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Abstract

Self-assembly is a popular botteap process wich resultsn highly-ordered and fine structures

in micro- or nanescale.The special structuseproduced through the sedssembly are always
related to some unique and outstagdimoperties. Abundant research bagnperformed to aid

in figuring outideal ways to produce these materialsifiolustrial applicatioa In the biological
world, many creaturegevelop aselfassembly process in some of their physiological behaviors
throughmillions of years of evolutiorwhich could inspire us with innovaigeas to produce the
special and specific structufBne nacre of the abalone shell is on such exariples, studies of
abdone nacre ar@elpful in learning about the design of swarhazing structuss howthey are

formed,andthe mechanical propertielsey possess

Nacre,whichisal so call ed Amother of pearl o, is an
With the selfassembly produced structure, whiclktagstructed fronaragonite tablets connected

by organic thin films, the abalone nademonstatest asci nati ng toughness.
w a | strugtureprovidesthe main body othe nacre,there exists another structurethe nacre

which shows obvious differences and appears throughout the espeeially irshells of abalone

that growin the seagthe wild abalone). It is called thmesolayeland it carbe divided into three
separatéayers: prismatic layegrganiclayer,and columnar layeEach of them shows tlieown
individual elastic propei¢s Though therdhas been much reseangérformed which focuses on

thetabletswhich make up theacre, very limited attentiomas been paid to the mesolayer.



The abalone creates a confined space for itself with its shell which it is attachedporbgraof

its tissue known as the mantltb al oneds nacr e gmuous secratedly ttehe ¢ ol
abalone itself in that confined spad@atcolloidalmucusprovidesthe selfassembly nacre growth

with an isolated andomplicatedenvironment and willltimatelyact as the organic matrix the

nacre As it is hard to observe the-gitu nacre growth, some methodsredeveloped to assist

with investigating this biomineralization process such as the Flat Pearl Method. This is the method

applied in this resarch tadeterminehow the seawater emgnment effects the mesolayer growth.

The California redabaloneswere purchased from an abalone farm amdtured in artificial
seawaterThe temperature, watquality, and foodwerewell controlled to guarantdhea b al on e s 0
healthandthat the nacrandmesolayecould grow normally. Temperature, pH, R ratio

of the artificialseawatemere parametersn need of controlpbased oditeraturesdescribingsea
environnent and sea creatures. Amongsi@arameters, temperature and pH were contriled

allow the mesolayeto form. The mucus that the nacre gr®¥vom hasalsobeenobserved out of

abal onebés body and i yandshows some imferesting deodrite formatidn s p a «

Elastic modulus is the nraimechanical propertyf concernin this research. Nacre sampiesre
testedwith a nanoindenteThe main composition of nacre is calcium carbonatkich canbe
treated as ceramic materialandshows excellent high toughne8®oth the mesolayer and nacre
weretested by the nanoindent&or themesolayer, each sublayeastested to see the individual
behavios. For the nacre, when the teghisapplied on the nacre sample directdyack formation
beganaround the nanoindentatiasites, which will influence the test result. Thus, the el
developed Chefrorok methodwhich introduces ductile metal filmto the sample surface
order toavoid the substrate crackingasapplied in this research. As the nacre Aaanoscale

architecturea distinctive anisotropic modulus @resent The nacre samples tested in different



architecture orientatiawere included in thoisesearch. The datmascollected, analyzed, and
presented here in Nanoindentationson several nacre samplesgith different architecture
orientationsveremilled usingfocused ion beanm orderto show the behavidreneath the surface.

In addition, a bending experiment wagplied on the nacre sample to see its behavior. With the
combination othisinformation, reasonable assumptioveredevelopedo explainthe anisotrpic
modulus of the nacre structure. The nagesalso prepared into cantilever beams for additional
testing The resultsverecompared with the nanoindentation test results. The cantilever gragect

recently just begun, and future progress is to bea&gde

Although the nacrstructurehas been under investigation for gustame time debatestill exist

as to howthe nacre growth proce$snctionsand how the mechanical properties influence the
structure The work stated in this dissertatiseeks to dvance the knowledge bbw the isolated
biomineralization is effected by the outside environment and why this special architecture

introduces a material with highly anisotropic mechanical prazert
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1. Introduction and Research Motivation

Haliotis Rufesces(Red Abalone) acre has long beenfocus otomprehensivenvestigation due
to the distinct micro-structure it possessesThe exellent mechanical behavior dflaliotis

Rufescensacreis believed to beelated taheuniquestructure.

In this dissertabn, multiple directions of research based on this composite maaegekamined

Thebiomineralization processf nacre growtlas well as thenechanical behavias investigated.

Studies based on thtaliotis Rufescensacrerevealshe advantages ofitiniquestructure These
analyses could provide a new method to control and imphavstructuref composite materia)s

which possesanoutstanding mechanical capacity

The researchtated in thiglissertatioris basen the CaliforniaHaliotis Rufesens(red abalone)

shellandconcentrates on the following

1 The control of the formation of a specific structtiratappears during the growth of nacre,
which is called mesolayefhisisb el i eved t o act as -agsembfyi nt er
nacre gravth process.

1 The mechanicalproperties of the nacre and mesolayemwhich are tested using

nanoindentation

In this section, crucial concepts of this research will be introduced, sudhliatis Rufescens
nacre, experimental method, and the research atiiv
Live abaloneand nacre samples involved in this research are obtained from California red abalone

These are chosen due to their accessibility and large size, which allows for easy experimentation.



1.1. Self-assembly and Biomineralization

Two types ofselfassembly process are defined and widely discussed: the dynarassatibly
and the statics sefssembly [1]In this dissertation, only the statics saffisembly process will be

discussed

As a typical bottorrup processhesel-assembly mechamsis an attractivéechniquedue to the
autonomous formation of highlgrdered andwell-controlled structuresat the nanoscaleThe
highly-orderedstructureattractsr e s e a rateehtiendue do the possibility of the unique and
outstanding properties tie materials &ing strengthened by this structumespecific orientations
[1-4]. Crucial factors for selassembly are: an environment that enables components to move
freely and[1l4 There eregidust tyepce emptafed .Ai F o r tleatwaotipnl e
betweenchemical bonds5] and kinetics contrah the colloidal environment §] are all thought
determinethe complex and highly orderathnoscalestructures. To approach a saffsembly,

templates need to betinducedappropriately 7-10].

Self-assembly makes a great contributiorbuilding the nanoscale structure details for devices
and structures in the industry by controlling the mechanism of this process. The precision of self
assembly structures ggeaterthan theconventional mecharit techniqueThis process shoulde
controlled as much as possible asbould produce the exact structuneeeded to meet
requirements. Thus,palicationsof this techniqueare expected in comprehensive technology

fields [11-14]. So, karning thenechanisra of this process is important.

In fact, ®lf-assembly is a common process in Hieogical world. After millions of years of
evolution, many creatures use a ssfembly process called biomineralization, which is a crucial

part of their survival in th@atural environmentlhis fascinating mechanisgeneratesomplex



strudures in many organismsna, so far,some products of the biomineralization process still
cannotbe accomplished by artificial worlBesides producing extremely fine structures with
favorable mechanical properties, biomineralization glswidesthe selfassembly process with
biological nontoxic environmentA popular and important example is the abalone nacre growth
in the colloidal organic liquidt producedy itself. This liquidis believedo includeliquid crystal

andhasquite a complicatedomposition 15].

A considerable amount of research has been done regaaloignt carbonate (CaGP This
compoundhas beerthoroughlystudied byvarious researchert only due to itsomprehensive
application in the industry, but also becauseit is an extremely crucial product of the
biomineralization procesdlumerouscrystallineformation experimentmethodshave beemone
for CaCQ formation using chemical technique¥hese experimets and the mechanisms were

closely reviewedconcluded anthendeveloped by DrCdlfen in hiswork [16].

However, the biomineralization for producing the CaG@©much more complicate than the
chemicalsynthesis proces#ll the conditions areleliberatéy arranged inchemicalsynthesis
experimentsyeta lot of factors are unknowand uncontrollabley people in the biomineralization
processlt is hard toobtainthein-situ observation othe physiological activitiesespondingo the
outside environmdrchangeThe complex biologal system bring$orth a lot of challenges tihe

biomineralization invegjation based on live creatures

1.2. Haliotis RufescengRed Abalone) Nacre

As mentioned abovéialiotis Rufescensacre whi ch i s al sarisadroduetd @A mot
of biomineralizationln macrescale theHaliotis Rufescenshell could be divided into two parts:

the outsideportionfacing the seawater environment wéhlough surface and the insigertion



facingtheabaloné s ®dy fwith an irdescent surfagevhich ismuchsmoother than the outside

shell(Figure 1). Thisinsidesectionis the leadindactor of the researdhthenacre.

When the shell is cut into pieces, the crssstion shows the boundary of the two pafigyre

2). This boundary is very clear due to the differealorsand fracture trasof the two partsThus,
thesetwo parts could beasilydistinguished without using any microscopy through the eross
section of a cleaved shell pieteHaliotis Rufescens nacréhe outgle calcite parhas aed coloy
while the nacrés white. The boundary betwedmetwo is distinguishable from the cleaved cross

section side.

Figure 1. Camera photos of California red abalone shell. (a) Outside part of abalogiewhich
is facing to seawater environment and showing rough surfagdngimle part of abalone shell

which is facing to the soft body of abalone and showing the iridescent and smooth surface.



Outside part Inside part of the
of the shell shell - Nacre

Figure 2. The optical microscapimage of the crossection of a cleaved Haliotis Rufescens

shell. The two parts of the shell could be easily distinguished as the boundary is clear.

To avoidbeingconfusion and misunderstandjriige view shown b¥igure 1 (b)is defined as the
it-eigd, -8Bt dp Vi ewod,dea nsdheviewatmwn byFigure 2is defined as the
fi c r-sectisns i d e 0 ,-secfioasriodses v i e w osectioasnidd el cg aomEl e 0 .
concerning h e -sfiitdoep s a mp | -gectiona h d e 1 6 A s gpkovdded anexpldined e

in the Experiment section.

1.2.1 NacreComposition

The Haliotis Rufescenshell ismainly made of calcium carbonafehe outside is calcite aritie
inside nacreportionis aragonite. Calcite and aragonite are different types of calcawbonate
with aslight differencen crystalline structure. fecalciteand aragonite belong to the trigonal and
orthorhombic crystal structures, respectivdly.fact, both calcite and aragonit@e common
mineral compositiogin organisms 17]. For theHaliotis Rufescenacre,more thar®5wt% of it

is aragonite and less than 5wt% of it is organic compoditi8jn
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The composition of the minerglortion of nacre is relativelysimple andpure while the
composition of the organiportionin nacre is qué complicatd. T h e-chifin, silk fibroin-like

proteins, and acidic macromoleculesvelong beerspeculated to bthe organic composition in

nacre 9. Many detailed types othe organic componentsolated from the nacreavebeen
concluded[18]. Among thoseorganic ©® mp o n e n tchitjn istthie enostbconfirmed one. It

consistsof 2-acetamide2-deoxyb-D-gl ucose t hr ougandkmowbasgdnaturad ) | i n|
and common structural polysaccharide and heteropolymer material with very low solubility in

either water or mst other types othe organicsolution RQ]. Chitin is a common organic

compositionwhich acts as the structural materiimlmarine organisis

1.2.2 NacreStructureandGrowth

The structure that showlsversefeatures alongdifferent length scale is definedthehierarchical
structure Engineers believdnts strutureto bethestructureaesulingin the outstanding and unique
mechanical behavior such as the negd@ive i s satorj2@].sA classic example ad hierarchical

structure is the famous Eiffelower.

