOMs.

The intraOMs typically have nanoscale ndénsions Figure 2.9B,0, which are 1~2 orders of
magnitude larger than a crystal unit celly, calcite 6= 4.988 A and = 17.068 A}*>1?” L attice distortions
were reported in both biogenic calcfe%® and aragonitéd® 32 based orhigh-resolution powder XRD
measurements. Further, heat treatment (at temperatures above organics decomposition) réiselted in
relaxation of lattice distortions, supporting the claim that the-@ivis contribute to lattice distortiofis3.
At a larger scale, the presence of inirls alters the degree okgectionin crystal texture, which is
evidenced by decreased coherence lengths and increased anisotropy under synchagtradiatiof'> 33

The incorporation of int®Ms also contributes to dislocation restriction in biogenic minerals, which
improves strength and hardness. A recent study by &ial. showed that by incorporating copolymer
micelles into synthetic calcite, the composite sangitknot generate cracks and parallel steps under
indentation, with wereusuallyobserved on pure calctté The hardening behaviors in synthetic calcite
were explained by a dislocatiginning model where the organic molecules impede dislocation motion,
causing it to bow outédtween adjacent moleculeSigure 2.11A)'%. The dislocabn motion could only
resume when the cutting forée (shearing the organic molecules) sureasise dislocation line tensioh
Correspondinglythe hardness increase can be written as
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"0 O — (Eq. 2.9,
TaJoo 0¢Y
whereHy andH correspond to the hardness of pure calcite and biogenic calcite with organic inclusions,
respectivelyp is the Burgers vector magnitudedL is the spacing between int@Ms!*.

The dislocation impediment mechanism by ifDisls has also been confirmed experimentally
(Figure 2.11B,Q and througimolecular dynamics (MD) simulationBigure 2.110D2, This strengthening
effect due tantra-OM inclusiors is similar to the precipitation hardening behavior in engineering materials,
like metals and ceramit®%7 The most intriguing difference is that precipitates in engineering materials
are typically harder than the matrix, wenithe intraOMs in biogenic minerals are the softer phtse
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Figure 2.11|Intracrystalline organic materials: strengthening effect.(A) Hardness versus amino acid (A
contents in synthetic calcite, where the inset showd Ei image of synthetic calcite occluding micelles (wh
arrows}®>. (B,C) SEM images ofB) geological anqC) biogenic calcite micrillars after uniaxial compressi#h
where the geological calcite exhibits dislocation sip&l the biogenic calcite favors brittle fractui2) Molecular
dynamics (MD) simulation of-axis compression on calcite with int€M, where dislocation bowing is forme
around the intr®M?22. Images are adapted fraof) Weberet al13%, and(B-D) Denget al%.

In addition to the strengthening effects, the hidids are als@orrelated witlthe conchoidal fracture
in biogenic minerals. As discussed earlier, iftifsls are absorbed onto specific crystallographic planes
beingobligue to the preferred cleavage pldfes! For example, the intr®Ms in echinoderm calcite are
aligned along the [0001] direction (obligteethe p pt cleavage planesihereforethey are proposetb
absorb and deflect the progressing cradkgure 2.12A)'5138 Consisent with this hypthesis cracls
regulaed byintraeOMs wereobservedn A. rigida prisms(Figure 2.12B-D)?: (i) microcracks initiatd at
regions witha high density of intrefOMs by coalescing adjacent inclusiomdgure 2.12B,Bii); (ii) the
elongated geometry of individual int@Ms facilitated crack deflection along the horizondakection
(Figure 2.12C,Di); and (iii) the upward tilting alignment of the int@M inclusions guided the cracks and
avoided deep fracturing into the prismatic cryskaggre 2.12Diii). A similar crack guiding effect has
also been observed in nacre &b) where the densely clustered ir@isls were observed along the crack
propagation pathwasP. The effects from the sizes, tlibution, spacing, and orientatisof intraOMs on
the fracture strengti of biogenic minerals can be described quantitatively by a-duidé fracture model
with pre-existing defects,

“ 7 Sakt o,
c ”n 7 ” I/I 0’)

5 v e Eq. 2.5,
pp ¢ T — (Eq. 2.9

wherea, L andd arethehalf-length spacing betweerandorientation anglef the intraOMs, respectively

b(d) is a function ofd and also dependent on tHectional coefficient between the intk@Ms and the
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mineral matrix anddy represents the compressive strength of pure mineralBhéisis simplified model
providesatheoretical basis for the aforementioned fracture behavior observed in biogenic calcite.
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Figure 2.12|Intracrysta s: toughening mechanisms(A) Schematic illustrations of crac
propagation in pure calcite and biological calcite with i@tds oblique to the cleavage plak®s(B,C) TEM
images of biogenic calcite, showi() the crack initiation (white arrow) throughecoalescence of adjacent intr
OMs, and(C) micro-cracks (white arrows) propagating in parallel to the long axes of theOiis(perpendiculal
to calcitec-axis [0001]. (D) Regulation of crack formation and propagation in biogenic calcite by-@itta,
including (i) crack deflection; (ii) crack initiation resialg from intraOM coalescence; and (iii) upward cracks ¢
to the inclined defects near prism bound&fidsnages are adapted fro(A) Addadi andWeinef®, and(B-D)
Denget al?.

Last but not least, the deformation of in@&s might also contribute to energy dissipation for
biomineralsDue to their nanometer sizes, it is extremely challenging to isolateOhisafor mechanical
characterizationgdowever,indirect insights may bebtained from the properties of int®Ms!4%14! For
instance, fibepulling experiments on interlamellar fibersfoéshly cleaved nacre were conducted using
atomic force microscopy (AFM), which revealed the stepwise unfolding of the proteinaceous organic
materials and recoverable foldifigj!** Tension and relaxation tests on the intercrystalline organic
framework from nacre (by demineralization) also revealed adiependent viscoelastic behavirOn
the other hand, from the deformation of individual nacre tablets, nanograin rotatioefamdadion were
revealed under mechanical loaditf§$*8. Such deformation méanisms are expected to be facilitated by
the viscoelastic or plastic deformation of the continuous-@tvhframework between the nanograitis

2.4 Open questions andnodel systems

2.4.1 Open questions

Research in biogenic minerals and biomineralized composisgsd®ived increasing attention due to
the potential of producing advanced biomimetic materials. Another possible reason for the enthusiasm in
this field could be that biological materials are produced under ambient conditions with much less stringent
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control of temperature and pressure compared to the production of engineering matpeei$rom the
current knowledge and recent advances, there are still so many research oppartutifterent length
scales of biomineralized materials. Here, | intrm&lthe general open questions in two categories, namely,
at the composite level and the individual building block level, respectively.

