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Abstract 

Self-assembly is a popular bottom-up process which results in highly-ordered and fine structures 

in micro- or nano-scale. The special structures produced through the self-assembly are always 

related to some unique and outstanding properties. Abundant research has been performed to aid 

in figuring out ideal ways to produce these materials for industrial applications. In the biological 

world, many creatures develop a self-assembly process in some of their physiological behaviors 

through millions of years of evolution which could inspire us with innovate ideas to produce the 

special and specific structure. The nacre of the abalone shell is on such example. Thus, studies of 

abalone nacre are helpful in learning about the design of such amazing structures, how they are 

formed, and the mechanical properties they possess. 

Nacre, which is also called ñmother of pearlò, is an extremely important part of abaloneôs shell. 

With the self-assembly produced structure, which is constructed from aragonite tablets connected 

by organic thin films, the abalone nacre demonstrates fascinating toughness. While the tidy ñbrick-

wallò structure provides the main body of the nacre, there exists another structure in the nacre 

which shows obvious differences and appears throughout the nacre, especially in shells of abalone 

that grow in the seas (the wild abalone). It is called the mesolayer and it can be divided into three 

separate layers: prismatic layer, organic layer, and columnar layer. Each of them shows their own 

individual elastic properties. Though there has been much research performed which focuses on 

the tablets which make up the nacre, very limited attention has been paid to the mesolayer.
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The abalone creates a confined space for itself with its shell which it is attached to by a portion of 

its tissue known as the mantle. Abaloneôs nacre grows in the colloidal mucus secreted by the 

abalone itself in that confined space. That colloidal mucus provides the self-assembly nacre growth 

with an isolated and complicated environment and will ultimately act as the organic matrix in the 

nacre. As it is hard to observe the in-situ nacre growth, some methods were developed to assist 

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

applied in this research to determine how the seawater environment effects the mesolayer growth.  

The California red abalones were purchased from an abalone farm and cultured in artificial 

seawater. The temperature, water quality, and food were well controlled to guarantee the abalonesô 

health and that the nacre and mesolayer could grow normally. Temperature, pH, Mg2+/Ca2+ ratio 

of the artificial seawater were parameters in need of control, based on literatures describing sea 

environment and sea creatures. Among these parameters, temperature and pH were controlled to 

allow the mesolayer to form. The mucus that the nacre grows from has also been observed out of 

abaloneôs body and in a mimicked confined space, and shows some interesting dendrite formation. 

Elastic modulus is the main mechanical property of concern in this research. Nacre samples were 

tested with a nanoindenter. The main composition of nacre is calcium carbonate, which can be 

treated as a ceramic material, and shows excellent high toughness. Both the mesolayer and nacre 

were tested by the nanoindenter. For the mesolayer, each sublayer was tested to see the individual 

behaviors. For the nacre, when the test was applied on the nacre sample directly, crack formation 

began around the nanoindentation sites, which will influence the test result. Thus, the well 

developed Chen-Prorok method, which introduces a ductile metal film to the sample surface in 

order to avoid the substrate cracking, was applied in this research. As the nacre has a nano-scale 

architecture, a distinctive anisotropic modulus is present. The nacre samples tested in different 
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architecture orientations were included in thois research. The data was collected, analyzed, and 

presented, here in. Nanoindentations on several nacre samples with different architecture 

orientations were milled using focused ion beam in order to show the behavior beneath the surface. 

In addition, a bending experiment was applied on the nacre sample to see its behavior. With the 

combination of this information, reasonable assumptions were developed to explain the anisotropic 

modulus of the nacre structure. The nacre was also prepared into cantilever beams for additional 

testing. The results were compared with the nanoindentation test results. The cantilever project has 

recently just begun, and future progress is to be expected. 

Although the nacre structure has been under investigation for quite some time, debates still exist 

as to how the nacre growth process functions and how the mechanical properties influence the 

structure. The work stated in this dissertation seeks to advance the knowledge of how the isolated 

biomineralization is effected by the outside environment and why this special architecture 

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

Haliotis Rufescens (Red Abalone) nacre has long been a focus of comprehensive investigation due 

to the distinct micro-structure it possesses. The excellent mechanical behavior of Haliotis 

Rufescens nacre is believed to be related to the unique structure. 

In this dissertation, multiple directions of research based on this composite material are examined. 

The biomineralization process of nacre growth as well as the mechanical behavior is investigated. 

Studies based on the Haliotis Rufescens nacre reveals the advantages of its unique structure. These 

analyses could provide a new method to control and improve the structure of composite materials, 

which possess an outstanding mechanical capacity.  

The research stated in this dissertation is based on the California Haliotis Rufescens (red abalone) 

shell and concentrates on the following: 

¶ The control of the formation of a specific structure that appears during the growth of nacre, 

which is called mesolayer. This is believed to act as an ñinterruptionò of the self-assembly 

nacre growth process.  

¶ The mechanical properties of the nacre and mesolayer, which are tested using 

nanoindentation. 

In this section, crucial concepts of this research will be introduced, such as Haliotis Rufescens 

nacre, experimental method, and the research motivation.  

Live abalone and 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.  
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1.1. Self-assembly and Biomineralization 

Two types of self-assembly process are defined and widely discussed: the dynamic self-assembly 

and the statics self-assembly [1]. In this dissertation, only the statics self-assembly process will be 

discussed.  

As a typical bottom-up process, the self-assembly mechanism is an attractive technique due to the 

autonomous formation of highly-ordered and well-controlled structures at the nanoscale. The 

highly-ordered structure attracts researchersô attention due to the possibility of the unique and 

outstanding properties of the materials being strengthened by this structure in specific orientations 

[1-4]. Crucial factors for self-assembly are: an environment that enables components to move 

freely and a ñtemplateò [1,4]. There are various types of ñtemplatesò. For example, the attraction 

between chemical bonds [5] and kinetics control in the colloidal environment [6] are all thought 

determine the complex and highly ordered nanoscale structures. To approach a self-assembly, 

templates need to be introduced appropriately [7-10]. 

Self-assembly makes a great contribution in building the nanoscale structure details for devices 

and structures in the industry by controlling the mechanism of this process. The precision of self-

assembly structures is greater than the conventional mechanical technique. This process should be 

controlled as much as possible and should produce the exact structure needed to meet 

requirements. Thus, applications of this technique are expected in comprehensive technology 

fields [11-14]. So, learning the mechanisms of this process is important. 

In fact, self-assembly is a common process in the biological world. After millions of years of 

evolution, many creatures use a self-assembly process called biomineralization, which is a crucial 

part of their survival in the natural environment. This fascinating mechanism generates complex 
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structures in many organisms, and, so far, some products of the biomineralization process still 

cannot be accomplished by artificial work. Besides producing extremely fine structures with 

favorable mechanical properties, biomineralization also provides the self-assembly process with a 

biological non-toxic environment. A popular and important example is the abalone nacre growth 

in the colloidal organic liquid it produces by itself. This liquid is believed to include liquid crystal 

and has quite a complicated composition [15]. 

A considerable amount of research has been done regarding calcium carbonate (CaCO3). This 

compound has been thoroughly studied by various researchers not only due to its comprehensive 

application in the industry, but also because it is an extremely crucial product of the 

biomineralization process. Numerous crystalline formation experiments methods have been done 

for CaCO3 formation using chemical techniques. These experiments and the mechanisms were 

closely reviewed, concluded and then developed by Dr. Cölfen in his work [16]. 

However, the biomineralization for producing the CaCO3 is much more complicated than the 

chemical synthesis process. All  the conditions are deliberately arranged in chemical synthesis 

experiments, yet a lot of factors are unknown and uncontrollable by people in the biomineralization 

process. It is hard to obtain the in-situ observation of the physiological activities responding to the 

outside environment change. The complex biological system brings forth a lot of challenges to the 

biomineralization investigation based on live creatures. 

1.2. Haliotis Rufescens (Red Abalone) Nacre 

As mentioned above, Haliotis Rufescens nacre, which is also called ñmother of pearlò is a product 

of biomineralization. In macro-scale, the Haliotis Rufescens shell could be divided into two parts: 

the outside portion facing the seawater environment with a rough surface and the inside portion 
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facing the abaloneôs soft body with an iridescent surface, which is much smoother than the outside 

shell (Figure 1). This inside section is the leading factor of the research ï the nacre.  

When the shell is cut into pieces, the cross-section shows the boundary of the two parts (Figure 

2). This boundary is very clear due to the different colors and fracture traces of the two parts. Thus, 

these two parts could be easily distinguished without using any microscopy through the cross-

section of a cleaved shell piece. In Haliotis Rufescens nacre, the outside calcite part has a red color, 

while the nacre is white. The boundary between the two is distinguishable from the cleaved cross-

section side. 

 

Figure 1. Camera photos of California red abalone shell. (a) Outside part of abalone shell which 

is facing to seawater environment and showing rough surface. (b) Inside part of abalone shell 

which is facing to the soft body of abalone and showing the iridescent and smooth surface. 
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Figure 2. The optical microscope image of the cross-section of a cleaved Haliotis Rufescens 

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

To avoid being confusion and misunderstanding, the view shown by Figure 1 (b) is defined as the 

ñtop-sideò, ñtop-side viewò, and ñtop-side sampleò. The view shown by Figure 2 is defined as the 

ñcross-section-sideò, ñcross-section-side viewò, and ñcross-section-side sampleò. More details 

concerning the ñtop-side sampleò and ñcross-section-side sampleò will be provided and explained 

in the Experiment section. 