This structure is not only important to the civil engineers but@dguolarin the materials science
and engineering area. Polymer, crystal, and composite magdrgtiow the hierarchical structure.
It is a very important structure in theorld of biology. The one, tendon, and bamboo all show
the hierarchicastructure. Themportanceo f t h e  sahility o enthance ehébsghness and

strength of the hierarchicatructure haalready beeniscussedn detail[22-24].

The leadindactor ofthis researchthe Haliotis Rufescens nacre, is one of the typical examples of

the biologicalmaterial with hierarchical structur®ased on the advantages brought by the



hierarchical structurat is no wonder that thelaliotis Rufescent nacteasexcelent mechanical

properties.

There are two types of nacre: columnar and sh2gt Although bothshow the laminated
structurewhich is built bycountlessranescalearagoniteablets(300nm500nm thickness, 5pm
10um diameter)the alignment othesetabletsis different in the two types of nacréhecenter of
the tablets in each layer almadignsin rows inthe columnar nacre while they are randomly
distributed inthe sheet nacre. This alignment differerveasshown by the SEM images takeh
the defomation caused by tensile testing eactheketwo types of nacre?p]. The abalone nacre

belongs to the columnar nacre.

SEM measures the thickness of the tablets of the nacre sample included in this.régehrch
based on hundreds obuntless measuremis of various samples, the thicknesalwaysshown
in the range between 300MO0NmM Figure 3). Thesearagonite tabletarejointedwith each other
in both vertical and horizontal directi®by anorganic thin film. The surface dhesetadets is
not & smooth as the faces of theneral single crystal of aragonite. Insteaghuntless nano
asperities cdd be observed on th@bletssurface,which is believedo be in relationwith the
excellent mechanical properties of naf26-27]. If the nacre is dainerized, the organicthin
film connecting the tabletsould be observed left asfaame figure 4) [28]. And, those left
organic frames are the insoluble organic compositibhe EDTA is usually used for
demineralizing the calcium carbongtertion [29-30]. Some studiesindicate that thisorganic
matrix playsa crucial role inthe development ahe excellent mechanical behaviortbé nacre

[26,3132].



Figure 3. The measurement of thialiotis Rufescens nacre tablets thickshbyg using SEM. The
nacre samples included in this research have the tablet thickness varies betweerbG00mm

The oneshown in this SEM image is 366n

Figure 4. The organic frame left after applying demineralizationHaiotis Rufescent nacre.
There are 12 organic layers are numberBeprinted fromMaterials Science and Engineering:
C,Vol 58, Lopez, M. I., & Meyers, M. A., The organic interlamellar layer in abalone nacre:
formation and mechanical respongel3, Copyright(2016), with permission from Elsevi¢28]
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The microstructure of nacre could be well characterized by SEHjure 5(a) is a topside view

SEM image of the nacre which is continuously taken along the direction from nascent nacre to the
mature nacre (fromhe left area to the right area in the image). Fgure 5(b) is the cross

sectionside view of the nascent nacsehile Figure 5(c) is the crossectionside view of the
mature nacre (the tablets align i n chostmasnn mor
treed morphology and the mature nacre shows t
pattern.With the SEM images taken at the nacre growth front, areathearea of the nascent

nacre,as evidence, nacre tablet is beli@ve initially grows along the -@xis. When a height of

300nm500nm is approached, it will extend along theals until it reaches the adjacent ones.

Nascent Mature

hacre hacre

>

Figure 5. The nacre structuref different growth phas€a) The topside viewof thetrangtion
from nascent phase (left area) to the mature phase (right area); (b) thesgossn view of the
nascentnacré t he A Chr i st ma s (c)tthe erassectiorovieyw ¢f thé noatune hacre

(the column tablets morphology)



In fact, the nacre gvath is a process staying far away from therthodynamic equilibrium balance
which could be describely the Ostwald step ruleF{gure 6 [33]). Based on this rule, the
crystallizationprocesstarts from forminghe thermodynamically most unstable phaséfarally
ends at the most stable phase step by ¥#yat should be noticed here is that, during the whole
crystallization process, ndaill the intemediate crystals will appear [[L6The crystallization
process of calcium carbonate is the specific oaewlil be discussed here. There Hreee types

of calcium carbonate: the calcite (the most stable), aragonite (metastable), and ademites{
unstable)Among those threehé aragonite is the intermediate phase which is not preferred in the
crystalization processlt could nucleate in the special medium. For the nabeentain mineral
composiion is aragonite. fie mucus environment which the nacre grows in is thepkeyt for

this biomineralization proces3he supersaturatiosndthe nucleatioractive free energy of the
aragonite transforming from amorphosaid working together to determine the existence of it

[16].

Thermodynamic A

Ay + Abgia

Solution
M3+ X30) =4

Final mineral (crystalline)

Figure 6. The comparison between the thermodynamic control and kinetic control pathway.
Reprintedfrom Angewandte Chemie International Edition: Volume 42, Issue 21, Helmut Colfen,
Stephen Mann, Highédrder Organization by Mesoscale SA§sembly and Transformation of

Hybrid Nanostructure2350 2365 Copyright(2003, with permission fromViley VCH[33]
10



As sud a highlyordered and fine structuie produced by a&ompletelynatural process, the
investigation of the growth mechanism of this structure caadtributeto developing the
technique oproducingcomposite material Details of this biomineralizatioprocess are studied

and demonstratetly various studiesto assist with the synthesis of materials with complex
structurs. For the nacre growth, the organic composition such as the proteins has long been
believedto playa key role Also, therelation betveen theorganic compositiomnd nacre growth

has been investigatesh numerous occasiof34-37].

Besides the organic moleculdjet amorphous calcium carbonate (ACC) is another crucial
component during the nacre growithoughnacre is made of aragoniéad all the aragonite
tablets are in the same orientatitts appearance ha® similaritiesto the needlelike mineral
single crystal aragonitén the nacre, he ACCgraduallyaccumulated together atrdnsferredo

the aragonite crystal structuseith the precipitatiorof organic moleculesFinally, the sagonite

tabletsform, andis defined as belonging to the mesocryg3&t39].

Abalones havéhe nacrggrowingin aconfinedspaceformedby its shell and a tissue of its body
called the mantleThe mantle attaches on the shell closellyusthe spacebetweenthe twois
isolated from the outside environment. Thacusseceted by the abalorfdls up this space and

the nacre grows in this isolated environment.

1.2.3 Mechanical Property

Although the abaloneds a soft and vulnerable body, it has survived on earth for millions of years

due to being protected in the shell.

The mechanical properties of nadrave beenextensivelyinvestigatedsince the outstandin

toughness wafirst observed40]. Many differentmechanical tests were applied on nacr&taly

11



its mechanicaproperties such as the tensile t¢d-42], 3-points bending42], 4-points bending

[43], nanoindentation tes#f-45], andcompression tes#ip]. The nacre is now commonly known

for behavig with 1000 timeshigher toughness than the mineral aragonite single crysthl |
Amazingly,the nacreshowsahigh toughnesdespitethe compositionrcomprisingargelyof brittle
material.Different test methaglcould prodice difference values even for the same property. For
example, within the same research group, the elastic modulus tested by tensile test (~8GPa) is
much lower than the value tested througpoit bending (Facen elastic modulus 69 + 7 GPa,
Edgeonelasic modulus 66 + 2 GPa) [42n the same literature, the failure strain tested through
tensile test is also different from what was obtained from the bending test. As the research stated
in this dissertation is mainly based on the nanoindentation tegtttanlelastic modulus tested
through the same or similar test method will be used as reference and disGassedf the

nanoindentation tested elastic modulus of the red abalonewacreollected and listed Trable

1.
Sample Tvpe Elastic Modulus Tesed by
bie Typ Nanoindentation Test
Faceon [42] 69 + 7 GPa
Edgeon [42] 66 + 2 GPa
Freshly Cleaved Naci&ingle Tablet]44] 114 GPa 143 GPa
Artificial Seawatersoaked Nacré€Single Tablet) 101 GPa 126 GPa
[44]
Red Abalone Sampl8ingle Table{48] 79 £ 15 GPa
Red Abalone Samplel9] 551 75 GPa
Polished Red Abalone Sample [52] 607 80 GPa

Table 1. The collected elastic modulus of the red abalone nacre tested by nanoindentation test.
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As the factsnentioned above, the fine and gménanostructuref theabalone nacre is the key to
explaining the fascinating mechanical behavidre SEM images of the nacre sample tested by
tensile test supports the idea that the tablets sliding is the important mechanism strengthening the
toughnesgFigure 7) [50]. The fracture always appears at the connection between two adjacent
tablets.The similarphenomenomwasalso reported in other tensile tests appbedred abalone

nacre sample [42

Figure 7. Thered abalone nae tablets sliding (sepatén) after the tensile testing. Reprinted
from Materials Science and Engineering\@lume 26, Issue, 8'u, AlbertLin, Min, Andre, Mar¢
Vecchio, Kenneth,Mechanical properties and structure of Strombus gigas , Tridacna gigas , and
Haliotis rufescens sea shells : A comparative stidges Nd.3801389, Copyright (2006 with

permission from Elsevidb0]

Some datdrom the mineral single crystal aragonite could be usetbtoparewith the nacre to

show the differences brought by the structure. The modulus of different crystal planes of a single
crystal aragonitevas collected from the anoindentation & with a Berkovich tipaslisted in

Table 2 [51]:
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Crystal Plane Modulus (GPa)

(001) 102.8 + 2.4
(10 100.1 + 3.4
( 0 108.1 + 2.3

Table 2. The nanoindentation tested modulus of different crystal planes ofgée sinystal

aragonite.