2.4.1.1 Composite level of biomineralized materials

At the composite level of biomineralized materitg, difficulties and open questions can be generally
summarized into three aspects: (1) characterization and quantitative descripti@B8@farchitecture, (2)
uncovering the structungroperty relationship, and (3) selection of the suitable matedaitacture for
bioinspired applicatioris

To reveal the hierarchical structures across multiple scales (from t@ameacre) is of primary
importance to understand the design principles of biomineralized materials. Currently, the common imaging
techniques available to scientists inclusteaming electron microscopySEM), transmissiorelectron
microscopyTEM), andatomic force microscopgé\FM), allowing the observation of material architectures
down to atomic sale"®. In addition, recent advances and applicatidr@dimagng techniques havede
to discoveiesin many wellstudied biologial materials. For instance;pay nanetomography was used to
assist the understanding disorderto-order transitiorin nacre growtk?; focused ion beam (FIB3EM
tomography and STEM tomography were used to reveal the structural hierarchies in ddllegemeral
aggregates, which expand our understanding of Bnasd the application of atom probe tomography
(APT) enabled the chemical distributions in 3Ctte atomic scale to reveal the sandwiched structure in
the nanecrystallites of human enaniet®
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High-resolution tomography data 3D multi-phase structure Structure morphology Parametrized structural description
Computational tomography 3D morphological quantification

Figure 2.13| Protocol of acquisition, quantification, and parameterization of the 3D architecture of
biomineralized materials based on computed tomographyFigure 2.13 is adapted from &aal?.

The 3D tomography based onry, electron, photoand neutron beams generates a huge amount of
data, and the morphological quantification would be extremely laborious for manual processing. Therefore,
the general process for quantitative description inwlfgemi)automatic protocols Higure 2.13,
involving machineearning assisted segmentation into multiple phases, quantification, and then
parameterizatioh However, due to the hierarchical nature of biomineralized materials, the architectures at
the lower level (micreto-nanoscale) can produce noise and make phase identificatianghay!®®.
Additional technical difficulties associated with segmentation may result from the material gradient, and
intensity variations induced by small features and interfadedvances in advanced image restoration
techniques and algorithms,g, reconstructing sulsoxel informaion®®®, could provide new solutions to
the above challenges and identify 3D architectaresven smaller scales.

The following quantification involvemeasirements of the constituent phases, structural anisotropy,
and complex geometries.(, shapes, sizes, connectivity, and orientati§h¥¥ Correspondingly,
biological materials composed of different structural motifs must be described using specified
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guantification méhods. For simple motifs, including OD grains, 1D fibers, and 2D tablets/plateigisg

2.2), the building blocks can be described by simplified parameters via the superposition of a periodic
lattice/block and an additional perturbation vett@vhile for biomineralized materiatbmposed of more
complicated 3D bicontinuous mdjfthe structural quantification involves skeletonization as the first step
before further statistical summary on parameters like branch length, thickness, tortuosity, slenderness ratio,
orientation, nodeannectivity, and intebranch angle$°16%

The next step in uncovering the structpreperty relationship in biological materials gsdorrelate
the 3D structural characterization with mechanical performakicgire 2.14 presents a map of the
available experimental, analytical, and computational predictive methods for the stprojpeey
investigation of biomineralized materidl¥et, there are still merging fields the map, for instance, the
in-situ (4D) tomography, where thd"4limension is time. 4D imaging allows the observation and tracking
of the evolution of microstructures and phases, as well aslgicegituringthe deformation mechanisms.
Corresponding chlnges include thim-situ characterization of the 3D strain field, experiments on micro
/nanoe specimensetc. In parallel to 4D imaging, other methods also require further development, such as
the multiscale predictive methods channeling the strugixoperty relationships across multigeales.
The incorporatiomf machine learning (datdriven science) would provide th& dew diagram to the map
(Figure 2.14°161
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Figure 2.14| Uncovering the structure-property relationship of 3D biomineralized materials Figure 2.14 is
adapted from Jiat al?.

Lastly, since the diverse design strategies learned from biological materials are developed via
functional adaptation and environmental constraints, they all convey advantages for specialized functions.
However, which structural design should we look imtlhen designing a specific functional material?
Recent comparative studies by &b al provided possible universal indices to compare biomimetic
materials produced from differehto-inspired design strategies, where radar pl#se used t@ompae
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the drength, flexibility, toughness, response rate, and dissipafiogure 2.15A), as well as a
comprehensive normalized paramet€iggre 2.158 corresponding to the shadow areasFigure
2.15A)'% Additional material indices include j U " for the strengthlimited design of springs (with
maximum elastic energy storagégure 2.150 and—0 7 j” for beam vibration problem (with minimum
flexural excitation Figure 2.15D), where, , K,”, and— are the flexural strength, stiffness, effective

density and dissipation ratt€’. So far suchsystematic comparisons between different structure motifs are
quitelimited.
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Figure 2.15| Comparative characterization of the bioinspired design strategie¢A) Radar plot for visualizatior
of material propertiedB) Comprehensive parameter anadg shadow areas (). (C,D) material indicegC)
, J0 "and(D)-0 T ", respectivelyFigure 2.15 is adapted from Jaall62

2.4.1.2 Biomineral building blocks

At theindividual building block levelgespite significant progress in elucidating thiegeacrystalline
structures in biomineral building blocks, there are still many open questions to be addnehsdidg (1)
advanced structural characterizatip(®) understanding the structungroperty relationshipg3) formation

mechanisms(4) evoldion-related optimization or byproducts)(amorphous biomineralsand 6) bio-
inspired sythesis

First of all, there is a lack of understanding of @®micscale structural and chemical analysis
biomineral building blocks. For exampleo solid conclusioris availableon whether the intracrystalline
inclusions in biominerals are filldaly complete intraDMs or with some voidsSome unknown aspects of
the intraOMs include the 3D geometries,racemorphologies (rough or planar), chemical distribusion
etc Another topic of interest inhemical distributios is the3D mappingof individual biomineral building
blocks, andatom probe tomographig a plausible technigtf@!®® Furthe, it is of significant need to
conduct higithroughput comparis@for multiple biomineral system#\ promising example is to decode
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the exactchemical composition of intr@®@Ms in different biomineral systeif{g®11%111 which will
contribute to the understanding of tunithge geometries, texture, and properties ofibgpired minerals

