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ABSTRACT 

The contribution of the individual constituents of red abalone (Haliotis rufescens) to the 
strength of the nacre structure is investigated. Nacre sections were deproteinized to establish the 
contribution of the organic components. Tensile testing, scratch, and nanoindentation tests are 
performed on the isolated mineral constituent (deproteinized nacre) and the untreated nacre of 
red abalone shell. Specimens are characterized by scanning electron and atomic force 
microscopies to verify the deformation mechanisms. Results obtained from the isolated mineral 
validate the importance of the organic constituent, as the mechanical properties decline greatly 
when the organic component is removed. Scratch tests reveal the anisotropy of the material and 
the effects of the thick layers of protein (mesolayers) on the deformation behavior. This 
approach confirms the importance of the integrated structure to the overall mechanical behavior 
of nacre. 

INTRODUCTION 

In science and technology there is always a need for refining and improvements. Nature 
can provide excellent solutions to many of these difficulties. Understanding the property and 
structure relationship of biological materials by a materials science and engineering approach 
provides novel means of designing and processing synthetic materials. 

In many cases, biological materials are a composite of biominerals and organics, which 
independently are quite weak [1]. Calcium carbonate, the mineral constituent of the abalone 
shell is quite brittle. However, when combined with an organic, nature creates a composite 
(nacre) that has a hierarchical, ordered structure with greatly improved mechanical properties. 

The abalone nacre has various levels of organization ranging from the macro-structure to 
the nano-level [2]. The first level is the molecular structure of the chitin fibers that are the 
structural component of the interfile organic layers and of the atomic crystalline structure of the 
calcium carbonate phase, aragonite. The second level consists of the interface between the 
mineral tiles, which is composed of organic layers -20 nm thick. In addition these interlayers 
are porous and allow mineral formations between adjacent tiles, known as mineral bridges [3,4], 
The mineral bridges have a diameter of ~20-50 nm and a height of the interlayer. The third level 
consists of aragonite hexagonal tiles, with lateral dimensions of 8-10 um and thickness of -0.5 
μιη. These aragonite tiles are comprised of nanosized islands that arise due to the embedment of 
biopolymer [5,6]. The fourth level is the mesolayers, thick layers of biopolymer that are formed 
due to seasonal fluctuations [3,7-9]. The mesolayers are approximately -200 μπι thick and 
appear separating tile assemblages of approximately 0.1-0.5 mm thick. The fifth level of 
hierarchy is the entire structural geometry, including the hard outer calcitic layer, making it a 
two-layer armor system optimized for strength and toughness [10]. In this study, the primary 
focus will be on the second and third levels. 
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The structure-property relationship in abalone nacre has been intensively studied because 
it has the highest strength and toughness of any shells [1-36]. The arrangement of the parallel 
mineral tiles with the organic interface diminishes crack propagation as the crack has to travel 
along the organic layers creating a tortuous path, and accordingly the toughness and the work of 
fracture are enhanced. In addition, the structure is anisotropic which results in an orientation 
dependence of the mechanical properties. Moreover, because the hierarchical structure, different 
toughening mechanisms function at different levels suggesting the importance of understanding 
the mechanical properties at each level. 

The objective of this investigation is to attain a better understanding of the structure-
property relationship of the isolated constituents (e.g. isolated mineral and isolated organic 
component) in abalone nacre. When compared to the integrated (untreated) structure it can aid in 
determining the contributions of the different hierarchical levels and components. These results 
are significant to understand the important characteristics of abalone nacre to aid in improving 
the latest attempts to produce novel nacre-inspired materials. 

MATERIALS AND METHODS 

Deproteinization 

Removal of all organic material from the 
nacre was performed by submerging the 
specimen in a basic solution. For the scratch and 
nanoindentation specimens, deproteinization 
was done by immersing it in a 5.2wt% sodium 
hypochlorite solution (NaCIO) at 20 °C with 
constant mixing for a period of 12 days (where 
the solution was replaced daily). Due to the 
delicate nature of the nacre pucks for tensile 
testing, a less aggressive solution, 0.5N sodium 
hydroxide (NaOH) at 20°C for 10 days under 
constant, gentle shaking (Figure lb) was 
utilized for the deproteinization of the nacre 
pucks for the tensile experiments. 
Deproteinization resulted in a separation of the 
sample where a mesolayer was present. The 
distance between mesolayers varies greatly 
between specimens; two mesolayers can be 
from Ο.ΐμιτι to 1mm apart. Thus, when the 
removal of the organic constituent occurred the 
nacre pucks would separate along the 
mesolayers, yielding in samples of different 
thicknesses (0. Ιμηι to 1mm thick). 

