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Abstract

Transparent Laponite RD/Hydroxyethyl cellulose (LRD/HEC) nanocomposite films with a
full composition range of LRD (0-100 wt%) were fabricated via facile vacuum filtration process.
The influence of LRD content on the nanostructure and mechanical properties of the
nanocomposites was systematically investigated, where exists two critical points at LRD contents
of 40 wt% and 70 wt%. In the range of 0-40 wt%, the nanocomposites showed a blurry oriented
structure and the mechanical performance of the nanocomposites was improved dramatically with
the increase of LRD content. In the range of 40-70 wt%, the nanocomposites showed a clearly
oriented lamellar nanostructure with alternating LRD nanoplatelets and HEC layers. The
mechanical properties of nanocomposites was further enhanced at a relatively low rate with the
increase of LRD content and reached a maximum value at a LRD content of 70 wt%. At this
optimum LRD content, the nanocomposites possessed a Young’s modulus of 7.09 GPa and a
tensile strength of 126.66 MPa, which were 43 times and 5.5 times higher than those of pure
HEC films, respectively. Whereas for LRD content was higher than 70%, the lamellar
nanostructure was turned to tactoids and deteriorated mechanical properties. It is expected that
the results here can offer comprehensive understanding for fabricating bioinspired multilayered

nanocomposites.

Keywords: Bioinspired nanocomposites, Laponite, Hydroxyethyl cellulose, Nanostructure,

Mechanical properties
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1. Introduction

The demand for high-performance, efficient, lightweight materials in transportation,
biomedical implant, and defense sector industry is growing at a fast pace. This trend makes a
challenge for innovative engineering design to combine the exceptional strength with high
toughness. However, the two properties tend to be mutually exclusive, and improving the strength
is usually achieved by compromising the toughness, which is not desired for high-performance
materials.'” Natural composites provide excellent examples of light-weight, strong, stiff, and
tough materials like nacre, crustacean cuticles and bone. Such biocomposites exhibit a
brick-and-mortar architecture in which large fractions of hard inorganic nanoplatelets are coated
with a thin soft organic layer and ordered in hierarchical arrangement. The hard inorganic
nanoplatelets provide strength, while the soft organic layer dissipates viscoplastic deformation
energy thus providing a high toughness to the biocomposites.4’ >

In the fabrication of bioinspired nanocomposites, biodegradable polymers such as chitosan,®
carboxymethyl cellulose ' and polyvinyl alcohol %9 have been widely used as organic polymer
matrices. Hydroxyethyl cellulose (HEC) is an amorphous cellulose derivative with high strength
and toughness. Due to its renewable, environmentally friendly and nontoxic properties, HEC
often used as wound dressing and thickening agent. The high molecular weight and plenty of
hydroxyl groups on the surface of HEC promote the formation of hydrogen bonds between HEC
and other constituent easily. For example, Sehaqui prepared stretchable HEC-coated
cellulose/clay nanocomposites with high strength and toughness, and HEC/clay nanocomposites

with high toughness, thermal, and barrier performance. *'*'2

3

Moreover, inorganic nanoplatelets
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.15 graphene16 and layered double hydroxides (LDHs)

such as AlLO; platelets,3 namotube,13 clay,
7 have been widely used to fabricate the bioinspired nanocomposites. Laponite a synthetic clay
material made from natural minerals and it has 2:1 phyllosilicate structure with an empirical
formula: Nag;" [(SigMgssLigs) Oz (OH) 4]0'7. It has interesting features such as natural
abundance, high aspect ratio and fine established intercalation chemistry.14 The addition of
Laponite in polymers leads to nanocomposites exhibiting enhancements in strength, modulus and
thermal properties, while retaining a high degree of optical tramsparency.18

Mimicking the hierarchical structure has been achieved by several strategies, including

18-20

Layer-by-Layer deposition (LBL),* vacuum filtration alssembly,ﬂ'24 doctor blading

