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Abstract
"Mortar" and "brick" structure is a general model to construct nanocomposites. A �lm with "brick-and-
mortar" structure was prepared by LBL (Layer-by-Layer) technique using polyvinyl alcohol (PVA) and
polymethyl methacrylate (PMMA) as the �exible material or "mortar" and mica as the rigid material or
"brick". The �lm deposited on a glass slide after self-assembly cycles was ~3μm thick with an uneven,
wavy surface. The �lm showed enhanced mechanical properties with the hardness and indentation
modulus values up to 6.14 GPa and 68.41 GPa, respectively. It was found that the hardness and elastic
toughness depended on the ratio of mica, the number of self-assembly cycles, and the pretreatment
method of the mica suspension. The self-assembly process was believed to be attributable to the
hydrogen bonds between the silanol groups of mica and the hydroxyl groups of PVA and carbonyl groups
of PMMA.

Introduction
Layer-by-layer (LBL) assembly technology is a classical method to fabricate multi-functional layered
materials by depositing alternating layers of different materials with weak interactions towards one
another 1-4. In recent years, LBL has been rede�ned as a green, environmentally friendly, and molecular-
scale controllable nano-modi�cation method. As an example, �ame retardant materials are typically
fabricated by the addition of �ame retardants, which adversely affects the bulk properties, e.g.
mechanical and electrical properties, of the matrix materials 5-7. The deterioration of these properties can
be offset by using LBL to incorporate the �ame retardant as layers in the �nal material 4, 8-10. 

Found in many shells of gastropods and bivalves, nacre is composed of ~95% aragonite and ~5% protein
and polysaccharide polymers 11-14. Its formation starts with an ordered layered framework composed of
a small amount of insoluble chitin �bers and proteins. Then aragonite calcium carbonate nanocrystals
begin to deposit into this framework by modulating the mineralization of polymer, and gradually
extending to the lateral direction. The phagocytic soluble silk �broin gel is �lled up until the whole layered
framework is �lled, eventually forming a regular "brick-and-mortar" layered junction structure 15-17. The
“bricks” are the aragonite calcium carbonate plates with a thickness of about 200-900 nm and a lateral
dimension of 5-8 μm. They are formed by orderly arrangement of calcium carbonate nanocrystals.
The “mortar” is the organic polymer phase with a thickness of about 10-50 nm 18, 19. By virtue of its multi-
scale and highly ordered "brick-and-mortar" structure and complex interface design, the shell pearl layer
can assemble fragile ceramics and soft polymers into advanced nanocomposites with desirable
mechanical properties. In fact, the strengthening and toughening mechanism of nacre mainly lies in crack
bridging, crack de�ection, sliding or pulling out of inorganic mineral plates (involving interface design
among various inorganic plates) and elastic-plastic deformation of the organic layer. Although the pearl
layer is composed of 95% inorganic calcium carbonate minerals, its primary property is several orders of
magnitude higher than that of pure calcium carbonate blocks 19. 
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Inspired by the "brick-and-mortar" structure and the strong incipient mechanism of natural nacre, a
method of macroscopically preparing high-performance, large-scale and �ne-structured arti�cial nacre
based on the assembly of two-dimensional micro-/nano-building blocks was developed. This biomimetic
method, while being mild, �exible, e�cient, scalable and universal, lays a methodological foundation for
the design and preparation of advanced bioinspired functional materials for practical use 20-23. 

Materials And Methods
Mica powder was purchased from Huaxin Cement Co., Ltd. (Beijing, China). polyvinyl alcohol (PVA, 1750),
polymethyl methacrylate (PMMA, high �ow injection stage), and N, N-dimethylformamide (DMF) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). H2SO4 and H2O2 were purchased
from Jimuwu Co., Ltd. Distilled water was used in all experiments.

Mica powder was suspended in water at 1 wt.%. Then the suspension was sonicated while being stirred
for 3d. A glass slide was used as the substrate, which was pretreated with the piranha solution
(H2SO4:H2O2, 3:1). In a typical cycle, the slide was immersed in a 1 wt.% PVA solution for 5 minutes,
rinsed with water, and air dried. The slide was then immersed in the mica suspension for 5 minutes,
rinsed with water, and air dried. Then the slide was immersed in a PMMA solution (1g/40ml DMF) for 5
minutes and dried in the oven at 40℃ for 2 hours. This concluded one cycle. It was signed as P-Mn-P, n
was the cycle of pulls in the mica suspension.

The crystalline phase information of samples was revealed by an X-ray diffractometer (XRD,
SmsrtLabSE) with a Cu Kα radiation. Morphology and particle size of the P-M-P �lms were measured on a
Quanta FEG 450 Scanning Electron Microscopy (SEM).

The nanoindentation tests of samples were measured on Hysitron Triboindenter. Quartz sample was
select as standard calibrated on the Triboindenter. Each sample was indented at 6 different locations, and
the spacing of points is greater than 500µm. The load was 6000 µN.