The modulus values of the two planes which are perpendicular to eachsottteas th€d 0 1)
and(p 1 0), are closeo each othein the single crystal aragonitehile there is an almost 26Pa
difference in the abalone naciiéthe modulus of the plane (0 0 1)the nacre is aroun80 GPa,
which is much lower thanhat of the single crystalTo confirmthis usingour instruments and
samples, n this research, a purchased aragonite single crystal sampleaiacterized for
compaimg with a nacre sample. XRi3 applied on the plasen both samples (single crystal
aragonite and red abalone na@ajlare expected thave thesame crystal plane. The spectrums
arethenplotted togetherRigure 8). In observationit was foundthat tre main peaks ithe® two
spectrum®overlap Some extra peaks appear in the spectruthexdibalone nacre samphehich
might be caused by thabletsorientation shifting. Th@anoindentationestresults of the single
crystal aragonite ar@9.37+ 2.1534GPa and it is 45.83 1.5867GPafor the red abalone nacre.
The difference is so distinctivibat the architecturef the nacre should be expected to play an

important role in influencing itsiechanical property.
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The XRD Spectrum of The Single Crystal Aragonite
and The California Red Abalone Nacre

——— Single crystal aragonite

California red abalone nacre

Intensity

0 20 40 60 80 100
20 (degree)
Figure 8. The pectrum of the XRD applied on the plane of single crystal aragonite and nacre.

The plane that is applied the XRD in the two samples are expected to be the plane.

Besideghe single crystal aragonite, the elastic modulus of the individual aragonite tabletd
abdone nacre was also reported [5Pheelastic modulus tested through the nanoindentation test

is various between 60 GPa and 80 GPa. This value is lower than the mineral single crysta
aragonite. Theorganic composition involved in each singldl&t is the possible reason for
explaining this In fact, this is the elastic modulus range when the nanoindentation test is applied
on the surface of nacre sample which is perpendicular to the tablets front sAirtheeneantime

when the test is appll on the sample surface which is supposed to have the tablets front surface
being exposed on the top, the elastic modulus is much lower th@d 6@a. Thus, the hierarchy

structure of nacres crucial in causing the anisotropic elastic modulus of nacre.
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Whenforceis appliedto thenacre,a common occurrence in tdeformation mechanism is tablet
sliding. There are many factors, such as rasyerities on tablets surface, tablets waviness,
mineralbridges betweethe verticallyadjunct tabletsg3] that can contribute tohe interference

of the sliding andhe fascinating mechanical propes However, as it is hard to observe the
deformation process immediately, the influence broughhésgefactors are kept under argument.
For example, as the nafagperities were thoughtb influence themechanicapropertieg27], it

was disprovenby detailed calculation and FEM model analy4i8][ Thus, more investigation
about nacre mechanical propestis necessary. With clear kwtedge about the mechanism of
howthenacrebehavesthe production and improvement of the current complex artificial materials

with great mechanical propertiesuld therbe approached.

Themechanical property test is a crucial part in tegearclstated in this dissertatioithe methd

used here iganoindentatiotest. This test methadasselected to investigate the elastic modulus

of nacre because the test scale matchesabe tablets and mesolayer size. It could hkdpto
revealthe deformation behaw of thenacre tabletsral mesolayer whetestsare appliedo them.

The nanoindentation test mainly shows the Elastic modulus (E) and Hardness (H) of the sample.
Thus, the mechanicagropertyfocusedon in this proposal is thelasticmodulus of nacre and

mesolayer.

By combinirg the structure and mechanical property, abalone nacre icigde new ideas of

producingnew types of composite matdsa
1.3. Mesolayer
The countless aragonite tablets built structure is not the only structure observed in the nacre.

Another structure namettie6 me s o | a y e obéervédBven rémeeges could determine the
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existence of the mesolaydn a camera photo of the cressction of a cleaved nacre sample, as
shown inFigure 2, some distinct black les arevisible in the nacreTheseblack linesare the
mesolayerAnd, if camera photos are taken over the surfacéhe top-side samplg the nacre
with and withoutmesolayer could be easily distinguish&ay(re 9). In Figure 9, thebottomleft
sampleis the onghathasthe mesolayer while the rig one has no mesolayémn.the left sample

the yellow curves represent the edge efitiesolayemwhich indicates the underneath mesolayer

Figure 9. The camera photo of the nacre samples (a) with mesolayer and (b) witholayees

The SEM images of thdistribution of themesolayerare shown below Figure 10). From the
micro-scale, the mesolayer could be divided itieeseparatesublayers: the prismatic layer, the
organic layer, and the columnrlgite layer Figure 11). The structure of mesolayer is signdiutly
different from the tablebuilt structure.The three sublayers allavetheir own individual and

uniguestructuremorphology, whictwaseasily distinguishble The SE image and BSE image of
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the same area of the maayer could be used to compare with each other to learn more details
about the morphology and composition contrast of the mesoleigeré 12). In the BSE image
(Figure 12(b)), thee is nocontrastamongt the prismatic layer, columndike layer, and té
tablets areawhich represesthe identical composition. Howevéhge organic layer is much darker
than all the other parts due to the light elementsided in the organic composition. Bging the
growth direction othe tablestructureas a referetg, the growth direction ahemesolayer could

be determined astarting from the columndike layer and ending dhe prismatic laye(Figure

11).

e N
. “' VS
.. £.Mesolayer

T,

Figure 10. The black lines observed in the nacre from the esession side othe wild abalone
nacre has the different structure compared with the tablets architecture.Those are defined as the

mesolayer.
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— Prismatic Layer

— Organic Layer

The growth direction

— Columnar-like Layer

Figure 11. The mesolayer could be divided into three sublayers: the prismatic layer, the organic

layer, and the columnalike layer. The mesolayer growth starts from the coluriikarlayer.

Figure 12. SEM images of the mesolayer from cresstion side. (a) SE image; (b) BSE image.
The morphology and composition difference amtwegublayers could be easily distinguished by

the SEM images

The mesolayer is observéd exist in nacre layer by layer, suggestmgeriodicdly repeated

growth. Furthermore, based tme observatiorof various samples a | | the fAbl ack
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mesolayer, show the same three sublayer structure. Thus, this colikeayeri organic layer

T prismatic layer structure is treated as a typical structure of the mesolayer.

Althoughit is a quite unique structure which is different from other pdmsore, onlywerylimited
researchs havefocused on itThe growth process of the prismatic layer of the mesolaysr wa
characterized week by week4]5but the whole growth process and the start of the growth of
mesolayer is still waiting to be reved. In those literatureslescribing the mesolayedifferent
factors werestudied to investigate their influence ahe formation of the mesolayeAlmost all
those researches are based on the observation in the Flat Pearl Method which isonetpful
and wil be introduced insectionfil.5 The Flat Pearl Methodo. The special watesoluble
biopolymer is believetb be one reason for causing the formation of the mesolayer which includes
a transition from the aragonite formation to calcite formafis). Besides, thalifferent water
temperature anfitedingsupply were also tried to see their effects on nacre growth and the-calcite
aragonite transition7[7]. So far, there is still no final conclusion of the reason of the mesolayer
formation. And, the mechanical propertgvestigation of the mesolayer and its effects on the

whole nacre structure is stilhknown.

1.4. Seawater Environment and Calcium Carbonate Formation

In the natural environment, abalone Is/én the sea. This quite a complicatel system witha
strong seHadjust ability. For the creatures, it is normal thtaeir living environment influences
the physiological activitiesThus, it is mportant to learn about the sea environmwhtle

investigating the nacre growth.

In our lab, sea salt, ssand,and some se@zeed are used to mimtbe sea environment. In the

mimicked small sea system, the environment shows the strongdpaett ability. When some
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extraneousaccidentainterruption factors were induced into this small system, parameters show
the trend to bedxrk to the original level. For example, based on the observation in our lab, when
thepH value of the mimicked seawater environment decreased due to new dried sea plant addition
(for feeding abalone), it will increase back to the original level in sedasa. On the other hand,
parameters of the seawater always influence each other. In that small mimicked seawater system,
the pH valualecreases as tiemperature increasds fact, the algahacteriaand some chemical
reactiors all have the possibily to influence the seawater parameters. In the natural sea
environment, the relations among parameters aifected by more factors and are more

complicated

In fact, theserelations amonghe parameters of natural seawater have been investigated a lot. In
the natural sea environmestasonal changes, atmospheric pQ@e sea floor spreading rate,
etc., could possibly change ttemperature, pH, Mgand C&* concentratiorf56]. Amongthese
parameters, theemperature influencee pH, Mg*and C&* concertration [19][57]. Based on
the literature the Mg*/C&* concentration ratianfluencesthe phase of calcium carbonate
formation in seawaterdirectly, such asin reefbuilding. For the biomineralization process
occurring i bodiesenvhichisan enaitonmenisslabted from thesea such as the red
abalone included in this researtieion concentration ratio could influence the biomineralization
indirectly throughaffectingphysiology process of creaturé&8{60]. Thusthe temperaturehange

is expected to influence the calcium carbonate in sea crea@iliedfore importantly according

to thesdliteratures, high temperatwassistin calcite formation and low temperatsi@ssist with
aragonite formation. During experiments, many parameteheceawater are fourdfectingthe
physiology process of abalone. For examplgording tathe observation in our lab, when the

temperature increased to a too high level (around 2@8€3balonereducedhe consumption of
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food. And if the temperatuns kept at that high level for too lor{g@-3 weeks), some abalones
might even die. The fluctuation of pH between 7 and 8 at low temperature (areidd®CRloes
not influence the abalone anobservable way. The artificially decreased pH at high teatper

cause abalone deattvithin several days.

1.5. Flat Pearl Method

Since it was first developetheFlat Pearl Methothas been guite common methodsed in many
different types of researdnvolving abalone nacre growtf8, 54, 62]. In this method, some
substrates are fixed by super ginghe confined space built lgeinnerside of abalone shell and
part of itsmantletissue(Figure 13). After several weekshesesubstratearetaken out. The nacre
grown intheseweekscould therbe observed withowdlayingthe abalone. Andhelive abalons

could participate in more experiments.

Figure 13. Pieces of micro cover glass slides were implanted in abalone as substrates based on

conventional Flat Pearl Method.

In this researchin 12mm circle VWR micro cover glass and calcite slides (prepared thath
outsidecalcite part of abalone shell) were used as substrdtese substrates were fixed on the
innerside of abalonelse | | (t he si de )withsupengueVditbiadevenaleldys body

the mantlecovered and envelopdtie substrates in the confined space between the shell and
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mantle. After several weekthesesubstrates were taken out from abalone. By taking Scanning

Electron Microscopy (SEM) images, the structure formexdngtheseweeks could banalyzed.

The Flat Pearl Method ian appropriatavay to investigate the nacre growth. Fresh samples
especially fothesenascent nacre samplesuld be ollected from this mettbandcharacterized

along withthe nacre growtkvithin a specific period

1.6. Nanoindentation Test

Nanoindentationiestinghas beeronsiderablydeveloped in theast50 years and is mainly used

to investigate the modulus and hardness of the material. This method is great for testing the
materials with randm shapg micro- or nanescale, and detat microstructure. Even a quite

small piece o sample could be used for the nanoindentation test through appropriate mounting,
grinding, and polishing. Based treseadvantageshenanoindentation testas beomea popular
andmore practicatest methodisedtoday It plays an important role in many areasch as the
investigation of the mechanical behavior of irradiated materials and components in the electronic

chip.