25, 26
> and

technique,” air-water interface assembly technique,3’ 7 freeze casting assembly,
evaporation process.g’9 LBL has been widely used to assemble oppositely charged inorganic and
organic components into thin films with hierarchical structure. Although LBL technique can
make a fine control of the layered structure, while it is time-consuming, laborious, and hard to be
scaled up.27 Air-water interface assembly technique is similar to LBL, it is time-consuming but
has a fine control of hierarchical structure.'” Freeze casting is a three-step method where a
hierarchical template of the inorganic nanoplatelets is formed by single-track freezing of the
suspension, followed by sublimation and template-filling with the organic component.25
Doctor-blading technique is simple and fast, but it is difficult to control the structure of the
composites, then the nanocomposites often have poor mechanical performamce.9 Evaporation

process is economical and simple, but it is still time-consuming and has a high requirement for

the stability of the dis ersion.8 Compared with the above fabrication methods, the vacuum
y P p
4
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filtration assembly is promising as it is energy-efficient, environmentally friendly, economic and
is ready for scale-up via continuous processes.28 Composites of trimethylammonium-modified
nanofibrillated cellulose and layered silicates were prepared by vacuum filtration. The
composites had an oriented structure and great barrier and mechanical performalnce.29 Putz”
fabricated graphene oxide—polymer nanocomposites by vacuum filtration and the tensile strength
was up to 148 MPa. Liu®! prepared clay-nanocellulose paper by vacuum filtration and the
nanopaper showed potential in the application of package industry.

It has been reported that the volume fraction of the inorganic nanoplatelets significantly
dominates the performance of nanocomposites.19 The low-volume addition (1-10%) of

nanoplatelets often leads to significant mechanical properties enhancement.”**

Theoretically, the
mechanical properties can be further enhanced by increasing the volume of nanoplatelets.
However, high-volume additions of nanoplatelets often lead to structural inhomogeneities and
reduced performance. Therefore, the deficiency in the properties of the nanocomposites is largely
related to the difficulty of obtaining well-dispersed large volume fractions of the reinforcing
nanoplatelets and a lack of structural control. In the present study, we study the preparation of
multilayered Laponite RD (LRD)/ hydroxyethyl cellulose (HEC) nanocomposites via vacuum
filtration assembly technique. The LRD content in the nanocomposites is tailored between a
0-100 wt% full range, and the effect of LRD content on the structure and mechanical properties

of the nancomposites is systematically investigated. It is expected that the results here would

shed some insight into developing bioinspired layered nanocomposites for practical applications.
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2. Experimental
2.1. Materials

Hydroxyethyl cellulose (HEC) with a viscosity of 4500 ~ 6500 mPa-s (2 wt% in water at 25 °C)
was purchased from Sigma Aldrich. Laponite RD (LRD) was purchased from Rockwood and the
average diameter and height of the nanoplatelets are about 50 + 10 nm and 1.5 + 0.2 nm as

described by the manufacturer. Milli-Q water was used for all experiments.

2.2. Preparation of LRD/HEC Nanocomposite Films

A 0.5 wt% LRD dispersion was prepared by dispersing LRD (5 g) in water (1 L) under
vigorous stirring followed by removal of unexfoliated LRD by gravitation. After gravitation, the
supernatant solution was weighed, dried and reweighed to determine LRD mass concentration.
The concentration of the fine LRD suspension was typically 0.45 wt%. HEC (5 g) powder was
dissolved in water (1 L) at 80 °C under mild stirring to form an aqueous solution. HEC/LRD
nanocomposite films with 10-100 wt% LRD were prepared as follows. A desired amount of the
HEC solution was gradually added to the above LRD solution to obtain mixture dispersions with
weight ratios of LRD to HEC from 1:9 to 9:1, named as L10/H90, L20/H80, L30/H70, L40/H60,
L50/H50, L60/H40, L70/H30, L80/H20, L90/H10, respectively.

The mixed dispersion was continually stirred for 4 h and then was further dispersed for 30 min
by ultrasonication (Ningbo Xinzhi JY99-IIDN Probe 25 mm) at 500W to maximize polymer
adsorption and ensure fine dispersion of the stabilized LRD nanoplatelets. The HEC molecules

are very easily coated onto the exfoliated LRD nanoplatelets to yield the HEC-coated LRD
6
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building blocks by strong electrostatic and hydrogen-bonding interactions. When the LRD/HEC
suspension is first filtered through a filtration paper, only little of the HEC chains initially pass
through; however, this process is quickly hindered by the deposition of the HEC-coated LRD
building blocks, which can be aligned to a layered microstructure by vacuum filtration induced
self-assembly because of the role that the orientation of the nanoplatelets and linking of the HEC
play. The filtration time ranged from 20 to 60 min, depending on the thickness of the final films
and the content of LRD. After filtration, the wet films were dried at room temperature for 48 h
and then the nanocomposite films were obtained by dissolving the cellulose acetate filtration
paper in acetone. As reference, pure HEC films were prepared by casting a 0.5 wt% aqueous

solution of HEC into a petri dish and allowing water to evaporate at room temperature for 48 h.

