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Abstract Inthe present research, microstructure of a kind of
limnetic shell (Hyriopsis cumingii) is observed and measured
by using the scanning electron microscopy, and mechanical
behavior experiments of the shell nacre are carried out by
using bending and tensile tests. The dependence of mechan-
ical properties of the shell nacre on its microstructure is ana-
lyzed by using a modified shear-lag model, and the overall
stress—strain relation is obtained. The experimental results
reveal that the mechanical properties of shell nacre strongly
depend on the water contents of the limnetic shell. Dry nacre
shows a brittle behavior, whereas wetting nacre displays a
strong ductility. Compared to the tensile test, the bending test
overestimates the strength and underestimates the Young’s
modulus. The modified shear-lag model can characterize the
deformation features of nacre effectively.

Keywords Nacre - Microstructure - Shear-lag model -
Mechanical property

1 Introduction

Nacre structure has superior mechanical properties, which
is composed of 95% mineral and 5% organic (mainly pro-
tein and polysaccharide) [1]. Its stiffness is in the same order
as that of mineral, and its strength is 2-3 times higher than
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that of mineral. Specifically, fracture toughness of the nacre
structure is 3000 times higher than that of monolithic mineral
[2,3,5]. So far the mechanical properties of even man-made
ceramic cannot reach such a high level [6,7]. Thus many
researches have been carried out on the strengthening-
toughening mechanism of the nacre structure so as to be
referred in optimizing design for a new material.

Usually, it is thought that the superior mechanical property
of the nacre structure is attributed to its unique microstruc-
ture. In last several decades, a lot of researches have been
carried out on the microstructure observations, experimen-
tal measurement and mechanical behavior modeling for the
nacre. Currey first observed the staggered arrangement of
nacre platelets and presented a “Brick and Mortar” model to
describe the mechanical behavior of the nacre platelets [1].
Wang et al. [8,9] observed the nano-asperities on the platelets
and developed a finite element (FE) model based on the
friction mechanism. Song et al. [10—12] found the mineral
bridges (which are mineral connections crossing protein layer
between adjacent mineral platelets) and proposed a “Brick,
Bridge and Mortar” model to interpret the strengthening
mechanism of nacre structures. Katti et al. [13] developed
a platelet interlock model. Barthelat et al. [14] observed a
wavy structure and presented an FE model, etc. All above
researches are on the sea-shell structures. However, resear-
ches on the mechanical property of the limnetic shells are
very few. Wang et al. [ 15] first studied a kind of limnetic shell
(Cristaria plicata) using nano-indentation and proposed sev-
eral strengthening mechanisms based on their observations.
They found that there were some distinctions between the
sea-shell and limnetic shell structures. The mechanical pros-
perities were not investigated in their study. Therefore
it is significant things to systematically investigate the
microstructure feature and the mechanical properties of the
limnetic shell.
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In most previous studies on the mechanical properties of
nacre structures, the compressive and bending tests were used
[2,4,8]. Jackson et al. [3] presented a criterion about the span-
depth ratio of the beam specimens in the bending tests in
order to obtain the effective experimental results. However
it was much more complex in plastic case than that in elastic
case. There are few researches using tensile test to investigate
the mechanical behaviors of the nacre. Currey adopted the
tensile test to study the mechanical behaviors of mother of
pearl. However only the shape of the load-deformation curve
was obtained [1]. Barthelat et al. [14] conducted tensile tests,
but the used specimen was so small (the parallel segment is
1.5 mm) that the size effect was obvious in their results [14].

In the present study, the microstructure of a kind of lim-
netic shell (Hyriopsis cumingii) will be observed and mea-
sured in detail by using the scanning electron microscopy
(SEM) first. Then the mechanical properties of the nacre
structure will be measured in both bending and tensile exper-
iments. Moreover, a modified shear-lag model will be used
to relate the microstructure of nacre to the overall mechan-
ical properties of the shell, and the modeling results will be
compared with the experimental results.

2 Experimental materials and specimens

Hyriopsis cumingii —a kind of limnetic shell from the south
of China is chosen as the experimental material due to the fol-
lowing considerations: (1) it is a kind of limnetic shell, which
is different from the most previous experimental materials
(sea-shell); (2) on microstructure features of the shell, the
nacre layer is thick and the curvature is small compared with
sea-shell; (3) so far there are no reports on the microstruc-
ture information and the mechanical properties of Hyriopsis
cumingii.

