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Understanding the relationship of performance with
nanofiller content in the biomimetic layered
nanocomposites†

Jianfeng Wang,a Qunfeng Cheng,*a Ling Lin,c Linfeng Chenb and Lei Jiangab

Montmorillonite/poly(vinyl alcohol) (MMT/PVA) nanocomposites spanning the complete range of

MMT content (0–100 wt%) are prepared by simple evaporation-induced assembly. Effects of MMT

content on the structure and mechanical properties of nanocomposites are systematically investigated

and exhibit two important transitions at MMT contents of 30 wt% and 70 wt%. In the range of 0–30

wt%, the nanocomposites show a random structure. With the content of PVA increasing, the

mechanical properties of the resultant nanocomposites were dramatically enhanced and were higher

than that by prediction according to the conventional composite model. In the range of 30–70 wt%,

the nanocomposites show a nacre-like layered structure with alternating MMT platelets and PVA layers,

and all PVA is completely restricted by MMT platelets. The mechanical properties of nanocomposites

were further improved by increasing the content of MMT, and reached the maximum value at the MMT

content of 70 wt%. The 70 wt% MMT/PVA nanocomposite has a tensile strength of 219 � 19 MPa,

which is 5.5 times higher than that of a pure PVA film and surpasses nacre and reported biomimetic

layered clay/PVA composites. When the MMT content is higher than 70 wt%, the layered structure is

transformed to tactoids, which deteriorate mechanical properties. These results offer comprehensive

understanding for developing high-performance biomimetic layered nanocomposite materials with high

nanofiller loading.
Introduction

Nanollers with outstanding mechanical properties, large
specic surface area and aspect ratio, including carbon nano-
tubes, clay, and graphene, have been widely used to reinforce
polymers to fabricate the nanocomposites.1–4 Through optimi-
zation of the dispersion and interface chemistry, low-volume
additions (1–10 vol%) of nanoparticles oen provide marked
property enhancements that are comparable to those achieved
by high-volume additions (15–40 vol%) of traditional microm-
eter-scale llers. Theoretically, the properties can be further
improved by increasing the amount of nanollers. However, the
desired high-volume additions of nanollers oen result in
structural inhomogeneities and deteriorate the performance.
Through development of well-organized structure and robust
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interface, nature has created various nanocomposites with high
inorganic component content and excellent mechanical prop-
erties, such as bone (�40 vol%), dentin (�45 vol%), enamel
(�85 vol%), sponge spicule (�89 vol%) and nacre (�95 vol%).5

Nacre, mother-of-pearl, in particular has attracted much
attention.6,7 The extremely high-volume incorporation of CaCO3

platelets into a biopolymer matrix in the form of fantastic brick-
and-mortar arrangement leads to a unique combination of
remarkable strength, modulus and toughness.8 Inspired by the
brick-and-mortar structure and excellent mechanical properties
of nacre, high-loading platelet-reinforced polymer composites
have been fabricated by some assembly techniques,9–11

including layer-by-layer (LBL) assembly,12–17 air–water interface
assembly technique,18,19 ice-template assembly process,20,21

electrophoretic deposition,22,23 vacuum ltration assembly.24–27

They displayed impressive mechanical properties, which were
commonly attributed to high nanoplatelet content, compact
layered structure and robust inorganic–organic interface. In
order to develop high-performance nanocomposites for prac-
tical application, it is crucial to fully understand the effect of
nanoller loading on structure and mechanical properties.
However, exact nanoplatelet loading in layered composites was
difficult to control discretionarily in these previous works.

