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Abstract In the present research, hierarchical structure
observation and mechanical property characterization for a
type of biomaterial are carried out. The investigated bioma-
terial is Hyriopsis cumingii, a typical limnetic shell, which
consists of two different structural layers, a prismatic “pillar”
structure and a nacreous “brick and mortar” structure. The
prismatic layer looks like a “pillar forest” with variation-
section pillars sized on the order of several tens of microns.
The nacreous material looks like a “brick wall” with bricks
sized on the order of several microns. Both pillars and bricks
are composed of nanoparticles. The mechanical properties
of the hierarchical biomaterial are measured by using the
nanoindentation test. Hardness and modulus are measured
for both the nacre layer and the prismatic layer, respectively.
The nanoindentation size effects for the hierarchical struc-
tural materials are investigated experimentally. The results
show that the prismatic nanostructured material has a higher
stiffness and hardness than the nacre nanostructured material.
In addition, the nanoindentation size effects for the hierarchi-
cal structural materials are described theoretically, by using
the trans-scale mechanics theory considering both strain gra-
dient effect and the surface/interface effect. The modeling
results are consistent with experimental ones.
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1 Introduction

Mineralized biological materials, such as shells, bone, and
teeth, have been attracting a great deal of attention during
the last several decades [1-15], specifically, in more recent
years [1-6], due to their unique microstructures and superior
mechanical properties. The limnetic shell is a typical example
of such biomaterial; it consists of nacreous and prismatic
structures which display unique hierarchical features.
During the last several decades, much research on the
mechanical behavior of mollusk shells have been focused on
nacre structures. However, there is very little research on pris-
matic structures. A nacre structure has superior mechanical
properties, because it is composed of 95 % mineral and 5 %
organic matter (mainly protein and polysaccharides) [15].
Its stiffness is on the same order as mineral, but its strength
is two to three times higher than that of mineral. Specifi-
cally, the fracture toughness of a nacre structure is 3000 times
higher than that of a monolithic mineral [16—19]. Thus far,
the mechanical properties of even man-made ceramic can-
not reach such a high level [20,21]. Thus, much research on
the strengthening—toughening mechanism of the nacre struc-
ture has been carried out. 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 [15]. Wang et al. [22,23] observed the nano-
asperities on the platelets and developed a finite element (FE)
model based on the friction mechanism. Song et al. [24,25]
found the mineral bridges (which are mineral connections
crossing a protein layer between adjacent mineral platelets)
and proposed a “Brick, Bridge, and Mortar” model to inter-
pret the strengthening mechanism of nacre structures. Katti
et al. [26] developed a platelet interlock model. Barthelat et
al. [27] observed a wavy structure and presented an FE model.


http://crossmark.crossref.org/dialog/?doi=10.1007/s10409-015-0405-x&domain=pdf

Hierarchical structure observation and nanoindentation size effect characterization for a limnetic shell 365

In previous studies on the mechanical properties of nacre
structures, tensile, compressive, and bending tests were used
[15,16,18,22,27]. Jackson et al. [17] presented a criterion
about the span—depth ratio of the beam specimens in the
bending tests in order to obtain effective experimental results
[17]; however, it was much more complex in the plastic case
than the elastic case. Currey adopted the tensile test to study
the mechanical behaviors of mother of pearl, and measured
the load—deformation curve [15]. Barthelat et al. [27] con-
ducted tensile tests; the specimen they used was so small
(the parallel segment is 1.5 mm) that the size effect was obvi-
ous in their results [27]. Zuo and Wei [28] investigated the
mechanical behaviors of the limnetic shell. They observed
and displayed the microstructure feature of nacre structures
(“Brick and Mortar” structure) and measured the stress—
strain relations by using both the three-point bending test
and the tensile test. They modeled the mechanical prop-
erties of the nacre structure by using a modified shear-lag
model.

Simultaneously, many studies on the mechanical proper-
ties of nacre structures used the nanoindentation test [29-34].
Wang et al. [29] studied a type of limnetic shell (Cristaria
plicata) using the nanoindentation test and proposed several
strengthening mechanisms based on their observations. They
found that there were some distinctions between seashells
and limnetic shell structures. Li et al. [30] investigated the
mechanical properties of nacre structures for a type of red
abalone by using the nanoindentation test; they measured
the elastic modulus and hardness. Bruet et al. [31] used the
nanoindentation test to measure the average elastic modulus
and hardness for the nacre structure of a Trochus niloticus
shell. Katti et al. [32] performed the nanoindentation test for
measuring the mechanical properties of nacre platelets by
using atomic force microscopy (AFM). In addition, Li et al.
[30] and Sun et al. [33] used a microhardness tester with a
Vickers tip to observe the crack propagation for nacre shell
samples. Both microscale and nanoscale hardness were com-
pared for five species of seashells which are of the different
microstructures [34].