1.2.1 Nacre Composition 

The Haliotis Rufescent shell is mainly made of calcium carbonate. The outside is calcite and the 

inside nacre portion is aragonite. Calcite and aragonite are different types of calcium carbonate 

with a slight difference in crystalline structure. The calcite and aragonite belong to the trigonal and 

orthorhombic crystal structures, respectively. In fact, both calcite and aragonite are common 

mineral compositions in organisms [17]. For the Haliotis Rufescent nacre, more than 95wt% of it 

is aragonite and less than 5wt% of it is organic composition [18].  
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The composition of the mineral portion of nacre is relatively simple and pure, while the 

composition of the organic portion in nacre is quite complicated. The ɓ-chitin, silk fibroin-like 

proteins, and acidic macromolecules have long been speculated to be the organic composition in 

nacre [19]. Many detailed types of the organic components isolated from the nacre have been 

concluded [18]. Among those organic components, the ɓ-chitin is the most confirmed one. It 

consists of 2-acetamido-2-deoxy-ɓ-D-glucose through a ɓ (1 4) linkage and known as a natural 

and common structural polysaccharide and heteropolymer material with very low solubility in 

either water or most other types of the organic solution [20]. Chitin is a common organic 

composition which acts as the structural material in marine organisms.   

1.2.2 Nacre Structure and Growth 

The structure that shows diverse features along a different length scale is defined as the hierarchical 

structure. Engineers believe this structure to be the structure resulting in the outstanding and unique 

mechanical behavior such as the negative Poissonôs ratio [21]. A classic example of a hierarchical 

structure is the famous Eiffel Tower.  

This structure is not only important to the civil engineers but also popular in the materials science 

and engineering area. Polymer, crystal, and composite materials all show the hierarchical structure. 

It is a very important structure in the world of biology. The bone, tendon, and bamboo all show 

the hierarchical structure. The importance of the structureôs ability to enhance the toughness and 

strength of the hierarchical structure has already been discussed in detail [22-24].  

The leading factor of this research, the Haliotis Rufescens nacre, is one of the typical examples of 

the biological material with hierarchical structure. Based on the advantages brought by the 
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hierarchical structure, it is no wonder that the Haliotis Rufescent nacre has excellent mechanical 

properties.  

There are two types of nacre: columnar and sheet [25]. Although both show the laminated 

structure, which is built by countless nano-scale aragonite tablets (300nm-500nm thickness, 5µm-

10µm diameter), the alignment of these tablets is different in the two types of nacre. The center of 

the tablets in each layer almost aligns in rows in the columnar nacre while they are randomly 

distributed in the sheet nacre. This alignment difference was shown by the SEM images taken of 

the deformation caused by tensile testing each of these two types of nacre [25]. The abalone nacre 

belongs to the columnar nacre.  

SEM measures the thickness of the tablets of the nacre sample included in this research. And, 

based on hundreds of countless measurements of various samples, the thickness is always shown 

in the range between 300nm-400nm (Figure 3). These aragonite tablets are jointed with each other 

in both vertical and horizontal directions by an organic thin film. The surface of these tablets is 

not as smooth as the faces of the mineral single crystal of aragonite. Instead, countless nano-

asperities could be observed on the tablets surface, which is believed to be in relation with the 

excellent mechanical properties of nacre [26-27]. If the nacre is demineralized, the organic thin 

film connecting the tablets could be observed left as a frame (Figure 4) [28]. And, those left 

organic frames are the insoluble organic composition. The EDTA is usually used for 

demineralizing the calcium carbonate portion [29-30]. Some studies indicate that this organic 

matrix plays a crucial role in the development of the excellent mechanical behavior of the nacre 

[26,31,32]. 
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Figure 3. The measurement of the Haliotis Rufescens nacre tablets thickness by using SEM. The 

nacre samples included in this research have the tablet thickness varies between 300nm-500nm. 

The one shown in this SEM image is 366nm. 

 

Figure 4. The organic frame left after applying demineralization on Haliotis Rufescent nacre. 

There are 12 organic layers are numbered. Reprinted from Materials Science and Engineering: 

C, Vol 58, López, M. I., & Meyers, M. A., The organic interlamellar layer in abalone nacre: 

formation and mechanical response, 7-13, Copyright (2016), with permission from Elsevier. [28]  
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The microstructure of nacre could be well characterized by SEM. Figure 5(a) is a top-side view 

SEM image of the nacre which is continuously taken along the direction from nascent nacre to the 

mature nacre (from the left area to the right area in the image). The Figure 5(b) is the cross-

section-side view of the nascent nacre, while Figure 5(c) is the cross-section-side view of the 

mature nacre (the tablets align in column morphology). The nascent nacre shows the ñChristmas 

treeò morphology and the mature nacre shows the morphology of the aligned tablets in column 

pattern. With the SEM images taken at the nacre growth front area, i.e. the area of the nascent 

nacre, as evidence, nacre tablet is believed to initially grows along the c-axis. When a height of 

300nm-500nm is approached, it will extend along the a,b-axis until it reaches the adjacent ones.  

 

Figure 5. The nacre structure of different growth phase. (a) The top-side view of the transition 

from nascent phase (left area) to the mature phase (right area); (b) the cross-section view of the 

nascent nacre (the ñChristmas treeò morphology); (c) the cross-section view of the mature nacre 

(the column tablets morphology). 
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In fact, the nacre growth is a process staying far away from the thermodynamic equilibrium balance 

which could be described by the Ostwald step rule (Figure 6 [33]). Based on this rule, the 

crystallization process starts from forming the thermodynamically most unstable phase and finally 

ends at the most stable phase step by step. What should be noticed here is that, during the whole 

crystallization process, not all the intermediate crystals will appear [16]. The crystallization 

process of calcium carbonate is the specific one that will be discussed here. There are three types 

of calcium carbonate: the calcite (the most stable), aragonite (metastable), and vaterite (the most 

unstable). Among those three, the aragonite is the intermediate phase which is not preferred in the 

crystallization process. It could nucleate in the special medium. For the nacre, the main mineral 

composition is aragonite. The mucus environment which the nacre grows in is the key point for 

this biomineralization process. The supersaturation and the nucleation active free energy of the 

aragonite transforming from amorphous solid working together to determine the existence of it 

[16]. 

. 

Figure 6. The comparison between the thermodynamic control and kinetic control pathway. 

Reprinted from Angewandte Chemie International Edition: Volume 42, Issue 21, Helmut Cölfen, 

Stephen Mann, Higher-Order Organization by Mesoscale Self-Assembly and Transformation of 

Hybrid Nanostructures, 2350ï2365, Copyright (2003), with permission from Wiley- VCH.[33]  
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As such a highly-ordered and fine structure is produced by a completely natural process, the 

investigation of the growth mechanism of this structure could contribute to developing the 

technique of producing composite materials. Details of this biomineralization process are studied 

and demonstrated by various studies to assist with the synthesis of materials with complex 

structures. For the nacre growth, the organic composition such as the proteins has long been 

believed to play a key role. Also, the relation between the organic composition and nacre growth 

has been investigated on numerous occasions [34-37].  

Besides the organic molecule, the amorphous calcium carbonate (ACC) is another crucial 

component during the nacre growth. Although nacre is made of aragonite and all the aragonite 

tablets are in the same orientation, its appearance has no similarities to the needle-like mineral 

single crystal aragonite. In the nacre, the ACC gradually accumulated together and transferred to 

the aragonite crystal structure with the precipitation of organic molecules. Finally, the aragonite 

tablets form, and is defined as belonging to the mesocrystal [38-39]. 

Abalones have the nacre growing in a confined space formed by its shell and a tissue of its body 

called the mantle. The mantle attaches on the shell closely, thus the space between the two is 

isolated from the outside environment. The mucus secreted by the abalone fills up this space and 

the nacre grows in this isolated environment.  

1.2.3 Mechanical Property 

Although the abalone has 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 nacre have been extensively investigated since the outstanding 

toughness was first observed [40]. Many different mechanical tests were applied on nacre to study 
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its mechanical properties, such as the tensile test [41-42], 3-points bending [42], 4-points bending 

[43], nanoindentation test [44-45], and compression test [46]. The nacre is now commonly known 

for behaving with 1000 times higher toughness than the mineral aragonite single crystal [47]. 

Amazingly, the nacre shows a high toughness despite the composition comprising largely of brittle 

material. Different test methods could produce 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 through 3-point bending (Face-on elastic modulus 69 ± 7 GPa, 

Edge-on elastic modulus 66 ± 2 GPa) [42]. In 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 test, only the elastic modulus tested 

through the same or similar test method will be used as reference and discussed. Some of the 

nanoindentation tested elastic modulus of the red abalone nacre were collected and listed in Table 

1. 

Sample Type 
Elastic Modulus Tested by 

Nanoindentation Test 

Face-on [42] 

Edge-on [42] 

69 ± 7 GPa 

66 ± 2 GPa 

Freshly Cleaved Nacre (Single Tablet) [44] 

Artificial Seawater-soaked Nacre (Single Tablet) 

[44] 

114 GPa - 143 GPa 

101 GPa - 126 GPa 

Red Abalone Sample Single Tablet [48]  79 ± 15 GPa 

Red Abalone Sample [49] 55 ï 75 GPa 

Polished Red Abalone Sample [52] 60 ï 80 GPa 

Table 1. The collected elastic modulus of the red abalone nacre tested by nanoindentation test. 
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As the facts mentioned above, the fine and unique nanostructure of the abalone nacre is the key to 

explaining the fascinating mechanical behavior. The SEM images of the nacre sample tested by 

tensile test supports the idea that the tablets sliding is the important mechanism strengthening the 

toughness (Figure 7) [50]. The fracture always appears at the connection between two adjacent 

tablets. The similar phenomenon was also reported in other tensile tests applied on red abalone 

nacre sample [42]. 

