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ABSTRACT

Polymer nano-composites represent a radical alternative to conventionally filled polymers. The
science involves the addition of specially treated nano-scale clay particles, such as
montmorillonite, to a variety of plastics to produce significantly improved properties.
Understanding the structure-properties relationships is crucial for the successful development
of new nano-composite materials. A brief review of polymer nano-composite materials, their
applications and associated modelling work has been carried out. An assessment of the
reported test methods, including NPL’s preliminary resuits from a pilot study of nylon 6 / clay
nano-composite material, is presented.
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1. INTRODUCTION

The reinforcement of polymers using fillers is common in the production and processing of polymers.
The use of nano-scale fillers to augment the properties of polymers has led to the development of
polymer nano-composites and has provided a radical alternative to conventional polymer composites.
Significant interest was generated by the development of nylon 6 layered silicate nano-composites (with
as little as 2 vol%) with considerable improvements in tensile strength and heat distortion temperature
without any significant loss of impact strength. The recent interest in extending these achievements to
layered silicate-based polyolefins [1-130] and thermoset [131-145] nano-composite systems as well as
the development of a range of chemically and physically distinct nano-scale fillers has called for a
fundamental understanding of polymer nano-composites. An improved knowledge of the properties may
be possible by utilizing new techniques and expertise developed in conventional filled polymer
composites. Interest in new nano-scale fillers, syntheses approaches, processing techniques,
morphological characterisation, structure-property relationships as well as rheology, thermophysical
and physics of nanoscopically confined polymers is rapidly growing in Europe and elsewhere [1-24].

Nano-structured and nano-composite materials are expected to be major areas of growth in the UK.
economy in the next 20 years [11]. Currently the world nano-materials market is growing at the rate of
7-15% in various sectors [5, 6]. It is estimated that the market for polymer nano-composites will grow
strongly over the next ten years to reach 600,000 tonnes by the end of 2010. The bulk of research has
been split between Japan and the USA, with European groups entering the picture more recently (Tables
1 and 2). More than 70 organisations around the world are currently estimated to be working in the field
and opportunities are still considered to be abundant. Major sources of funding and opportunities for
collaboration are available from the European Commission (Framework VI), UK Basic Technology
(DTI), Foresight (EPSRC), Cambridge and Oxford IRCs and the DTI “Studio” projects.

2. MATERIALS

Polymeric nano-composites are commonly based on intercalated or exfoliated layered clays that exhibit
improved properties when compared to their bulk polymer constituents and conventional macro-
composite counterparts (Figs. 1 and 2). The nano-particles have at least one characteristic length scale
that is of the order of nano-meters and can range from essentially isotropic to highly anisotropic needle-
like to sheet-like elements. Uniform dispersion leads to ultra-large interfacial area and nano-scopic
dimensions between the constituents, which differentiate polymer nano-composites from traditional
composites and filled plastics [2-6].

Polymer nano-composites are formed by integrating two divergent organic and mineral materials. Only
2-5% of the “nano-clay” is required to obtain a remarkable boost in properties. The nylon —
montmorillonite clay nano-composite is the prime example of this new class of polymeric materials that
was first developed by Toyota for use as a timing belt in the automobile industry (Fig. 3). Since then,
the number of commercial applications for nano-technology has been growing at a rapid rate and is set

to cover the following key areas in the next five years [5, 6] :

* Drug delivery systems
Anti-corrosion barrier coatings
. UV protection gels
Lubricants and scratch free paints
. New fire retardant materials

New scratch / abrasion resistant materials
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Superior strength fibres and films
Altered electrical, electronic, magnetic and optical properties

Polymer nano-composites based on PA, PE, PP, PS, PMMA, and PU have been successfully
manufactured and commercialised in the recent times [11]. A wide range of nano-component additions,
other than clays, has also been reported e.g. intercalated copper and gold, aluminium nitride and oxide,
silver sulphide, acicular iron-oxide and graphite [28-42].