All research on the microstructure observation of the
nacre platelets has shown that the nacre layer is a hierarchi-
cal structure. It is a “brick and mortar” structure at micro-
or macroscopic scales, while the “brick” is composed of
nanoparticles. The measured mechanical property, based on
both the tensile test and the bend test, is on a macroscopic
scale. However, the measured mechanical property based on
the nanoindentation test is on a nanoscale. Strictly speak-
ing, two types of properties measured based on the different
scale test methods are not comparable, and there are huge
difference among them. In order to describe the mechanical
behavior for the hierarchical structure, Gao [35] developed
a hierarchical model for biomaterials to try to connect the
mechanical behaviors from nanoscale to macroscopic scale,

implying a self-similarity assumption of microstructure. He
studied the mechanical property transition from nanoscale
to macroscopic scale for a hierarchical case of bone struc-
ture by using the tension—shear chain model [7]. Adopting
the self-similarity assumption of microstructure, Zuo and
Wei [36] investigated the trans-scale mechanical property
of the hierarchical structure theoretically, by using the mod-
ified shear-lag model. In order to interpret the huge property
difference between nanoscale and macroscopic scale, more
recently, damage, flaw tolerances, and hierarchical features
in the nacre structure were investigated [1-6].

Until now, most studies for mollusk shells using the
nanoindentation test have focused only on the mechanical
behaviors of the nacre platelets, and only in the direction
perpendicular to the face of the nacre platelets.

In the present research, the hierarchical structures of both
the nacre layer and prismatic layer for a kind of limnetic shell
(Hyriopsis cumingii) will be observed and measured system-
atically by using scanning electron microscopy (SEM) and
AFM. The nanoindentation size effects for the hierarchical
structures of both nacre and prismatic layers will be measured
by using the nanoindentation test. Nano/microscale hardness
will be measured on the Nano Indenter G200 (Agilent Tech-
nologies). In addition, the nanoindentation size effects will
be modeled by using the trans-scale mechanics theory con-
sidering both the strain gradient effect and surface/interface
effect.

2 Experimental observation and measurement
2.1 Microstructure feature

The mollusk shell analyzed in this work is H. cumingii,
which is a type of limnetic shell from the south of China.
Microstructure observations are carried out by using SEM
(JEOL JSM-7500F) and Veeco AFM. The general structure
of the limnetic shell is shown in Fig. 1a, an SEM photo of a
cross-section of the limnetic shell with a magnification 20.
The cross-section can be distinctly divided into two regions
in the thickness direction according to the microstructure fea-
tures: prism region and nacre region. It can be seen that the
nacre region occupies about 80 % of the total area. From
Fig. 1a—1d and Fig. 1a, le, and 1f, both the prismatic struc-
ture and the nacre structure are hierarchical features from
nanoscale to macroscopic scale. The nacre structure is the
“brick and mortar” structure and the “brick” is composed of
nanoparticles, while the prismatic structure is constructed
of pillars of various sections, which is also composed of
nanoparticles. The particle sizes making up the “brick” and
“pillar” are about 30—40 nm. The thickness of the “brick” is
about 800—1100 nm, while the height of the “pillar” is about
80-120 microns. From the vertical view, both the “brick”
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Fig. 1 Hierarchical structures of limnetic shell. a—d show the hierarchical structure of nacre layer. a, e and f show the hierarchical structure of

prismatic layer

Fig. 2 SEM photos of nacre and prismatic structures from vertical view, a for nacre structure. b for prismatic structure

and “pillar” structures have hexagonal sections, as shown
in Fig. 2. The diagonal of the hexagon for the nacre brick
is about 5-10 microns, while it is about 30-60 microns
for the prismatic pillar. Therefore, the average size of the
cross-section of the pillar for the prismatic structure is much
larger than the top surface size of the brick for the nacre
structure.

2.2 Hardness measurement

In order to measure the hardness for both the nacre layer
and the prismatic layer, samples are sectioned into paral-
lelepipeds by using a water-cooled, low-speed diamond saw.
For vertical view (perpendicular to the shell plane) SEM
imaging, the samples were putinto 10 wt% ethylene diamine-
tetra-acetic acid disodium salt (EDTA-2Na) solutions for
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10 min, and for side view (parallel to the shell plane) SEM
imaging, the samples were made in correspondence with a
cutting surface, see Section A and Section B, respectively, in
the sketched Fig. 3 for the brick and mortar structure of the
nacre layer.