2.3. Characterization

Atomic force microscope (AFM) images were acquired using a SPM-9500J3 AFM. A freshly
cleaved mica slide was used as the substrate for the AFM measurement and one drop of the
solution of sample was dropped on the substrate and dried naturally for the AFM characterization.
Transmission electron microscopy (TEM) was performed on a JEOL JEM-3200FSC Cryo-TEM,
operating at liquid nitrogen temperature. The images were taken in bright field mode and using
zero loss energy filtering with the slit of 20 eV. Tensile fractured specimens were used for SEM
observation and these were first dried in a desiccator overnight. Then the cross sections of the
nanocomposite films were observed with a JEOL JSM-7500 scanning electron microscope after

sputter-coating a thin gold layer. XRD patterns of nanocomposites films and pure LRD powder
7
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were recorded by a D8-Advance X-ray Diffraction Analyzer at room temperature. The Cu Ka
radiation source was operated with a tension of 40 kV and a current of 35 mA (A =1.5406A).
Patterns were recorded by monitoring diffractions from 3° to 25°. An increment step of 0.05° and
a rate of 1 step per 5 seconds were used. Fourier transform infrared spectroscopy (FTIR) was
performed on an infrared spectrophotometer (Nicolet iN10-MX, ThermoScientific). The light
transmittance of the films was measured by a UV2300 spectroscopy.

Static tensile mechanical properties of nanocomposite films and reference HEC films were
performed using a Zwick-Z005 Tester with a load cell of 500 N at room temperature. The
rectangular specimen strips were about 40 mm in length, and 5 mm in width. The distance
between the clamps was 15 mm and the load speed was 0.1 mm min™, five specimens were tested
for each sample. Young’s modulus was determined from the slope of initial low strain region.
Toughness was calculated as the area under the stress-strain curves. Thermogravimetric Analysis
(TGA) was conducted to evaluate the thermal properties of nanocomposite films and this was
performed on a Shimadzu DTG-60 thermal analyser from 40 to 800 °C with a heating rate of
20 °C min™ under nitrogen atmosphere with a flow rate of 50 mL min™. The density of the
nanocomposite films (p) was determined from their volume and weight, the volume is taken as
the arithmetic product of the thickness and the surface area of the films. The thickness was
measured using a film gauge with an accuracy of 1 um. Then the porosity of the nanocomposites
was calculated from their density by taking 625 and 1000 kg m” (provided by the manufacturer)

as density for HEC and LRD, respectively, using eq.1.
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Je)
Wirp s Wypey -1
(PLRD PHECJ (1)

porosity =1 —

Volume fraction of LRD was calculated using eq. 2.

PHECWLRD
PLrRDWHEC t PHECWLRD 2)

/LRD =

V and W refer to LRD volume and weight fraction, respectively.

3. Results and discussion
3.1. Structure of the nanocomposite films

The LRD nanoplatelets were exfoliated by mechanical stirring and the unexfoliated LRD was
removed by gravitation. Fig. 1 illustrates that the aqueous suspension of LRD is transparent and
stable, without virtually no precipitation of LRD aggregates even after a week. The HEC-coated
LRD hybrid building blocks were prepared by mixing an aqueous suspension of exfoliated LRD
nanoplatelets and an aqueous suspension of HEC. The resulting mixture suspension was stirred
for 4 h and then was further dispersed for 30 min by ultrasonication to allow the HEC molecules
to fully adsorb onto the surface of the LRD nanoplatelets. Fig. 1 shows that the hazy LRD/HEC
mixed suspension is very stable, even after a week.

The LRD colloidal suspension and LRD/HEC mixed dispersions was examined by AFM and
TEM, as shown in Fig. 2. The individual nanoplatelet with average diameter about 60 nm is
observed in Fig. 2(a), indicating the complete exfoliation of LRD. According to Fig. 2(b), the
HEC polymer chains are adsorbed onto the LRD nanaplatelets surface and the HEC-coated LRD

nanoplatelets tend to form a ‘shell’ on the substrate due to the adsorption of HEC. Further
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188  observation at higher magnifications (Fig. 2(b), inset) indicates that LRD nanoplatelets are
189 embedded in the matrix homogeneously with the surrounding HEC. Since there are a large
190  amount of hydroxyl groups on the surface of HEC and numerous oxygen functional groups on
191  the basal planes and edges of the LRD nanoplatelets,3 ? it leads to the formation of rich hydrogen
192  bonding between HEC and LRD. Moreover, the vacuum filtration process would increase the
193  extent of hydrogen bonding between HEC and LRD and form a strong interfacial attachment for
194  stress transfer.”> ** As hydrogen bonding only occur over a short distance (<3 A™), specific
195  orientation of the HEC-coated LRD building blocks is required for their formation and the
196  vacuum filtration process could promote the oriented alignment of the HEC-coated LRD building
197  blocks.