Results And Discussion
Characterization of mica.

Mica is a non-metallic mineral containing ~ 49% SiO2 and many other inorganic components, such as K,
Mg and Al2O3. The XRD pattern of the mica powder is shown in Fig. 1(a). The Al2O3 content is calculated
to be ~ 30%. Mica powder has good elasticity and toughness. Mica powder is a kind of silicate with
layered structure, which is composed of two silicon oxygen tetrahedrons and one aluminum oxygen
octahedron. It can be cleaved into very thin �akes with a thickness of less than 1 µm (theoretically 0.001
µm) and a large diameter to thickness ratio.

The SEM images of mica without and with sonication during fabrication are shown in Fig. 1(b), (c) and
(d), respectively. Without sonication, mica exists as blocks of irregular shapes. The length of a block unit
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can be as long as 10 ~ 40 µm. This is due to the high surface energy, causing the thin �akes to merge
with each other. With sonication, thinner and smaller �akes of ~ 500 nm are kept separate from each
other and more evenly distributed in the suspension. Besides, there are also some thinner �akes of ~ 
10µm in the suspension.

Morphology of the P-M-P �lms
The SEM images of the P-M-P �lms are shown in Fig. 2. A “brick-and-mortar” structure is visible. PVA and
PMMA is the �exible “mortar” and mica the rigid "brick". The PVA ‘mortar’ is attached to the glass
substrate, the mica “bricks” are well dispersed and embedded in the “mortar”, and the PMMA as the last
‘mortar’ in�ltrated into micas to play the role of adhesion. The images show the �akes of mica were
arranged in a directional manner. Figure 2a shows P-M-P �lms of the 20 mica recycle, although mica
�akes were arranged in PVA and PMMA, the �akes were in low concentration and the ‘mortar’ occupies a
larger area. For the 30 mica recycle (Fig. 2a and d), the mica �akes were well arranged and form a
smooth layer, the cross section is ~ 3.5 µm thick with an uneven, wavy surface. When then mica
increased 50 recycle (Fig. 2c), the mica �akes were in high concentration and have accumulated.

Hardness and elastic modulus of the P-M-P �lm
Effect of the ratio of P-P to P-M-P �lm. Nanoindentation was used to test the hardness and indentation
modulus of the �lms. Mica belongs to monoclinic crystal, whose crystal is scaly, with silk luster
(Muscovite is glass luster), pure block is gray, purple rose color, white, etc., diameter thickness ratio > 80,
speci�c gravity 2.6 ~ 2.7, molar hardness 2 ~ 3, elastic, bendable, good wear resistance and wear
resistance; heat-resistant insulation, di�cult to dissolve in acid-based solution, stable chemical
properties.

The hardness and elastic modulus of �lms with different ratios of P-P to P-M-P �lm are shown in Table 1.
Films were prepared with 1 and 5 cycles. For examples, a P-P �lm with 1 cycle was prepared by
depositing PVA one cycle followed by PMMA in one cycle. a P-M10-P �lm with 1 cycle was prepared by
depositing PVA one cycle followed by PMMA in one cycle and sandwich mica in ten cycles. The hardness
and indentation modulus of a P-P �lm with 1 cycle were 0.323 GPa and 19.43 GPa, respectively. With the
increase of the P-P cycles to 5, the hardness decreased from 0.323 to 0.277 GPa, and the indentation
modulus decreased from 19.43 to 6.56 GPa. This is because PVA and PMMA are �exible material. The
more PVA/PMMA “mortar” layers, the tougher the �lm. When the mica with 10 cycles, the hardness
increased from 0.323 to 3.71 GPa, and the indentation modulus increased from 19.43 to 72.99 GPa. This
can be explained by the fact that mica “bricks” is quite rigid itself. While P-M10-P with 5 cycles, the
indentation modulus signi�cantly decreased from 72.99 to 4.95Gpa, the hardness decreased from 3.71 to
0.187 GPa, indicating the “mortar” layers contact between PVA and PMMA signi�cantly reduces the
hardness and indentation modulus of the P-M-P �lm.
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Table 1
Mechanical properties of �lms with different ratios of PVA/PMMA to

P-M-P �lm.
sample Cycle Hardness (GPa) Indentation modulus (GPa)

P-P 1 0.323 19.43

P-P 5 0.277 6.56

P-M10-P 1 3.71 72.99

P-M10-P 5 0.187 4.95

Effect of the ratio of mica to P-M-P �lm. Figure 3a shows the load-displacement curves for P-M-P �lm
with mica prepared under different mica pretreatment methods. All �lms were prepared with an equal
number of cycles of PVA and PMMA. two pretreatment methods were compared, i.e. sonication,
mechanical stirring high concentration for 24 hours. Under the load of 6000µN, the depths of P-P �lm, P-
M1-P �lm with the sonicated suspension mica and P-MH-P with high concentration are 863.5, 350 and
248.4 nm, respectively. The displacement is between P-P �lm and P-MH-P �lm for P-M1-P �lm, indicating
that the sonicated suspension mica was evenly distributed in the PVA and PMMA. This suggests that
non-dispersed mica in large pieces had limited effect on the improvement of the �lm stiffness.