Shell sectioning 

Sectioning for tensile testing of deproteinized nacre was performed from two fresh 
abalone shells that were previously held and raised in an open water tank at the facility at the 
Scripps Institution of Oceanography, La Jolla, CA. The calcitic layer was removed via wet 
grinding, leaving only the nacreous layer. The samples were prepared by drilling cylindrical 
pucks of nacre, 5 mm in diameter, using a diamond coring drill (Figure la). Care was taken to 

Figure 1: Experimental methods for 
tensile testing of deproteinized nacre 
pucks, a) Drilled puck specimen, b) 
Puck in deproteinizing solution, c) 
Mount setup for tensile testing. 
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make lateral surfaces perpendicular to the 
concavity of the surface of the shell to ensure that 
the inner nacre layers are as parallel to the ends of 
the cylindrical specimen as possible. Specimens 
where then ground and polished to create a flat 
surface. The thickness of these specimens varied 
from 0.3-3 mm. 

For the scratch and nanoindentation 
specimens, nacre sections (3 cm x 3 cm x 0.3 cm) Figure 2: Nacre sectioning and mounting 
were cut using a diamond blade. Untreated for scratch testing and nanoindentation. 
specimens were directly mounted and polished. 
Deproteinized specimens were polished prior to and mounted after deproteinization. These 
specimens were prepared to be tested and characterized in two directions: top surface and in 
cross-section (Figure 2). 

Mount Setup 

For the tensile testing of the nacre pucks, a setup was 
created to decrease damage. Once the organic constituent is 
removed, the nacre becomes brittle and fragile. To reduce 
any pre-loading prior to testing, the pucks were mounted in 
an acrylic setup that allowed gripping and handling of the 
sample (Figure lc). In this setup, the tensile load was 
applied perpendicular to the tiles. 

Mechanical Testing 

Tensile testing was performed in a tabletop desktop 
Instron 3342 system at strain rates of 10"V. Nanoscratching 
was performed utilizing a CSM Nano Scratch Tester 
specially suited to characterize practical adhesion failure of 
thin films and coatings, with a typical thickness below 800 
nm. Samples were tested by applying a progressive load up 
to 1000 mN for specimens tested in cross-section, and by 
applying a progressive load up to 600 mN for specimens 
tested on the top-surface. The scratch length varied from 2-3 
mm depending on the available surface area. At least six 
high-quality scratches were performed on each specimen. 
The fracture surfaces of all the specimens were gold-
platinum coated and observed in a FEI SFEG Ultrahigh 
resolution scanning electron microscope (SEM). 
Nanoindentation was performed using a Hysitron 
nanoindentation system in various regions of the untreated 
and deproteinized nacre at loads ranging from 300 mN to 
500 mN. Indented specimen was observed sequentially by 
atomic force microscope (AFM). 

RESULTS AND DISCUSSION 

Imaging of Deproteinized Nacre 

Figure 3: Imaging of 
deprotenized nacre pucks. 
a) Cross-section showing the 
-500 nm tiles. 
b) 'Birds-eye-view' of 
fracture surface showing three 
different tile layers. 
c) Nanoasperities covering the 
surface of the tiles. 
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Figure 3 shows the cross-sectional view of the nacre after deproteinization. It can be 
noted that the mineral tiles remain completely intact retaining their ~500 nm thickness and shape 
(Figure 3a). Subsequent to tensile testing, the fracture surface of the puck was observed via 
SEM. Figure 3b show one of these surfaces (taken as a 'birds-eye-view'). Different tile layers 
are peeled off as the load is applied. Closer inspection of this top surface (Figure 3c) reveals 
nanoasperities that cover the entire tile face with a uniform distribution. 

Previous experimentation done 
on demineralized nacre [36], reveal the 
structure of the isolated organic material 
as a porous one composed by a network 
of fibers. Comparing the imaging of the 
isolated organic material and the isolated 
mineral allow for interesting conclusions 
(Figure 4). The pores found within the 
organic interlayer are hypothesized to 
enable the formation of mineral bridges 
between adjacent tile layers. Because the 
imaging is done directly on the fracture 
surface, we can presume that some of the F i S u r e 4 : Comparison of the isolated organic 
nanoasperities are actually fractured material and the isolated mineral showing the 
mineral bridges. The nanoasperities and differences in average diameter of asperities found 
the holes within the organic matrix sheet o n deproteinized nacre and the holes found on 
were measured. On average, the radius demineralized nacre. 
of the pores found in the organic 
interlayer is -20 nm. In comparison, the average radius of the nanoasperities was found to be 
-33 nm. This difference in diameter size might be due to the relaxation of the membrane as the 
material is demineralized. As the mineral is removed the pores in the organic interlayers are no 
longer under stress and thus reduce in size. Past investigations have focused in defining the role 
of these mineral bridges and how they correlate to the structure of the organic interface [29-32]. 
Mineral bridges appear as circular columns with diameters 25-55 nm [31, 32], while the pores 
exhibit a diameters 5-50 nm [33,34]. Current results show an average diameter than falls on the 
larger end of the previously reported values on the nanoasperities, however, pore diameter 
measurements fit well with previous results [28]. 