198 The optical photographs and light transmittance of the nanocomposite films are presented in
199  Fig. 3, and the results show that the films are apparent, flat and smooth, similarly to the films

200  prepared by other system.'®?!

Pure HEC film has light transmittance of 92% at 600 nm and the
201 LRD/HEC nanocomposite films show high light transmittance of 60%-85% as the LRD content
202 less than 70 wt % (Fig. 3(b)). The high light transmittances of the LRD/HEC nanocomposite
203 films reveal that LRD nanoplatelets, which have much smaller dimensions than optical
204  wavelengths, are mostly dispersed as individual nanoplatelet in the HEC matrix without
205  significant aggregation, although small nanoplatelet agglomerates may also be present. However,
206  as LRD content exceeds 70 wt%, the films exhibit notably lower transmittances, probably due to

207  the LRD aggregation in the matrix.

208 Fig. 4 shows the morphology of cross-section of the fractured samples. For low LRD content
10
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(Fig. 4(a) (b)), the cross-section of the nanocomposites does not clearly show the layered
struction, because the HEC is wrapped in the LRD nanoplatelets. In contrast, when the LRD
content surpasses 40 wt% (Fig. 4(c) (d)), a desired hierarchical structure throughout the thickness
of the film like that of nacre appears where each layer is parallel to the film surface and
interpenetrates into neighboring layers. Such laminated structure also appeared in other
biomimetic inorganic-organic nanocomposites prepared by other fabrication system.3 637 When
the LRD content surpasses 70 wt% (Fig. 4(e) (f)), HEC is insufficient to cover all the LRD
nanoplatelets and the LRD nanoplatelets aggregate to tactoids.

Diffractograms and d-space values for pure LRD and the nanocomposite films are shown in
Fig. 5. The pure LRD has a reflection peak at 9.3° corresponding to a d o lattice spacing of 0.98
nm. The addition of HEC shifts the peaks to a lower angle indicating the intercalation of HEC
between LRD galleries. The d-space values for HEC/LRD nanocomposites with 10-30 wt% HEC
are about 1.06-1.22 nm which means the galleries distance nearly unchanged compared with that
of the pure LRD, suggesting that most HEC molecules only adsorb on the edges of LRD
nanoplatelets by hydrogen bonding. Moreover, the nanocomposites with 10-30 wt% HEC exhibit
a broad peak and partly overlap the peak of pure LRD, indicating that partial LRD nanoplatelets
are re-aggregated and form tactoids, probably because the amount of HEC is too small to cover
all the LRD nanoplatelets. As HEC contents range from 40 wt% to 60 wt%, the d-space values
increase to 1.43-1.81 nm which is ascribed to the intercalation of HEC molecules in galleries
between individual LRD nanoplatelets. The d-space values increase with increasing HEC content,

suggesting the desired control of the layered structure of the nanocomposites. No apparent peaks
11
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230 s detected as HEC content surpasses 60 wt% revealing the complete exfoliation of LRD.

231 3.2. Interactions between HEC and LRD

232 FTIR spectroscopy was used to examine the interactions between HEC and LRD. Fig. 6 shows
233 the FTIR spectra of HEC, LRD and nanocomposite films with different LRD content. The
234  frequency of vibrational bands at 3410 cm™ and 3480 cm™ correspond to hydroxyl groups in
235 LRD and HEC, respectively. For L40/H60, L50/H50 and L70/H30 nanocomposite films, the
236 intensity of hydroxyl groups is weakened and shifted toward lower frequency value (3380 cm™)
237  compared with that of pure HEC. This is ascribed to the adsorption of HEC on the LRD
238  nanoplatelets and the formation of hydrogen bonding between the LRD and HEC, which
239  decreases the extent of intermolecular hydrogen bonding in HEC. This result is in agreement with
240  the TEM micrograph that the HEC is adsorbed on the LRD nanoplatelets. Besides, the frequency
241  of vibrational bonds at 1050 cm™ and 995 cm™ are assigned to C-O-C bonds in HEC and Si-O
242 bonds in LRD, respectively. For nanocomposite films, the addition of LRD shifts the frequency
243 of C-O-C bonds toward lower frequency value and this indicates the incorporation of HEC and
244  LRD. Nevertheless, no peaks at 839 cm’ are observed suggesting the absence of Al-O-C bonds,
245  and this may account for the lower mechanical properties of our nanocomposites compared to
246 other clay/PVA nanocomposites.g’ ?
247