Herein, we report the preparation of biomimetic nacre-like
montmorillonite/poly(vinyl alcohol) (MMT/PVA) nanocomposites
This journal is ª The Royal Society of Chemistry 2013
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via the water-evaporation-induced assembly technique.28–32 The
preparation process is simple and easy to be scaled up, compared
with previously reported fabrication techniques, such as LBL,
vacuum ltration, ice-template and other assembly techniques.
The MMT content is regulated conveniently between 0 and 100
wt%. The dependence of structure andmechanical properties on
MMT content exhibits two transitions. One is structure transition
fromrandomtonacre-like layeredarrangement, corresponding to
the change of mechanical properties from rapid increase to rela-
tively slow increase. The other is structure transition from nacre-
like layered arrangement to tactoids, corresponding to the change
ofmechanical properties from increase to decrease. These results
offer comprehensive understanding for further developing high-
performance biomimetic layered nanocomposite materials with
high nanoller loading for practical application.
Experimental section
Materials

PVA (Mw ¼ 146 000–186 000; hydrolysis ¼ 99 wt%) was
purchased from sigma-Aldrich. MMT, which is Na+-type mont-
morillonite was supplied by Zhejiang Fenghong Clay Co. Ltd.
and used as received without further purication. High-purity
and deionised MilliQ water was used in all experiments.
Preparation of MMT/PVA nanocomposites

A 0.6 wt% clay dispersion was prepared by dispersing as-
received MMT (6 g) in water (1 L) under thorough stirring for
one week and then centrifuged twice at 3000 rpm for 10 min to
remove unexfoliated MMT. Aer centrifugation, the collected
supernatant solution became transparent, with virtually no
precipitation of clay platelet aggregates in one week. It was
weighed, dried and re-weighed to determine MMT mass
concentration. The concentration of the ne MMT suspension
is typically 0.31 wt%. PVA powder was dissolved in water at 95 �C
under slow stirring to form an aqueous solution (0.5 wt%). A
desired amount of the PVA solution was gradually added to a
stirred MMT dispersion. Aer that, the mixture was continually
stirred for about 6 h at room temperature to maximize polymer
adsorption and ensure ne dispersion of the stabilized clay
platelets. Finally, this homogeneous MMT/PVA solution was
poured into a culture dish and kept at room temperature for
lm formation until its weight equilibrated. It took about 4 days
for generating a lm with thickness of 7–9 mm. This lm was
easily peeled off from the bottom of the dish. A series of MMT/
PVA composite lms with different MMT weight fractions
(0–100 wt%) were prepared by altering the mass ratio of MMT
dispersion to PVA solution.
Characterization

The scanning electron microscopy (SEM) images were obtained
with a eld emission scanning electron microscope (S-4800,
Hitachi) at an acceleration voltage of 5 kV. The acceleration
voltage was increased to 10 kV for the energy-dispersive X-ray
(EDX) measurements. Transmission electron microscopy (TEM)
was performed using a JEOL JEM-2100 instrument at 200 kV.
This journal is ª The Royal Society of Chemistry 2013
X-ray diffraction (XRD) experiments were carried out with a
D/max-2500 (Rigaku) instrumentusingCu-Ka radiation.Thermal
gravimetric analysis (TGA) was conducted on a TG/DTA 6300 (SII
Nano technology Inc., Japan) thermal analyzer at a heating rate of
10 �C min�1 under air. The thermal behavior of the lms was
further investigated via differential scanning calorimetry (DSC)
using aDSC6220 (SII NanoTechnology Inc., Japan) instrument at
a heating rate of 5 �C min�1 under N2. Atomic force microscope
(AFM) images were acquired using a Veeco Multimode VIII AFM.
Dynamic light scattering (DLS) was performed using a light-
scattering system (Dybapro NanoStar, Wyatt) at 25 �C at a scat-
tering angle of 90�. Themechanical properties were measured in
the tensile mode in a universal mechanical testing machine
(Shimadzu AGS-X, Japan). The tested rectangular strips were
about 50mm in length and 3mm inwidth. The distance between
the clampswas10mmandthe load speedwas0.5mmmin�1. The
exact cross-section widths and thicknesses were carefully deter-
mined by SEM. Light transmittance spectra of the lms were
measured using a Hitachi U-4100 UV-vis spectrophotometer.
Results and discussion