The clay that is most commonly used is montmorillonite (MMT), which is an aluminosilicate mineral
with sodium counter ions present between the clay layers (Fig. 4). This space between the clay layers is
referred to as the clay gallery. Each platelike layer is about 1 nm thick and from 50 to 100 nm in lateral
dimension. To make this compatible with organic polymers, the sodium counter ions are usually ion-
exchanged with an organic ammonium or phosphonium salt to convert this material into a hydrophobic
ammonium- or phosphonium- treated clay. The nano-composites may be prepared either by a blending
process, (either melt blending or solution blending), or by a polymerisation process in the presence of
the organically modified clay [3, 4, 46, 71].

The most important aspects for the technical development of polymer nano-composites are synthesis,
characterisation and modelling. Polymer nano-composites can be synthesized by intercalating polymers
in layered inorganic hosts. Graphite, transition metal chalcogenides, metal phosphates, complex oxides,
oxychlorides, and mica-type layered silicates are some examples of layered solids capable of
intercalation. The structure and properties of the resulting nano-structure can be conveniently mediated
by controlling subtle guest-host interactions. Beyond the conventional phase separated polymer/silicate
composites, for which the polymer and the inorganic host remain immiscible, two types of hybrids are
possible (Fig. 2) : intercalated in which a single, extended polymer chain is intercalated between the
host layers resulting in a well ordered multiplayer with altemating polymer/inorganic layers and a repeat
distance of a few nanometers, and exfoliated or delaminated, in which the silicate layers (1 nm thick)
are exfoliated and dispersed in a continuous polymer matrix [1-4].

3. PROPERTIES AND MEASUREMENT NEEDS

Three major characteristics define and form the basis of polymer nano-composites performance:
nanoscopically confined matrix polymer, nzno-scale inorganic constituents and nano-scale arrangement
of these constituents. The driver for current research is to develop the tools — synthesis, processing,
characterisation and theory — to optimise and enable full exploitation of the potential of the combination
of these unique characteristics.

In general, polymer nano-composites exhibit large increases in tensile strength, modulus and heat
distortion temperature (Table 3) with little loss in impact resistance [22]. An addition of 5% clay has
been reported to show an increase of 40% in tensile strength, 68% in tensile modulus, 60% in flexural
strength and 126% in flexural modulus, while the heat distortion temperature increased from 65° to
152°C at the loss of ~10% in impact strength [72]. They also give lower water sensitivity, permeability
to gases (Figs 5 and 6) and thermal co-efficient of expansion. In addition, they could also show flame
retardancy (Fig. 7), UV resistance (Fig. 8) and excellent barrier properties (Figs. 9A and 9B) with
significant practical and commercial potential without losing clarity in both thermoplastics and
thermosets. By contrast, conventional polymer composites show poor ductility and mouldability with
degradation and inferior surface smoothness and are difficult to process as films or fibres.

Measurement and modelling of the materials structure and properties at the nano-scale (100 nm or less)
as well as linking these to the macro- and micro- scale performance of the material are critically
important. The National Physical Laboratory (NPL) in the UK is actively developing novel test methods
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and mathematical models to provide a sound interpretation of the experimental results. NPL’s micro-
and nano- testing facilities include techniques such as TEM, SEM, AFM, SAM, SIMM, AES, XPS,
SNOM, X-ray Diffraction, Nano-indentation, thermal and rheological property measurements.

The test methods that have been widely reported in the literature in order to understand the structure-
property relationship in polymer nano-composites are:

Scanning Electron Microscopy (SEM)

. Transmission Electron Microscopy (TEM)

L Atomic Force Microscopy (AFM)
Scanning Force Microscopy (SFM)

. Wide Angle X-ray Diffraction (WAXD)

. Small Angle X-ray Scattering (SAXS)