248  3.3. Mechanical properties

249 The mechanical properties of the nanocomposite films were measured by tensile measurements.

250  Fig. 7 shows the stress-strain curves of the nanocomposites, and the tensile properties at different
12
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LRD content are summarized in Table 1. Pure HEC film has an initial elastic deformation (¢ <
6%) followed by a large plastic deformation (6% < ¢ < 115%), with a tensile strength of 23.62
MPa. The Young’s modulus, yield strength and strain at fracture are about 0.16 GPa, 8 MPa, and
115%, respectively. For nanocomposites with 10 wt% - 30 wt% LRD content (Figure 7(a)), the
stress-strain curves exhibit an obvious yield point, and the yield strength, Young’s modulus and
ultimate strength are enhanced remarkably with the increasing of LRD content. For
nanocomposites with 40 wt% - 70 wt% LRD content (Fig. 7(b)), the yield point disappears and
the Young’s modulus and ultimate strength are further improved along with a dramatic decrease
in strain at fracture values. The Young’s modulus and ultimate tensile strength of the
nanocomposite reach maximum values at a LRD content of 70 wt%. At this optimal LRD content,
the nanocomposites possess a Young’s modulus of 7.09 GPa and a ultimate tensile strength of
126.66 MPa, which are 43 times and 5.5 times higher than those of pure HEC films, respectively.
However, the Young’s modulus and strength of the nanocomposite are significantly reduced as
the LRD content is higher than 70 wt %. There is no data about pure LRD film and L10/H90
nanocomposite films because they are too brittle for measurement.

Fig. 8 (a-c) show the Young’s modulus, ultimate tensile strength and strain at fracture values of
the LRD/HEC nanocomposites at different LRD content. The effect of the LRD content on the
mechanical properties of nanocomposite films can be quantified by the rate of increase of
Young’s modulus (E) and strength (o) with the weight fraction of LRD (¢). According to
evolvement of the Young’s modulus, strength and strain at fracture, the LRD weight fraction

could be divided into three regions: 0-40 wt%, 40-70 wt%, and 70-100 wt%. For the region of
13
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272 0-40 wt%, the Young’s modulus and strength of nanocomposite films increase sharply and
273 achieve a much larger extent compared with conventionally polymer systems enhanced by
274  micron-sized fillers.”™® The rate of increase of the Young’s modulus and strength with ¢, dE/dg
275 and do/dg reach about 11.25 GPa and 265 MPa, respectively. In the region of 40-70 wt%, the
276 Young’s modulus and strength further increase as LRD content increases. However, compared
277  with the first region, the rate of increase of the Young’s modulus and strength is lower. dE/dg and
278  da/dg are about 8.33 GPa and 66.67 MPa, respectively. Whereas in the region of 70-100 wt%, the
279  Young’s modulus and strength of the nanocomposite films turn to reduce with the increase of the
280  LRD content. For all the three regions, the strain at fracture values decrease dramatically with the
281  increase of LRD content.

282 Fig. 8 (d) summarizes the mechanical properties of our layered LRD/HEC nanocomposites and
283  other reported layered clay/polymer nanocomposites prepared by vacuum filtration without
284  crosslinks. The Young’s modulus and strength data of the nanocomposite containing 70 wt%
285 LRD content are comparable to date for cellulose nanofiberssMTM nanocomposite,’
286  chitosan/MTM hybrids,22 CMC/MTM nanocomposits ¥ and PVA/Laponite multilayer films,”’
287  while they are lower than cellulose nanofibers/PVA/MTM films,8 PVA/MTM hybrids ° and
288 PVA/LDH nanocomposites.27 Nevertheless, our strain at fracture value is higher than any other
289  multilayered nanocomposites with similar inorganic content (usually below 2%). Even with a
290 tough cellulose nanofiber matrix, the nanocomposites strain at fracture value is still around 29%.%
291 The high ductility could be explained by the porosity in the nanocomposite films. For example,