Nacre is a kind of biomaterial which is composed of min-
eral and protein. The mechanical properties of protein depend
on the water contents, so in the present research the speci-
mens are divided into two categories: dry and wetting speci-
mens. Dry specimens are kept in air, while wet specimens are
kept in water. Hacksaws and emery clothes are used in spec-
imen machining. The machining rate is controlled and water
is used so as to limit the temperature and to guarantee the
protein not to be denaturalized under high temperature dur-
ing the machining. The cross-section of bending specimens
is rectangular and the span-depth ratio satisfies the Jackson’s
criterion. The tensile specimens are processed in the follow-
ing way. First, a mold of 45-steel with the same shape and
size as the specimen is made by fretsaw. Then the raw nacre
material is pasted onto the 45-steel mold and is ground into
the required shape. Fresh fracture surfaces are created for
microstructure observations.

Microstructure observations are carried out by using the
SEM (FEI Sirion400NC). A Microscale Material Testing
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Fig. 1 Theshell of Hyriopsis cumingii a and the fracture surface b. Part
1 is the region of prsim layer, where the mineral crystal is like pillars.
Parts 2 and 3 are nacres, where the mineral crystal is like platelets

System (MMTS) is used in bending tests. MTS 810 is used in
tensile tests. Axial Extensometer (10 mm) is used for defor-
mation measurements.

3 Experimental results and discussions
3.1 Microstructure feature of shell Hyriopsis cumingii
The maximum size of the shell is about 190 mm, while thick-

ness is about 3—5mm (see Fig. 1a). A fresh fracture surface
is made at the position marked by black line, and observation
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Fig. 2 Zooming in the fracture
surface: a region 1; b region 2;
cregion 3 in Fig. 1

direction is along the arrow, as shown in Fig. la. Figure 1b
shows the photos of fracture surface with a magnification of
20. The fracture surface can be distinctly divided into three
regions in the thickness direction according to the microstruc-
ture features: chitin, prism and nacre regions. It can be seen
that the nacre and prism occupy the most area, where the
nacre region occupies 80% of the total area. It is really help-
ful that the used shell has the high nacre thickness with small
curvature.

In Fig. 1b, zooming at 1, 2, 3, we obtain Figs. 2a, b and
¢, with magnifications 200, 1500 and 1500, corresponding to
the chitin, prism and nacre regions, respectively. The chitin
layer is located at the outside of the shell, and it is the thinnest
layer among all three layers with thickness of about 10 to
20 um (see Fig. 2a). This layer is too thin and weak to have
little contribution to the mechanical properties of the shell.
The prism layer is located between the chitin and nacre.

It occupies a big region (see Fig. 2b) relative to the chitin
layer. This layer is composed of three or four layers of min-
eral prism crystals with 100 um in height and 15-20 um in
diameter. The total height of the prism layer is about several
hundred microns. The prism layer has a high compressive
strength but a low toughness. The nacre layer is the main
structure of shell to bear loads (see Figs. 2b, ¢). The nacre
structure is composed of the staggered platelets in the protein
matrix, which forms the “brick and mortar” microstructure.
The nacre structure has high stiffness, strength and tough-
ness. The above three-layer structure of shell is typical for
most mollusks, but the proportions of the layer thickness are
different for different kinds of the mollusks. For the propor-
tion of Hyriopsis cumingii shell, the nacre layer occupies
more than 80% of the total thickness.

It can be seen from Figs. 2b and c that the fracture sur-
face near the outer Fig. 2b is smoother than that near the
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Fig. 3 Microstructure of nacre:
a the thickness direction; b The
normal direction

Fig. 4 a Microstructure of
nacre platelet, the arrows
identify the cracks at the platelet
edges; b the sketch of the
analytical model

inner Fig. 2c. However, the thickness of individual platelet
is almost identical. In order to measure the thickness of the
mineral platelets, the fracture surface is polished mechani-
cally and treated with diluted hydrochloric acid. The fracture
surface in the same plane of platelets is created and treated
with ion beam etching for 5 min to examine the shape of the
platelet.