 

Figure 7. The red abalone nacre tablets sliding (separation) after the tensile testing. Reprinted 

from Materials Science and Engineering C, Volume 26, Issue 8, Yu, Albert, Lin, Min, Andre, Marc, 

Vecchio, Kenneth S, Mechanical properties and structure of Strombus gigas , Tridacna gigas , and 

Haliotis rufescens sea shells : A comparative study, Pages No.1380-1389, Copyright (2006), with 

permission from Elsevier.[50]  

Some data from the mineral single crystal aragonite could be used to compare with the nacre to 

show the differences brought by the structure. The modulus of different crystal planes of a single 

crystal aragonite was collected from the nanoindentation test with a Berkovich tip as listed in 

Table 2 [51]: 

http://www.sciencedirect.com/science/journal/09284931/26/8
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Crystal Plane Modulus (GPa) 

(0 0 1) 102.8 ± 2.4 

(  1 0) 100.1 ± 3.4 

(   0) 108.1 ± 2.3 

Table 2. The nanoindentation tested modulus of different crystal planes of a single crystal 

aragonite. 

The modulus values of the two planes which are perpendicular to each other, such as the (0 0 1) 

and (ρ 1 0), are close to each other in the single crystal aragonite while there is an almost 20 GPa 

difference in the abalone nacre. The modulus of the plane (0 0 1) in the nacre is around 50 GPa, 

which is much lower than that of the single crystal. To confirm this using our instruments and 

samples, in this research, a purchased aragonite single crystal sample is characterized for 

comparing with a nacre sample. XRD is applied on the planes in both samples (single crystal 

aragonite and red abalone nacre) and are expected to have the same crystal plane. The spectrums 

are then plotted together (Figure 8). In observation, it was found that the main peaks in these two 

spectrums overlap. Some extra peaks appear in the spectrum of the abalone nacre sample, which 

might be caused by the tablets orientation shifting. The nanoindentation test results of the single 

crystal aragonite are 99.37 ± 2.1534 GPa and it is 45.83 ± 1.5867 GPa for the red abalone nacre. 

The difference is so distinctive that the architecture of the nacre should be expected to play an 

important role in influencing its mechanical property. 
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Figure 8. The spectrum 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. 

Besides the single crystal aragonite, the elastic modulus of the individual aragonite tablets of red 

abalone nacre was also reported [52]. The elastic modulus tested through the nanoindentation test 

is various between 60 GPa and 80 GPa. This value is lower than the mineral single crystal 

aragonite. The organic composition involved in each single tablet 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 surface. At the meantime, 

when the test is applied on the sample surface which is supposed to have the tablets front surface 

being exposed on the top, the elastic modulus is much lower than 60-80 GPa. Thus, the hierarchy 

structure of nacre is crucial in causing the anisotropic elastic modulus of nacre.  
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When force is applied to the nacre, a common occurrence in the deformation mechanism is tablet 

sliding. There are many factors, such as nano-asperities on tablets surface, tablets waviness, 

mineral bridges between the vertically adjunct tablets [53] that can contribute to the interference 

of the sliding and the fascinating mechanical properties. However, as it is hard to observe the 

deformation process immediately, the influence brought by these factors are kept under argument. 

For example, as the nano-asperities were thought to influence the mechanical properties [27], it 

was disproven by detailed calculation and FEM model analysis [48]. Thus, more investigation 

about nacre mechanical properties is necessary. With clear knowledge about the mechanism of 

how the nacre behaves, the production and improvement of the current complex artificial materials 

with great mechanical properties could then be approached.  

The mechanical property test is a crucial part in the research stated in this dissertation. The method 

used here is nanoindentation test. This test method was selected to investigate the elastic modulus 

of nacre because the test scale matches the nacre tablets and mesolayer size. It could also help to 

reveal the deformation behavior of the nacre tablets and mesolayer when tests are applied to them.  

The nanoindentation test mainly shows the Elastic modulus (E) and Hardness (H) of the sample. 

Thus, the mechanical property focused on in this proposal is the elastic modulus of nacre and 

mesolayer. 

By combining the structure and mechanical property, abalone nacre could inspire new ideas of 

producing new types of composite materials. 

1.3. Mesolayer 

The countless aragonite tablets built structure is not the only structure observed in the nacre. 

Another structure named the ómesolayerô has been observed. Even raw eyes could determine the 
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existence of the mesolayer. In a camera photo of the cross-section of a cleaved nacre sample, as 

shown in Figure 2, some distinct black lines are visible in the nacre. These black lines are the 

mesolayer. And, if  camera photos are taken over the surface for the top-side samples, the nacre 

with and without mesolayer could be easily distinguished (Figure 9). In Figure 9, the bottom left 

sample is the one that has the mesolayer while the right one has no mesolayer. In the left sample, 

the yellow curves represent the edge of the mesolayer, which indicates the underneath mesolayer.  

 

Figure 9. The camera photo of the nacre samples (a) with mesolayer and (b) without mesolayer. 

The SEM images of the distribution of the mesolayer are shown below (Figure 10). From the 

micro-scale, the mesolayer could be divided into three separate sublayers: the prismatic layer, the 

organic layer, and the columnar-like layer (Figure 11). The structure of mesolayer is significantly 

different from the tablet built structure. The three sublayers all have their own individual and 

unique structure morphology, which was easily distinguishable. The SE image and BSE image of 
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the same area of the mesolayer could be used to compare with each other to learn more details 

about the morphology and composition contrast of the mesolayer (Figure 12). In the BSE image 

(Figure 12(b)), there is no contrast amongst the prismatic layer, columnar-like layer, and the 

tablets area, which represents the identical composition. However, the organic layer is much darker 

than all the other parts due to the light elements included in the organic composition. By using the 

growth direction of the tablet structure as a reference, the growth direction of the mesolayer could 

be determined as starting from the columnar-like layer and ending at the prismatic layer (Figure 

11). 

 

Figure 10. The black lines observed in the nacre from the cross-section side of the wild abalone 

nacre has the different structure compared with the tablets architecture.Those are defined as the 

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

layer, and the columnar-like layer. The mesolayer growth starts from the columnar-like layer. 

 

Figure 12. SEM images of the mesolayer from cross-section side. (a) SE image; (b) BSE image. 

The morphology and composition difference among the sublayers could be easily distinguished by 

the SEM images. 

The mesolayer is observed to exist in nacre layer by layer, suggesting a periodically repeated 

growth. Furthermore, based on the observation of various samples, all the ñblack linesò, i.e. the 
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mesolayer, show the same three sublayer structure. Thus, this columnar-like layer ï organic layer 

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

Although it is a quite unique structure which is different from other parts of nacre, only very limited 

researches have focused on it. The growth process of the prismatic layer of the mesolayer was 

characterized week by week [54] but the whole growth process and the start of the growth of 

mesolayer is still waiting to be revealed. In those literatures describing the mesolayer, different 

factors were studied to investigate their influence on the formation of the mesolayer. Almost all 

those researches are based on the observation in the Flat Pearl Method which is helpful for this 

and will be introduced in section ñ1.5 The Flat Pear l Methodò. The special water-soluble 

biopolymer is believed to be one reason for causing the formation of the mesolayer which includes 

a transition from the aragonite formation to calcite formation [55]. Besides, the different water 

temperature and feeding supply were also tried to see their effects on nacre growth and the calcite-

aragonite transition [77]. So far, there is still no final conclusion of the reason of the mesolayer 

formation. And, the mechanical property investigation of the mesolayer and its effects on the 

whole nacre structure is still unknown. 

1.4. Seawater Environment and Calcium Carbonate Formation 

In the natural environment, abalone lives in the sea. This is quite a complicated system with a 

strong self-adjust ability. For the creatures, it is normal that their living environment influences 

the physiological activities. Thus, it is important to learn about the sea environment while 

investigating the nacre growth.  

In our lab, sea salt, sea sand, and some seaweed are used to mimic the sea environment. In the 

mimicked small sea system, the environment shows the strong self-adjust ability. When some 
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extraneous, accidental interruption factors were induced into this small system, parameters show 

the trend to be back to the original level. For example, based on the observation in our lab, when 

the pH 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 several days. On the other hand, 

parameters of the seawater always influence each other. In that small mimicked seawater system, 

the pH value decreases as the temperature increases. In fact, the alga, bacteria, and some chemical 

reactions all have the possibility to influence the seawater parameters. In the natural sea 

environment, the relations among parameters are affected by more factors and are more 

complicated. 