The instrument system is well describeith a schematic draft iearlyliterature Figure 14[63)).

One nanoindentation tesftinishes a cyck of loading and unloadingFigure 15). For the
Nanoindenter in our lalue to the viscoelasticity of the samplesegment of tip holding there
afterarriving at the peak load and before starting to unload. And, instead of unloading to zero, the
unloading process will start a thermal drifting hold test before Tlit.nanoindenter involved in

this research uses Continuous Stiffnéddeasurement{CSM) to determinethe mechanical
properties ofsample. In this CSM methodload osdlates during the loading procesad the

oscillation resolution is 2nnThis oscillation could behown by the amplified loading curve in

23



Figure 15. Also, data is collected frorthe unloading steps in the oscillatidrhe current going
through the coil controls the load applied on the sajpgrida specific capacitive sensor records
the indentation depti hestiffness could be recorded dynamically throughdsbeillation during

theloading processhown by the loading curver bedetermined through thiaitial partof the

unloadingprocesshown by theinloading curve
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Figure 14. A schematic draft describes the instrument system. In this draft, B eepiesent the
sample and nanoindenter tip respectively. C is the coil controlling the load. D is the guide springs,
and E represents the indentation depth serSbtver, Warren Carl and George Mathews Phatrr,

an improved technique for determining hargsand elastic modulus using load and displacement
sensing indentation experiments, Journal of materials research, V@lulesue 6, 1564583,

reproduced with permissidrib3] .

hold segment

Pmax
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Unloading

Loading

Thermal drifting
hold segment

Displacement

Figure 15. A practical test diagram of the loadiuloading curve recorded by MTS Nano

Indenter (CSM/LFM Control Unit) with Berkovich tip. In this diagram, Pmax represents the peak

load.
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The nanoindenter tip used in our lab is a Berkovich(dipmond) which showsa triangular
pyramid geometry(Figure 16). Based on the experimetevidence, te contact between the
Berkovich tip and the sample surface could be described by the Sneddon deouatiof 1) as

an extenddsolution pB4]:

Q_G S, 0z 0
QQ

Equation 1. s = The stiffness, P = The load, h = The displacement; Ehe tested reduced

modulus, A = The area function of the nanoindenter tip.

Figure 16. The scheatic draft of the Berkovich tip used in this research. The tip is made of

diamond.

And, the area functEaopuwatoifedln hz2 Ber kovich tip i
I ¢c®zZA

Equation 2. A = The area function of the nanoindenter tip, d = iadentation depth.

The relationship between the tested reduced modulus andatielusof the samplecould be

expressed biquation 3when it comes ta uniform material64]:
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Equation3. E = Thereduced modulus,¥ The Poi ssonds rati=olheof the
elastic modulus of the nanoindenter tip, Vv =
modulus of theample. Ashe nanoindenter tip included in this reseh is diamond, the value for

C andy are 1.141GPa and 0.085-66].

When it comes tasamplewith athin film on the top, this relationship is expressed by the more
complicate equation 7], whichwasdeveloped from thempirical relation obtained by Doerner

and Nix [68].

As what is mentioned above, the dynamic stiffness is calculated from the loading oscillation

(Equation 4) [63]:

Q‘ ca

Equation4. ¢ = The complance of the load frame (~1.13m/MI0 , = The stiffness of theolumn
support springs (~60N/mQ = The damping coefficient (~54Ns/r0° = The magnitude of the
force oscillation’Q] = The magnitude of the resulting displacement oscillat’ Hr, Frequency

of the oscillation (69.3Hz), m = mass (~4.7gms).

In nanescale, Haliotis Rufescensacre is built by countless aragonite tablets with uniform
orientation. In macrscale,Haliotis Rufescensacre shows a dome shape with random surface
waviness. With the advantages of testing mechanical behawioe manescale and preparing the

sample witharandom shape easilihe nanoindentation testecamehe first choice fotesting
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In thisresearch, depending on the test depth, only 1 to 5 falpktsweretested. Although the
whole nacre structurghowsthat high toughness, its main composition is calcium carbonate and
still could be treated as a ceramic materiaugttracks in one or two tablaiyers may occuand
influence the test resulfghe cracks are confirmed by applying the FIB on theomalentation and

the SEM images will be shown in the Experiment sectidhits, the chromium film, which is a
ratherductile material, was sputtered bathtop and crossection side of nacre surfaaeroom
temperature. The nanoindentation tests vikem applied on the chromium filmUsing SEM
images and the developed thin film model for nanoindentation &%), more accuratessults

were obtainedavithout the influence brought by nacre cragkin
1.7. Research Motivation

Due to the outstanding propertibsought by theunique structure the nacre inspires so many
innovative researches1-75]. For the nacre itself, m fact, so many truths are waiting to be
revealed. Bth the nacre growth and its meagcical behavior are complicateroblems and
arguments never stopped. Ferample for the nace growth, although the developmeaitthe
systematic theoes is progressing, somether researches are questioning them with new
discoveriesThe always beliesd epitaxial growth mechanism is challenged by the ACC found on
the surface of the aragonite tabletnd, this research addressed the importance of the

physicochemical effec{g6].

The research work stated in this dissertatiorintended to move one sép forward in the

investigation of the structure and elastic propertaliotis Rufescemacre and the mesolayer.

Abundant research is foeon the synthesis afhe nacrelike structure based on different

materials to obtain unique and outstandingperties.Study of the natural biomineralization
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process occurring inside the abalone could inspire new ways oflila@cstructure synthesi#. is
mentioned above thatudies rarely concern the mesolaydowever,it should be noticed that
studying themesolayer growtltontributes tolearring about the relation between the special
structure formation and the required conditions, whmhldreveal more details abathte complex
biomineralization procesand to assist theynthesis of composit@aterids. Sincethe mesolayer

is a change of structure compared to tablets nacre structure during the outside and inside
environmental factors changing, the studyh&f mesolayer growth processisvay to figure out
the roles thathesefactors are playing in thbiomineralization proces$he relation among the
environment temperature, the food availabilggd the nacre growth has been discusseathogr
researches which almsed on theed abalone and many other creatures througliridtePearl
Method [77-79]. In this research, the relation betweentdmperature and the mesolayer formation
is investigated. Meanwhile, the relation among the temperature, pH/Q4g concentration of

the seawater environment was daily recorded and described.

The mucus in th confined space built by the mantle and shell is the immediate growth environment
for the nacre. So far, it is hard to observe the nacre and mesolayer growth praiess hus,
the studies related to that mucus might be another possible way to le@rmetails about this

biomineralization process.

For the studies about the mechanical propedf the mesolayerthe work is expected to collect
more details about the mechanical behavior of this mesolayer and make a contribution to
understanding the k®that the mesolayer plays in the whole nacre structure. Foatire,a lot
researches have been focused on its toughness and the ability to resistance the cracdk growth.

this work, the attentation is paid on another unique property of nacre: thartigghropic elastic

29



modulus.lt is important to find out how that structure decreases the elastialasothat much in

one direction and less in the perpendicular direction.

The research work included in this dissertation is expected to be oferstem in understanding
this natural composite material and bemeganindul in developingdesigning and applyinghew

artificial composite materials based on specific requirements.
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2. ExperimentsInstruments

Only text introduction is included in this sectiofhe images of those instruments are shown in

Appendix |.

2.1 Optical Microscope (OM)

The Mitutoyo Corporation made optical microscope (Serial No. 300113) is the main one used in
the research. It has a digital camera (ZEISS, AxioCam MRc) taking photosydjece and the
camera have the different magnification. Thus, when the software on the computer is used for
taking photg, the total magnification séh the software should be determinkbdsed on the

cameraAnd, aNikon SMZ800 optical microscope is als@lnded.

The optical microscope is helpful for taking images of the detail of the structure in-stabeo
Especially it is a great way to find the position of nanoindentations when they are hard to find by

using the SEM.

2.2 Scanning Electron Microscope (SEM

The SEM used in theesearch is JEOL JSM 7000F. Thield emitting electron microscops a
crucial instrument in this researdNith its high resolution, it is mainly used for characterizing the
structure of nacre, the nanoindentation applied on theplea and the dendrites formed in the

special environment in this research.

To obtain high resolution SEM imge, the conductivity of the sample, the Focus, Working
Distance Electron Alignment, the beam current, and the Probe Current all need to beawsken c
of. The best working distance for the instrument included in this research is 10mm and the ideal

beam current should be around 56pA. When using the tilt function in this instrument, this highest
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angle could be done is 40. Theme other detectors irhe vacuum chamber. Thus, too high tilt
angle might cause the crash between the sample holder and the detectors. The IR camera must be
open during the tilting and sample holder going up. The voltage used for taking SEM images

depends on the property of te@mple.
2.3Energy Dispersive SpectrometryEDS)

OXFORD Instruments ¥Max 20mn# detectolis used to analyze the composition of samplés
EDS detector is installed in the same vacuum chamber with thel§g&s the role for determine
the composition of th sample. Although the BS SEM image could show the element difference

among different area, the EDS could show the detailed types of element.
2.4 X-Ray Diffraction (XRD)

Bruker D8 Discover XRay Diffractionis used to identifythe structure of the nacre andeth

aragonite single crystai the research.
2.5Focused lon Beam (FIB)

The FIB included in this research is fThRESCAN LYRA FIB-FESEMin Alabama University at
Tuscaloosa. It is used till part of the area afianoindentationsn the sample. The sample is
tilted to 58 and theilon beam mills the selected part of the material through thességir As the

nacre has such detailed nasgale structure, ion polishing of the milled crssstion is necessary.

By milling part of the material, the behavior of the aterial under the surface could be
characterized by SEM. In this research, this is mealeam about how the tablets behave

underneath after being applirdnoindentatiotests.
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2.6 Nano-Indenter

MTS Nano Indenter (CSM/LFM Control Unit) witiamond Berkovih tip isused for testing the
modulus of materials in the researdihe sample used for nanoindentation test must be well

polished.

2.7 Sputter

Denton Vacuum, LLCDISCOVERY 18 Sputter igsed in experiments to sputter metal thin film
on samplesAnd the workis done in clean roonT.he parameters used for sputtering depends on
many factors such as the target type, the sample thickness, the power, etc. It is determined by the

records of the records of the previous experiments.

2.8 Grinder and Polisher

The Buehler ldndimet 2 Roll Grinders used for grindingand theLeco SS200 is used for
polishing.All the samples used for nanoindentation test need to be well polishedspénsion

is used for polishing the nacre.

2.9 Haliotis RufescengRed Abalone)Lab

Red abaloas are purchased from The Abalone Farm at Cayucos in California. They are kept in

our lab in the artificial seawater and feed with dehydrated Kelpreany other types of seaweeds.