The preparation process rst involves preparation of a ne
colloidal dispersion containing discrete MMT nanoplatelets, as
proved by AFM and DLS (Fig. S1 and S2, ESI†).33–35 Then the
dispersion was mixed with a dilute PVA solution at various
ratios, followed by slow evaporation. To avoid the phase sepa-
ration during evaporation, the polymer should strongly interact
with MMT. Here, PVA was selected because a thin layer of PVA
molecules can be tightly adsorbed onto a MMT platelet surface
during mixing through hydrogen bond and covalent bond
formation.36 The modication prevented the MMT platelets
from being re-aggregated in the process of evaporation. The
resultant lms are visually uniform and glossy. High trans-
parency is basically maintained for MMT contents up to 70 wt%
(Fig. S3, ESI†).
Morphology structure of nanocomposites

The effect of MMT content on the microstructures of compos-
ites was examined by SEM, as shown in Fig. 1. For low MMT
concentrations, it can be observed that the MMT platelets are
homogeneously embedded into the PVA matrix without obvious
oriented arrangement (Fig. 1a). In contrast, a layered structure
like that of nacre appears when the MMT concentration
surpasses 30 wt% (Fig. 1b–f). The sheet-like layers are parallel to
the lm surface and interpenetrate into adjacent layers. This
phenomenon also appeared in biomimetic clay–polymer
composite lms made by LBL assembly.37 The state of disper-
sion of MMT in composites was further characterized by XRD
(Fig. S4, ESI†). The majority of MMT is exfoliated for low MMT
concentrations, while an intercalated layered structure is
formed when the MMT concentration is between 30 wt% and
70 wt%. However, the structure of composites with more than
70 wt% MMT is transformed to tactoids.

It is well known that nanoparticles tend to congregate in
nanocomposites with high ller content. Here, the distribution
Nanoscale, 2013, 5, 6356–6362 | 6357
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Fig. 1 SEM images of the cross-section. (a) 10 wt%MMT/PVA, (b) 30 wt%MMT/
PVA, (c) 50 wt% MMT/PVA, (d) 70 wt% MMT/PVA, (e) 90 wt% MMT/PVA, and (f)
100 wt% MMT film. These show that a well-defined layered structure can be
observed when the MMT loading is higher than 30 wt%.
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of MMT was characterized by EDX and TEM. The MMT/PVA
composite with loading of MMT up to 70 wt% was selected as
the sample and shows homogeneous micro-/nanostructure. The
full EDX spectrum of the cross-section exhibits the signals
originating from PVA (carbon and oxygen) and MMT (sodium,
magnesium, aluminium, silicon and oxygen) (Fig. 2b). The
corresponding element mapping indicates the uniform distri-
bution of MMT and PVA in the composite with such high
Fig. 2 (a) SEM image of the cross-section of a 70 wt% MMT/PVA composite. (b)
The corresponding full EDX spectrum with all elements of MMT and PVA. (c) The
TEM image showing the alternating hard and soft layers. (d) The grey scale
analysis of the section marked in (c), revealing that the average spacing of MMT
platelets is about 1.9 nm.

6358 | Nanoscale, 2013, 5, 6356–6362
nanoller loading (Fig. S5, ESI†). A TEM image reveals highly
aligned self-assemblies of alternating MMT nanoplatelets and
PVA layers, similar to the lms made by vacuum ltration
assembly (Fig. 2c).26 The grey scale analysis of TEM images
shows a densitometric prole (Fig. 2d).34,38 It reveals a gap of
MMT platelets in the range of 1.7–2.1 nm. This spacing is
consistent with the results from XRD.

The self-orientation of anisotropic nanoplatelets in polymers
during evaporation has been reported, including clay and gra-
phene.28,29,39–41 It appears that a layered structure can be formed
if the following requirements are met: (1) low viscosity of
dispersion, (2) high platelet/polymer ratio and (3) slow evapo-
ration rate. In our MMT/PVA system, the average aspect ratio of
MMT is about 93. For all composites, the low viscosity of initial
dispersion and slow evaporation at room temperature are
basically the same, while the MMT/PVA ratio varies from zero to
innity. Hence, the morphological structure change is primarily
ascribed to the difference of MMT/PVA ratios and can be
explained by dynamics and thermodynamics.40 For low ratio of
platelets to polymer, the slow dynamics of polymer chains
during evaporation traps MMT platelets apart, and thus they
remain exfoliated in the polymer matrix. The kinetic constraint
becomes weaker as the ratio of platelets to polymer increases. As
a result, for high MMT/polymer weight ratios, the excluded-
volume interactions between clay platelets induce the rear-
rangement into a layered structure for minimizing free energy
of the system.42
Interfacial interaction