However, it has been hypothesized that not all nanoasperities connect to form a mineral 
bridge. Previous studies suggest that in many cases the asperities only protrude [35]. The 
difference in the surface area covered by the nanoasperities and the area comprised by the holes 
in the membrane of the organic interlayer agrees with these previous results. Nanoasperities 
cover -33% of the surface of the mineral tiles, compared to the area provided by the pores, 
which is estimated to be -18%. Furthermore, Song and Bai [30] proposed that the average 
density distribution of mineral bridges vary - higher in the interior compared to the edges. In 
contrast, the current observations show a uniform distribution of nanoasperities on the surfaces 
of the tiles. 

Tensile Tests of Deproteinized Nacre Pucks 

Figure 5 shows the Weibull distribution of the deproteinized nacre pucks tested under 
tension with load perpendicular to layers. The 50% failure probability occurs at - 0.325 MPa, a 
low value, particularly when compared to the untreated nacre which shows a 50% failure 
probability at - 4.2 MPa. 
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Figure 5: Weibull distribution of tensile 
strength perpendicular to layered 
structure of deproteinized nacre 
compared to results on whole nacre [15]. 

Mineral bridges are believed to 
enhance stiffness, strength, and fracture 
toughness of the organic matrix by enhancing 
the crack extension pattern in nacre [29]. The 
theoretical strength of the mineral bridges is ~ 
3.3 GPa [15]. If it is assumed that 18% of the 
surface area of each (approximating from the 
porous area in the organic infertile membrane) 
tile is covered by mineral bridges on samples 5 
mm in diameter, the theoretical strength (3.3 
GPa), far higher than what is measured. This 
can be due to several factors. There is likely an 
organic phase surrounding the mineral 
nanograins in the mineral bridges that 
deteriorated during the deproteinization process. 
Additionally, there is also the possibility that 
some of the mineral bridges were damaged or 
broken, previous to testing, lowering the 
strength values. 

Nanoscratch Test 

Figure 6 shows selected plots on the 
various sets of tests: a,b top surface untreated and 
deproteinized, respectively; b,c cross-section 
untreated and deproteinized, respectively. 
Interesting features can be noticed. When tested 
on the top surface, as expected, the deproteinized 
nacre fractures at lower loads than the untreated 
nacre; where major fractures began at the initial 
loading (3 mN) and fractured completely at loads 
lower than <100 mN. Force plots for this 
specimen do not show an explicit point of 
fracture and almost no resistance to scratching. 
In comparison the untreated nacre (tested on the 
top surface) exhibits a evident fracture limit, on 
average at ~27 mN. Furthermore, the anisotropic 
behavior can be noticed in the scratch tests. 
Compared to when tested on the top surface, 
when tested in the cross-section, the 
deproteinized nacre exhibited more of a 
resistance to scratching and demonstrated an 
explicit breaking point at -120 mN. 
Additionally, when tested in cross-section, the untreated nacre does not show a precise frictional 
force limit; there is a gradual cracking which is more evident by SEM observations, discussed 
below. Furthermore, on untreated samples, mesolayers have an effect on the behavior and the 
frictional force. When tested in cross-section, mesolayers were encountered in various locations, 
when the indented tip meets a mesolayer, the scratch is deflected from its original path and 
follows through the mesolayer. It is also noticeable from the plot that the measured force 

Figure 6: Microscratch force plots of: a) 
untreated nacre tested along the top 
surface, b) deproteinized nacre tested 
along the top surface, c) untreated nacre 
tested along the cross-section d) 
deproteinized nacre tested along the cross-
section. 
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Figure 7: a) SEM micrograph of a 
scratch path encountering a mesolayer in 
untreated nacre, b) Fracture path in 
untreated nacre, c) Fracture path in 
deproteinized nacre. 

increases as the mesolayer is encountered giving an increased the resistance to motion, 
suggesting mesolayers add plowing friction. 