Instant Ocean Synthetic Sea Salt was used to prepare the artificial se8wa@alifornia Red
Abaloneswere kept in on&8-gallon tank withthe artificial seawaterwherethe temperature is
controlled by AquaEuro USA Maghill Titanium Aquarium Chillers (1/13HP). The artificial

seawatein the tank idiltered by Penguin BIGWheel Power Filters (Model 200) with the Penguin
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Rite-Size C Filter Cartridges 24hrs each day. Oxygen is supplfeBugene Danner Agua

Supreme Air PumpsAP-8 Adjustable Air Flowy.

Temperature and pH are tested by VWR® pH/Temperature Meter (Pen Styfe)o@zentration
wastestedwith Salifert Calcium Profi Test Kit and Mg concentratiorwas testedwas Salifert

Magnesium Test Kit.

A Dremel toolwasused forincisingabalone shell into piecés prepare theamples.
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3. Experiments
3.1Mesolayer Growth
3.1.1 Thelmprovement of The Traditional Flat Pearl Method

TheFlat Pearl Methods a common method used for investigating nacre grfavt}59-61]. Thus,

it is practiced in our lalo study the mesolayer growth. Thécro cover glass slides were used as
substratedased ortheserelatedliteratures. These literaturesndicate thatthe glass substrates
could becompletely covered bjhemantle around the end of thiest week after the implantation

Thus the approximate growth time for nacre could be determined.

In our lab, there arg0 tankswith each tank occupied by8abalonesNacre growshrough Flat
Pearl Method for 5 weeks under different temperattoenake sure the literature recorded Flat
Pearl Method is valid in our lab and could be usedifemesohyer growth investigationtable

1 lists the data collected through different experiments in the lab.

The collected data iiable 3 shows that, in fact, it isardto determine when th@antle and the
beginning of nacre growth covered the substrdiehe same tank, abalones would not cover the
substrates at the same time. Even for the same abalone, the days needed to cover the substrates
also variedn different experiments. For example, undeth2othinggrewon the glass slides for

the ' week. Forthe 29 week, the results from two experimemisrev e r y di f ferent (
and 19.031em in experiment 1 and 0.614¢M in e
week from three experimen{Expl, 2, and 3are19.50@m, 69.81Zm, 17.15& m respetively.
And, some samples under this condition have rgrenethwhile othergdonot. A similarcondition
is there for thet"-weeksamples (95.063n in Exp 1 and16.78 m in Exp 3). The SEM images

of the structures on the glass substratéfectedat tre end othe 39 and4™" week undeb2°F are
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shown inFigure 17 andFigure 18 as examplesespectively A similar situation also appears in

the experiments with the temperature ofB054F, 56°F, and 58F.

Thus, the relationship between the nacre groart time is out of control in amdividual
experiment with this methodhe edge of the round mi@ cover glass slides sharp and rough
(Figure 20 (c)), which might hurt the abalonepantle andaffect their health This will then
influence the nacre gwah and finallylead todeath.The unhealthy abalonelave the mantle
retraction problemThe inserted glass substratese unable to be coverday the mantle.
Furthermorethe unhealthy abalonesannotbe further used iwther experiments. A comparison
between the normahealthy conditiorof themantle and unhealthy mantle retraction is shown in
Figure 19. During the experiments, some abalodiesl due to the unhealthy condition camd by

the inserted glass substrates

Thickness of grown structure ( um)

2" week 34 week 4h week 5th week
Try 1 Try 2 Try 3 Try 1 Try 2 Try 3 Try 1 Try 2 Try 3 Try 1 Try 2 Try 3
50 6.900 67.031
52 12%291’ 0.614 19.500 69.813 17.156  95.063 16.781 21.281
54 27.295, 20-206, 10.550 39.750

56

58

21.938,
20.625,
18.797,

18.891

32.594

23.813,

18.375

31.969

60.094,
108.08

22.688,

14.531

29.063,

22.708

34.063,

38.906

19.031

Table3. The thickness of nacre grown on the glass substrates under different temperature through

Flat Pearl Method data collection.
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Y:19.500um

Figure 17. In 3 experiments under 3E, after
the 3rd week, glass substrates were taken
The thickness of the structure grown on th
_‘ are measured by SEM. (8ank 3, Exp 1,
19. 500¢& m; (b) Tank

Tank 3, Exp 3, 17.1

Y:17.156um

Y:16.781um

Figure 18. SEM images of two samples collected after the 4th week from two independent
experimets applied on the same tank at %2 The thickness of the structure is measured. (a)
Tank 3, Expl, 95.063em; (b) Tank 3, Exp 3,
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Figure 19. Comparison between (a) normal mantle in healthy condition and (b) mantle retraction

due to an unhealthy condition.

To improve this situatiora substrate with smaller area and smoother edge which is no hurting to

the abal oneds body shoul dnthisseséarctihe caldte sulestates nt ot
(Figure 20 (a) and(b)) prepared withhe outsideportion of abalone shellvas usedn this method

to replacehe glas substrate3.he calcite portion of abalone shell is used as the the raw material

for the new substrate because that it is easy anadsivto obtainWith the smoothslopal edge

and contrdhble sizethesesubstrateslid not hurt the abalone andere more easilgccepted by

them thann the earlier experiment3hus, nore \alid nacre growth data could be collected from

them.
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Figure 20. The material of the slide ismproved. (a) Draft of the expected edge of the prepared
calcite substrate; (b) the edge of prepared calcite substrate used in experiments; (c) the edge of

the glass substrate used in the traditional Flat Pearl Method.
3.1.2 The Relation between The Environméiaictors and The Mesolayer Formation

During the experiments for improving the Flat Pearl Method, grown nacre sangrsollected
from the constant temperature experimgntsch lastedfor 4-5 weeksBy characterizing with the
SEM, nost of them onlyshaw the initial blockstructureand some of thershow the tablebuilt
structure For thesethatshow tte tablet structurejo mesolayer structumgasfound. Figure 21
shows the examples with the tablets structure collected froootistantemperatures ajipd in
the tanksAlthough only one example of eacéntperature is shown here, #ile samples are

characterized and no mesolageuld be found.
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52°F
(11.1°C)

56°F
(13.3°C)

Figure 21. Nacre samples collected from the constant temperature experimeicts is kept at

around: (a)50°F (10°C): (b)52°F (11.1°C); B6PF (13.3°C); (d)60°F (15%); (€)62°F (16.7C).
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3.1.2.1 Mimic the temperature changing in nature

Sincethere are many layers of timeesolayer appearing the wild abalone nacrandno such
structure found in the constant temperature environpsamhe periodical repeated physiological
change of the abalone is expected. The physiological actigfttee abalone could kedfected by
the environmeral conditions For the mesolayer, it has beetatenined that thgrowth starts from
the columnattike layer. And, the columndike layer is believed to be made of the calcite rather
than the aragonit®5]. Thus, a transition from aragonite to calegexpected to occur whehe
mesolayer starts @row. It has beeistatedthat the temperature, p8g*, and Mg* concentration

of the seawater all have thegsibility to influence the typef calcium carbonate formdd the
sea Theseparameters influence each other #mekconcentration oMg?* and G2 is temperature
dependentThe C&* resourcdor theabalone could either be the®a the seawater or the food.
As the available Ca content in the food is limited, there is a high possibility that ffie Ca
concentration around the abalone in the sgamplays an important role in influencing the nacre

and mesolayer growth.

Based orthe statement above, it is reasonable that temperaturesstanged bgeasonal cycles

is a possibleeason causing mesolayer formation. Abalone could experience savwehnatycles

during itsentirelife. It is also truehatthe Mg?*/Ca* ratio could be changed due to other reasons

For example, geologic events could change the mineral element content of the seawater. However,
it is almost impossible for thebalondo live through several geologicaériods. Another example

is that he variation of C@concentation in the air above the sea. Baits CQ concentratiomight

not change as regularly as the temperature cycle caused by skasga. Thus, the temperature

is assumed as theainfactor related to the mesolayer growth andeitamehe maincontrolled

parameter in the lakAlthough it has been introduced in the Introduction section that the high
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temperature ideneficialfor calcite formation while the low teperature has the advantages for
aragonite formation in the sea, the nacre grows in a confimadonment, whiclis isolated from
the outside sea environmenthus,t he fAdecrease temperatureo an

experiments arbothincluded in theesearch to determine how nacre groisthffected

In one of the experiments, the temperature is kept at around 15°C for 4 weeks and decreased to
9°C. After 3 weeks, the temperature is increased back to 15°C and kept at there for another 3 weeks.
SEM chaacterized all the samplasdthemesolayewas not foundput some random interruption
layerswereobservean the top area of the samplech as the structure showrFigure 22 (a)(b).

And, another attempt was done with a narrower temperature chaggeataa higher temperature

level than the previous experimemhich was changed from 168Qto 14.4#C and then back to

16.PC. Samples were collected and characterized with SEM. The SEM images of one of the
samples is shown iRigure 22 (c)(d). Again, thee was no mesolayer structure but some prismatic
structure and block structure in calcium carbonBbe. results show that the decrease temperature

is more likely to produce the blodike interruption structure in the nacre. Then, the opposite
temperaturec h an g e, i . e. the Aincrease temperaturedo

structure growth behavior.

59°F - 48 °F - 59°F 59°F - 48 °F - 59°F
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62°F - 58 °F - 62°F 62°F - 58 °F - 62°F

Figure 22. Samplesare collectedobtained from Tank No.9 which the temperature is decreased
from 15°C 0 9°C and thn back to the 15°C. The SEM images of one of the collected sample are
shown:(a) TheSESEM image; (b) thddSESEM image Samplesare collected obtained from
Tank No.3which thetemperature is decreased from 1% 70 14.4°C and then back to the 16.7°.
The SEM images of one of the collected sample are showmh&SE SEM image; (dhe BSE

SEM image

Parameters related to the calcium carbonate formation, i.e. the temperature?‘pahdCeg*
concentration, of the artificial seawater in the lab werteteand recorded every day during

experiments for analyzing the®lationwith the mesolayer formation.

After many experimenfswith the improved Flat Pearl Method applied on the California red
abalonen the lab, the collected data st®thatthis improvzed method iwvalid whenapplyingto

the investigation of the mesolayer growthaiepecific periodTwo experiments for growing the
mesolayer are applied. One is increase the temperature from around 12°C to around 16°C and the
other is increased froh2°C to around 2@C. This servego mimic the season change in nature.

All the experiments arfenished in6-10 weeks. The temperaturedsntrolled by thechiller and

shows slightlfictuation at both low ankdigh-temperaturéevel based on its working mechsm.
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The recorded artificial seawater parameters (temperature, pHa@BMd* concentrationdf two

of such experiments aptotted alonghe dateand shown ifFigure 23andFigure 24respectively
When the temperature is increased, thedgereases gdaally. During thisperiod the Ca&* and

Mg?* concentratiorchange withthe opposite steps. After around one week, the pH of the seawater
increasd back to its originallevel, whichmight be caused bihe stong selfadjustment ability.

Then the C&" andMg?* concentratiorbegarto wave in the same steps.