The following question associated witktructural characterization is the understanding of the
structureproperty correlation of biominerals. Eve thaugh there has been somevestigation of the
mechanical propess of biomineral building bicok§ the results are quite limited in general probably due
to the micreto-nanosizes of the immineral building blocks. Corspondingly, nanoindentatiéit and
AFM-based cantilevarending® have been popular characterization techniquireatilding-block level.
Additional high-resolutionin-situ testing techniques in SER’%¢or TEM environmets**#° can also be
appliedto understanding the deformation of biominerals, sucim-&#u pillar compression and fracture.
Note that these expénents usually require prior sample preparations, such as FIB milling or thimming.
addition, MD simulatiorhas also foungromising applications in undersing the biomineral properties,
such ashe influence of intracrystalline defettand dehydratiofinduced crystallization of precurséts!®s

Thirdly, investigation of the structural evolution during the formation processes will offer important
lessons for biomimetic symesisand fabricationWe believe that the l@arange distribution ointra-OMs
in biomineralized igelated to the mineralization front during groywhg, thegradual tilting of the intra
OMs towardsprismboundaries ir. rigida(Figure 2.9D)?. Similarly, other growttrelated intracrystalline
features should include the distribution of trace elemef@&C, and other crystalline defects in the
biomineral matrix Figure 2.7), as well as the development of crystallogiapéxture(e.g, crystal splitting
vs. singlecrystal prism&91"* in Figure 2.1§ and twinning’>'"® In-situ structural and chemical
characterizabns during growth are promising approaches to addressdheries
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Figure 2.16|Textural evolution of the prismatic ultrastructure in bivalve shells, including (A-C) Pinna nobilis
and (D-F) Pinctada nigra (B,E) SEM images of therfcturesurfaceparallel to the direction of growttshell
n or ma | (C,R EBSP maps of the prismatic architectuseFigure 2.16 is adapted froBchoeppleet al™™
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Another intriguing question associated with biogenic mineraldether the intracrystalline structural
features are optimized during evol.dlbeiimraOM®in si mpl
biominerals result frombiologically controlled proceses which lead to significant enhancement in
hardnessyetit may bec hal | enging to conclude such str.ucture
Gilbert et al revealed that the gg biominerals from Ediacaran (~ 550 Ma) and Cambrian (~ 500 Ma)
shelly fossils show similar nanoparticulate texture with modern biominerals, indicating that the same
thermodynamics and kinetics may be responsible for biomineralizawangrystallizaton by particle
attachmen(CPA) of amorphous precurséfs More in-depth insights in this direction may be gained from
the investigation of the biomineralized sketetdrom historical records.

Apart from thecrystalline biominerals, amorphous phases cewist in biominerals either as a stable
form for structural components or as transient precursors during biomineralizafiba ACC phases in
biogenic calcite have received increasing attention. On one hand, stablea&®&en reported in several
systems, including the body spicules of sea tBljpira pachydermatirty calcareous spongélathrina
contorta?>175 and cystoliths in the leavesBicus microcarp&’®’’ Crustaceanrabs, lobstergtc) also
make use of ACC in the exoskeletons by taking the advantagéniaftitsolubility for periodic molting}-78
On the other handhe transition of ACC precursors has been revealed in biogenic calcite systems (
larva spicule¥®18% andregeneatedspines?!in sea urchis) and biogenic aragonite systerisélve larval
shells®? developing nacre in gastropod sh&fd8 and coral skeleto#®); the former bllows a stepwise
sequencehy dr at ed ACC VYAGCEAHdr at e FigeQA7ABRX L Wwiiilé thee  (
latter may involvepoorly crystalline aragonite (pAria coral, Figure 2.17D*® However, other solid
biominerals are amorphoustimeir intrinsic statussuch adiogenic silica. Examples include the spicules
with concentric layers in sea spontjé&® the complex frameworks in diatoms and radiof4fjand the
nanoparticles distributed in bamboo sRinintracrystalline features in the biosilica building blocks have
been reported, including intk@Ms!®* and trace elements (Na, €)% Yet, detailed investigationfdhe
structural origins anthechanicakffects of the intracrystalline microstructures in biogenic silica is limited.

S. pistillata

. purpuratus
(spine)

ACC-H:O|
Figure 2.17| Component mapsin bigenic calcium carbonate systems revealed by PEENhcluding (A)
regenerating spifeand(B) larval spiculesrom sea urchistrongylocentrotupurpuratus?, (C) fresh nacre tablet:

in red abalone shelHaliotis rufescen$* and (D) mineralizing particles inthe tissue of coralStylophora

pistillata’®. Images are adapted frofA) Albéric et al3’, (B) Gonget al3., (C) Devol et al®4 and(D) Masset
al.18s,

.

Lastly, one ultimate goabf investigating biomineralized materiatsto fabricate bignspired high
performance engineering materials. Most of the currentressgon bianspired material designs
concentrates on mimickirtge biological materials with reducééerarchie®’, while there is less attention
and emphasis on biospired sythesisand fabricationln addition,ceramie or metatbasedmaterials are
often used to mimic the mineral building blockget current fabricationechniquessuch asadditive
manufacturinded to defectqe.g, porosities, inhomogeneity, sintering defeetsiiweakenedgroperties.
Bio-inspired sythesismay provide alternative apprdzes to address the aforementioned isfRiEryress
has been made in the g$lgasisof bio-inspired calcite, where organic materials are incorporated, such as
copolymer micelles, amino acids, and polystyrene parti¢l€81% Syrthesisof Mg-containing calcitéas
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also been achieved by introducing additives to stabilize ACC prectirsams typical additives include
polyacrylic acid$®, carboxylic acid¥ % polypeptide®®, polysaccharidé¥’, and organics extracted from
biomineral§*1%8

2.4.2 Model systems

In thisdissertationl aim at providing insightsito someaforementione@pen questionEspecially,
the invesgations of biomineral composites at both composite and buildimck levels in this dissertation
focused on uderstanding the structwgroperty relationships, corresponding to the second open question
in Section 2.4.11 and the second open questiorSiection 2.4.12, respectivelyDifferent model systems
were chosen for specific ainfecusing onthe composite anduilding block levels of biomineralized
composites. The systems incluéérina rigida prisms (singlecrystal calcite),Placuna placentdaths
(composites consisting of singbeystal calcite units)Sinanodonta woodian prisms (polycrystalline
aragonite), lie sea urchitdeterocentrotus mamillatuspine (singlecrystal calcite with 3D bicontinuous
motif), Melo diademashells (aragonitbased crosseldmellar composites), black drum fistogonias
cromisteeth fydroxyapatitebased fibrous composites).