Plasma Atomic Emission Spectroscopy
NMR Spectroscopy
Small Angle Neutron Scattering (SANS)
Differential Scanning Calorimetry (DSC)
. Thermo Gravimetric Analysis (TGA)
Heat Deflection / Distortion Temperature
. Dielectric Properties
Shear Viscosity
. Melt Flow Index (MFI)
Nano-indentation
Nano-scratch technique
Dynamic Mechanical Analysis (DMA)
Ultimate Tensile Strength / Modulus
Young’s Modulus
Stress Relaxation
Flexural Strength / Modulus
° Impact Resistance

4. MODELLING

Even though significant progress has been made in developing polymer nano-composites with varying
polymer matrices and inorganic nano-particles, a general understanding has yet to emerge. A major
challenge in developing nano-composites for systems ranging from high performance to commodity
polymers is the lack of simple structure-property models. In the absence of such models coupled with
the complex role of processing in affecting the structure and properties, the progress in the engineering
of nano-composites has remained largely empirical [146-161]. Similarly, predicting the ultimate
material limits or maximum performance for different classes of nano-composites remains quite
complex at present.

S. PRELIMINARY RESULTS

A pilot study was conducted to examine thermal, rheological and mechanical properties of a nylon 6 /
clay nano-composite material by utilising a selection of experimental techniques available at NPL. The
objective of this exploratory work was to make an assessment of the basic properties, which may help to
improve the understanding of the materials behaviour in polymer nano-composites. It was also hoped
that this study would enable NPL to identify suitable test methods for characterising this new class of
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materials. Several experimental techniques (e.g. DSC, Thermal Conductivity, PVT, Viscosity,
Micro/Nano-hardness and Modulus) were therefore considered for this investigation and the preliminary
results from that work are reported below.

5.1  Differential Scanning Calorimetry (DSC)

Fig. 10 represents the DSC plots of both unfilled and nano-clay filled nylon 6 materials at 5°C/min,
20°C/min and 80°C/min cooling rates respectively. The peak temperatures and the enthalpy data are
shown in each case, which appeared to be noticeably different in the two materials. This shift in
crystallisation temperature is in the opposite direction to that observed with traditional fillers, where
nucleation of crystallisation is often seen. In the current study it is believed that a different nylon crystal
structure (with a lower crystallisation temperature) is promoted by the presence of the clay.

5.2  Thermal Conductivity

No significant difference in thermal conductivity between the two materials was observed in the present
study (Fig. 11). However, both materials showed significant pressure dependency. Tests conducted at
150 bar gave thermal conductivity values about 80% to 100% higher than the values obtained at 1 bar
in the temperature range 50°C to 300°C.

53  Pressure Volume Temperature (PVT)

Iso-baric PVT tests were carried out at 150 and 800 bar on both unfilled and filled samples at cooling
rates of 5°C/min, 20°C/min and 80°C/min. The change in specific volume (i.e. shrinkage values) was
measured as a function of temperature in the range 300°C to 50°C (Figs. 12-13). In all cases, the nylon
6-clay nano-composite material showed an overall shrinkage of ~15%, compared to ~18% in the
unfilled nylon 6. Melt compressibility was found to be of the same order in both cases i.e. ~5% at
300°C and ~2% at 50°C. The crystallisation temperatures were, as expected, found to be pressure
dependant (varied by ~10°C), but in the case of nano-composite these crystallisation temperatures were
reduced by about 10° - 15°C. These results suggest that the relatively low onset temperatures of
crystallisation in nylon 6-clay nano-composite could lead to a longer processing time than unfilled nylon
6. These observations also agree reasonably well with the DSC results despite the difference of applied
pressure between the experiments.

54  Viscosity

The visco-elastic properties of both materials are presented in Figs. 14-16. The storage/elastic modulus
(G") and the loss/viscous modulus (G") values of the nano-composite material were found to be about
two orders of magnitude higher than the unfilled nylon 6 material at low frequency, e.g. at 1 rad/sec
(Figs. 14 and 15), but the difference gradually reduced at higher frequency (e.g. at 100 rad/sec). The
viscosity vs. % strain plots in Fig. 16 show the viscosity values an order of magnitude higher in the
nano-composite material than in the unfilled nylon 6 under the test conditions.