When the experimentse completedhe calcite substrates inserted in that confined space between
abalone shell and mantle are taken out. Backscattered electron SEM images were taken for them
from the ckaved crossection side Kigure 25). The mesolayer structure is observedhase
samples.Theseimages show the contrast between the thick organic layer and other parts.
Particularly, inFigure 25 (a) and(b), the prismatic layer, organiayerand colunm layer, which

are typical structures of mesolayer, are clearly shdvigure 25 (c) shows such a mesolayer
structure withthe tabletnacre structure above and below it. In the four sampiesplayersll
appear near the bottom part of the whsileicture which may be due to thensufficientnormal

nacre growth time before changing the temperatieen the mesolayer obtained in the lab is
compared with the ones in wild abalone shell, a thicknessréifEe othe organic layer should

be observed In the naturalenvironment, the temperature changes gradually during the season
transition. However, in the lab, the temperature was changed \24hims. Besides, theeriods

for both the temperature transition and constant temperaturewak longer in thenaural
environment than what waerformedn the lab. The different temperature charage and length

of thetime may lead to the difference in organic layer thicknastsveen the wild abalone nacre

and the farnraised ones
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(a) The Parameters of Tank No.6

25.0

20.0

15.0

10.0

Temperature (°C)

5.0
8.50

8.30

8.10 e o

‘..
$
3

7.90 ®e

250
5/30/2016 6/9/2016

6/19/2016 6/29/2016

7/9/2016  7/19/2016 7/29/2016

Date
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Figure 25. Backscattered electron SEM images were taken for the samples obtained from the
Ai ncrease t e mpe Masbayer amud be segné¢hrougheaypicalscontrasta)(b)
two different samples obtained from Tank No.6; (c)(d) two different samples obtained from Tank

No.7.Allthe four samples show the mesolayer structure.
3.1.2.2 Influence brought by temperature and pH respectively

As the parameters infénce each other,ig compellingto observewhich factor plays the key role.
Thus, another group of experiments are applied to figure ifTtwt.temperaturand the pH are
the concerningfactorssincethe C&* and Mg concerntation depends on thefhere are wo

tarks involved in this experirant: onetank (Tank 8) has théemperature increased whilee pH
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is kept constant;the other tank (Tank 10) iscontrolled the opposite wayn Tank No.8, the
temperature is increased from around 13°C to 20°C. Wigetemperaturbeganto increase, the
NaCOs powderwas added into the tank to stop the pH dropping. And, when the temperature
decreased back to around 13°C, theQ@ wasno longer being added@he pH plot shows that
during the high temperature peridde pH always showstandencyto drop even if the N&€O3

is addedAn interesting phenomenas that the pHoeganto increaseoncethe temperaturevas

back to the low leveatllespiteNaOs no longer beingdded. In Tank No.1@dding white vinegar
regularlyartificially decreased the pH'he pHdecreased during the vinegaatding period and
began to increase after the vinegar was no longer being.addetemperatureaskept at around
13°Cduring the whole experiment, which is the same level as the off@fdérNo.8 before the

temperaturevas changed

Similar to the previous experiments, thatafor temperaturepH, C&* concentration, and Mg
concentratiorwas recorded dailyThe datacollected from Tank 8 and Masplotted along the
date and shown d&gure 26 andFigure 27. Based on the plot, the €aand Md* concentration
changedvhenthe temperature and pitered For Tank No.8, the Gaconcentration is decreased
when the temperatebegarto increaseAfter around one week, the Migconcentratiorstartedo
increase. For Tank No.10, themasno distinctive pattof changefor the Mg* except for the
randomfluctuation In the meantime he C&* concentratiorshoweda dropdown trendwhen the
pH staredto decreasaJnderthe conditios of Tank No10, the C& concentratiomid notincrease
againwhen the phstarted to increasdnstead, itstayedat a decreased levelntil the end of the

experiment.

The SEM images of the samples collected fibesetwo tanks are shown iRigure 28. Two

samples areollected from Tank No.8-igure 28 (a) and(b)). The mesolayer structureasfound
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in one of the two sampleBi@ure 28 (a)). However, in the othesamplg(Figure 28 (b)), although
the organic layer could be identified by the contrast in the backsch&ieeron image, the three
sublayers structurerere difficult to determine. Additionally, the structunecluding the obvious
organic layerwas almost athe bottom of the sample. It is hard to telthis is caugd by the
changed conditions of the aranment For the samples collected from Tank No.Ey(re 28

(c) and(d)), pure calcium cadmnate interruption structurkgasfound rather than the mesolayer
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The Parameters of Tank No.8
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Figure 26. The comparison experiment to investigate the influenagghitdy Temperature and
pH respectivelyin Tank .8, temperature was increased and decreased back to the original level

while the pH was kept above 8.
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The Parameters of Tank No.10
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Figure 27. The comparison experiment to investigate the influence brougrerbperature and
pH respectively. In Tank no.10, pH was decreased | lower than 8 and then increased back to the

original level while the temperature was kept around 14°C.
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Figure 28. Backscattered electron SEM images welketafor the samples obtained from the
ii ncer etaesmper at ur e olayencqule beisere through.the tycal contréesi(b)
two differentsamples obtained from Tank Np(8)(d) two different samples obtained from Tank

No.10
3.1.3 An Extra Observatio Related to The Nacre Growth

It was previously statethat the nacre grows in an isolatedvironment, whicHills up with
colloidal mucus. The organic composition in the mucuseviéintuallypecome the organic matrix

in the mature nacrén other wordsthe mucus in that confined space is the immediate environment
for the nacre growthlinvestigating the mucus coulae helpful for understanding the-depth
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details about the nacre growth procdsgen thougtthe in-situ nacre growth process is hard to
observe a lot of arguments are stifiresentto reveal the truthThe colloidal environment is
believed tocontribute to the sefissembly proce488][80-82]. Thus, lesides the study focusing

on the effects brought by the outside environmgoine of the meus is taken out from the nacre
growth space itheabalone and dehydrated in a mimicked confined space between two glass slides

for the investigation.

To avoidcontaminating the samplboththe abalone shell and body wetarefully cleaned and
dried witha Kim Wipe outsideof the waterThe mantle attached on the inner side ofstiellwas
slightlty lifted with special lamellar tool$cratclesmight induce some tissue cells into the sample,
sothe 12mm Circle VWR micro cover glass wady placed on thaide of the mantle, which is
slightly facing the shellto have some colloidal organic liquid stuck on it. Then the micro cover
glasswas carefully pullecback and some colloidal organic liquid could be seen on the glass
surface, whichwasin contactwith the mantle.The colloidal organic liquidvas coveredwvith
another micro cover glasSinceonly avery small amount of that colloid organic liquid could be
obtained through thimethod the space between the overlapped micro cover glass could be treated
as confined. Waiting for more than 24 howfter placing the sample in the air, the colloidal
organic liquid would dry gradually in that confined space. The colloidal organic liquid samples

wereprepared with liquid obtained from differesamples

After the sampledehydratedcompletely SEM imageswere taken of the remaining solids.
Dendriteswith various morphologiesere observed irthese solidg(Figure 29). Some of them
havea continuousbody while some othermdo not By using the EDS,hie compositiorof these

dendriteswvasdeterminedo besodium chloride (NaCl). Theimilar NaCl dendritephenomenon

53



wasalso olservedn otherstudieselated to NaCl nucleation in the colloidal environnresearch

[83-85].

Figure 29. Different patterns of dendrites nucleated from the mucus in a mimicked confined space
where abalone nacre grows ifthe composition ofhesedendrites isdetermined as NaCl by

applying EDS.

The NaCl crystallization in the mucus is quite different from theioriee normal seawatefn

optical microscope image comparison between the NaCl nucleation in the mucus collected from
abalone and in the seawater collected from the tank are shokigure 30. Both of them are
dehydrated between two glass slides inadineTheNacCl crystallizesn the normal sea watérto

the regular shape shegigure 30 (a)) while it forms dendritesHigure 30 (b)) in the mucus
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produced by the abalone. This comparisoght supportthe idea that the organic colloidal mucus

plays anmportant role in the crystallization with specific morphology.

(a) (b)

Figure 30. The optical microscope image of the NaCl crystal formed in (a) normal seawater and

(b) mucus of abalone.

The elements of Mg an@a, which are related tbe calcium carbonate nucleatioverefound in

bulk with other morphologiesThe element of Mgwvas found accumulated along the organic
membrane Kigure 31). And, the element of Ca was found in some randomly shaped and
distributed micrescale bulk solid p#icles. The element of sulfur (S) and oxygen @g
frequently foundexisting together with CaRigure 32). Some special micrscale hexagonal
particles were also observdeidure 33). The existence of Ca, Mg, S, C, and O is determined by

the EDS.
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Figure 31. Some solid accumulated along organic thin film and align in brdikehpatern. (a)

The SESEM image; (b) the EDS mapping shows that the solid includes the element of Mg.

Figure 32. Some slids accumulatéo micro-scale bulk. They are random either in the shape or
in the distribution(a) The secondary electron SEM image of a bulk; the EDS mapping shows that

the solid buk includes the element of (b) Ca, &)and (d) O
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Figure 33. Some hexagonal particles are found in the dehydrated mucus. (a) The secondary
electron SEM image of a bulk; (b)(c)(d)(e) the EDS mapping shows that it includes the element of

Ca, S, C, Mgand Q
3.1.4 Conclusions

The abalone nacre grt¢hwis a quite complicateprocessstill described by mangssumptions

basedn observatios.
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The experimera resultsobtainedin this research show that tkbange inoutside environment
condtions could initiate the change in nacre growth, i.e. the niager formation.When the
temperature of the outside environment, i.e. the seawater temperature, is dettreaseshlayer
wasnotfound in the collected samples. In contrastewthe temperature is incredsthesamples

collected through the Flat Péatethod indicate that thabalone tendb have a growthtransition

from aragonite tablet growth to the mesolayer formatiomnng theperiod oftemperaturehange

The pH and the mineral ion concentration{CGad Md") are recordedaily throughoutheentire

At empeincaatsuercte ex per i ment  aeataiks. Bpth tbettampeatatute and ptb s e r v
are controlled in a group sfmilar experiments. The result shows that the seawater tempegature

more likely toinfluence the mesolayer formation.

Simultaneously it should be addressékatthe mucus in the confined space betweeb al one 6 s
shell and the tissuealledthe mantle is theimmediate growttenvironment for the nacr&hus,

the relation betweethe outside environment atttkinside isolateénvironmentouldcontribute

to reveaing the growth mechanism dhe nacre and mesolayéihen this mucus is taken ooft

the abalone and dehydrated in a mimicked confined space, NaCl dendrites are found in various
patterrs. The elements related to nagewth Ca and Mg are found either irome randomly
distributed bulk, displaying a random shamein some solid witla uniqueshapesuch ashe solid
accumulatedalong some organic thin filmnd aligning in special anglevith the hexagonal

particles. A similar phenomenowasobserved in thetudiesof the crystallizationn the colloidal

environment.