Figure 3a is the morphology of fracture surface which
has been polished and treated with acid. The thickness of
platelet in Fig. 3a is about 0.5 um and the thickness of pro-
tein between platelets is about 30 nm, which are consistent
with that reported in previous articles. The mean diameter of
mineral platelets in Fig. 3b is about 5 um, which is smaller
than that of the mollusk shell nacres with a range from 5
to 10 pm. The shape of platelet is more disorder than that
reported in other articles. There are many platelets with tri-
angles or other shapes other than hexagons.

InFig. 4a, at positions marked with arrows, some cracks on
the platelets can be observed. According to previous
researches, the platelets are made of 30 nm column mineral
crystals with identical c-axis. There is protein at the interface
of adjacent mineral crystals [16]. Therefore, the observed
cracks must traverse the some column mineral crystals.

3.2 Mechanical properties

In the present study, both the bending and tensile exper-
iments will be performed to measure the mechanical
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properties of the limnetic nacre. For the bending test,
Jackson et al. [3] gave a criterion that the span-depth ratio
must be larger than 15 in order to obtain the Young’s mod-
ulus of nacre from the test. Here the size of specimen is 24,
1.6, 4.1 mm in span, depth and width, respectively, which
meets the criterion proposed by Jackson et al. The spec-
imens are cut from the marked position in Fig. la. First,
the chitin and prism layers are removed mechanically, and
then the specimens with the rectangular section are fabri-
cated. Wetting specimens are kept in water for 1-3 weeks.
Dry ones are kept in the air. The loading sketch is shown
in Fig. 5. From the elastic beam theory, load-deformation
curves can be converted into stress—strain curves, as shown
in Fig. 5. From the stress—strain curves based on the
bending test, the water content remarkably affects the
mechanical properties of nacre. For dry nacres the Young’s
modulus is about 41.4 GPa, the strength is about 78 MPa,
and the maximum strain is only 0.002, which shows a brittle
failure. For wet nacres, when the nacre is kept in water for
1 week, the Young’s modulus and the strength are 22 GPa
and 69 MPa, respectively. The inelastic deformation appears
obvious, where the maximum strain is 0.0054. When the
nacre is kept in water for 3 weeks, the Young’s modulus and
strength are measured as 19.7 GPa and 65 MPa, respectively.
The maximum strain is 0.0082. The hardening modulus is
2GPa. It can be seen that the ductility of wetting nacre is
much higher than that of dry one, and it increases remark-
ably with the water content.
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Fig. 5 Stress—strain curves obtained from bending test. The beam span
is 24 mm and rectangular cross-section is 4.1 mmx 1.6 mm

The tensile test is also performed to study the mechanical
properties in the present study. The specimens are prepared in
the same way as for bending test. Figure 6 shows the tensile
specimen before testing. The gauging length of specimen is
15 mm and the cross-section is 2 mmx 5 mm. The loading rate
is 0.1 mm/min. The stress—strain curve is also shown in Fig. 6,
which is composed of two parts, elastic stage and inelastic
stage. One can obtain the material parameters based on the
figure, the Young’s modulus is 40.9 GPa and the hardening
modulus is 8 GPa. The maximum strength is about 31 MPa.
The yield stress is about 25 MPa. The maximum strain before
fracture is 0.00125. Compared with bending test results, ten-
sile test results show the higher modulus, lower strength and
lower ultimate strain. The strength obtained here is much
lower than that given by Barthelat et al. [14] who used the
very small specimens for the different kind of shell.

4 Modeling mechanical properties of the limnetic nacre

As usual, assume that the deformation mechanism of nacre
structure is composed of the mineral tension and protein
shear. In the present analysis, we shall adopt a modified shear-
lag model as shown in Fig. 4b. Referring to the present exper-
imental measurement and experimental result of Menig et al.
[4] for protein, assume that the mineral plateletis a linear elas-
tic material, while the protein is an elastic—plastic material
with linear hardening. It is worth noting that Gao et al. have
proposed a tension-shear model, in which the protein bears
linear elastic shear and the shear stress is assumed as uniform
distribution in the protein layer. Their result showed that the
tension-shear model was better than Mori—Tanaka method for
predicting the mechanical properties of nacre [17, 18]. Kotha
proposed a micromechanical model in which the protein was
treated as a linear elastic and perfectly plastic material [19].