When tested on the top surface, scratch 
profiles suggest that when the mineral is isolated 
there is very little resistance to fracture. This 
behavior corroborates similar behavior 
demonstrated by Bezares et al. [6], where 
nanoindentation was performed on heat-treated 
specimens where there was a loss in intra-tile 
protein. Heat-treated specimens appeared 
compacted, similar to heat-treated sand where 
grains begin to fuse together. However, in 
untreated specimens, the content of the organic 
component within the tiles that forms the 'nano-
grain' structure the aragonite tiles in nacre, causing 
micro-crack deflection and crack blunting. 

Moreover, there is an evident effect by all 
organic components in the material. The most 
evident feature of this is the mesolayers. Figure 7a 
shows an SEM micrograph of a scratch path 

encountering a mesolayer. As the scratch hits the mesolayer, the scratch path is deflected to 
follow the interface along the mesolayer. Furthermore, observations of the cross-section of 
tested untreated and deproteinized nacre show the impact of the organic interlayer. In the 
untreated nacre (Figure 7b) the crack propagates in a tortuous and step-wise; a much more 
complex path compared to that of deproteinized nacre. The crack is indeed deflected and 
arrested due to the successive combination of mineral and organic layers. The SEM image of the 
tested deproteinized nacre (Figure 7c) show that the crack growth precedes with a relatively 
unimpeded manner compared to the untreated nacre. Fractures occur through the tile and not 
necessarily following a predicted path. This difference in behavior again re-instates the 
importance of the organic component. 

Nanoindentation experiments 

Figure 8 shows AFM observations of an 
indentation on the center of the tile of untreated 
nacre. There is little, if any, crack propagation 
in untreated nacre when indented. For example 
in Figure 8a, the indent did not cause a crack, 
while in Figure 8b the indent created a crack. In 
Figure 8b, as the crack propagates, it reaches the 
edge it causing an aperture at the tile interface. 
Figure 9 shows the nanoindentation profile of 
deproteinized nacre. The surface of the 
deproteinized nacre is very different than that of 
the untreated nacre. The surface is rough and Figure 8: Nanoindentation profile of 
uneven. The tiles in nacre are known to contain untreated nacre, a) Indentation contained 
embedment of organic material within the within the tile, b) Indentation causes a 
mineral [5]. With the deproteinization process, crack to propagate which causes aperture 
further than removing the organic interlayers, at tile interface. 
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Figure 9: AFM observation of 
nanoindentation profile of deproteinized 
nacre. Extreme roughness and granular 
features conceal indent. 

CONCLUSIONS 

The principal conclusions that can be drawn from the current research are: 
1. From the mechanical testing of the deproteinized nacre we conclude that the behavior of the 

material, in particular the strength, is far below that of its theoretical strength. Even though 
the organic matrix accounts for only 10 vol% of nacre, when it is removed the strength is 
reduced by -92% compared to whole nacre. This may be due to not only the removal of 
actual organic layers that have an effect of the weakening of the material, but also the 
removal of the organic material embedded within the mineral and/or bridges. 

2. Some of the nanoasperities correspond to grains, and not mineral bridges. Distribution and 
density of the nanopores within the organic interlayer correspond to a better estimate of the 
number of mineral bridges. 

3. When scratched on the top surface, deproteinized nacre fractures at a lower load and it does 
not show an explicit frictional force limit, compared to that of untreated nacre which exhibits 
an evident fracture limit (on average at -27 mN). Furthermore, when scratched mesolayers 
(in untreated nacre) have an effect on the fracture behavior, adding a plowing force. 

4. Scratch results also show the anisotropic behavior of nacre. In the scratch experiments nacre 
exhibits a higher resistance to failure when tested in cross-section (when the surface is along 
the tile layers) than from the top surface, in both, untreated and deproteinized specimens. 

5. Nanoindentation results further reveal the effect of the loss of the organic constituent. 
Penetration in untreated nacre showed aperture at the tile interface while penetration in 
deproteinized nacre demonstrated the granular nature of the specimen due to the loss of the 
organic material. 
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this embedded organic material within the mineral 
is also removed causing the gaps* in the surface 
of the tiles. The deproteinized nacre is extremely 
granular, thus when the diamond tip indents the 
surface, the indentation mark is concealed within 
the gaps. It is extremely difficult to observe any 
crack formation or propagation. These differences 
in nanoindentation profiles of the untreated nacre 
and deproteinized nacre agree with previous 
nanoindentation results by Bezares et al. [6]. 
Nanoindented untreated nacre showed pileups 
around edges, while heat-treated nacre was 
described as granular and loosely compacted. In 
this study, when the organic component is 
removed it also alters the structure of the mineral 
tiles, suggesting that in fact there is an embedment 
of organic constituent inside the tiles that impacts 
the mechanical properties. 
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