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ABSTRACT

Natural materials often have unique mechanical properties, such as the hierarchical structure of nacre formed through min-

eral bridges or asperities created between an inorganic particle and a natural-layer surface. As these asperities produce an excep-

tional shear resistance, in this study, we aimed to emulate the natural structure of nacre by synthesizing inorganic asperities

and mineral bridges with different temperatures in the range of 1100 - 1300oC and clay contents from 10 - 50 wt%. Following the

infiltration of methyl methacrylate, we measured the mechanical properties to assess whether they were improved by the asper-

ities. It was confirmed that the asperities improved the bending strength by 10%, and the anchoring effect was observed on the

fracture surface.
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1. Introduction

eramics are typically strong materials, but their inher-
ent brittleness is a weakness that needs to be overcome

if they are to be used as high-performance structural mate-
rials. One method through which this might be achieved is
the biomimetic technique, which relies on the extensive
research into natural materials that has been conducted
over the last few decades1-3) and can offer unique character-
istics. For example, nacre consists of 95% layered aragonite
(CaCO

3
) and 5% elastic biopolymers such as chitin, lustrin,

and silk-like protein;4) this implies that although abalone
shell is composed of only a single-crystal aragonite plate, it
has excellent mechanical properties such as remarkable
strength, low weight, and a toughness that is three orders of
magnitude greater than that of monolithic aragonite.5)

These mechanical properties can be attributed to the hierar-
chical arrangement of CaCO

3
 platelets, which creates min-

eral bridges or asperities between inorganic and organic
layers that help ensure good adhesion between them.6,7) The
structure of nacre also leads to a high toughness,8) as the
organic layers markedly improve its ability to absorb energy
during deformation, especially when they are strongly
adhered to the aragonite plates. Thus, the surface rough-
ness of individual layers (i.e., mineral bridges or asperities)
plays a critical role in controlling shear at the organic/inor-

ganic interface during load.9-12)

Composites inspired by abalone shell have previously
been fabricated using various methods, with many
researchers focusing on the ordering of platelet particles.
For instance, Kotov et al. used a layer-by-layer (LBL)
method with clay or polyelectrolyte,13-15) while other groups
used self-assembly16) and various other chemical and physi-
cal deposition methods.17,18) Ritchie et al. studied the min-
eral bridges of abalone shell19) and used a freeze-casting
method with inorganic materials such as clay and hydroxy-
apatite to replicate them. The resulting composites con-
firmed that fracture behavior is improved by mineral
bridges between ceramic plates. 

This study aims to replicate the mineral bridges and/or
asperities on the surface of calcium carbonate (CaCO

3
)

platelets by forming asperities out of clay on the surface of
plate-like alumina particles. The formation of mineral
bridges or asperities at various temperatures and clay con-
tents is herein discussed in relation to how the interaction
between alumina and asperities affects the mechanical
properties of the final composite. 

2. Experimental Procedure

Commercial alumina powder (RonaFlair® White Sapphire
≥ 99.0%, 7.0 - 11.0 µm, Merck Performance Materials), which
has a plate-like shape with 0.5-μm thickness, was used as
the inorganic material, to which 10 - 50 wt% clay was added
to form asperities. In this study, kaolinite was used. To cre-
ate organic–inorganic composites, methyl methacrylate
(MMA, 99%) and a benzoyl peroxide (BPO) initiator were
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purchased from Sigma-Aldrich.

2.1. Formation of asperities on alumina particles

A suspension of ~500-nm clay particles in ethanol was
first prepared through ball milling for 12 h, and then alu-
mina powder was added to result in an alumina powder to
clay ratio of 1:0.1 - 0.5 by weight. This mixture was then
aged for 24 h while stirring to achieve good dispersion and
then dried at 50oC. The resulting powder was placed in an
alumina crucible and heated at 1100 - 1300oC for 1 h. 

2.2. Fabrication of composites

MMA monomer (99%, Aldrich) and a BPO (99%, Aldrich)
catalyst for polymerizing the MMA were used to formulate
organic–inorganic composites. For this purpose, green bod-
ies were first prepared from a mixture of alumina and dif-
ferent amounts of clay through uniaxial pressing under one
ton of force and subsequent heat treatment at different tem-
peratures. The green bodies were transferred into an MMA/
BPO solution to infiltrate the MMA and then dried at 45oC
for 1 day. Finally, bio-mimetic composites were prepared
using a two-step curing process for PMMA (polymethyl
methacrylate), wherein the pressure was first maintained
at 10 MPa for 1 h at 100oC and then increased to 20 MPa for
1 h at 200oC. 20,21) The name of the composite sample is given
in Table 1.