In fact, these relations among the parameters of natural seawater have been investigated a lot. In 

the natural sea environment, seasonal changes, atmospheric pCO2, the sea floor spreading rate, 

etc., could possibly change the temperature, pH, Mg2+ and Ca2+ concentration [56]. Among these 

parameters, the temperature influences the pH, Mg2+ and Ca2+ concentration [19][57]. Based on 

the literature, the Mg2+/Ca2+ concentration ratio influences the phase of calcium carbonate 

formation in seawater directly, such as in reef-building. For the biomineralization process 

occurring in sea creaturesô bodies, which is an environment isolated from the sea, such as the red 

abalone included in this research, the ion concentration ratio could influence the biomineralization 

indirectly through affecting physiology process of creatures [58-60]. Thus, the temperature change 

is expected to influence the calcium carbonate in sea creatures [61]. More importantly, according 

to these literatures, high temperatures assist in calcite formation and low temperatures assist with 

aragonite formation. During experiments, many parameters of the seawater are found affecting the 

physiology process of abalone. For example, according to the observation in our lab, when the 

temperature increased to a too high level (around 20ºC), the abalone reduced the consumption of 
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food. And if the temperature is kept at that high level for too long (2-3 weeks), some abalones 

might even die. The fluctuation of pH between 7 and 8 at low temperature (around 12-14 ºC) does 

not influence the abalone in an observable way. The artificially decreased pH at high temperature 

causes abalone death within several days. 

1.5. Flat Pearl Method 

Since it was first developed, the Flat Pearl Method has been a quite common method used in many 

different types of research involving abalone nacre growth [48, 54, 62]. In this method, some 

substrates are fixed by super glue in the confined space built by the inner side of abalone shell and 

part of its mantle tissue (Figure 13). After several weeks, these substrates are taken out. The nacre 

grown in these weeks could then be observed without slaying the abalone. And, the live abalones 

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 research, 12הmm circle VWR micro cover glass and calcite slides (prepared with the 

outside calcite part of abalone shell) were used as substrates. These substrates were fixed on the 

inner side of abalone shell (the side facing abaloneôs body) with super glue. Within several days, 

the mantle covered and enveloped the substrates in the confined space between the shell and 
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mantle. After several weeks, these substrates were taken out from abalone. By taking Scanning 

Electron Microscopy (SEM) images, the structure formed during these weeks could be analyzed. 

The Flat Pearl Method is an appropriate way to investigate the nacre growth. Fresh samples, 

especially for these nascent nacre samples, could be collected from this method and characterized, 

along with the nacre growth within a specific period 

1.6. Nanoindentation Test 

Nanoindentation testing has been considerably developed in the past 50 years and is mainly used 

to investigate the modulus and hardness of the material. This method is great for testing the 

materials with random shapes, micro- or nano-scale, and detailed microstructures. Even a quite 

small piece of a sample could be used for the nanoindentation test through appropriate mounting, 

grinding, and polishing. Based on these advantages, the nanoindentation test has become a popular 

and more practical test method used today. It plays an important role in many areas, such as the 

investigation of the mechanical behavior of irradiated materials and components in the electronic 

chip. 

The instrument system is well described with a schematic draft in early literature (Figure 14 [63]). 

One nanoindentation test finishes a cycle of loading and unloading (Figure 15). For the 

Nanoindenter in our lab, due to the viscoelasticity of the sample, a segment of tip holding is there 

after arriving 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 that. The nanoindenter involved in 

this research uses Continuous Stiffness Measurement (CSM) to determine the mechanical 

properties of samples. In this CSM method, load oscillates during the loading process and the 

oscillation resolution is 2nm. This oscillation could be shown by the amplified loading curve in 
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Figure 15. Also, data is collected from the unloading steps in the oscillation. The current going 

through the coil controls the load applied on the sample, and a specific capacitive sensor records 

the indentation depth. The stiffness could be recorded dynamically through the oscillation during 

the loading process shown by the loading curve or be determined through the initial part of the 

unloading process shown by the unloading curve.  
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Figure 14. A schematic draft describes the instrument system. In this draft, A and B represent the 

sample and nanoindenter tip respectively. C is the coil controlling the load. D is the guide springs, 

and E represents the indentation depth sensor. Oliver, Warren Carl and George Mathews Pharr, 

an improved technique for determining hardness and elastic modulus using load and displacement 

sensing indentation experiments, Journal of materials research, Volume 7, Issue 6, 1564-1583, 

reproduced with permission [63] . 

 

Figure 15. A practical test diagram of the loading-unloading 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 tip (diamond), which shows a triangular 

pyramid geometry (Figure 16). Based on the experimental evidence, the contact between the 

Berkovich tip and the sample surface could be described by the Sneddon contact (Equation 1) as 

an extended solution [64]: 
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Equation 1. s = The stiffness, P = The load, h = The displacement, Er = The tested reduced 

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

 

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

diamond. 

And, the area function of the Berkovich tip is (Equation 2) [64]: 

! ςτȢυz Ä 

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

The relationship between the tested reduced modulus and the modulus of the sample could be 

expressed by Equation 3 when it comes to a uniform material [64]: 
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Equation 3. Er = The reduced modulus, vi = The Poissonôs ratio of the nanoindenter tip, Ei = The 

elastic modulus of the nanoindenter tip, v = The Poissonôs ratio of the sample, E = The elastic 

modulus of the sample. As the nanoindenter tip included in this research is diamond, the value for 

Ὁ and ὺ are 1.141GPa and 0.07[65-66]. 

When it comes to a sample with a thin film on the top, this relationship is expressed by the more 

complicated equation [67], which was developed from the empirical relation obtained by Doerner 

and Nix [68]. 

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

(Equation 4) [63]: 
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Equation 4. ὅ= The compliance of the load frame (~1.13m/MN), ὑ = The stiffness of the column 

support springs (~60N/m), Ὀ = The damping coefficient (~54Ns/m), ὖ  = The magnitude of the 

force oscillation, Ὤ‫  = The magnitude of the resulting displacement oscillation, Frequency = ‫ 

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

In nano-scale, Haliotis Rufescens nacre is built by countless aragonite tablets with uniform 

orientation. In macro-scale, Haliotis Rufescens nacre shows a dome shape with random surface 

waviness. With the advantages of testing mechanical behavior in the nano-scale and preparing the 

sample with a random shape easily, the nanoindentation test became the first choice for testing.  



28 

 

In this research, depending on the test depth, only 1 to 5 tablet layers were tested. Although the 

whole nacre structure shows that high toughness, its main composition is calcium carbonate and 

still could be treated as a ceramic material. Thus, cracks in one or two tablet layers may occur and 

influence the test results (the cracks are confirmed by applying the FIB on the nanoindentation and 

the SEM images will be shown in the Experiment section). Thus, the chromium film, which is a 

rather ductile material, was sputtered on both top and cross-section side of nacre surface at room 

temperature. The nanoindentation tests were then applied on the chromium film. Using SEM 

images and the developed thin film model for nanoindentation tests [69-70], more accurate results 

were obtained without the influence brought by nacre cracking. 

1.7. Research Motivation 

Due to the outstanding properties brought by the unique structure, the nacre inspires so many 

innovative researches [71-75]. For the nacre itself, in fact, so many truths are waiting to be 

revealed. Both the nacre growth and its mechanical behavior are complicated problems and 

arguments never stopped. For example, for the nacre growth, although the development of the 

systematic theories is progressing, some other researchers are questioning them with new 

discoveries. The always believed epitaxial growth mechanism is challenged by the ACC found on 

the surface of the aragonite tablets, and, this research addressed the importance of the 

physicochemical effects [76].  

The research work stated in this dissertation is intended to move one step forward in the 

investigation of the structure and elastic property of Haliotis Rufescent nacre and the mesolayer.  

Abundant research is focused on the synthesis of the nacre-like structure based on different 

materials to obtain unique and outstanding properties. Study of the natural biomineralization 
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process occurring inside the abalone could inspire new ways of nacre-like structure synthesis. It is 

mentioned above that studies rarely concern the mesolayer. However, it should be noticed that 

studying the mesolayer growth contributes to learning about the relation between the special 

structure formation and the required conditions, which could reveal more details about the complex 

biomineralization process and to assist the synthesis of composite materials. Since the mesolayer 

is a change of structure compared to tablets nacre structure during the outside and inside 

environmental factors changing, the study of the mesolayer growth process is a way to figure out 

the roles that these factors are playing in the biomineralization process. The relation among the 

environment temperature, the food availability, and the nacre growth has been discussed by other 

researches which are based on the red abalone and many other creatures through the Flat Pearl 

Method [77-79]. In this research, the relation between the temperature and the mesolayer formation 

is investigated. Meanwhile, the relation among the temperature, pH, Mg2+/Ca2+ concentration of 

the seawater environment was daily recorded and described.  

The mucus in the 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 process in-situ. Thus, 

the studies related to that mucus might be another possible way to learn more details about this 

biomineralization process. 

For the studies about the mechanical properties of the mesolayer, the work is expected to collect 

more details about the mechanical behavior of this mesolayer and make a contribution to 

understanding the role that the mesolayer plays in the whole nacre structure. For the nacre, a lot 

researches have been focused on its toughness and the ability to resistance the crack growth. In 

this work, the attentation is paid on another unique property of nacre: the high anisotropic elastic 
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modulus. It is important to find out how that structure decreases the elastic modulus that much in 

one direction and less in the perpendicular direction.  

The research work included in this dissertation is expected to be one step-forward in understanding 

this natural composite material and being meaningful in developing, designing, and applying new 

artificial composite materials based on specific requirements. 
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2. Experiments Instruments 

Only text introduction is included in this section. The images of those instruments are shown in 

Appendix I . 

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 photos. The eyepiece and the 

camera have the different magnification. Thus, when the software on the computer is used for 

taking photos, the total magnification set in the software should be determined based on the 

camera. And, a Nikon SMZ800 optical microscope is also included. 