The interfacial interaction and the inuence of MMT content on
the crystallinity of PVA were investigated by DSC (Fig. S6, ESI†).
Pure PVA shows a well-dened melting peak at �225.5 �C. For
composites, the melting peak signals sharply weaken with MMT
concentration and the degree of crystallinity shows a signicant
decrease (Table S1, ESI†). The sharp weakening is due to the
connement of polymer chains by MMT with enormous specic
Scheme 1 Proposed structural models of MMT/PVA nanocomposites prepared
by evaporation-induced assembly. (a) The composites with MMT weight fraction,
w, between 0 wt% and 30 wt% have a random structure. The crystallinity of PVA
decreases, accompanied by the increase of the constrained region. (b) The
composites with w between 30 wt% and 70 wt% have a nacre-like layered
structure. PVA is completely constrained by MMT platelets. (c) The structure of
composites with w between 70 wt% and 100 wt% is transformed to tactoids.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Tensile testing results of MMT/PVA nanocomposites as a function of MMT
content. (a) Representative stress–strain curves of MMT/PVA composites with
different weight fractions of MMT. (b–d) The effect of MMT volume fraction, f, on
Young's modulus, strength and strain at rupture. The volume fraction was
calculated by using the MMT weight fraction, w, and the densities of PVA and
MMT. According to the change of Young's modulus, strength and strain at break,

This journal is ª The Royal Society of Chemistry 2013
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ratio area (�700 m2 g�1).14,43 This implies strong interfacial
interaction and effective stiffening of the affected PVA. The
affected PVA forms an interphase zone. Moreover, the fraction
of interphase PVA increases with MMT content. When the MMT
content exceeds 30 wt%, the melting peak signal is completely
suppressed. This indicates that a critical platelet fraction exists
at which all of the polymer chains are affected and become
interfacial. If we take the disappearance of the melting peak as
the starting point when all of the PVA becomes interfacial, it can
be inferred that the critical platelet weight fraction is about 30
wt%. In addition, incorporation of MMT enhances thermal
stability of the polymer (Fig. S7, ESI†). The onset decomposition
temperature of composites increases with MMT content. A
considerable increase of 45 �C is found for a 60 wt% MMT/PVA
composite. The improvement of thermal stability may be due to
the constrained movement of polymer chains and reduced
permeability of the nanocomposites.44,45

According to the morphology structure and interfacial
interaction, the structural models of MMT/PVA nano-
composites are proposed, as shown in Scheme 1.
Mechanical properties

Besides the arrangement of MMT and crystallinity of the PVA
matrix, MMT content has a great effect on the mechanical
performance of composites. Typical stress–strain curves of
composites are presented in Fig. 3a. Pure PVA has an initial
elastic deformation followed by a large plastic deformation, with
a tensile strength of 39.4� 0.8MPa. The Young's modulus, yield
strength and strain at break are about 0.34 GPa, 22 MPa and
170%, respectively. Upon incorporation of MMT, a well-dened
yield point appears for 10 wt% and 20 wt% MMT/PVA compos-
ites. The yield strength enhances notably with the clay content.
When the clay content surpasses 30 wt%, the composites fail at
obviously lower strains. The strength is further improved, andno
yield and plastic deformation are observed. Conversely, the
strength abruptly falls as theMMTweight fraction is higher than
70wt%. For a pureMMTlm, no data could be obtained because
it was too brittle to be tensile tested.

Based on the above-mentioned structure and interface
analysis, we attempt to clarify the effect of the MMT content on
mechanical performance of composites in the round. The effect
can be quantied by the rate of increase of Young's modulus
and strength with the volume fraction of MMT. The weight
fraction of MMT is transformed into volume fraction, f (Table
S1, ESI†). The Young's modulus, strength and strain at rupture
as a function of MMT volume fraction are obtained, as shown in
Fig. 3b–d. In terms of the evolvement of Young's modulus,
strength and strain at break, the MMT volume fraction is
divided into three regions: 0–16 vol% (0–30 wt%), 16–51 vol%
(30–70 wt%) and 51–100 vol% (70–100 wt%).
the MMT volume fraction can be divided into three regions: 0–16 vol%, 16–51
vol%, and 51–100 vol%. The acclivitous dashed lines represent linear fits to the
corresponding volume fraction regime. The black-filled circles in (b) and (c)
represent the predicted Young's modulus from the Padawer–Beecher model and
the predicted strength from the shear lag model, respectively.