2.4.2.1 Model systems for buildingplock level studies

Figure 2.18briefly summarizes the basic information about the four meytems used for building
block-level studies of biomineralized composites in this dissertation. The comparative studies between
these model systems reveal the strucpnapertymechanism correlationsChapters 3,4, and the
investigation of the characterization, mechanical effects, and structural origins of residual stress/strain in
sea urchin spinesChapter 5) conveys additional fowledge of this less studied phenomena in porous
biominerals.

Atrina rigida prisms

The marine bivalve\. rigida shells (familyPinnidag are commonly known as the rigid pen shells
which are widely found in coastal western Atlantic waf€r3he bivalve has triangular shape with low
ribs radiating from the pointed anterior end toftrened posterior edge; the anterior end is attached to the
surfaces by byssal threads and buried, and the wider posterior extends above the sea floor to facilitate filter
feeding®. The shell consists of an outer prismatic layer (about hundreds of micrometecknes¥ and
an inner nacre layer (~1@0mn thicknes¥. The prism length axeme parallel to the shell normal, and the
transversal crossections show polygonal geometries measuring5&tm in diameteand enveloped by
thin organic interfaces (~500 nm in thickneg&sch prism is a calcite single crystal withxis §.e., [0001]
direction) parallel to the length aXis

Placuna placentdaths

P. placentais another marine bivalve (famiRlacunidag, known as thevindow pane oystemhich
is found in the shallow water of tropical IndtWest Pacifié®. They feed on plankton through filtering, and
ther flat and roundshells have been collected as the glass substitute for their transtitenioe P.
placentashell consists dath-like building blocks, witradiamond shape of each lath measudngiem in
width, 106180em in length, and 25350 nm in thicknes¥'". Each lath was confirmed to bimglecrystal
calcite withthe outersurfaceparallelto {10p8} planes®’:20

Sinanodonta woodiangrisms
The freshwater mussé&. woodianashells (familyUnionida@ have common names tife Chinese
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pond musseEastern Asiatic freshwater claor swanmussel®? The S. woodianahell consists of classic

two-layer microstructuresan outer prismatic layeand an inner nacreous layer, where the latter ishrmuc

thicker. In additionthe outermost organic layer of periostracusnusually preserved. The individu&l
woodianaprisms have similar geometries but larger diame®®$6(0 )&ompared td\. rigida prisms.

Each prism fromS. woodianais composed of interlocked aragonite polycrystals; despitelcited
crystallographic misorientationthec-axes argenerally aligned with he pri sms o6 X ongi t udi

Heterocentrotus mamillatuspines

The spine oH. mamillatussea urchificommonly known as slate pencil urchimscharacterized by
its complex bicontinuous porous structure, known as stéf@ohie spines are highly mobile and can
undergo a wide range of movem@htEach spine has typicallength of 510 cm anda diameter of 1 cm.
The stereom microstructures show gradient por@¢sB®% porosity in the centes.~60% porosity in the
edge)and structural variations, which are interrupted by e-5@denseconcentric rings (known agowth
band$. Remarkably, the individual spines diffract as singigstal calcité®?® despite their complex

meshwork after skeletonizatitf*°

Biogenic
single-crystal
calcite

100011 Calcite| &

c {0001}

Chapter 3‘ Comparative study of geo- Chapter

flogical and biogenic calcite genic calcite and aragonite prisms

Calcite Heterocentroft

{0001}

Calcite P. placenta
{1078}

’ 5 B e
5pum 5 um ® N £ Y 5um S -

Figure 2.18|Model systems for buildingblock-level studies.The representative images as weltfas researct
questiondor Chapters & are summarized.

2.4.2.2Model systems for composite level studies

4 Micro-bending characterization of bio- Chapter

5 Residual stress distribution
in sea urchin spine

Figure 2.19 summarizes the basic information about the two biomineralized composites used for
compositelevel studies in this dissertation. One primary aspect is to provide new insights into deformation
mechanisms usingn-situ (4D) tomography by applying bending and compresbiased loading
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(Chapters 6,7. Another topic of interest is t@haracterize the wear and abrasive properties of
biomineralized materialChapter 7), which is a functional requirement for teeth and many other protective
elements, but the related characterizations are usually Ifited

Chapter 6

W Crossed-lamellar mollusk shells: )
further insights via in-situ (4D) bending

3 n Systematic characterizations & )
Pogon/as cromis deformation mechanisms via

(teeth) in-situ (4D) compression/indentation
Wi

Chapter 7

Black drum fish teeth
(wavy fibers)

FigureA 2.19| odeI systems for compositdevel studies.The representative images as wellths researct
questiors for Chapters 6,7 aseimmarized.

Melo diademashells

The melon shellNl. diadema is a gastropod mollusk species, whiclsisnetims referred toasa
bailerseashell due tits frequent use to bail out water from bodtke outermost curl of therange melon
shell forms a very large opening, and the growth of the gastropod shells followed a logarithm{c spiral
QQ ), where ¢, d) is the radius and angular coordinate of the pointhieshell surface, andis the
tangential angle constant and gmyint of the shell surface. The mineralized shellMbfdiademahas
classical fibethased crosseldmellar microstructuresonsisting of aragonite fibergvhile it has long been
recognized that crossdamellar shells have even higher fracture toughnessmpaced to the weknown
i b r-andrko r t a r 2%2% nhare has been less focus on the biomimetic designs based on -crossed
lamellar microstructures. Possible reasons could lie in the difficulteplicatingthe nanoscale fibrous
building blocks and thénsufficient understanding of the structymmperty relationshigs Therefore,
comparativeex-situ andin-situ bending tests provide further insiglnso the deformation mechanisms in
crossedamellar shells, as well as their directional dependence.

Pogonias cromigeeth
The black drum fislP. cromis(Family Sciaenidagis amolluscivorous teleosthich lives inestuarine
and shallow marine wateasong the Atlantic coast from New England to ArgerfihaGenerally, a black
drum fish can grow up to a full length 48-60 inchesandabody weight of 50100 poundssecond only to
Indo-Pacific humphead Maori wrassgheilinus undulatuganotherdurophagous teleost figh’2%¢ The
black drum fish feeds amollusks and crabs with its powerful pharyngeal jaws and associated musculature
which is reportedto processv er one mi |l |l i on kilograms of shell ma

activity in Texa bay®. Therefore, the fish teeth represent an effective design to adapt it Hemit
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shelled organisms, and the systematic structural, chemical, crystallographic, and mechanical
charaterizations, and especially the abrasive properties and wear performance near the contact surfaces of
teeth, could provide valuable insights for understanding their strystapertymechanism relationship

and biomimetic designs.
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Chapter 3

Comparative nanoindentation study of geological and biogenic calcite

This chapterhas beenacceptedfor publication: Deng, Z., Chen, L. &Li, L. Comparative
nanoindentation study of geological and biogenic calcltmurnal of the Mechanical Behavior of
Biomedical Magrials (2022.