The optical microscope is helpful for taking images of the detail of the structure in macro-scale. 

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 the research is JEOL JSM 7000F. This field emitting electron microscope is a 

crucial instrument in this research. With its high resolution, it is mainly used for characterizing the 

structure of nacre, the nanoindentation applied on the sample, and the dendrites formed in the 

special environment in this research. 

To obtain high resolution SEM image, the conductivity of the sample, the Focus, Working 

Distance, Electron Alignment, the beam current, and the Probe Current all need to be taken care 

of. The best working distance for the instrument included in this research is 10mm and the ideal 

beam current should be around 56µA. When using the tilt function in this instrument, this highest 
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angle could be done is 40. There are other detectors in the 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 the sample. 

2.3 Energy Dispersive Spectrometry (EDS) 

OXFORD Instruments X-Max 20mm2 detector is used to analyze the composition of samples. The 

EDS detector is installed in the same vacuum chamber with the SEM. It plays the role for determine 

the composition of the 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 X-Ray Diffraction is used to identify the structure of the nacre and the 

aragonite single crystal in the research.  

2.5 Focused Ion Beam (FIB) 

The FIB included in this research is the TESCAN LYRA FIB-FESEM in Alabama University at 

Tuscaloosa. It is used to mill  part of the area of nanoindentations on the sample. The sample is 

til ted to 55º and the ion beam mills the selected part of the material through the stair-step. As the 

nacre has such detailed nano-scale structure, ion polishing of the milled cross-section is necessary.  

By milling part of the material, the behavior of the material under the surface could be 

characterized by SEM. In this research, this is mean to learn about how the tablets behave 

underneath after being applied nanoindentation tests. 
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2.6 Nano-Indenter 

MTS Nano Indenter (CSM/LFM Control Unit) with diamond Berkovich tip is used for testing the 

modulus of materials in the research. The sample used for nanoindentation test must be well 

polished. 

2.7 Sputter 

Denton Vacuum, LLC, DISCOVERY 18 Sputter is used in experiments to sputter metal thin film 

on samples. And the work is done in clean room. The 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 Handimet 2 Roll Grinder is used for grinding and the Leco SS-200 is used for 

polishing. All the samples used for nanoindentation test need to be well polished. Al-suspension 

is used for polishing the nacre.   

2.9  Haliotis Rufescens (Red Abalone) Lab 

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

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

Instant Ocean Synthetic Sea Salt was used to prepare the artificial seawater. 3-4 California Red 

Abalones were kept in one 38-gallon tank with the artificial seawater, where the temperature is 

controlled by AquaEuro USA Max-Chill Titanium Aquarium Chillers (1/13HP). The artificial 

seawater in the tank is filtered by Penguin BIO-Wheel Power Filters (Model 200) with the Penguin 
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Rite-Size C Filter Cartridges 24hrs each day. Oxygen is supplied by Eugene Danner Aqua-

Supreme Air Pumps (AP-8 Adjustable Air Flow).  

Temperature and pH are tested by VWR® pH/Temperature Meter (Pen Style). Ca2+ concentration 

was tested with Salifert Calcium Profi Test Kit and Mg2+ concentration was tested was Salifert 

Magnesium Test Kit. 

A Dremel tool was used for incising abalone shell into pieces to prepare the samples. 
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3. Experiments 

3.1 Mesolayer Growth  

3.1.1 The Improvement of The Traditional Flat Pearl Method  

The Flat Pearl Method is a common method used for investigating nacre growth [54, 59-61]. Thus, 

it is practiced in our lab to study the mesolayer growth. The micro cover glass slides were used as 

substrates based on these related literatures. These literatures indicate that the glass substrates 

could be completely covered by the mantle around the end of the first week after the implantation. 

Thus, the approximate growth time for nacre could be determined.  

In our lab, there are 10 tanks with each tank occupied by 3-4 abalones. Nacre grows through Flat 

Pearl Method for 5 weeks under different temperatures to make sure the literature recorded Flat 

Pearl Method is valid in our lab and could be used for the mesolayer growth investigation. Table 

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

The collected data in Table 3 shows that, in fact, it is hard to determine when the mantle and the 

beginning of nacre growth covered the substrates. In the 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 varied in different experiments. For example, under 52oF, nothing grew on the glass slides for 

the 1st week. For the 2nd week, the results from two experiments were very different (19.969ɛm 

and 19.031ɛm in experiment 1 and 0.614ɛm in experiment 2). The nacre thickness data for the 3rd 

week from three experiments (Exp1, 2, and 3) are 19.500ɛm, 69.813ɛm, 17.156ɛm respectively. 

And, some samples under this condition have nacre growth while others do not. A similar condition 

is there for the 4th-week samples (95.063ɛm in Exp 1 and 16.781ɛm in Exp 3). The SEM images 

of the structures on the glass substrates collected at the end of the 3rd and 4th week under 52oF are 
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shown in Figure 17 and Figure 18 as examples respectively. A similar situation also appears in 

the experiments with the temperature of 50 oF, 54oF, 56oF, and 58oF. 

Thus, the relationship between the nacre growth and time is out of control in an individual 

experiment with this method. The edge of the round micro cover glass slide is sharp and rough 

(Figure 20 (c)), which might hurt the abalone, mantle and affect their health. This will then 

influence the nacre growth and finally lead to death. The unhealthy abalones have the mantle 

retraction problem. The inserted glass substrates are unable to be covered by the mantle. 

Furthermore, the unhealthy abalones cannot be further used in other experiments. A comparison 

between the normal, healthy condition of the mantle and unhealthy mantle retraction is shown in 

Figure 19. During the experiments, some abalones died due to the unhealthy condition caused by 

the inserted glass substrates. 

 

Table 3. The thickness of nacre grown on the glass substrates under different temperature through 

Flat Pearl Method data collection. 
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Figure 18. SEM images of two samples collected after the 4th week from two independent 

experiments applied on the same tank at 52 oF. The thickness of the structure is measured. (a) 

Tank 3, Exp1, 95.063ɛm; (b) Tank 3, Exp 3, 16.781ɛm. 

Figure 17. In 3 experiments under 52 oF, after 

the 3rd week, glass substrates were taken out. 

The thickness of the structure grown on them 

are measured by SEM. (a) Tank 3, Exp 1, 

19.500ɛm; (b) Tank 10, Exp 2, 69.813ɛm; (c) 

Tank 3, Exp 3, 17.156ɛm. 
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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 situation, a substrate with smaller area and smoother edge which is no hurting to 

the abaloneôs body should be introduced into the experiment. In this research, the calcite substrates 

(Figure 20 (a) and (b)) prepared with the outside portion of abalone shell was used in this method 

to replace the glass substrates. The calcite portion of abalone shell is used as the the raw material 

for the new substrate because that it is easy and low-cost to obtain. With the smooth, sloped edge 

and controllable size, these substrates did not hurt the abalone and were more easily accepted by 

them than in the earlier experiments. Thus, more valid nacre growth data could be collected from 

them. 
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Figure 20. The material of the slide is improved. (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 Environment Factors and The Mesolayer Formation 

During the experiments for improving the Flat Pearl Method, grown nacre samples were collected 

from the constant temperature experiments, which lasted for 4-5 weeks. By characterizing with the 

SEM, most of them only show the initial block structure and some of them show the tablet built 

structure. For these that show the tablet structure, no mesolayer structure was found. Figure 21 

shows the examples with the tablets structure collected from the constant temperatures applied in 

the tanks. Although only one example of each temperature is shown here, all the samples are 

characterized and no mesolayer could be found. 
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Figure 21. Nacre samples collected from the constant temperature experiments which is kept at 

around: (a)50ºF (10ºC); (b)52ºF (11.1ºC); (c)56ºF (13.3ºC); (d)60ºF (15.6ºC); (e)62ºF (16.7ºC). 
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3.1.2.1 Mimic the temperature changing in nature 

Since there are many layers of the mesolayer appearing in the wild abalone nacre and no such 

structure found in the constant temperature environment, some periodical repeated physiological 

change of the abalone is expected. The physiological activities of the abalone could be affected by 

the environmental conditions. For the mesolayer, it has been determined that the growth starts from 

the columnar-like layer. And, the columnar-like layer is believed to be made of the calcite rather 

than the aragonite [25]. Thus, a transition from aragonite to calcite is expected to occur when the 

mesolayer starts to grow. It has been stated that the temperature, pH, Ca2+, and Mg2+ concentration 

of the seawater all have the possibility to influence the type of calcium carbonate formed in the 

sea. These parameters influence each other and the concentration of Mg2+ and Ca2+ is temperature 

dependent. The Ca2+ resource for the abalone could either be the Ca2+ in the seawater or the food. 

As the available Ca content in the food is limited, there is a high possibility that the Ca2+ 

concentration around the abalone in the seawater plays an important role in influencing the nacre 

and mesolayer growth. 

Based on the statement above, it is reasonable that temperature changes caused by seasonal cycles 

is a possible reason causing mesolayer formation. Abalone could experience several such cycles 

during its entire life. It is also true that the Mg2+/Ca2+ 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 the abalone to live through several geological periods. Another example 

is that the variation of CO2 concentration in the air above the sea. But, this CO2 concentration might 

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

is assumed as the main factor related to the mesolayer growth and it became the main controlled 

parameter in the lab. Although it has been introduced in the Introduction section that the high 
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temperature is beneficial for calcite formation while the low temperature has the advantages for 

aragonite formation in the sea, the nacre grows in a confined environment, which is isolated from 

the outside sea environment. Thus, the ñdecrease temperatureò and ñincrease temperatureò 

experiments are both included in the research to determine how nacre growth is affected. 