More studiesfocusing on the relationship between the outside and inside environmenbeould
expectedto be onepossible way to describe the trmacregrowth processand explain the

mechanism behind this biomineralization process.
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3.2The Mechanical Propertiesinvestigation

As mentioned in the Introduction section, the mechanical properties of nacre are investigated by
using the nanoindentation test. The@iadentation test is primarily used for studying the modulus
and hardness of the material. In this research, the elastic property of nacre is important, and the

elastic modulus will be discussed, here in.

3.2.1 The Nanoindentation Test Applied on The Mesolayer

The growth of the mesolayer, as well as its mechanical properties, are a main focus of this research.
As mentioned before, the mesolayer can be divided into three sublayers: prismatiortayac,

layer, and columnatike layer.The details about the roleanical properties of each of them are the
fundmental forearring about the mechanical property tbe wholemesolayesstructure and the
possibleinfluence on thenacre including the mesolaybrought by the mesolayer. Due to the
complex micrestructure,nanoindentation test is an ideal way for investigating the mechanical

property for those thin layers.

3.2.1.1 Sample preparation

Wild abalone nacre, as shownhkigure 2, has many layers which make up the mesolayer and is
ideal for this experiment. Wild abalershells were cleaved into pieces, tiggimdedand finely

pol i shed -dind e0 as ainTpshpealwavilesselach of the three sublayers of the
mesolayer were exposed on the surfdgeugh careful grinding and polishing. Although the
individud sublayers of the mesolayer cannot be distinguished with the naked eyer from the sample
surface due to its scale, the special morphology of the mesolayer can still be discerened when

exposed on the surface and placed under light at certain angles.
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Thesanple preparatiolsteps are shown irigure 34. The red, blue and yellow area represent the
prismatic, organic and colurdike layersrespectively. The sample was grinded and polished until
the mesolayer was exposed on the sample surface. The red squaszidestep 3 oFigure 34,

is the same area as depicted in step 4. The difference is that step 3 is a draft of #hectiorss
side of the sample while step 4 is a secondary electron SEM image taken ftomside of the

preparedsample.

2. Some of the top structure was

1. A piece of wild abalone shell sample grineded off. The surface was polished

=

r

3. Some mesolayer exposed on the
surface.

4. SEM image for one mesolayer area.

Figure 34. Grinding and polishing of piece of wild California red abalone nacre to let the
mesolayebeexposed on the sample surfa@.Amesolayer existin a nacre sample. (b) The top
layer of thematerial was grinded and polishef@) Both theorganic layer and columiike layer

wereexposed on the surface. @EM image of the tegown view of the sample surface
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The three sublayers of the mesolayer could be distinguished from the polished mesolayer surface
by the boundry morpholggof two separate layers. This could be shown by comparing the polished
mesolayer surface and the mechanically cleaved mesolayerseass Figure 35). The
boundary between the prismatic layer and the organic layer (the green dash-lgween 35) is

zigzaged while there is a smooth boundary between the organic layer and the ctikeriager.

Figure 35. The comparison between the 4&ide and crosssectionside SEM image for the
mesolayer. (a) The polished mesolayerasgal on the toepideof thewild abalone nacre sample
surface; (b) the crossection of a mechanically cleaved wild abalone nacre sample with mesolayer
visible The pink dash line represents the boundary of the tabletshematismatic layer. The
green dah line represents the boundary of the prismatic layer and organic layer. The blue dash
line represents the boundabetweenthe organic layer and the columnbke layer. And the

yellow dash line represents the boundbegyweerthe columnailike layer andtablets.
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Wheneach sublayer of the mesolayer was tested, the optical microscope in the nanoindenter is
used for determining the location to apply the tédthough the sublayer structures cannot be
identified as clearly as under the SEM due to the lownifi@ation and low resolustiorsome
boundaries between each sublayer are distinguisltlgare 36). Thus, the nanoindentation tests
could be applied on the specfic sublayer afdter the nanoindentation test, SEM images were
taken for those nanoind&tions to confirm that the tests were applied in the correct Area.
existed possibility is that the nanoindentation tegeiermined by the SEM image that it was not

applied within the expected area.

Figure 36. The mesolayeobserved under the optical microscope of the nanoindenter, which is

used for determining the location to apply the nanoindentation test.
3.2.1.2 Testing and Results

Fifteen nanoindentations were applied to each area and the final result for each area waslcalculat

based on all the vaild nanoindentation data in said aré@scalculated final modulus of each
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sublayer of the polished mesolayer were then plofggli(e 37). In the tests shown byigure

37, the nanoindentation depth is 1000nm. It can be seenhahodulus of the organic layer
continues decreasing while the nanoindentation depth increases. Conversely, the modulus of the
columnarlike layer andthe prismatic layer increase with increasing nanoindentation depth. It
should be noticed that the moduplsts inFigure 37 are not necesarily stable values. The dynamic
stiffness during the loading process for the three structures were Hajade(38 (a)). It can be

seen that the dynamic stiffness has a polynoriikial relationship with the nanoindentat
displacement, rather than a linear one, which is caused by the substrate effect. This indicates that
the tested area has an inhomogeneous structure, which is reasonable due to the fact that the
mesolayer is built by sublayers being stacked one byAlse, the three sublayer stuctures are
different from each other and are expected to show different mechanical properties. The entire
mesolayer structure could be treated as an inhomogeneous material. By comparing the tested
loading dynamic stiffnesg-{gure 38 (a)) with Figure 38 (b), the result of the columndike layer

and the prismatic layer agree with the center caBgure 38 (b), and the organic layer test agrees

with the bottom case iRigure 38 (b).

Figure 34 can be used as a reference fgrlaiing the dynamic stiffness plot. The tested prismatic
layer area has the organic layer, which is soft and supposed to show a lower modulus than the
calcium carbonate, under it. This is similare to the case shown in the cdriguref 38 (b). The

organic layer has the columnhke layer under it and is similar to the case shown at the bottom of
Figure 38 (b). The dynamic stiffness plot for the columitike layer shows the similar curve to

that of the prismatic layer. Since the nacre tablet struetxists underneath, this columrie

layer is expected to show a higher modulus than that of just the tablets. Images of the

nanoindentations on the three sublayers corresponding to the modulus shieigarby37 were
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taken Figure 39). It should be merdned here that, even if it is carefully polished, the tested area

is not perfectly flat and smooth due to its natural features. Thus, some of the individual
nanoindentations did not produce vaild data and the nanoindentation might not show the perfect
egulateral triangle shape, such as the one shoviagare 39 (a). However Figure 39 (a) cannot

represents the shape of all the nanoindentations in that area. The final result was calculated based

on these vaild nanoindentations.

The Nanoindentation Tested Modulus for The
Three Sublayers of The Mesolayer
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Figure 37. Thetested modulus from use of the nanoindeniténe columnatike layer, the organic

layer, and the prismatic layer tfie mesolayer.
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Figure 38. The comparison between the (a) tested dynamic stiffness of thatarikyer, organic
layer, and the columndike layer and (b) the schematic of the relationship between the loading
dynamicstiffness anechanoindentatiordisplacement for the homandinhomogeneoumaterial.

[86]

Figure 39. The secondary electron SEM image of the nanoindentation on the (a) prismatic layer,

(b) organic layer, and (c) columndike layer.
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3.2.1.3 The Curvefitting and Discussion

Thedynamic stiffness data was cusrged through the least square method by using Pythba

curvefitting plot is shown irFigure 40. During the curvditting, the stiffness is forced to zero at

the displacement of zero, due to no stiffness being expected when the displacemenBéasedro.

onthe Taylodo s expansi on,

t ttedoirsoea cuherepeesertenl by adpolymamialf |

function, and the polynomial functions for the three sublayeosie of the experimentse listed

in Table 4.
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Figure 40. The curvditting for the dynamic stiffness data of the praic layer, organic layer,

and the columnalike layer of the mesolayer. The cufiting is based on the least square

method.
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Layer Name Polynomial Function

Prismatic Layer s =321.2% 0.3552% + 0.0001672%
Organic Layer S =68.93% 0.06900% + 0.0001131x

Columnar-like Layer S =415.4% 0.3740% + 0.0001560%

Table4. The polynomial function of the dynamic stiffness vs. displacement plot for the prismatic

layer, the organic layer, and the columAée layer of the medayer.

As the nanoindenter tip used in this research was a Berkovich tip, the contact between the tip and
the sample should be the Sneddonés contact, a:
of the Berkovichtip cannot be perfectly sharp. &lend of the tip can be treated simply as a
spherical end, and the contact during the first few nanometers should be the Hertz contact, which
describes the contact between a sphere and a half free §8ifpdgased on the parameters such

as the radius dhe tip end (< 50nm) given by the company sharpening the nanoindenter tip, the
displacement, that should be treated as Hertz contact, can be determined geomBagedlyn

the geometry calculationFigure 41), the relation between the tip end radiusd athe

nanoindentation depth can be describeddnugtion 5):
Q Y Yzi "Qegtu J
Equation 5. Q= The nanoindentation deptty,= The radius of the Berkovich tip end.

As the radius of the tip end is less than 50nm, the @dionlbased o&quation 5 shows that the
Hertz contact nanoindentation defgless than 1.27nm, which is quite a small distance. The Hertz

contact can be described lyguation 6) [88]:

T —
O 62 O zUNYZ Q
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Equation 6. "O= The load during the nanoindentation proce®s; The reduced modulus of the

tested sampleY = The radius of the Berkovich tip en@= The nanoindentation depth.

The reference sample for the nanoindenter included in this researdhggeacsystal SiQwhich

shows aeducednodulus of 6&Pa. The test data of the reference sample is plotted together with
the Hertz contact curve basedBquation 6 and various radius values to determine the radius of
the tip end Figure 42). The test da of the reference sample below the displacement of 25nm is
used here. IFigure 42, the colorful solid line is the Hertz contact equation curve based on various
sphere radii. It should be noticed that none of the solid lines match the test data img¢hefran
10nm~25nm displacement. Below 10nm, limited amounts of data were collected, and it is difficult

to compare the Hertz contact equation curve and the test data.

Figure 41. The (a) geometry and (b) geometry parameters of #r&oBich tip used in this

research. The Hertz contact rangerecalculated based on this geometry analysis.

68



The Hertz Contact Curve-Fitting for the
Load-Displacement Data of the Reference
Sample (Single crystal SiQ)
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Figure 42. The plot showing the test data of the reference sample (single crystpla8ithe

Hertz contact equationucve based on various sphere radii

Based on geometrically calculated data and the comparison between the reference data and the
Hertz contact equation curve, it could be concluded that the role played by Hertz contact is quite

limited. Thus, the curwéitting shown irFigure 42 could be treated as a perfect Berkovich contact.

The truth, in fact, is the tip end has complex geometry and the cantaath more complicated

[89-90]. But, to simplify the problem, this complex tip end will not be a concernisgnviork.