Biogenic minerals are often reported to be harder and tougher than their geological counterparts.
However, quantitative comparison of their mechanical properties, particularly fracture toudghstiis
limited. Here ve provide a systematcomparison of geological calcite and biogenic calaitellusk shell
Atrina rigida prisms andPlacuna placentdathg through nanoindentation under both dry and 90% relative
humidity conditions. Berkovich nanoindentatisrused to revedhe mechanicanisotropy of calcite when
loaded on different crystallographic plané®., reduced modulu® 00 >0 and
hardnes&O 00 00 , and biogenic calcite has comparable modulus but increased hardness
thangeological calcite. Based on conical nanoindentation, we elucidate that plastic deformation is activated
in geological calcite at the leWad regime (< 20 mN), involving{10p4} andf{p012} dislocatiorslips as
well ase{ p018 twinning, while cleavage fracture dominates under higher loads by cracking{a@mg}
planes. In comparison, biogenic calcite tends to undergo fracture, while the intercrystalline organic
interfaces contribute to damage confinement. In addition, increased tyduds not show a significant
influence on the properties of geological calcite and the siorgktal A. rigida prisms however, the
laminatecompositebased orbiogenic calcite oP. placentdaths(layer thickness, ~25800 nm) exhibits
increased tougtess andlecreasetiardness and moduludle believe the results diis studycanprovide
a benchmark for future investigations on biominerals and bioinspired materials.

3.1 Introduction

In nature, organisms construct a variety bmineralzed compositesfor mechanicselated
functionalities, such as skeletal elements for body support and protection, and teeth for food
consumptiof’2°© Among known biogenic minerals, over 50% are calehased minerals, among which
calcium carbonatis one of the primary mineral tyg&sThe two common calcium carbonate polymorphs
found in biomineral composites are calcite and aragonite, which are found in the skeletal haal parts
various animal groupsuch as echinoderms, mollusk shells, and arthropod exoskeletoiis?

Calcite and aragonite are also commonly found in nature as geological (abiotic) crystals. These crystals
are often in twinned formgg., different crystal domains joined together according specific symmetry
operation, including reflection, rotation, and inverst@nvhere the individual domains are single crystals
with a continuousand periodic arrangement of the atoms. Shugjestal caldie exhibitsa classic
rhombohedral shape with exposgdp4} cleavage surfaces. In comparison, the biogenic minerals are
usualy formed into micrometesizedsinglecrystalline building blocks, which are often surrounded by
thin organic interfaces, forming hierarchical biomineralized composites. Such hierarchical designs play a
significant role in enhancing the mechanical properties of these ma&tettaror example, desjgi very
high mineral contents (999 wt%), the crossethmellar and nacreous structures in mollusk shells achieve
toughness (in terms of work of fracture) up to two to three ordérsiagnitude higher than the
corresponding monolithic minerd?$% In addition to the extensive research on the composite lawvel,
increasing amount of work has also focused on the intrinsic features and properties iominheral
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building blocksrecently®. Due to the biologically controlled mineralization processes, biogenic minerals
often enclose intracrystalline defects withthe individual building blocks. In particular, nanoscopic
organic inclusions have been widely reported in a variety of biominerals, while other structural features
such as trace elements, residual strain, crystalline defegtsgmorphous phase, dtilig crystal, and
nanogranular structure), and twinning have also been recoghized

The aforementioed structural modifications have been used to rationalize therdoognized
difference in mechanical properties between biogenic mineralghairdgeological counterparts. Most
mechanical characterizations on biogenic and geological minerals in gablgtrks focused on the
indentation hardness and modulus. Our recent works provided additional comparison through uniaxial
compression on the micropillars milled tiefocusedion beam (FIB¥ and micrebendingof the prismatic
biomineralé®. Take geological and biogenic calcite as amela. First, extensive nanoindentation data
has proved that biogenic calcite has higher hardness and comparable (or slightly lower) mthadulus
geological calcité ”’. The hardness isssnmonly believed to have a linear correlation with strefigtand
the micro-pillar compression study confirmed tHzibgenic calcite has higher compressive strefigth
addition, the geological and biogenic calcite also exhibit different fracture characteristics, cleavage fracture
inthe formeivs  fic onc hoi dhelattef>® getthene hee not béen systematic and quantitative
characterizations on their fractumighness.

Biogenic crystals are often highly textured. For example, the calcitic sea urchin spine has the
crystallographicc-axis parallel to the axial directiBd The calcitic prisms from mollusk shells have
different variations in textureitrina rigida andPinna nobilisprisms are singlerystal calcite witlrc-axes
parallelto their lemths (shell normaf§?2 while crystal splitting was found in sorRénctadaprisms P.
fucatg P. margaritifera, and P. nigra) with subgrains showinga gradual changefocrystallographic
orientationg’®171213.214Qther interesting examples include fbkated calcitdaths in soméivalves which
have their terminal/tofaces of laths coincide witfi0p8} rhombohedral facé¥. Due to the anisotropic
nature ofthe atomic arrangement, crystals exhibitisotropic mechanical properties. For example, calcite
is the most compliant along tredirection. Therefore, it is also of great interest to investigate the
mechanical difference of the geological and biogenic calcite on different crystallograptes, phdaich
could correlate with the specialized mechanical functionaliielfierent biomineral systems.

To probe the mechanical differencafsbiomineralsat the microscale, nanoindentation is a widely
used methodUsingthreesided Berkovich or fousided Vickerstips, thereduced modulus and hardness
can be measured easily; yet, such-rmationalsymmetric tip geometries lead to azimuthal dependence
of the measured propertié®., the indentation properties vary with the respective rotatianglebetween
the sample and tip orientatidAsThis is espeeilly prominent in monocrystalline materiafor instance,
theBerkovichhardnes of calcite {0001}JandA. rigidacrystalsshowed similar variation trends with respect
to the azimuthal anglés*'> Therefore, conicaips with rotational symmetry may be used as an alternative
to mitigate the azimuthal variationslthoughthe measured hanesswas reported to beigher tharthat
obtained fromBerkovich nanoindentatidt. In addition, the azimuthal dependen¢eith nonrotationat
symmetrictips) may be more significant in cracking pattetmslerhigh loads'®, considering thasingle
crystal calciteoften develops cleavagdong the {14} planes However, there has been no systematic
comparative study on crystallograptigpendent fracture behaviors in geological and biogenic calcite.