Nanoscale, 2013, 5, 6356–6362 | 6359
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Fig. 4 Strength vs. Young's modulus of our nacre-like MMT/PVA composites
compared with other layered clay/PVA composites.

Table 1 Comparison of preparation methods of biomimetic layered
nanocomposites

Assembly Advantages Disadvantages

LBL Fine control of structure Laborious, time-consuming
and hard to be scaled up

Doctor-blading Simple and fast Weak control of structure
Low performance

Filtration Can be scaled up Hard to regulate platelet
content

Evaporation Economical, simple Time-consuming
Easy to be scaled up and
regulate platelet content

High requirement for the
stability of the dispersion

High performance
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In the region of 0–16 vol%, the Young's modulus of
composites increases sharply and reaches a much larger extent
compared with conventionally lled polymer systems contain-
ing micron-sized llers.46,47 The rate of increase of the Young's
modulus with f, dY/df, reaches about 71 GPa (Fig. 3b). Only 4.7
vol% addition of MMT increases the Young's modulus by 12.3
times, compared with that of pure PVA. A comparison of the
results with those expected from the Padawer–Beecher model
shows that the experimental Young's modulus is much larger
than the theoretical prediction (see the ESI†).48 A possible
reason for larger Young's modulus than the theoretically pre-
dicted values is the MMT-induced PVA interfacial phase, which
has a much higher modulus than the bulk equivalent polymer
phase.49 Moreover, the fraction of the interphase PVA enhances
with MMT content. The similar interphase reinforcement
phenomenon for nanocomposites is rare but reported in other
literature.50,51 The strength also increases dramatically with f

and the ds/df reaches 679 MPa (Fig. 3c). Only 4.7 vol% addition
of MMT increases the yield strength by 2.8 times. Again, the
experimental values are larger than the theoretical predictions
from the shear lag model (see ESI†).52 Similar to the Young's
modulus, the dramatic enhancement of strength is ascribed to
both the increase of MMT platelet content and induced PVA
interfacial phase. As expected, the strain at break decreases with
f (Fig. 3d). The remnant of the bulk-like PVA phase proved by
DSC allows plastic deformations of the composites.

For the region of 16–51 vol%, the Young's modulus and
strength linearly increase with no deterioration as f increases,
due to the ordered layered structure. Differently, the depen-
dence of Young's modulus and strength on f is weaker,
compared with that in the region of 0–16 vol%. The dY/df and
ds/df are about 24.5 GPa and 235 MPa, respectively (Fig. 3b and
c). The MMT content surpasses the critical platelet fraction,
and all of the PVA chains in the composites are stiffened by clay
platelets. It can be considered that, as the MMT content
increases, the additional exfoliated MMT platelets are intro-
duced into the polymer region that has already been affected by
other MMT platelets. In other words, increasing clay content
does not change the fraction of the interphase polymer. Thus,
the rate of enhancement of Young's modulus and strength is
slower than that in the rst region. Surprisingly, the strength
and Young's modulus reach 219 � 19 MPa and 19.3 � 3 GPa,
respectively, at 51 vol% MMT. These values represent 5.5-fold
and 57-fold increase, respectively, compared to those of
pure PVA. The strength is larger than that of nacre (s ¼ 80–
135 MPa).8,53