55 Micro- / Nano-hardness and Modulus

Attempts have been made to determine micro-hardness values of these materials using 0.5 kg and 1.0 kg
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loads. The measurement of indentation size proved difficult at this initial attempt as the material around
the impression relaxed during examination.

A MTS Nano-instrument IT was subsequently used to determine nano-hardness (and modulus) values in
both unfilled and nano-clay filled nylon 6 using a Berkovich diamond shaped nano-indenter. Initially a
small load was applied (<1mN) to the specimen; the load was then increased at a constant rate for 30s
to a maximum value of 1mN (that penetrated to a depth of ~600 nm) where it was held for 60s before
taking the measurement during unloading. Ten such readings were taken to form an average. The
measured nano-hardness and the corresponding modulus data with their standard deviation values are
presented in Table 4 for both unfilled and filled materials pre-compacted at 50 and 800 bar pressures
respectively. The nylon 6 / clay nano-composite shows relatively higher hardness and modulus values in
both conditions than the unfilled nylon 6 material. The results also suggest that the pre-compacted
pressure has negligible effect on the properties of the filled material.

6. SUMMARY OF POLYMER NANO-COMPOSITE MATERIALS

Although mntercalated layered silicates (clay) have been known in inorganic chemistry for decades, it
took the pioneering work of Toyota on nylon 6 nano-composites at the end of the 1980s to reawaken
iterest in this class of materials. While nano-composites are not yet in a position to compete directly
with glass fibre-reinforced plastics, they do present an unusually multi-faceted potential, especially with
regard to in-situ generation of silicate nano-fillers that extends far beyond modification of mechanical
properties.

With the “active” filler concept of nano-composites, barrier characteristics, electrical and optical
properties, surface/interface modification and flame retardant properties can be achieved. Even today
new additive classes based on layered silicates are appearing. Low percentages of nanolayer silicates
(~2% by volume) suffice to cause massive changes in property profiles. Control of inter-particle
interactions represents a particular challenge on the path to higher loading without sacrificing
processability and property synergies. Cooperation among filler manufacturers, the plastics industry and
materials research and modelling can yield innovative solutions to the problems associated with
increasing the value of established plastics, application-specific customisation of property profiles and
development of new applications. Important changes in behaviour are caused not only by continuous
modifications of characteristics with diminishing size, but also by the emergence of totally new
phenomena such as quantum size confinement, wave-like transport and predominance of interfacial
phenomena. Once it becomes possible to control feature size and shape, it would also then become
possible to enhance material properties and device functions beyond what are already established.

7. FUTURE WORK

An opportunity for collaborative research work currently exists at NPL with financial support available
from the DTI. U K. companies interested in joint research work with NPL are invited to take part in the
“Studio” projects, where 50% of the funding is available from the DTI (companies are expected to pay
15% in cash and provide a 35% in-kind contribution). Further information on this DTI initiative and
NPL’s nano-research activities are available from the following websites or from the author.

Nano research http://nanomaterials.npl.co.uk
Studio project www.npl.co.uk/npl/cmmt/collaborative.html
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TABLES

Table 1 Institutes and companies involved in nano-composites research [refs. 73, 97]