In one of the experiments, the temperature is kept at around 15ºC for 4 weeks and decreased to 

9ºC. After 3 weeks, the temperature is increased back to 15ºC and kept at there for another 3 weeks. 

SEM characterized all the samples and the mesolayer was not found, but some random interruption 

layers were observed on the top area of the sample such as the structure shown in Figure 22 (a)(b). 

And, another attempt was done with a narrower temperature change range at a higher temperature 

level than the previous experiment which was changed from 16.7ºC to 14.4ºC and then back to 

16.7ºC. Samples were collected and characterized with SEM. The SEM images of one of the 

samples is shown in Figure 22 (c)(d). Again, there was no mesolayer structure but some prismatic 

structure and block structure in calcium carbonate. The results show that the decrease temperature 

is more likely to produce the block-like interruption structure in the nacre. Then, the opposite 

temperature change, i.e. the ñincrease temperatureò experiment was done in the lab to see the 

structure growth behavior. 
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Figure 22. Samples are collected obtained from Tank No.9 which the temperature is decreased 

from 15ºC to 9ºC and then back to the 15ºC. The SEM images of one of the collected sample are 

shown: (a) The SE SEM image; (b) the BSE SEM image. Samples are collected obtained from 

Tank No.3 which the temperature is decreased from 16.7ºC to 14.4ºC and then back to the 16.7º. 

The SEM images of one of the collected sample are shown: (c) The SE SEM image; (d) the BSE 

SEM image. 

Parameters related to the calcium carbonate formation, i.e. the temperature, pH, Ca2+ and Mg2+ 

concentration, of the artificial seawater in the lab were tested and recorded every day during 

experiments for analyzing their relation with the mesolayer formation.  

After many experiments, with the improved Flat Pearl Method applied on the California red 

abalone in the lab, the collected data shows that this improved method is valid when applying to 

the investigation of the mesolayer growth in a specific period. Two experiments for growing the 

mesolayer are applied. One is increase the temperature from around 12ºC to around 16ºC and the 

other is increased from 12ºC to around 20 ºC. This serves to mimic the season change in nature. 

All  the experiments are finished in 6-10 weeks. The temperature is controlled by the chiller and 

shows slight fluctuation at both low and high-temperature level based on its working mechanism. 
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The recorded artificial seawater parameters (temperature, pH, Ca2+ and Mg2+ concentration) of two 

of such experiments are plotted along the date and shown in Figure 23 and Figure 24 respectively. 

When the temperature is increased, the pH decreases gradually. During this period, the Ca2+ and 

Mg2+ concentration change with the opposite steps. After around one week, the pH of the seawater 

increased back to its original level, which might be caused by the strong self-adjustment ability. 

Then, the Ca2+ and Mg2+ concentration began to wave in the same steps. 

When the experiments are completed, the 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 cleaved cross-section side (Figure 25). The mesolayer structure is observed in these 

samples. These images show the contrast between the thick organic layer and other parts. 

Particularly, in Figure 25 (a) and (b), the prismatic layer, organic layer and column layer, which 

are typical structures of mesolayer, are clearly shown. Figure 25 (c) shows such a mesolayer 

structure with the tablet nacre structure above and below it. In the four samples, mesolayers all 

appear near the bottom part of the whole structure, which may be due to the insufficient normal 

nacre growth time before changing the temperature. When the mesolayer obtained in the lab is 

compared with the ones in wild abalone shell, a thickness difference of the organic layer should 

be observed. In the natural environment, the temperature changes gradually during the season 

transition. However, in the lab, the temperature was changed within 24 hrs. Besides, the periods 

for both the temperature transition and constant temperature are much longer in the natural 

environment than what was performed in the lab. The different temperature change rate and length 

of the time may lead to the difference in organic layer thickness between the wild abalone nacre 

and the farm-raised ones. 
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Figure 23. The trend of temperature, pH, Mg2+ and Ca2+ concentration changing with dates 

during the ñIncrease temperatureò experiments. (Tank No.6) 
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Figure 24. The trend of temperature, pH, Mg2+ and Ca2+ concentration changing with dates 

during the ñIncrease temperatureò experiments. (Tank No.7) 
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Figure 25. Backscattered electron SEM images were taken for the samples obtained from the 

ñincrease temperatureò experiments. Mesolayer could be seen through the typical contrast. (a)(b) 

two different samples obtained from Tank No.6; (c)(d) two different samples obtained from Tank 

No.7.All the four samples show the mesolayer structure. 

3.1.2.2 Influence brought by temperature and pH respectively 

As the parameters influence each other, it is compelling to observe which factor plays the key role. 

Thus, another group of experiments are applied to figure it out. The temperature and the pH are 

the concerning factors since the Ca2+ and Mg2+ concerntation depends on them. There are two 

tanks involved in this experiment: one tank (Tank 8) has the temperature increased while the pH 
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is kept constant; the other tank (Tank 10) is controlled the opposite way. In Tank No.8, the 

temperature is increased from around 13ºC to 20ºC. When the temperature began to increase, the 

Na2CO3 powder was added into the tank to stop the pH dropping. And, when the temperature 

decreased back to around 13ºC, the Na2CO3 was no longer being added. The pH plot shows that 

during the high temperature period, the pH always shows a tendency to drop even if the Na2CO3 

is added. An interesting phenomenon is that the pH began to increase once the temperature was 

back to the low level despite Na2O3 no longer being added. In Tank No.10, adding white vinegar 

regularly artificially decreased the pH. The pH decreased during the vinegar-adding period and 

began to increase after the vinegar was no longer being added. The temperature was kept at around 

13ºC during the whole experiment, which is the same level as the one for Tank No.8 before the 

temperature was changed. 

Similar to the previous experiments, the data for temperature, pH, Ca2+ concentration, and Mg2+ 

concentration was recorded daily. The data collected from Tank 8 and 10 was plotted along the 

date and shown as Figure 26 and Figure 27. Based on the plot, the Ca2+ and Mg2+ concentration 

changed when the temperature and pH altered. For Tank No.8, the Ca2+ concentration is decreased 

when the temperature began to increase. After around one week, the Mg2+ concentration started to 

increase. For Tank No.10, there was no distinctive path of change for the Mg2+ except for the 

random fluctuation. In the meantime, the Ca2+ concentration showed a drop-down trend when the 

pH started to decrease. Under the conditions of Tank No.10, the Ca2+ concentration did not increase 

again when the pH started to increase. Instead, it stayed at a decreased level until the end of the 

experiment. 

The SEM images of the samples collected from these two tanks are shown in Figure 28. Two 

samples are collected from Tank No.8 (Figure 28 (a) and (b)). The mesolayer structure was found 
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in one of the two samples (Figure 28 (a)). However, in the other sample (Figure 28 (b)), although 

the organic layer could be identified by the contrast in the backscattered electron image, the three 

sublayers structure were difficult to determine. Additionally, the structure, including the obvious 

organic layer, was almost at the bottom of the sample. It is hard to tell if this is caused by the 

changed conditions of the environment. For the samples collected from Tank No.10 (Figure 28 

(c) and (d)), pure calcium carbonate interruption structure was found rather than the mesolayer. 
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Figure 26. The comparison experiment to investigate the influence brought by Temperature and 

pH respectively. In Tank No.8, temperature was increased and decreased back to the original level 

while the pH was kept above 8. 
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Figure 27. The comparison experiment to investigate the influence brought by Temperature and 

pH respectively. In Tank no.10, pH was decreased l lower than 8 and then increased back to the 

original level while the temperature was kept around 14ºC. 
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Figure 28. Backscattered electron SEM images were taken for the samples obtained from the 

ñincrease temperatureò experiments. Mesolayer could be seen through the typical contrast. (a)(b) 

two different samples obtained from Tank No.8; (c)(d) two different samples obtained from Tank 

No.10. 

3.1.3 An Extra Observation Related to The Nacre Growth 

It was previously stated that the nacre grows in an isolated environment, which fills up with 

colloidal mucus. The organic composition in the mucus will eventually become the organic matrix 

in the mature nacre. In other words, the mucus in that confined space is the immediate environment 

for the nacre growth. Investigating the mucus could be helpful for understanding the in-depth 
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details about the nacre growth process. Even though the in-situ nacre growth process is hard to 

observe, a lot of arguments are still present to reveal the truth. The colloidal environment is 

believed to contribute to the self-assembly process [38][80-82]. Thus, besides the study focusing 

on the effects brought by the outside environment, some of the mucus is taken out from the nacre 

growth space in the abalone and dehydrated in a mimicked confined space between two glass slides 

for the investigation. 

To avoid contaminating the sample, both the abalone shell and body were carefully cleaned and 

dried with a Kim Wipe outside of the water. The mantle attached on the inner side of the shell was 

slightlty lifted with special lamellar tools. Scratches might induce some tissue cells into the sample, 

so the 12mm Circle VWR micro cover glass was only placed on the side of the mantle, which is 

slightly facing the shell, to have some colloidal organic liquid stuck on it. Then the micro cover 

glass was carefully pulled back and some colloidal organic liquid could be seen on the glass 

surface, which was in contact with the mantle. The colloidal organic liquid was covered with 

another micro cover glass. Since only a very small amount of that colloid organic liquid could be 

obtained through this method, the space between the overlapped micro cover glass could be treated 

as confined. Waiting for more than 24 hours after placing the sample in the air, the colloidal 

organic liquid would dry gradually in that confined space. The colloidal organic liquid samples 

were prepared with liquid obtained from different samples.  