Hydration levels are also believed to haveraminent influence on the mechanical properoés
biological materialsGenerally, material hydration leads to decreased indentation hardnes®dnidis
but increased toughnéss Suchatrend is more significant in materials with alirhardness and modulus
valueg®’. Similar findings have also been reported in the macede testing, where the hydrated organic

30



interfaces are expected to facilitatermextensive crack deflecti&hYet, previous findings regarding the
humidity influence on the meahical properties focused on the composite level of biomineralized
structures. There is a lack of characterization of the humidity influence on-smgtal biogenic calcite,

as well as the systematic comparison between geological and biogenic calcite.

In this work, a systematic nanoindentation study is conducted on biogenic and geological calcite to
guantitatively characterize and compare their mechanical properties and fracture behaviors on different
crystal planes. Two biogenic calcite systems arectmleA. rigida prisms andP. placentalaths. The
horizontal crossection ofA. rigida prisms corresponds to the crystallographic planes of calcite {0001},
while the top surface ofP. placentalaths is close taalcite {10p8} planes®. Correspondingly, the
geological calcite samples are prepared with thenitadien surfaces of calcite {0001{.0p4}, and{10p8}
planes for direct comparison with biogenic calcite under both dry and 90% relative humidity (RH)
conditions. A Berkovich tip is used to characterize the hardness and modulus, while a conicaldifois use
characterize the fracture properties to avoid azimuthal dependence. Thainvstk provide a detailed
characterizationfahe mechanical behaviors in calcite systems when loaded on different crystallographic
planes, and thus provide a benchmarkésearch on biomineralized composites and bioinspired materials.

3.2 Materials and methods
3.2.1 Materials

The bivalve shella. rigidawere purchaseflom Gulf Specimen Marine Laboratories, I(EL, USA),
and the prerimmedP. placentashells ¢a. 50 mmin diamete)J were purchased from Seashell WorfdL
USA). The mollusk shells were cut into small pieces, and the contaisiilségae, and sand particles were
removed. The geological calcite (Iceland spar) samples were purchased fraanAflkexico product).
The calcite samples with characteristic crystallographic surfaces ({0Q@p4}, and{10p8}, Figure 3.1)
were obtained by cutting along specific orientations corresponding to their orientation angles, where the
crystallographic orientations weoenfirmed by electron backscattered diffraction (EBSDie biogenic
and geological calcite samples were theambdswith DI water sonicatingnd dried irtheair before epoxy
embeddindEpo-Fix, Electron Microscopy Sciencegjtter curing in epoxy, the samples were polished on
diamond lapping films (particles sizes of 1%, 9 um, 6 um, 3 um, and 1 pnand finishedvith colloidal
silica suspensio(particle size40 nnmj on a polishing cloth (Allied High Tech Products, In@he polished
samples were further cleaned, sonicated, and drigbir before further experiments.
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Figure 3.1|Characteristic planes in calcite crystal for indentation. A) Schematiof hexagonal calcite crysta
showing the characteristic planes of {000{0p4}, and{10p8}. (B,C) Schematics of calcite rhombohearfsB)
{10p4} and(C) {10p8}, respectively.
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3.2.2 Instrumented nanoindentation

Instrumented nanoindentation was conductedNanoTest Vantage platform @Micro Materials,
Wrexham, UK) A Berkovich tip frigonal pyramid, semangle ofUs = 65.39 was used to measure the
hardnes$i and reduced modulls on polished sample surfaces, while a conicaltijjoradiusRc = 5 pm,
semianglelk = 45°) was used to characterize the fracture patterns.

For Berkovich nanoindentation, the diamond area funcfldAF) of the tip (.e. the correlation
between indentation deptnd contact area) was calibrated using the standard fused silica sample. The
typical loadng profile included three stage$oading (15 s), holdig (10 s), and unloading (15 s), and the
maximum load wa$max = 2 mN. Thermal drifting (3G) was also monitored near the end of each
indentation when unloaded to 10% of the maxim load. For statistical par@&siedents were conducted
on geological andiogenic calcite samples witspacing of 1&m to avoid interactions between adjacent
indents Egpecially, the indents oA. rigidawere conducted on multiple prisms and only those away from
the organic interfaces were selected for analysis. hErdnes Hor and indentation moduluBo.r are
quantified based on the standard Oliférarr (GP) methodologif*.

For conical nanoindentation, the maximum loads chosenRugge 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 200, 300, 400, and 500 mN to generate a series of cracking patterns at increasing loae®) and 10
indents were conducted for each load to ensure statistigaificance The fracture toughness was
estimated basl on the correlation between crackgths and indentation load$

In addition, by controlling the relative humidity (RH), the Berkovich and conical nanoataerd
were conducted under dry (at room humiditgaf36% RH) and humid (90% RH) conditions. A humidity
cell was used to enclose the nanoindentation tip and the samples, while the humidity was maintained and
monitoredin situ throughaninlet of water \apor and a humidity sensor. The samples for measurements
under humid conditions were kept in the sealed cell for over 3 hours for humidity balance before testing.
Of special attentionptavoid the azimuthalifference the Berkovich nanoindentation undky and humid
conditions vasconducted without adjusting the tip/sample orientations.

3.2.3Postindent characterization

Scanning Electron Microsco$EM) The postindentation samples weceated with ultrathin Pd/Pt
(ca. 10 nm in thicknesg)eforeelectron microscope imagin§EM imagesvere acquiredisingFEI Quanta
600 FEG Environmental SEMith atypical acceleration voltage &0 kV andaworking distance ota.
10 mm.Those images on the conical indents were then used for the measurements of indeahdize
crack lengttt, which were then used for comparative studies and toughness estimation.

Atomic Force Microscopy (AFMThe selected conical inden.{x= 10-70 mN) on calcite samples
were scanned using AFNPérk Systems XB7The norcontact mode was applied to obtain the 3D surface
topologies, and theantilever used was PRCHR (NanosensorsSwitzerlandg with a nominal spring
constant of 42 N/m and a resonanatiency of330kHz. The collected images and the corresponding
exportedopology fileswere subsequently analyzed using Park Systems XEI softhddéional analysis
was conducted using MATLAB code to correct sample tilting and extract surface heigbs@ong the
characteristic paths of the fracture patterns.