292 the films with 70 wt% LRD content have a density of 664 kg m™, and this indicates about 18%
14
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porosity in the films as non-porous films would have a density of 810 kg m™ (eq.1-2). The
density and porosity of the nanocomposites are present in Table S1 in the supporting information.
The pores present in the interface of the HEC-rich and LRD-rich regions are beneficial for a
higher ductility of the films as they offer large room for HEC chains rearrangements.*’ Thus, our
nanocomposite films possess both exceptional ductility and toughness (the area under

stress-strain curve) at a relatively high clay content.

3.4. Thermogravimetric Analysis

Thermal degradation of the nanocomposites has been evaluated by thermogravimetric analysis
(TGA). The typical thermograms for pure HEC and LRD/HEC nanocomposites are presented in
Fig. 9. Pure HEC film has an onset degradation temperature of 250 °C and the degradation rate is
very fast. With the addition of LRD, the onset degradation temperature for the nanocomposites is
delayed to 300 °C and the degradation rate is dramatically decreased. Enhancement of thermal
degradation behavior of the nanocomposite films with respect to the pure polymer also has been

reported in other articles.” 3

The main reason for the enhanced thermal properties is that the LRD
nanoplatelets form continuous protective solid layers, and the adsorbed HEC polymer chains on
LRD nanoplatelets surface leads to a dense structure of the nanocomposite films, thus the oxygen

diffusion rate is reduced and the oxidation kinetics becomes lower. Moreover, silicate layer char

and fusion formation of HEC also contribute to the better thermal properties.

3.5. Networks of LRD/HEC nanocomposites
15
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314 Taken together, a schematic illustration of the proposed nanocomposites network structure is
315  presented in Scheme 1. The nanocomposites with LRD weight fraction range of 0 wt% and 40 wt%
316 have a blurry oriented structure (Scheme 1 (a)) because of the excess HEC. In this range,
317  increasing the content of LRD nanoplatelets within the matrix leads to a significant increase of
318  Young’s modulus and strength along with a dramatic decrease in strain at fracture value. The high
319 increase rate of Young’s modulus and strength (dE/dp = 11.25 GPa, do/de = 265 MPa) could be
320  ascribed to the LRD-induced HEC interfacial phase, which has a higher modulus and strength
321  than that of bulk HEC phase, and the fraction of the LRD-induced HEC interfacial phase
322  increases with increasing LRD content ! The nancomposites with LRD weight fraction between
323 40 wt% and 70 wt% have a multilayered structure (Scheme 1 (b)). HEC chains are completely
324  constrained by LRD nanoplatelets and this leads to the lower increase rate of Young’s modulus
325 and strength (dE/dp = 8.33 GPa, do/dp = 66.67 MPa). When the LRD content surpasses the
326  critical nanoplatelet fraction (40 wt%), most of the HEC chains in the nanocomposites are
327  stiffened by the LRD nanoplatelets. It can be considered that as the LRD content further increases,
328  the additional exfoliated LRD nanoplatelets are induced into the HEC region which has been
329  affected by other LRD nanoplatelets. In other words, increasing LRD content does not change the
330 fraction of the interphase polymer.9

331 With further increasing of LRD content, the multilayered structure of nanocomposites with
332 LRD weight fraction between 70 wt% and 100 wt% is transformed to aggregation (Scheme 1 (c)).

333  The total amount of HEC is insufficient to completely intercalate all LRD nanoplatelets and HEC

334  is not present as a continuous layer. In this case, the lack of HEC leads the LRD nanoplatelets to
16
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form aggregation, which inevitably deteriorate the mechanical properties of the nanocomposites.
The analysis above demonstrates that the appropriate content of the two constituents and the
interfacial bonding between the two constituents play important role on the load transfer
efficiency from ductile polymer to the hard inorganic phase. High volume of inorganic
nanoplatelets in the nanocomposites would damage the layered structure and reduce the
mechanical properties of the nanocomposites. Therefore, it is still a challenge to control the
structure of nanocomposites with high volume of inorganic nanoplatelets and systematically

understand the mechanical interactions of the two constituents at the nanoscale.