After the sample dehydrated completely, SEM images were taken of the remaining solids. 

Dendrites with various morphologies were observed in these solids (Figure 29). Some of them 

have a continuous body while some others do not. By using the EDS, the composition of these 

dendrites was determined to be sodium chloride (NaCl). The similar NaCl dendrite phenomenon 
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was also observed in other studies related to NaCl nucleation in the colloidal environment research 

[83-85].  

  

Figure 29. Different patterns of dendrites nucleated from the mucus in a mimicked confined space 

where abalone nacre grows in. The composition of these dendrites is determined as NaCl by 

applying EDS. 

The NaCl crystallization in the mucus is quite different from the one in the normal seawater. An 

optical microscope image comparison between the NaCl nucleation in the mucus collected from 

abalone and in the seawater collected from the tank are shown in Figure 30. Both of them are 

dehydrated between two glass slides in the air. The NaCl crystallizes in the normal sea water into 

the regular shape sheet (Figure 30 (a)) while it forms dendrites (Figure 30 (b)) in the mucus 
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produced by the abalone. This comparison might support the idea that the organic colloidal mucus 

plays an important role in the crystallization with specific morphology. 

 

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

(b) mucus of abalone. 

The elements of Mg and Ca, which are related to the calcium carbonate nucleation, were found in 

bulk with other morphologies. The element of Mg was found accumulated along the organic 

membrane (Figure 31). And, the element of Ca was found in some randomly shaped and 

distributed micro-scale bulk solid particles. The element of sulfur (S) and oxygen (O) are 

frequently found existing together with Ca (Figure 32). Some special micro-scale hexagonal 

particles were also observed (Figure 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 branch-like pattern. (a) 

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

 

 

Figure 32. Some solids accumulate to 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 bulk includes the element of (b) Ca, (c) S, 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, Mg, and O. 

3.1.4 Conclusions 

The abalone nacre growth is a quite complicated process still described by many assumptions 

based on observations.  
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The experimental results obtained in this research show that the change in outside environment 

conditions could initiate the change in nacre growth, i.e. the mesolayer formation. When the 

temperature of the outside environment, i.e. the seawater temperature, is decreased, the mesolayer 

was not found in the collected samples. In contrast, when the temperature is increased, the samples 

collected through the Flat Pearl Method indicate that the abalone tend to have a growth transition 

from aragonite tablet growth to the mesolayer formation during the period of temperature change. 

The pH and the mineral ion concentration (Ca2+ and Mg2+) are recorded daily throughout the entire 

ñtemperature-increaseò experiment and plotted to observe details. Both the temperature and pH 

are controlled in a group of similar experiments. The result shows that the seawater temperature is 

more likely to influence the mesolayer formation. 

Simultaneously, it should be addressed that the mucus in the confined space between abaloneôs 

shell and the tissue, called the mantle, is the immediate growth environment for the nacre. Thus, 

the relation between the outside environment and the inside isolated environment could contribute 

to revealing the growth mechanism of the nacre and mesolayer. When this mucus is taken out of 

the abalone and dehydrated in a mimicked confined space, NaCl dendrites are found in various 

patterns. The elements related to nacre growth, Ca and Mg, are found either in some randomly 

distributed bulk, displaying a random shape, or in some solid with a unique shape, such as the solid 

accumulated along some organic thin film and aligning in special angles with the hexagonal 

particles. A similar phenomenon was observed in the studies of the crystallization in the colloidal 

environment.  

More studies focusing on the relationship between the outside and inside environment could be 

expected to be one possible way to describe the true nacre growth process and explain the 

mechanism behind this biomineralization process. 
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3.2 The Mechanical Properties Investigation 

As mentioned in the Introduction section, the mechanical properties of nacre are investigated by 

using the nanoindentation test. The nanoindentation 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: prismatic layer, organic 

layer, and columnar-like layer. The details about the mechanical properties of each of them are the 

fundmental for learning about the mechanical property of the whole mesolayer structure and the 

possible influence on the nacre including the mesolayer brought by the mesolayer. Due to the 

complex micro-structure, 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 shown in Figure 2, has many layers which make up the mesolayer and is 

ideal for this experiment. Wild abalone shells were cleaved into pieces, then grinded and finely 

polished into a ñTop-sideò sample. With its natural waviness, each of the three sublayers of the 

mesolayer were exposed on the surface through careful grinding and polishing. Although the 

individual 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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The sample preparation steps are shown in Figure  34. The red, blue and yellow area represent the 

prismatic, organic and column-like layers respectively. The sample was grinded and polished until 

the mesolayer was exposed on the sample surface. The red square depicted in step 3 of Figure 34, 

is the same area as depicted in step 4. The difference is that step 3 is a draft of the cross-section 

side of the sample while step 4 is a secondary electron SEM image taken from the top side of the 

prepared sample. 

 

Figure 34. Grinding and polishing of a piece of wild California red abalone nacre to let the 

mesolayer be exposed on the sample surface. (a) A mesolayer exists in a nacre sample. (b) The top 

layer of the material was grinded and polished. (c) Both the organic layer and column-like layer 

were exposed on the surface. (d) SEM image of the top-down 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 morphology of two separate layers. This could be shown by comparing the polished 

mesolayer surface and the mechanically cleaved mesolayer cross-section (Figure  35). The 

boundary between the prismatic layer and the organic layer (the green dash line in Figure  35) is 

zigzaged while there is a smooth boundary between the organic layer and the columnar-like layer. 

 

Figure 35. The comparison between the top-side and cross-section-side SEM image for the 

mesolayer. (a) The polished mesolayer exposed on the top-side of the wild abalone nacre sample 

surface; (b) the cross-section of a mechanically cleaved wild abalone nacre sample with mesolayer 

visible. The pink dash line represents the boundary of the tablets and the prismatic layer. The 

green dash line represents the boundary of the prismatic layer and organic layer. The blue dash 

line represents the boundary between the organic layer and the columnar-like layer. And the 

yellow dash line represents the boundary between the columnar-like layer and tablets. 
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When each sublayer of the mesolayer was tested, the optical microscope in the nanoindenter is 

used for determining the location to apply the test. Although the sublayer structures cannot be 

identified as clearly as under the SEM due to the low magnification and low resolustion, some 

boundaries between each sublayer are distinguishible (Figure 36). Thus, the nanoindentation tests 

could be applied on the specfic sublayer area. After the nanoindentation test, SEM images were 

taken for those nanoindentations to confirm that the tests were applied in the correct area. An 

existed possibility is that the nanoindentation test is determined by the SEM image that it was not 

applied within the expected area. 

 

Figure 36. The mesolayer observed 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 was calculated 

based on all the vaild nanoindentation data in said areas. The calculated final modulus of each 
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sublayer of the polished mesolayer were then plotted (Figure 37). In the tests shown by Figure 

37, the nanoindentation depth is 1000nm. It can be seen that the modulus of the organic layer 

continues decreasing while the nanoindentation depth increases. Conversely, the modulus of the 

columnar-like layer and the prismatic layer increase with increasing nanoindentation depth. It 

should be noticed that the modulus plots in Figure 37 are not necesarily stable values. The dynamic 

stiffness during the loading process for the three structures were ploted (Figure 38 (a)). It can be 

seen that the dynamic stiffness has a polynormial-like relationship with the nanoindentation 

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 by one. Also, 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 stiffness (Figure 38 (a)) with Figure 38 (b), the result of the columnar-like layer 

and the prismatic layer agree with the center case in Figure 38 (b), and the organic layer test agrees 

with the bottom case in Figure  38 (b).  

Figure 34 can be used as a reference for explaining 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 center of Figure  38 (b). The 

organic layer has the columnar-like layer under it and is similar to the case shown at the bottom of 

Figure 38 (b). The dynamic stiffness plot for the columnar-like layer shows the similar curve to 

that of the prismatic layer. Since the nacre tablet structure exists underneath, this columnar-like 

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 shown by Figure 37 were 
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taken (Figure 39). It should be mentioned 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 

equilateral triangle shape, such as the one shown in Figure 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. 

 

Figure 37. The tested modulus from use of the nanoindenter of the columnar-like layer, the organic 

layer, and the prismatic layer of the mesolayer. 

0

20

40

60

80

100

120

140

0 200 400 600 800 1000

M
o

d
u
lu

s
 (

G
P

a
)

Displacement (nm)

The Nanoindentation Tested Modulus for The 

Three Sublayers of The Mesolayer

The columnar-like layer

The prismatic layer

The organic layer



65 

 

  

Figure 38. The comparison between the (a) tested dynamic stiffness of the prismatic layer, organic 

layer, and the columnar-like layer and (b) the schematic of the relationship between the loading 

dynamic stiffness and nanoindentation displacement for the homo- and inhomogeneous material. 

[86]  

 

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

(b) organic layer, and (c) columnar-like layer. 
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3.2.1.3 The Curve-fitting and Discussion 

The dynamic stiffness data was curve-fitted through the least square method by using Python. The 

curve-fitting plot is shown in Figure 40. During the curve-fitting, the stiffness is forced to zero at 

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

on the Taylorôs expansion, those data could be fitted into a curve represented by a polynomial 

function, and the polynomial functions for the three sublayers in one of the experiments are listed 

in Table 4. 