The calculation for the modulus of each sublayer in the mesolayer could then be determined by
combining the cunwitted polynomial function, the Sneddon contact equatkguétion 1), and
the area function of Berkovich tifgquation 2). The calalation for the prismatic layer is shown

here as an example to demonstrate the process:
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Using Taylor expansion to simplify:
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oCH

Then, the value of the reduced modulysves determined to be 57.51GPa.

By applying this calculation, only the very beginning of the nanaeitad®n process is considered,

and the assumption applied here is that the substrate effect is ignored at the very beginning part of
the nanoindentation test. Thus, the modulus of prismatic layer could be calculated by applying
Equation 3 which describeké relation between the reduced modulus and the elastic modulus.
The Poissonds ratio of the prismatic | ayer

structure is calculated as 52.33GPa.

Besides the calculation stated above, the Ahmrok model B9 is also usedfor fitting the
modulus of the prismatic layer based on the tested modkilysr¢ 43). This fitting, based on the
ZhouPr or ok model resul ts, shows the modulus of

ratio of the prismatic layer 8.3 in the ZhotProrok model fitting.

The elasticmodulus value of the prismatic layer resulting from the two different methods are

comparable.
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The Comparison of The ZhouProrok Model Fitted
( ) Curve and The Tested Modulus of The Prismatic

Layer
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The Comparison of The ZhouProrok Model
Fitted Curve and The Tested Modulus of The
Organic Layer
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Figure 43. The ZhotProrok model based curvéting of the tested modulus tife (a)prismatic

(b)the organic, and (c)the columndbke layer.

3.2.1.4 Conclusions

By applying the same calculation stated above and the-Bhanok model orall thosethree
sublayers of the mesolayghe modulus of ththem weredetermined. The valued the sample

being used as the example of the ctiitteng and calculation shown above are listeglow in

Table 5.

The same test, calculation, and cufiteng were applied on 4 different samplésd, the results

are listed in th@able 6. Some of the testada are unavailable because the SEM images taken after

the nanoindentation test indicates the tested area is not the expected area. Besides, caused by the
microstructure, the surface of those sublayer area sometimes cannot be perfectly flat which fails

thetest.
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Zhou-Prorok Model Fitted

Layer Name Calculated Modulus (GPa) Modulus (GPa)
Prismatic Layer 57.51 54.0
Organic Layer 12.34(Lowest E) 7.0
Columnar-like Layer 78.88(Highest E) 85.0

Table 5. The comparison between the cddted modulus and the Zhdrrorok model fitted

modulus of the prismatic layer, the organic layer, and the colusiketayer.

Calculation by Curve Fitting Zhou-Prorok Model Fitting
Organic Prismatic Columnar Organic Prismatic Columnar
Sample 1 8.12 - 75.58 7.8 - 74.0
Sample 2 9.58 - - 8.0 -
Sample 3 12.34 57.51 78.88 7.0 54.0 85.0
Sample 4 - 52.89 93.86 - 55.0 100.0

Table 6. The elastic modulus of the three sublayers of the mesolayer collected from different

samples.

It shauld be noticed in the ZheBrorok model fitting Figure 43) that the test results begin to
overlap with the calculation curve after surpassing 400nm depth. In the beginning range of Onm
400nm, the test results and the calculation curve are separated hdt®rdrok model was
developed based on the metal tfiilm sputtered on the industrially processed ceramic samples,
while the mesolayer is a natural multilayer sample. The connection between the thin film and the
substrate is even and tidy, while it isxd@m in the mesolayer. Thus, it is reasonable to say that

the ZhouProrok model fitted values cannot be pettie matched with the experimentalodulus.
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In any case, the calcium carbonate is an anisotropic material, and the mesolayer is a natural
material It is hard to obtain two exactly same samples. The mesolayer has a high possibility of
exposure on the sample surface, having different orientations in different samples. Thus, the
moduli may vary from sample to sample. Even for the organic layer, thelosas different from

sample to sample. The reason for the various moduli of the organic caomposght be different

from thereason for the calcium carbonate part of the mesol@8esides, if the tested layer is too

thin, it has the possibility thahe test is influenceldy more than one substrate which can cause a
more complicate problem. Under that situation, the analysis of the stiffness of the tested area might
need a more complex calculation. Although the modulus tested from different sarapltearious

among each other and this difference sometimes is quite distinctive, the colikatarer always
showsthe highest modulus among the three sublayers while the organic layer always show the

lowest modulus.

What makes the investigation of m&seer more complicated is the fact that there is an area which
shows the contrast of both the very dark organic area and bright calcium carbonate area, which is
distinguishable in the backscatter electron SEM image of the mesdfagere(11). Currently,

no information about this area could be found. But it is possible that the mechanical effect brought

on by this area cannot be ignored in the test.

More research could be performed to learn the details of this complex structure. The studies of the
mechanial properties of the mesolayer itself are the foundation used in investing the role that the

mesolayer plays in the whole nacre structure.
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3.2.2 The Nanoindentation Test Applied on The Nacre

Although the mechanical properties of nacre have been studied exlgnsioee secrets of this
complicated structure are still waiting to be explored. In this research, nanoindentation tests were
applied on various nacre samphbich are collected from different individudal$he nacre
samples were obtained from the preglgumentioned California red abalone, purchased from the

abalone farm.
3.2.2.1 Sample Preparation

Abalone shellsverecleaved into approximately 2émectangular pieces with the use afermel

tool (Figure 44 (a)). The top and bottom surfaces were bgtindedto have the faces parallel to

each other, and both the top and bottom surfaces were also parallel to the boundary of calcite and
nacre portions, as much as poss{bligure 44 (c)). The top surface, i.e. nacre surface, firaly

polishedbefore the testThen, the samples were mounted on an Aluminum puck and were ready

for nanoindentation tes{gigure 44 (b)).

Figure 44. Sample preparation for nanoindentation tests. (a) Abalone shells were cleaved into
small pieces. (byhesesmadl pieces were grinded, polished and fixed on Alumipucksand used
for nanoindentation tests. The photo was taken from @esson side of the sample. (c) The top

and bottom surface are parallel to the boundarydias much as possible.
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Nanoindentatin tests were applied on the finely polished top surface of these prepared samples.

Different types of nacre samples were included in this research and they are lisbtein.

Samples Used for Nanoindentation Tests

Farm-raised California red abalonehell Wild California red abalone shell

Hydrated sample Dehydrated sample Hydrated sample Dehydrated sample

Table7. Nacre sample types used in the nanoindentation tests included in this section.

3.2.2.2 Testing and Results

At the beginnig of the mechanical properties study of nacre, nanoindentation testappdies

on the hydrated farmaised andhydratedwild California red abalone shedamples. Samples were
obtainedfrom different individualsand different areas of the abalone shitle samples included

in this experiment are the ones without mesolayer, i.e. no black lines could be observed from the

crosssection side of the samples.

In these tests, the test depth was set as 2000nm. 25 test points (5x5 pattern, the distance between
every two adjacent points is 100um) were applied to each sample. The average elastic modulus of
these 25 tests points was treated as the final elastic modulus for each $Samplast modulus

vs. displacement data for both the faramsed and wild abate nacre werplotted(Figure 45).
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Figure 45. Elastic modulus of (a) hydrated fatraised abalone nacre samples and (b) wild

abalone nacre samples. Samplesreobtained from different individuals. Nanoindentation tests

were apfied on the top surface of theseamples. Some of the val@es close to each other while

others are not.

When the tests were applied on the-sigte surface, the plots show that the elastic modulus values

stayed in the range of 40GB&GPa for both thearmraised abalone and the wild abalone.

However, these values fluctuate in this range. As for some samples, the difference is more than

10GPa, which cannot be ignored. This fluctuation also appears among the dehydrated nacre

samples. SEM images were takenthe polished nacre surface, in order to find the reason source

of this difference. In the SEM imagdsidure 46), orderly aligned lines are shown. Under further

investigation, these lines were determined to be the stacked tablet layers. It candbeaskyen

Figure 46 (b). The reason why the tablet layers can be seen on the polished sutfzetie

tablets are not perfectly parallel to the polished surface. In fact, the boundary lines of the two shell
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parts often appear as waviness rather geafect straight lines. During the grinding and polishing,
the front surface of tablets may not be completely exposed on the top surface. They are more likely
to have an inclination angel to the sample surface. Two sketches of theexter side of nae

shown inFigure 47 could assist with showing the reason of the stacked layers lines which are

shown on the polished nacre surface.

Figure 46. SEM imagesvere taken for thee polished nacre sample surface. Taldeesstacked
layer by layer in order. (aJhe polished sample surface showing the lines caused hbyytredly
layer tablets; (b) The lines observed on the sample surfasedetermined to beaused by the

tablets stacking frorthe mechanically broken nacre sample.

—_—

Figure 47. Two drafts from crossection side of the polished nacre sample. (a) The expected

polished nacre with the tablets front surface perfectly and completely exposed on the top surface
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of the nacre sample. (b) The tatd front surface is not parallel to the polished top surface in

practice and causes the stacked layer lines shown on the sample surface.

Different crystal orientations, variotedetinclinationanglesdifferent hydrated level, etdl have
the abilityand possibilityto influence the nanoindentation tested modulus. Thus, the differences

among these test resuéteereasonable.

Figure 48 shows the secondary electron SEM image of a 1000nm depth nanoindentation on nacre
sample and a 2000nm depth nanomtd@on on the (001) plane of an aragonite single crystal.
Serious cracks are shown around the nanoindentation on éguee(48 (a)) which indicates

that the nacre tablet is still a brittle material. Cracks also appear in the center of the nanandentati

on the nacrd-igure 48(b) is a 2000nm depth nanoindentation on an aragonite single crystal. Even
though the nanoindentation depth on aragonite is higher than the one on the nacre sample, there
are no serious cracks forming around the nanoindent@é®mhat is shown on the nacre sample
surface. The different behaviors observed on the sample surface between the nacre and the
aragonite single crystal also supports the idea that the-starsiure of nacre effects the
mechanical property of the arag@niThus, it is necessary to investigateliebaviorbeneath the
surface. The Focused lon Beam (FIB) was applied on the indentations on the nacre. Part of the

material was milled and the structure under the surface was exposed.
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Figure 48. The nanoindentation on (a) California red abalone nacre (1000nm depth) and (b) a

mineralaragonite single crystal (2000nm depth).

By milling a gap with FIB, the suburface tablets could be seen cleafig(re 49). In one of the
nanoindentatins, the gap was milled perpendicular to the tablets layer kigsré 49 (a) and

(b)). The tablets cracks were observed under the surface. These cracks concentrate around the
boundary between two tablet layers which can be shown by combining theitegoh the

sample surface. For another nanoindentation, when the FIB was apg@iddferent direction of

the indentation and within the area of one tablet layer, just as sholwigure 49 (c) and(d),

cracks were also observed but not as serioulses® tones around the boundary of the two tablet

layers.
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