In the present model, the linear hardening feature of the pro-
tein layer is considered.

Considering that the representative volume element (RVE)
is tensioned uniformly on two terminal surfaces, which cor-
responds to applying a load Py at the terminal surface for
the one-dimensional layer model as shown in Fig. 4b, the
stress—strain relation will be studied. According to shear-lag
analysis, the governing equations due to equilibrium are as
follows

1dP;(x) B
ST =0,
)
1dP.
5 dz)fx)—n(x)=0,

where the origin of coordinate x is located at the left terminal
of RVE, and x direction points in the right terminal of RVE.
Functions Pj(x) and P,(x) are the tensile loads in mineral
platelet 1 and platelet 2, respectively, and 71 (x) is the shear
stress in protein. From Fig. 4b, P1(0) = P>(L/2) = 2Py.
Because the mineral platelet is linear elastic, we have

duy (x)

dx
where Ef is the Young’s modulus of mineral, 4 is thick-
ness of mineral layer. u, (x) is the displacement of mineral
platelet n, n = 1, 2 stand for region 1 and region 2 of mineral
(Fig. 4b), respectively, u1(0) = 0, u>(L/2) = ug, where ug
is displacement at the right side terminal surface.

Because the protein is the elastic—plastic material with
linear hardening, we have

Gy(x)

Py(x) =Esh 2)

3)

where G is the shear modulus of protein, G’ is the linearly
hardening shear modulus, 7, is the shear yield stress of pro-
tein, y (x) = (u2(x) —u1(x))/d is the shear strain in protein,
d is thickness of the protein layer.

Since the maximum shear deformation always occurs at
the terminals of the RVE, inelastic (plastic) zones propa-
gate from the terminals of the RVE. The plastic zone size is
described by /;,, as shown in Fig. 4b.

By solving above elastic—plastic problem described in
Egs. (2)-(3), one can easily obtain the relationship between
the average stress 6 = Py/(h 4+ d) and strain € = 2ug/L.

According to the present experimental observations (see
Fig. 4a), in modeling we take L = 3.75um, h = 0.5 um,
d = 30nm. Referring to previous researches [4,14,20], we
further take £y = 100GPa, G = 400 MPa, G’ = 30MPa,
7y = 7.5MPa. All parameters here correspond to the wet-
ting nacre. The obtained stress—strain relation from modeling
using above parameters is plotted in Fig. 7. For comparison,
experimental results are also plotted in Fig. 7. From Fig. 7, it
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Fig. 6 The tensile test
specimen and stress—strain
relation
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Fig. 7 Stress—strain curves of nacre, comparison of model result with
experimental result

can be seen that the model result agrees with the experimental
results.

5 Concluding remarks

The microstructure observation and mechanical property
measurement for a kind of limnetic shell have been per-
formed. The mechanical properties have also been modeled
by using a modified shear-lag model. In the modeling, mate-
rial elastic—plastic hardening behavior has been considered.
Through detailed investigation, the following conclusions
have been obtained:

(1) Compared with sea-shell structures reported in previ-
ous articles, Hyriopsis cumingii as a limnetic shell has
a thicker nacre layer, which occupies 80% of the total
thickness, the size of mineral platelets is smaller and the
shape is more irregular. However, the overall strength
of the nacre is in the same range as other shells.

(2) Mechanical property experiments show strong effects
of water contents on the mechanical properties of nacre.
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As the water content increases in nacre, the Young’s
modulus and strength reduce but the material ductility
increases. Compared with the results from tensile test,
the Young’s modulus is underestimated and the strength
is overestimated from three-point bending test. There
exists an obvious size effect for small specimens.

(3) The modified shear-lag model considering elastic—
plastic hardening property of protein can describe the
nacre deformation well. The modeling results can well
fit the experimental results.

Itis worth noting that actually the shape and size of mineral
platelets are not regular rectangular, and the tensile effects of
protein layer, specifically at the end of cell can not be zero,
etc, these effects may play an important rule in the mechan-
ical behaviors of the shell, however they are not considered
in the modified shear-lag model. Therefore, a further and
deep investigation on the mechanical behavior of the lim-
netic nacre will be necessary in the future.
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