 

Figure 40. The curve-fitting for the dynamic stiffness data of the prismatic layer, organic layer, 

and the columnar-like layer of the mesolayer. The curve-fitting is based on the least square 

method. 
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Layer Name Polynomial Function 

Prismatic Layer s = 321.2x ï 0.3552x2 + 0.0001672x3  

Organic Layer s = 68.93x ï 0.06900x2 + 0.0001131x3  

Columnar-like Layer s = 415.4x ï 0.3740x2 + 0.0001560x3  

Table 4. The polynomial function of the dynamic stiffness vs. displacement plot for the prismatic 

layer, the organic layer, and the columnar-like layer of the mesolayer. 

As the nanoindenter tip used in this research was a Berkovich tip, the contact between the tip and 

the sample should be the Sneddonôs contact, as introduced previously. However, in reality, the end 

of the Berkovich tip cannot be perfectly sharp. The end 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 surface [87]. Based on the parameters such 

as the radius of the tip end (< 50nm) given by the company sharpening the nanoindenter tip, the 

displacement, that should be treated as Hertz contact, can be determined geometrically. Based on 

the geometry calculation (Figure 41), the relation between the tip end radius and the 

nanoindentation depth can be described by (Equation 5): 

Ὠ Ὑ Ὑ ίzὭὲχχȢπυЈ 

Equation 5. Ὠ = The nanoindentation depth, Ὑ = The radius of the Berkovich tip end. 

As the radius of the tip end is less than 50nm, the calculation based on Equation 5 shows that the 

Hertz contact nanoindentation depth is less than 1.27nm, which is quite a small distance. The Hertz 

contact can be described by (Equation 6) [88]: 

Ὂ  
τ

σ
Ὁz ЍzὙ Ὠz 
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Equation 6. Ὂ = The load during the nanoindentation process, Ὁ= The reduced modulus of the 

tested sample, Ὑ = The radius of the Berkovich tip end,  Ὠ = The nanoindentation depth. 

The reference sample for the nanoindenter included in this research is a single crystal SiO2 which 

shows a reduced modulus of 69GPa. The test data of the reference sample is plotted together with 

the Hertz contact curve based on Equation 6 and various radius values to determine the radius of 

the tip end (Figure 42). The test data of the reference sample below the displacement of 25nm is 

used here. In Figure 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 in the range of 

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 the Berkovich tip used in this 

research. The Hertz contact range were calculated based on this geometry analysis. 
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Figure 42. The plot showing the test data of the reference sample (single crystal SiO2) and the 

Hertz contact equation curve 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 curve-fit ting shown in Figure 42 could be treated as a perfect Berkovich contact. 

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

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

The calculation for the modulus of each sublayer in the mesolayer could then be determined by 

combining the curve-fitted polynomial function, the Sneddon contact equation (Equation 1), and 

the area function of Berkovich tip (Equation 2). The calculation for the prismatic layer is shown 

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

σςρȢςØ
ς
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Then, the value of the reduced modulus Er was determined to be 57.51GPa. 

By applying this calculation, only the very beginning of the nanoindentation 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 describes the relation between the reduced modulus and the elastic modulus. 

The Poissonôs ratio of the prismatic layer is assumed as 0.3 here. Then, the modulus of this 

structure is calculated as 52.33GPa. 

Besides the calculation stated above, the Zhou-Prorok model [69] is also used for fitting the 

modulus of the prismatic layer based on the tested modulus (Figure 43). This fitting, based on the 

Zhou-Prorok model results, shows the modulus of the prismatic layer as 54GPa.  The Poissonôs 

ratio of the prismatic layer is 0.3 in the Zhou-Prorok model fitting. 

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

comparable. 
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Figure 43. The Zhou-Prorok model based curve-fitting of the tested modulus of the (a)prismatic, 

(b)the organic, and (c)the columnar-like layer. 

3.2.1.4 Conclusions 

By applying the same calculation stated above and the Zhou-Prorok model on all those three 

sublayers of the mesolayer, the modulus of the them were determined. The values of the sample 

being used as the example of the curve-fitting and calculation shown above are listed below in 

Table 5. 

The same test, calculation, and curve-fitting were applied on 4 different samples. And, the results 

are listed in the Table 6. Some of the test data 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 

the test. 
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Layer Name Calculated Modulus (GPa) 
Zhou-Prorok Model Fitted 

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 calculated modulus and the Zhou-Prorok model fitted 

modulus of the prismatic layer, the organic layer, and the columnar-like layer. 

 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 should be noticed in the Zhou-Prorok model fitting (Figure 43) that the test results begin to 

overlap with the calculation curve after surpassing 400nm depth. In the beginning range of 0nm-

400nm, the test results and the calculation curve are separated. The Zhou-Prorok model was 

developed based on the metal thin-film 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 is random in the mesolayer. Thus, it is reasonable to say that 

the Zhou-Prorok model fitted values cannot be perfectly matched with the experimental modulus.  
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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, the modulus is different from 

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

from the reason for the calcium carbonate part of the mesolayer.  Besides, if the tested layer is too 

thin, it has the possibility that the test is influenced by 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 samples may various 

among each other and this difference sometimes is quite distinctive, the columnar-like layer always 

shows the highest modulus among the three sublayers while the organic layer always show the 

lowest modulus. 

What makes the investigation of mesolayer 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 mesolayer (Figure 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 

mechanical 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 extensively, more secrets of this 

complicated structure are still waiting to be explored. In this research, nanoindentation tests were 

applied on various nacre samples which are collected from different individudals. The nacre 

samples were obtained from the previously mentioned California red abalone, purchased from the 

abalone farm. 

3.2.2.1 Sample Preparation 

Abalone shells were cleaved into approximately 2cm2 rectangular pieces with the use of a dermel 

tool (Figure 44 (a)). The top and bottom surfaces were both grinded to 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 possible (Figure 44 (c)). The top surface, i.e. nacre surface, was finely 

polished before the test. Then, the samples were mounted on an Aluminum puck and were ready 

for nanoindentation tests (Figure 44 (b)). 

 

Figure 44. Sample preparation for nanoindentation tests. (a) Abalone shells were cleaved into 

small pieces. (b) These small pieces were grinded, polished and fixed on Aluminum pucks and used 

for nanoindentation tests. The photo was taken from cross-section side of the sample. (c) The top 

and bottom surface are parallel to the boundary lines as much as possible. 
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Nanoindentation 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 listed in Table 7. 

Samples Used for Nanoindentation Tests 

Farm-raised California red abalone shell Wild  California red abalone shell 

Hydrated sample Dehydrated sample Hydrated sample Dehydrated sample 

Table 7. Nacre sample types used in the nanoindentation tests included in this section. 

3.2.2.2 Testing and Results 

At the beginning of the mechanical properties study of nacre, nanoindentation tests were applied 

on the hydrated farm-raised and hydrated wild California red abalone shell samples. Samples were 

obtained from different individuals and different areas of the abalone shell. The samples included 

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

cross-section side of the samples. 

In these tests, the test depth was set as 2000nm. 25 test points (5×5 pattern, the distance between 

every two adjacent points is 100µm) were applied to each sample. The average elastic modulus of 

these 25 tests points was treated as the final elastic modulus for each sample. The elastic modulus 

vs. displacement data for both the farm-raised and wild abalone nacre were plotted (Figure 45). 



77 

 

 

Figure 45. Elastic modulus of (a) hydrated farm-raised abalone nacre samples and (b) wild 

abalone nacre samples. Samples were obtained from different individuals. Nanoindentation tests 

were applied on the top surface of these samples. Some of the values are close to each other while 

others are not. 

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

stayed in the range of 40GPa-55GPa for both the farm-raised 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 taken for the polished nacre surface, in order to find the reason source 

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

investigation, these lines were determined to be the stacked tablet layers. It can be seen clearly in 

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

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 than perfect 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 the cross-section side of nacre 

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

shown on the polished nacre surface. 

  

Figure 46. SEM images were taken for these polished nacre sample surface. Tablets are stacked 

layer by layer in order. (a) The polished sample surface showing the lines caused by the layer by 

layer tablets; (b) The lines observed on the sample surface was determined to be caused by the 

tablets stacking from the mechanically broken nacre sample. 

 

 

 

 

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

polished nacre with the tablets front surface perfectly and completely exposed on the top surface 

(a) (b) 
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of the nacre sample. (b) The tablets 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, various tablet inclination angles, different hydrated level, etc all have 

the ability and possibility to influence the nanoindentation tested modulus. Thus, the differences 

among these test results are reasonable.  

Figure 48 shows the secondary electron SEM image of a 1000nm depth nanoindentation on nacre 

sample and a 2000nm depth nanoindentation on the (001) plane of an aragonite single crystal. 

Serious cracks are shown around the nanoindentation on nacre (Figure 48 (a)) which indicates 

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

on the nacre. Figure 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 nanoindentation like what 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 nano-structure of nacre effects the 

mechanical property of the aragonite. Thus, it is necessary to investigate the behavior beneath the 

surface. The Focused Ion 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 

mineral aragonite single crystal (2000nm depth). 

By milling a gap with FIB, the sub-surface tablets could be seen clearly (Figure 49). In one of the 

nanoindentations, the gap was milled perpendicular to the tablets layer lines (Figure 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 the layer lines on the 

sample surface. For another nanoindentation, when the FIB was applied in a different direction of 

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

cracks were also observed but not as serious as these ones around the boundary of the two tablet 

layers. 










































































































