Samples were mechanically ground and polished using
abrasives and rinsed thoroughly using an ultrasonic cleaner
for nanoindentaion test convenience. They were put in
ambient conditions prior to testing. Hardness measurements
based on the nanoindentation test were performed using a
Nano Indenter G200 (Agilent Technologies) with a diamond
Berkovich tip (tip curvature radius is about 20 nm) and a
force resolution of about 1 nN and displacement resolution
about 0.0002 nm.

The tests were carried out in displacement-control mode,
and the maximum indentation depth was setto be 1 wm. After
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B

Fig. 3 Sketched figure for the indent section definitions of the nacre
structure

tests, the indentation impressions were then imaged using
Veeco AFM. For comparison, the hardness of prismatic layer
material was also measured along the cross-section of the
pillars (Section A) and the side surface of the pillars (Section
B), respectively. Hardness (H ) and elastic modulus (E) were
determined using the Oliver—Pharr method [37] according to
the following definitions:

P l_l—v2+1—vi2 "
A’ E.E E;

where P is indent load, A is the contact area, E and v are the
elastic modulus and Poisson’s ratio for the sample, respec-
tively, E; and vj are the same quantities for the indenter. For
the diamond indenter, E; = 1141 GPa and v; = 0.07. The
reduced elastic modulus (E;) is obtained using a relation
involving contact stiffness and the contact area.

3 Experimental results and discussions

In the present research, the mechanical properties of both the
nacre and prismatic layers were measured and compared.
Hardness and elastic modulus were measured on two sec-
tions: Section A and Section B.

Figure 4 shows a representative indent impression on Sec-
tion A of the nacre layer taken using Veeco AFM, and the
indent impression is a three-square cone. Clearly, plastic
deformation takes place for the “brick” under nanoinden-
tation.

Figure 5 shows the representative hardness-depth curves
of the nacreous structure with the maximum indentation
depth at 1 pm. Results shown in Fig. 5a and 5b correspond
to the cases of the nanoindentation on Section A and Section
B, respectively. Each curve in the figures corresponds to each
indent point on the section. Each figure includes ten curves
which correspond to ten indented points on the section, which
are selected randomly. It can be seen that the hardness values

lpm

Fig. 4 AFM photo of a representative indent impression on Section A
of the nacre layer

vary continuously with the increase of the indent depth. At the
test beginning and at very shallow indent depth, the hardness-
depth curves have a severe variation, which could be caused
by many factors, including the unsteady contact between the
indenter and the sample surface at the test beginning, sur-
face profiles of the samples and indenter, etc. However, the
hardness-depth curves tend to stable quickly.

As shown in Fig. 5, usually the experimental hardness-
depth curve is not monotonically decreasing with depth
increase; this is because the indenter tip is not very sharp
and has a curvature radius. The curvature radius for the Nano
Indenter G200 is about 20 nm. However, the hardness-depth
law (indentation size effect) is less influenced by the curva-
ture radius when the indent depth is larger than about 50 nm.

From Fig. 5a and 5b, a common feature is obvious: when
the indent depth is larger than about 50 nm, hardness val-
ues increase with decreasing the indent depth, which is
an obvious nanoindentation size effect. Compared to the
hardness-depth curves given in Fig. 5a with Fig. 5b, one can
find that the measured hardness value for Section A is larger
than that for Section B, possibly because there is a stronger
constraint from interface to resist the force from the vertical
direction on Section A. We use our previous research conclu-
sion to interpret the findings on the hardness-depth relation
for nanocrystalline metals and for a metal film/ceramic sub-
strate system; the interface (grain boundary) constraint is a
major effect on the hardness-depth relations [38].

In order to compare the mechanical properties on both
Section A and Section B for the nacre structure, we further
take the average hardness based on the experimental results
shown in Fig. 5a and 5b and show the results in Fig. 6a and 6b,
respectively. Obviously, the average hardness of Section A is
larger than of Section B. However, when we take an average
for the elastic modulus, the conclusion is the opposite; that
is to say, the average modulus measured for Section A is
smaller than that for Section B. The results for both sections
are also shown in Fig. 6a and 6b, respectively.
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Fig. 5 Hardness-depth curves of the nacre structure corresponding to
ten indent points on sections, a for Section A and b for Section B

It is interesting to compare the mechanical properties for
both nacre structure and prismatic structure. We have mea-
sured hardness values for the prismatic structure along its
Section A and Section B, respectively, where Section A cor-
responds to its hexagonal sections (see Fig. 2b), while Section
B corresponds to the side section (see Fig. le). The average
hardness results for the prismatic structure on Section A and
Section B are shown in Fig. 7a and 7b, respectively. The con-
clusions to compare the results of both Section A and Section
B for the prismatic structure are same as for the nacre struc-
ture. However, through comparing the mechanical properties
for both nacre structure (Fig. 6) and the prismatic structure
(Fig. 7), one can find that both hardness and modulus mea-
sured for the prismatic structure are obviously larger than the
correspondences of the nacre structure.