Fig. 4 summarizes the mechanical properties of our layered
MMT/PVA composite and other reported layered clay/PVA
composites prepared by LBL, vacuum ltration and doctor-
blading assembly. It is evident that, besides superior modulus,
the strength outperforms other biomimetic layered clay/PVA
composites without crosslinks. The slow evaporation is a
spontaneous process and nally reaches a balanced state, which
has minimum free energy and is free of internal stress. This is
probably responsible for higher mechanical properties. The
comparison of the mechanical properties indicates that evapo-
ration-induced assembly is also an effective method to prepare
6360 | Nanoscale, 2013, 5, 6356–6362
nacre-inspired layered nanocomposites with high performance.
Comparison of preparation methods of nacre-inspired layered
nanocomposites is shown in Table 1. Although it can precisely
control over a layered structure, LBL assembly is laborious,
time-consuming and hard to be scaled up. Because of the loss of
the polymer during ltration, vacuum ltration assembly
cannot exactly control the content of clay platelets.25 The doctor-
blading assembly is simple and fast, but the mechanical prop-
erties of the obtained composite are inferior, due to the weak
control over the layered structure.36 Comparatively, the evapo-
ration-induced assembly method is simple, economic, easy to
be scaled up and suitable for fabrication of a large-area sample.
Furthermore, the content of clay platelets can be simply regu-
lated. It is noted that the dispersion has to be highly stable.
Although long, time consumption is probably reduced by suit-
ably increasing the concentration of dispersion and evaporation
temperature.

As for deformation ability in the region of 16–51 vol%, the
complete absence of the bulk-like PVA phase makes the
composites brittle and nally, only two percentiles of ultimate
strain are displayed (Fig. 3d). It should be point out that,
although containing extremely high ller content, nacre still
displays a plastic deformation accompanied by hardening aer
This journal is ª The Royal Society of Chemistry 2013
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yield.54 The plastic deformation of nacre was explained by wide
slide of inorganic platelets over a large volume, which was
believed to be controlled by aragonite bridges, nanoasperities,
waviness of aragonite platelets and the stretching of an inter-
facial coiled biopolymer.55 It is implied that, although effective
for high modulus and strength, the simple layered structure is
insufficient for excellent toughness.

In the region of 51–100 vol%, the strength and Young's
modulus of composites turn to decrease with f (Fig. 3b and c). It
was reported thatMMTplatelets,whichare only 1nmin thickness,
could directly absorb about 0.5 nm-thick polymer layers on each
side, resulting in 50 vol% MMT/polymer nanocomposites.36,56

Hence, for our system with more than 51 vol% MMT, it can be
reasonably inferred that partial MMT platelets were not covered
withPVAduringmixing,due to the insufficiencyofPVA.Asa result,
agglomerated tactoidswere formed in theprocess of drying. This is
conrmed by XRD in Fig. S4.† The restack tactoids lead to the
degraded mechanical properties. These imply that a highest
loading of MMT exists at which all nanoplatelets are just covered
with one thin polymer layer. Obviously, the highest loading is
limited by the thickness of nanoplatelets.
Conclusions

In summary, MMT/PVA nanocomposites with a full composi-
tion range of clay (0–100 wt%) were prepared by very simple
evaporation-induced assembly. Low-loading additions (0–30
wt%) of MMT generate random structure and marked
enhancement of mechanical properties that go beyond the
expectation from the conventional composite theory, due to the
unique interphase reinforcement mechanism. For high-loading
additions (30–70 wt%), the random structure is transformed
to a nacre-like layered structure, corresponding to further
improvements of strength and Young's modulus in the form of
a relatively slow rate. A highest clay content of 70 wt% limited by
the nanoplatelet thickness exists, at which the Young's modulus
and strength of the composite reach 19.3 � 3 GPa and 219 � 19
MPa, respectively. They are 57 times and 5.5 times those of pure
PVA and partly surpass those of nacre. When clay loading
exceeds the highest value, the nacre-like layered structure is
transformed to tactoids, which inevitably lower the perfor-
mance. The facile fabrication process and thorough elucidation
of the relationship of structure and performance with nano-
platelet content would promote the development of biomimetic
layered nanocomposites. Further direction for developing high-
loading platelet-reinforced polymer composites should include
the increase of extensibility. Due to complete restriction of a
nanometer-thick polymer layer in between parallel platelets,
nacre-like molecule-level toughening by stretching of coiled
macromolecule chains is not available. Based on the layered
structure, mimicking nacre's other toughening mechanisms
may be possible.
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