 
2.3. Characterization

The asperities formed were examined using field-emission
scanning electron microscopy (FE-SEM, JEOL, JSM-6700F),
X-ray diffraction (XRD, P/MAX 2200V/PC, Rigaku Corp., Cu
target, Kα = 1.54 Å) and transmission electron microscopy
(TEM, TEM-4010, JEOL). The mechanical properties of the
composites were measured through a three-point bending test
with 25 mm support span and a cross-head speed of 0.5 mm/
min in air at room temperature by using 5 specimens each of
dimensions 50 × 4 × 2.5 mm (length × width × depth). 

3. Results and Discussion

3.1. Characterization of asperities

A SEM image of the original alumina particles is shown in
Fig. 1, which reveals that they have a clear surface and vary
in size between 10 and 15 µm. Fig. 2 shows the effect of tem-
perature on the formation of asperities using clay, which
was added at 10 wt%. Fig. 2 (a) corresponds to a heat-treat-
ment temperature of 1100oC, which results in clay particles
being well dispersed over the alumina. From the figures, it
is not difficult to distinguish the alumina from the clay par-
ticles, which were 1 µm in size and well dispersed on the
alumina surface. With an increase in temperature, the alu-
mina–clay interface became indistinct, and it appeared as if
the clay adheres better to the alumina surface by melting
(Figs. 2 (b) and (c)). 

Clays thermally decompose through dehydroxylation at
400 - 600oC and recrystallize above 800oC in general.22) Sub-
sequently, a change in morphology can occur, which leads to
an increase in the energy state at the edges and surface of
the particle, and the clay asperities appear to melt and are

Table 1. Alumina/PMMA Composites with Clay Contents

Sample Name of Composites AP CA-1 CA-2 CA-3 CA-4 CA-5

Clay (wt %, Aluminum Silicate Nano Asperities) 0 10 20 30 40 50

Fig. 1. SEM image of unmodified alumina particles.

Fig. 2. SEM images of asperities formed through heat treatment at (a) 1100°C, (b) 1200oC, and (c) 1300oC.
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attached on the alumina surface at 1200oC and 1300oC. To
verify the thermal effect on the formation of asperities, i.e.,
the correlation between the morphology and crystal struc-
ture, XRD spectra were obtained with different heat-treat-
ment temperatures. The diffraction peaks at 1200oC are
consistent with the presence of only alumina and mullite
(Fig. 3(a)). However, as the temperature was increased to
1250oC, a new peak appeared at a 2θ value of 21.5o (Fig. 3
(b)), which is the main peak for silica (cristobalite), and it
became stronger at 1300oC (Fig. 3(c)). Thus, it was con-
firmed that the asperities formed from the clay can be
obtained as mullite or a mullite–silica mixture in the range
of 1100 - 1300oC. However, for better adhesion on the alu-
mina surface, heat treatment must be performed at a tem-
perature above 1200oC, which is the lower limit on the
reaction temperature required to obtain asperities.

The cross section of the microstructure of the composites
was examined using TEM to identify the interface between
the alumina particle and asperities more clearly. The
focused ion beam (FIB) technique was used to prepare the
samples. Fig. 4(a) shows that asperities (indicated by *)
were formed on alumina, and the low-resolution TEM
image in Fig. 4(b) clearly shows the boundary between the
two. Note that the clay exists as aggregates of directional
rod-like crystals; it can be seen that the asperities maintain
the initial crystal direction of clay, which has a typical lay-
ered structure. Fig. 4(c) and (d) show the areas of close con-
tact with the alumina surface. It is difficult to determine if
chemical bonding occurs between the clay and alumina in
these TEM images, but it can be confirmed that good adhe-
sion is created between them.