4 Modeling and simulation of nanoindentation
hardness for the limnetic shell

Most biomaterials are hierarchical structures. The limnetic

shell (H. cumingii) is a representative hierarchical structure.
From Fig. 1, the limnetic shell consists of a nacre layer and
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Depth range (nm)

Fig. 6 For the nacre structure, measured average hardness/modulus
values for different depth ranges based on ten indent points, a for Section
A and b for Section B

a prismatic layer, and each material region is a hierarchical
structure. In the above experimental measurement and analy-
ses, we systematically display the mechanical properties for
the hierarchical structures through measuring hardness vari-
ations at nano- or microscales using the nanoindentation
test. The experimental results show a strong nanoindenta-
tion size effect. In the present section, we intend to describe
the nanoindentation size effect of the hierarchical structure
by using the trans-scale mechanics theory considering both
strain gradient effect and the surface/interface effect. The
used strain gradient plasticity theory is Wei—Hutchinson’s
version [39,40], which can be used in a wide variety of
materials, and is not limited to the cases of the typical metal
materials like other versions which were built up specifically
based on the dislocation concepts.

4.1 A brief introduction to the trans-scale mechanics
theory

For trans-scale mechanics theory considering both strain gra-
dient effect and surface/interface effects, a variation equation
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Fig. 7 For the prismatic structure, measured average hard-

ness/modulus values for different depth range based on ten indent
points, a for Section A and b for Section B

of total potential can be expressed as follows [41,42]

/(a(Se+18n)dV+8/de’—/f8udV
\% \4

kY

—/ [7su +Sy0e” +7 - (bun - v ds =0, 2)
S

where 7 and 5 are the tensors of higher-order stress and strain
gradient, Téy is the variation of strain energy density con-
tributed by the strain gradient effect, r - (Sun - V) is surface
specific work done by higher-order stress moment, y is the
surface/interface energy density, § f y dS’ is the variation of
’

surface/interface energy calculatefi along transient surface
area, 53835 is surface/interface residual work.

In Eq. (2), the small strain case is considered. Specif-
ically, for surface/interface energy, its total contribution
comes from two parts: one part is from the variation of
the surface/interface energy density itself, another is from
variation of the surface/interface area. The surface/interface
energy density consists of two parts: one part is residual

energy density and another part comes from surface/interface
strain. Therefore, for the small strain case, the calculation
of total surface/interface energy should be based on the
present domain (S’) instead of the reference domain (S).
When representative cell size of a solid is at the microm-
eter scale, the surface/interface effect is small and can be
neglected relative to the strain gradient effect; however,
when it is at the nanometer scale, the surface/interface
effect is important and can’t be neglected to compare with
strain gradient effect. For the present case, when describ-
ing the nanoindentation hardness of hierarchical structure,
both strain gradient effect and the surface/interface effect are
important.

In Eq. (2), the adopted constitutive equations of the strain
gradient theory are Wei—Hutchinson’s version expressed in
the component form as follows [39,40]:

E
o — .
i 1 +u+ %E/hp i
+1 E E 5
3 - €kkOij 5
3\1-2v  1+v+3E/mP Y
3 1
2 ) 4)
Tijk = 2E¢ ; 1+ 2E//’lp Tijklmn + Tijklmn Nimn
" = E[(Z/oy)/N 1 — 117!, )

where T is the projection tensor of the higher-order stresses,
hP is the plastic hardening modulus, X is the effective stress,
£ is material length scale which describes that strain gradi-
ent effect becomes important when the scale of nonuniform
straining becomes of order ¢, oy is material yield strength, v
is Poisson’s ratio, N is strain hardening exponent.