4. Conclusion

Vacuum filtration technique was used to assemble LRD nanoplatelets and HEC into films with
a full composition range of LRD (0-100 wt%). Low-volume additions (0-40 wt%) of LRD
generate a blurry oriented structure and significant improvement of mechanical properties, due to
the unique interphase reinforcement mechanism. For high-volume additions (40-70 wt%), the
random structure is turned into a multilayered structure, and the mechanical properties is further
increased at a relatively slow rate. At a critical LRD nanoplatelets content of 70 wt%, the Young’s
modulus and strength reach 7.09 GPa, 126.66 MPa, respectively, which are 43 times and 5.5
times those of pure HEC films. The strain at fracture value is 3.16%, which is higher than other
nacre-like layered nanocomposites with similar inorganic content. For the LRD nanoplatelets
exceeds 70 wt%, the LRD nanoplatelets aggregate and the aggregation would reduce the

mechanical performance of the nanocomposites. The analysis of the relationship between

17
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inorganic content with the structure and mechanical performance of the nanocomposites would
deepen the understanding of the structure of bioinspired layered nanocomposites. Furthermore,
the scalable and green preparation route, combined with high mechanical, thermal, and optical
performance of the prepared nanocomposite films may promote their practical applications in

packaging, transportation, construction, and insulation industry.
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LRD nanoplatelets deposited on mica. (b)

Transmission electron microscopy image of HEC-coated LRD nanoplatelets, suggesting the

dramatic exfoliation and homogeneous dispersion of LRD in the matrix.
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446  Fig. 3 (a) Photograph and (b) light transmittances of LRD/HEC nanocomposite films with
447  different LRD content. The thickness of the films are about 20-30 um.
448

449

450

451  Fig. 4 SEM images of the cross-section LRD/HEC nanocomposite films: (a) L10/H90 (b)
452  L30/H70 (c) L50/H50 (d) L70/H30 (e) L80/H20 (f) L90/H10.
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455  Fig. 5 (a) X-ray diffractograms for pure LRD and LRD/HEC films. (b) d-space values for

456  LRD/HEC films as a function of HEC content.
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459  Fig. 6 FTIR spectra ranging from 4000 to 2500 cm™ (a) and from 2000 to 700 cm™ (b) for LRD,
460 HEC and LRD/HEC films.
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463  Fig. 7 Stress-strain curves of LRD/HEC nanocomposites with different weigh fraction of LRD. (a)
464 0 wt%-30 wt%. (b) 40 wt%-80 wt%.
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Fig. 8 The effect of LRD content on (a) Young’s modulus, (b) strength, and (c) strain at fracture.

(d) Toughness vs. strength of our LRD/HEC nanocomposites compared with other layered

clay/polymer nanocomposites.
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479  Fig. 9 TGA curves for LRD/HEC nanocomposite films with different LRD contents.
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483  Scheme 1 Proposed structural models of LRD/HEC nanocomposites prepared by vacuum
484  filtration process. (a) Nanocomposites with LRD weight fraction between 0-40 wt%. (b)
485

Nanocomposites with LRD weight fraction between 40-70 wt%. (c) Nanocomposites with LRD
486  weight fraction between 70-100 wt%.
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Table 1

LRD content and the tensile mechanical properties of LRD/HEC naocomposites.

RSC Advances

Sample  Wype/Wirp  Vuec/Virp LRD content by Modulus Strength Strain at
TGA (wt%) (GPa) (MPa) fracture (%)

HEC 100/0 100/0 0 0.16£0.04 2298+2.25 115.18£5.50
L10/H90 90/10 93/7 11.2 1.25+£0.21 4252+3.14 7928 +4.31
L20/H80 80720 86/14 20.5 235035 64.75+4.51 4572 +3.35
L30/H70 70/30 79/21 36.3 344+£040 84.23+4.25 34.70 £3.08
L40/H60 60/40 70/30 41.5 4.67+044 106.21 £3.74 3.83 £0.56
L50/H50 50/50 61/39 51.9 545+£0.51 111.18+4.73 3.55+0.45
L60/H40 40/60 51/49 64.2 6.25+0.55 120.74 £4.39 343 +0.35
L70/H30 30/70 40/60 71.3 7.09 £0.53 126.66 £4.55 3.16 £0.32
L80/H20 20/80 29/71 81.2 4.15+£0.69 86.08 +3.78 1.36 £0.29
L90/H10 10/90 15/85 86.3 - - -

LRD 0/100 0/100 - - - -

W and V refer to weight and volume fraction.
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