3.2.4Statistical analysis

The descriptive averages and standard deviations were used for all the measurements in this paper
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wherever possible, including the Berkovich nanoindentaioand H (Figures 3.5, 3.6, and conical
indentation measurements of crack lengthed indent sigsa (Figure 3.113.13. The standard deviations

of the data were plotted as error bars in the figures. In additiorsdmple-tests were conducted between

the dry and humid comparative groupdglres 3.5, 3.11, 3.1Rand the biogeniws geological ckite
groups,i.e., calcite {0001}vs A. rigida, and calcite {198} vs. P. placentdFigure 3.6). An additional
oneway ANOVA test was performed for the comparison among three Iceland spar samples ({0001},
{10p4}, and{10p8}). For any statistical significance at a level of 0.005, the comparative data groups are
marked by asterisks.

3.3 Results
3.3.1Microstructure and crystallography of selected biogenic calcite examples

The calcite prisms were obtain'dm a marine bivalvé. rigida (also known as the rigid pen shells,
Figure 3.2A,B), and the calcitic laths (along sheltplane direction) wer obtained from another marine
bivalve P. placentacommonly known as th&indow pane oyster Figure 3.2E,F).

A Atrina rigida

Placuna
placenta

N N e o 0 um
Figure 3.2| Selected biogenic minerals from mollusk shells, including (#) A. rigida prisms and (EG) P.
placentalaths. (A,B,E,F) Schematic illustrations ¢fA,B) A. rigidaand prismatic composites aftelF) P. placenta
bivalve shells and | at h ag{GD stEMlinages of thédipulidhd®) vedticataad
(D) horizontal crossections ofA. rigida prisms, espectively.(G) A top-view SEM image of the fractured.
placentashell exposing the laths.

At the level of individual building blocks, th&. rigida prisms have elongated rdile geometries
with the |l ength axi s pRgua32C)eHorizontlly pofiseed sebtierls teveal o r ma |
the polygorshaped crossections of prisms joined by thin organic interfaces 500 nm in thickness,
Figure 3.2D). Theprisms measurea. 20-50 em in diameter and hundreds of micrometers in lengthh Eac
prism diffracts as singterystal calcite with its-axis {.e., [0001] direction) parallel to the length a&Xis
Within the individual prisms, there is a layered distribution of hanoscale intracrystalline organic inclusions
(height ofca. 5 nm and lateral span c&.10 nn) parallel to the horizontal directiéit®2
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The P. placentashell hadath-like building blocks with arrowpoint ends and lateral coalesce, and
those building blocks stack into a laminated structbigufe 3.2G). The laths measuia 100-180em in
length,ca. 4-7 em in width, ca. 1C° in tip angle, ancca. 250350 nm in thickness, while the organic
interfaces measurea. 2 nm sandwichedbetween adjacent mineral lay&s The individual lath was
confirmed to be singlerystal calcite wittthe shellsurface tose to {1®8} planes of calcitd’ 2% A large
number of screw dislocatielike connection centere4 10° in each layeandca. 2000 layers acroshe
shell thicknesswere foundoining laths fromadjacent mineral layers, makitige P. placentashella 3D
composité®.

3.3.2Berkovich nanoindentation: modulus and hardness

Berkovich ranoindentation is a standard methimd quantifying the modulus and ttess of
material$'®?1® However, due to its threeded geometry and the-piane variations of crystallographic
orientations of biogenic calcite samples, the azimuthal effect is inevitable when Berkovich tips are used.
Correspondingly, we conducted Berkovich nanoindentation tests on multiple prisfsrigida and
multiple lathsin P. placenta and the averages and standard deviations were used for comparison.
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Calcite {0001}

results of(A) reduced modulus an{@) hardness on calcite sampbagainsincreasing load from 0.5 to 10 m{C-
E) SEM images of the post indents on cal¢@g {0001}, (D) {10p4}, and(E) {10p8}, respectively.

To determine the appropriamaximum indentatiorioad Pmax @ series of nanoindentation was
conducted oiiceland spar samples wiBthaxfrom 0.5 to 10 mNKigure 3.3). At lower loads Pmax< 2 mN),
the indentation depths were very small (< 180 nm), and the local roughness of the sample surface played
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an importantrole in the property measurement, leading to large deviations. As the maximum load was
greater than 7 mN, cracking associated with fractured pieces being pushed outwards and upwards was
noticed on the sample surface, where the contact area for thosts ideeiated fronthe predictedresults

by indentation depth.€., DAF of the indentation tig}°. Therefore, the maximum load for our comparative
Berkovich nanoindentations was set to be 2 (g@¢ representative curvedigure 3.4).

The nanoindentation resul& andH for geological and biogenic calcite are summarizeBigures

3.5, 3.6 and Table 3.1. The reduced modulus; is correlated with the material properties of both the
indentertip and the specimen,

P p U p U
= Eq. 3.2,
O O O (Ea. 3.9
whereEandvar e t he modul us a ncdlcitésanple ¢=003P)$*, andEtandg ard or t he

t he modul us an dtheRliiamoadusedid the Ber&ovich digEi = 141 GPay; = 0.07),
respectively.

A Calcite {0001} pry| B Calcite {0001} 90% RH
2.0 Calcite {1074} 2.0 Calcite {1074}
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1.5 —P. placenta _15- — P, placenta
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Figure 3.4| RepresentativeBerkovich nanoindentation curves at themaximum load of 2 mNunder(A) dry
and(B) humid conditions.
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Figure 3.5|Berkovich nanoindentation properties on biogenic and geological calcite under dry and humi
(90% RH) conditions, including (A) reduced modulus an@) hardness, respectivelyhe histogramsnd error

barsshow the average and standard deviation of each dataspectively The aterisks represent statistic
significance at a level of 008 via two-samplet-tests.
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The obtained hardness values foplggical calcite {0001} agree with the value range reported in
previous studies, but the modulus results are slightly [Bwmssibly due to variations in maximum loads
(hence indentation depths) used in these t&sis.general comparison tfeland spar samplesdicates
thatO o0 >0 , While 'O o0 o0 for dried conditionsKigure 3.6). In
addition, biogenic calcite showed comparable modulus to geological counterparts, while the hardness was
significantly enhanced. Compared with calcite {0004} rigida prisms show abowt 21-28% increase in

hardness; compared with calcfi®p8}, P. placentdaths showa 34-69% increase in hardness and686
decrease in reduced modulus.
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Figure 3.6| Berkovich nanoindentation properties on biogenic and geologicalalcite, including (A) reduced

modulus andB) hardness, respectivelyhe aterisks represent statistical significance at a level @60vta two
samplet-tests.