In Eq. (2), considering the small strain case and con-
sidering the current configuration in calculating the sur-
face/interface energy, the surface/interface constitutive equa-
tions can be expressed as follows [42]:

5
O A A e e

where (S s, es) is the surface/interface stress and strain, IS is
the surface/interface unit tensor, JS is a Jacobi coefficient of
the surface/interface area, y = (ys, I") is the surface energy
density (ys) or interface energy density (I7). Considering a
simple case, y (¢%) = constant, Eq. (4) can be simplified as

SS =I5, (5)
4.2 Characterization of nanoindentation size effect

Based on the above trans-scale mechanics theory considering
both strain gradient effect and the surface/interface effect,
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and considering the case in Eq. (5), the relationship between
the nanoindentation hardness with indent depth for a circular
conic indenter case and for the hierarchical materials can be
expressed in a non-dimensional form as follows:

H h E Vs r
—=f(— LN ) ©)

3oy VAN “ovh’ oydy

where £ is indent depth, d) is the particle size of the composed
“brick” for the nacre structure, g is the surface slope angle
to the horizontal plane for the circular conic indenter.

The hardness-depth relation Eq. (6) can be obtained
through FE modeling based on the trans-scale mechanics the-
ory from Eqs. (2—4) or (5), and the feature of the experimental
hardness-depth curves shown in Fig. 5 can be also simulated
by using the trans-scale mechanics theory through consider-
ing a curvature radius existing at indenter tip. In the present
research, we use a simple method to obtain the solution
for Eq. (6). Through a quantity level analysis, the dimen-
sionless quantities both ys/oyh and I'/oydy are smaller
than unity, thus the hardness-depth solution Eq. (6) can be
approximately expressed as follows through small parameter
expansion:

H h E 2 Vs
_%g() _7_7U7N7ﬂ +
oy

3oy b4 3cos B oyh
23T (1 do tan 8 ) o
oydytan 8 2/3h )’

where go is the solution based on only the strain gradient
effect, and other terms are the contributions due to the sur-
face/interface effects. Solution (7) is based on an assumption
that the particles are all of the same cubic shape and size dy.

The hardness-indent depth relations considering only
strain gradient effect were investigated by Wei et al. [43],
and the solution form is as follow:

Hsgp h E
=go|-,—,v,.N,B]), (8)
3(7Y V4 oy

which is re-plotted in Fig. 8.

For the nanoindentation of the hierarchical materials,
combining the hardness-indent depth solution based on the
strain gradient theory (Eq. 8) shown in Fig. 8, with the sur-
face/interface effect, one can obtain the full solution details
for Eq. (7). Using the modeling results to simulate the
experimental results (for example, Fig. 5b) of nanoinden-
tation hardness for the nacre structure, the simulation results
are shown in Fig. 9. In Fig. 9, two experimental hardness
curves correspond to the highest and lowest curves given
in Fig. 5b, respectively. From Fig. 9, the parameter val-
ues taken for the theoretical solutions are reasonable, and
the trans-scale theory can give an effective modeling for
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Fig. 9 Simulations to experimental results. Two experimental curves
correspond to highest and lowest curves in Fig. 5b, respectively. Theo-
retical results are based on the trans-scale mechanics theory

the nanoindentation size effect of the hierarchical bioma-
terials.

5 Conclusions

Microstructure observation and mechanical property mea-
surement for a type of biomaterial have been performed. The
measured biomaterial is H. cumingii, a typical limnetic shell,
which is consisted of two different structural layers, the pris-
matic “pillar” structure and the nacreous “brick and mortar”
structure. Microstructure materials in each layer display the
hierarchical feature clearly. The prismatic layer is composed
of a variation-section pillar with size several tens of microns,
and each pillar is composed of nanoparticles. The nacre layer
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is composed of a “brick wall” structure with bricks sized
several microns, and each brick is composed of nanoparti-
cles.

The mechanical properties of the hierarchical biomater-
ial have been measured by using the nanoindentation test.
Nanoindentation hardness and modulus have been measured
for the nacre layer (“brick and mortar” structure) and the
prismatic layer (“pillar” structure), respectively. The results
have shown that the prismatic nanostructured material has a
bigger stiffness and hardness than the nacre nanostructured
material. Hardness-indent depth curves for both nanostruc-
tured material regions have shown strong nanoindentation
size effects.

The nanoindentation size effects of hardness for the hierar-
chical biomaterial (“brick and mortar” structure of the nacre
layer) have been modeled by using the trans-scale mechan-
ics theory considering both strain gradient effect and the
surface/interface effect. From modeling results, the trans-
scale mechanics theory is sufficiently effective to be used
to describe the nanoindentation size effect of hardness for
hierarchical materials, keeping a reasonable selection of the
material parameters.
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