We further studied the hardness, indentation modulus, and load-displacement curves of P-M-P �lm with
the different mica cycles 1, 10, 20, 30, 40 and 50 of assembly. All �lms were prepared with an equal
number of PVA and PMMA. It is obvious that the P-M30-P �lm had the best ability to recover deformation
(Fig. 3b), indicating the mica 30 cycles was the best radio of P-M-P to form homogeneous �lm. The
hardness and indentation modulus of the P-M30-P �lm were 6.14 GPa and 68.41 GPa, respectively
(Fig. 3c). The hardness of the �lm increased with the number of mica self-assembly cycles, and the
indentation modulus was signi�cant decline in P-M30-P �lm. It shows that the more mica content of the
�lm, the more rigid and �exible the �lm. This also can be veri�ed from the Fig. 3d. The calculated values
of H/E to P-M-P �lm was increased with the mica cycles from 1 to 30 and decreased at 50, indicating the
P-M30-P was the best plasticty.

Formation mechanism of the "brick-and-mortar" structure. The physical properties of PVA and PMMA are
affected by chemical structure and polymerization degree. The common in their chemical structure is
"head tail". Mica is a kind of aluminosilicate mineral with continuous layered silica tetrahedral structure.
Mica is mostly monoclinic, in the form of laminated or book like crystals. The fully developed ones are
rhombus or hexagon with six crystal faces, sometimes forming pseudo hexagonal columnar crystals.

As shown in Fig. 4, PVA is adsorbed onto the substrate via the interaction between the hydroxyl groups of
PVA and the glass surface in �rst step of the self-assembly process, i.e. the immersion of the substrate in
the PVA solution. When the mica layer is deposited, the silanol groups of mica form hydrogen bonds with
the hydroxyl groups of PVA, resulting in self-assembly. The multi-mica-layer assembly is to repeat the
above process. After the substrate is pulled up, PVA sheet will be laid on the substrate slowly because of
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gravity on the wood, the result of directional arrangement is produced. The last layer was PMMA, the
PMMA solution would permeate into the mica and act as hydrogen bonds with ester group, yielding
alternating layers of PVA, mica and PMMA.

Because of the PMMA permeate into mica and yielding alternating PVA and mica, the P-M-P �lm exhibit
outstanding plasticty. the mechanical properties of P-M-P �lm to nacre are list in Table 2. When the Mica
cycles is 30, the P-M-P �lm exhibited a signi�cate increase in hardness and modulus compared to P-P
�lm. Meanwhile, calculated values of H/E for P-M30-P �lm is 0.090, which is closed to nacre.

Table 2
Mechanical properties of nanocomposites.

sample Hardness

(GPa)

modulus

(GPa)

H/E Macroscale

PVA/PMMA 0.323 19.43 0.017 �lm

PVA/Mica30/PMMA 6.14 68.41 0.090 �lm

Nacre [23] 10.8 ± 1.5 114 ± 8.8 0.095 ± 0.011 bulk

Conclusion
The PVA-mica-PMMA �lm was fabricated on a glass slide by Layer-by-layer self-assembly technique. The
hardness and indentation modulus of a �lm prepared after 30 assembly mica cycles with an equal
number of PVA and PMMA layers were 6.14 GPa and 68.41 GPa, respectively. The hardness and
indentation modulus were found to depend on the ratio of PVA and PMMA to mica, the number of mica
cycles and the pretreatment method of the mica suspension. With the increase of PVA and PMMA in the
�lm, the hardness and modulus decreased. With the 30 cycles of mica in the �lm, the calculated values of
H/E got to the maximum. Besides, 50 cycles of mica lead to increased rigidity and the decreased
toughness. Sonication pretreatment of the mica suspension was necessary to ensure improved hardness
and toughness of the �lm.
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Figure 1

XRD patterns of mica (a) and SEM images of mica with no treatment (b) and with sonication (c) and (d).
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Figure 2

SEM images of P-M-P �lms with a "brick-and-mortar" structure: (a) 20 mica recycle; (b) 30 mica recycle;
(c) 50 mica recycle; (d) 30 mica recycle cross section.
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Figure 3

Typical load-displacement curves for P-M-P �lm (a) with mica treated by different methods and (b)
different mica cycles; (c) Indentation modulus and hardness for �lm with different mica cycles and (d)
the calculated H/E values
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Figure 4

Formation of the "brick-and-mortar" structure