We further investigated the influence of humidity on mechanical properties. The results revealed
insignificant differencen hardness and modulus between dry and humid conditions for geological calcite
(Figure 3.5). In contrast, biogenic calcites exhibit variations in humidity dependEncP. placentdaths,
the hardness and reduced modulus shaggnificant decrease, 24&nd 12%, respectivelyvhile for A.
rigida prisms, the hardnessd reduced modulw® not show significant differensebased on twsample
t-tests. Such difference betwetrrigidaandP. placentas attributed to the layered structurdPirplacenta
where the organic interfaces between the mineral layers are expeaesbftebunder humid conditiot$

Table 3.1Berkovich nanoindentation propertiesof biogenic and geological calcite

Samples H (GPa) Er (GPa) E (GPa)
Calcite {0001} 2.29+0.13 58.69 + 2.74 55.44 + 2.46
Calcite p pt 2.21£0.09 75.67 £ 4.02 72.62 + 3.62
Dry  Calcite p py 2.11+£0.27 74.04 +5.88 70.94 +£5.30
A. rigida, intrinsic 2.77 £ 0.44 59.42 +5.35 56.17 + 4.82
P. placentacomposite 3.57 + 0.20 69.73+ 3.45 66.55+ 3.10
Calcite {0001} 2.18+0.28 62.08 £ 5.34 58.82 +4.81
90% Calcite p pt 218+ 0.06 7618 £4.38 73.14 £ 3.94
RH Calcite p py 203+0.23 7238+7.85 69.24 + 7.09
A. rigida, intrinsic 2.79+0.42 63.90 + 4.04 60.66 + 3.63
P. placentacomposite 2.72+0.14 61.06 + 2.82 57.80 + 2.53

*HardnesHH and reduced modull& were directly obtained from nanoindentation, elastic modalwascalculated based on Eq.
(32).
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3.3.3Conical nanoindentation: toughness

Cracks can be more easily generated when sharp tips, such as Vickers acoricebh&om which
fracture behavior of materials caa studied using nanoindentati¢hThere are three types of indentation
induced cracks, including radial cracks formed by hoop stresses, lateral cracks produced by tensile stress,
and median crackseneath the indent&igure 3.7)%8

A ’ B ' C ' D '
. . Median cracks
Radial cracks Lateral cracks Median cracks .
under higher load
Figure 3.7| Crack systemsunder nanoindentatior?'8, (A) Radial cracks formed by hoop stress, perpendicul:
the indentation surfacéB) Lateral cracks beneath the surface produced by tensile stresses, which often e
the surface and later chipping of the materials. Lateral cracks are pardHelindentation surfacgC) Median

cracks beneath the residual impression, which is perpendicular to the indentation surface and aligned
corners of the inden{D) Unde heavy loathg, the median cracks extend upward and join with radial cracks.

The lateral cracks are parallel with the indentation surface and may lead to chipping of the material
when extending to the surface, while the radial and median cracks are perpenditgandentation
surface and will coalesce under heavy loads to feurface cracks égnding from the indent cornét®
Both the elastic and plastic force fields are responsible for crack extension, which was usually modeled as
the superposition of the plastic (residual) field in the unloaded regime plus the field of an ideal elastic
contact in both th loading and unloading regini&s The median/radial cracking system has long been
recognized in more brittle materials, waéhe median crack reaches its maximum growth at the maximum
load (duringthe loading stage), and the radial crack continues itsnsibn until complete unloadiffg
Especially the radial cracks are relatechpirically to toughness in thiellowing form

ol 0
IO REAY
whereE is the elastic modulus] is the hardnes®,is the maximum load; is the maximum length of radial
crackmeasured from the indentater, andc is an empiricahondimensional constarfé = 0.040 for cube
corner tipd'®andc = 0.022 for Vickers and Berkovidips®*?®). This correlation was confirmed in different
brittle materials, including amorphous glass, single crystads gilicon, sapphirespinel ard Germaniun,
and polycrystal cerami€$??2 The indentation Qardngbbis given by

. (Eq. 33),

0 | W -
whereA is the contact area under indentation |Bad is the contact radius of the indent, and thenon
dimensional geometric constant for the inddiontip?'8. Based on the tip geometrids= 1.30 for three
sided tips(generating quilateraltriangle indents) andJ = ~ for rotationalsymmetric tips (generating
circular indents). Therefore, the measurement of indentasaael crack lengtlec can be used to estimate
themechanical properties of the materials,

0 (Eq. 32),

ol

0O
O —. h = — (Eq. 34).
(@] V)
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These correlations have also been used to estimate the fracture toughness of some biomineralized
composites, includingponge biosilicaNlonorhaphis chunt?®, mantis shrimp spearensysiosquilld and
smashers@dontodactylug?, the parrotfish teettGQhlorurus microrhino¥?°, and the black drum fish teeth
(Pogoniascromig®. However single-crystalcalcite has shown strong azimuthal dependence in the modulus
andhardnes™2%5 which also exhibits preferred {p@} cleavage planes in the inelastic reginiie.avoid
the azimuthal dependence induced by the tip, the axisymmetric conictp ipdiusRc = 5 pm, semi
anglelt = 45°) was used in characterizing the fracture patterns in this study.

3.3.3.1 Indentation curves

The conical nanoindentation was conducted withaximum load ranging from 10 mN to 500 mN,
and the representative indentation curves for biogamicgeologicatalcite samples witkhe load range
of 10-100 mN are plotted ifigures 3.8, 3.9 respectively
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Figure 3.8| Representative conical nanoindentation curves on biogenic calcite samples with the maximt
loads of 16100 mN under(A,C) dry and(B,D) 90% RH conditionsincluding (A,B) A. rigida, and(C,D) P.
placenta
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Figure 3.9| Representative conical nanoindentation curves on geological calcite samples with the maximt
loads of 10100 mNunder(A,C,E) dry and(B,D,F) 90% RH conditionsincluding (A,B) calcite {0001}, (C,D)
calcite {1Qp4}, and(E,F) calcite {1(8}.

3.3.3.2Measurements of indents sizes and crack lengths

To quantify the crack resistance, indent siz&nd crack lengtle were measured on each indent via
postindentation SEM imaging by constructing two concentric circles, with the inner circle along the indent
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