3.2. Fabrication of alumina–PMMA composites with

different clay content

The morphology of the asperities was confirmed to change
according to the clay content, with clay contents less than 20
wt% producing well-dispersed alumina particles (Fig. 5(a)). In
contrast, when the clay content exceeded 30 wt%, coarse-

grained particles or aggregations of alumina particles were
obtained (Fig. 5(b)), which indicates that a high clay content
can contact neighboring particles and build mineral bridges
between alumina particles. Fig. 6(a) shows the fracture sur-
face of the preform with 20 wt% clay, in which asperities
can be seen on the alumina, whereas clay contents higher
than 30 wt% formed mineral bridges between alumina par-
ticles (Figs. 6(c) and (d)). Following MMA infiltration and
curing, asperities were observed to form among alumina
particles without any void, as shown in Fig. 7. The PMMA
content in the composite was measured to be 20 wt%
through TG (thermo gravimetric) analysis.

3.3. Effect of asperities on composite structure

The mechanical properties of the bio-mimetic composites
produced from alumina platelets with asperities were mea-

Fig. 3. X-ray diffraction patterns of samples heat treated at
(a) 1200oC, (b) 1250oC, and (c) 1300oC.

Fig. 5. SEM images of composites with clay contents of (a)
20 wt% and (b) 30 wt%.

Fig. 4. (a) FIB-cut cross sections of a composite with clay
(* indicates asperities). TEM images showing (b)
aluminum-silicate nano asperities on the surface
of alumina, (c) the crystallization of asperities,
and (d) the alumina–asperity interface.
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sured using a three-point bending test. Note that the alu-
mina/PMMA and alumina/PMMA with clay asperities are
hereafter referred to as AP and CA, respectively. The ulti-
mate bending strength of AP was found to be 71.9 MPa,
whereas that of CA-1 which was prepared with 10 wt% clay
was increased by 10% or more up to 86.5 MPa. Similarly,
increasing the clay content to 50 wt% increased the strength
further to 98 MPa. Fig. 8 shows how the strength of alu-
mina/PMMA changes with respect to the addition of clay
asperities, from which it is clear that clay asperities
increase the strength. However, considering the error
range, clay contents in the range of 10 - 40 wt% were not
effective. 

 In nature, the fracture behavior of nacre is explained by
the pull-out behavior.7) This means that the aragonite tablet
does not break; rather, it just slides out from its initial posi-
tion. Diverse factors in the resistance of the pull-out behav-
ior has been discussed with the high strength of the nacre
structure by many research groups, and one of factors was

the asperities.8, 23-25) The fracture surface of AP is shown in
Fig. 9(a) with an arrow to distinguish between the alumina
and PMMA. The alumina has a clear surface, and the
PMMA shows a tearing shape indicating typical deforma-
tion behavior of the polymer. The empty areas that appear
to be pores result from disappearing alumina particles,
which is similar to the pull-out behavior in natural nacre. 

Figure 9(b) shows the fracture surface of CA-2. It was con-
firmed that the asperities derived from clay remained on
the alumina surface after the deformation of the composite,
and its impression on the PMMA side was observed. More-
over, a tiny sign of tearing was just distinguishable, and it
was quite different from the tearing in AP. We estimated
that the asperities restrain alumina particles from sliding
out from their original locations through the anchoring
effect when the composite was fractured and that they con-
sequently inhibited the PMMA and the adjacent alumina

Fig. 6. Fracture surface of asperities produced with clay
additions of (a) 20 wt%, (b) 30 wt%, (c) 40 wt%, and
(d) 50 wt% at 1200oC.

Fig. 7. Cross-sectional SEM images of composite consisting
of alumina with asperities and 20 wt% PMMA.

Fig. 8. Relationship between flexural strength and clay con-
tent of alumina with asperities/PMMA composite.

Fig. 9. Scanning electron micrographs showing the fracture
surface of (a) alumina/PMMA composite and (b) alu-
mina with asperities/PMMA composite.
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particles from extending through deformation. This evi-
dences the effect of asperities on increasing the composite
strength. 

4. Conclusions

By attempting to replicate the nano asperities and min-
eral bridges of nacre shell using clay, it has been confirmed
that clay particles undergo a phase transition to mullite and
silica at temperatures above 1200oC and that the modified
clay particles adhere well to the surface of alumina. The
bending strength of an organic–inorganic composite made
from alumina powder and PMMA (73 MPa) was found to be
increased with the addition of clay asperities (up to 98 MPa
with 50 wt% clay addition), confirming that clay asperities
improve the mechanical properties of the composite. This
improvement is attributed to the adhering of the asperities
to alumina platelets, which helps control shear at the
organic/inorganic interface under load.
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