I Matrix polymer

Polyamide 6

Polyamide 6
Polyamide 66
Polyamide 12

Polyamide
Polyester
Polypropylene

Not reported

Polyester

Poiypropylene

Polyamide 6

Polyamide 6
Polyamide 66
Polyamide copolymers

Epoxy resin

Fluoropolymers Patents for the use of nanocomposites as coating
materials
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A brief list of nano-composites suppliers [ref. 10]
Supplier &
Tradename Matrix Resin Mano-Filler Target Market
Hayer AG Mytor & Organc-clay Barrier films
{Durethan LFOLY
Clariant FF Organoclay Fackaging
Creanova Mylan 12 Mana-tubes Etectrically
(Vestamid) conductive
GE Plastics PPOVNylon Nane-tube Autornotive
(Moryl GTX) painted parts
Honeywel| Mylen B _Organo-clay Mulbi-purpose
{Aegis) Barrier Mylan Organo-clay Baottles and film
Hyperion PETG, PBT Mano-tube Elestrically
FPS. PC. PP conductive
Habelwerk Eupen of EVA Organo-clay Wire & cable
Belgium
MNanocor Nylon & Orpano-clay Multi-purpose
(Imiperm) PP _Drgano-ciay Moiding
fyton MDOXE Organo-ciay PET beer bottles
Folymeric Supply Lirsaturated Organa-clay Maring, lransportation
palyvester
RTP Mylon B, PP Organc-clay Fulti-perposs,
electrically
conductive
Showa Denko Mylon & Clay, mica Flame retardance
(Sy=temer) Aceta| Ciay, mica Sulti-purpose
Ube Mylon &, 12 Organaclay Wulti-purpose
[Ecobesta) Mylon &, &6 Organo-Clay Auto fuel systems
Unitika Myion & Organo-clay Multi-purpose
Yantai Haili [nd. & LUHMWPE Organo-clay Earthquahe-
Commerce of China resistant pipe

Source: Bins & Assocrales, Sheybaygan, Wis
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Table 3

nylon [ref. 22]

A comparison of properties between a nylon 6 nano-composite and standard

Unfilled | 5% Nanoclay | 30% Mineral 30% Glass
Tensile Strength, psi 7250 11,800 8000 23,000
Flexural Modulus, psi 120,000 500,000 650,000 1,100,000
Notched Izod, ft-1b/in. 1.2 1.2 1.6 1.8
HDT @ 264 psi, F 150 230 248 380
Specific Gravity 1.13 1.14 1.36 1.35

Crrivrn- RTD (A
Table 4 Results of NPL’s nano-hardness and modulus measurements
Material Nano-hardness (GPa) | Standard Modulus Standard
Deviation (GPa) Deviation

nylon 6/clay nano- 0.119 0.010 2173 0.087
composite compacted
at 50 bar
nylon 6/clay nano- 0.121 0.007 2170 0.079
composite compacted
at 800 bar
nylon 6 unfilled, 0.068 0.012 2080 0.039
compacted at 50 bar
nylon 6 unfilled, 0.109 0.006 2067 0.048
compacted at 800 bar
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FIGURES

(a) (b) (©

Figure 1 Schematic illustrations of the structures (a) conventional, (b) inter-calated and
(c) exfoliated polymer clay nanocomposites. The clay layers adopt an aggregated, intercalated
and exfoliated morphology, respectively, in each type of composite. The clay interlayer
spacing is fixed in an intercalated nanocomposite and independent of the polymer-clay ratio,
but in an exfoliated nanocomposite the average separation between nanolayers is variable and
determined by the clay loading in the polymer [from ref. 3].
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Unintercalated Intercalated —
e ——— e ———
— —_—_
_‘__-_‘_-_‘—\—.._
do 8d, Ordered Disordered
didg < 2-3 major fraction: d/dy < 2-3
: 8d/bdy = | 5d/8dg> 1
. i ‘ minor fraction : d/d, > 3
Exfoliated -

\

™~

.

Partially Ordered Disordered
major: d/dg > 3 0> o* 0 < ¢*
minor: d/dy < 3 do< ¢
3d/ Sdo >
Figure 2 Idealized representations of various nanoscale arrangements of layered silicate

in PLSN. Empty space represents polymer and dark lines represent layers oriented
perpendicular to the surface of the page do and 8 dy are the initial spacing and variation in
layer spacing of unintercalated crystallites, respectively. The classes can be differentiated
based on the relative change and variation of layer spacing upon combination with polymer (d
and 9 d), relative volume fraction of single layers and layer stacks, and the dependence of
single layer separation on silicate volume fraction (@). Differentiation (d/dy > 3) is
qualitatively based on experimental observations [ref. 4].
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-
100nm

Figure 3 TEM micrograph of Nylon 6-clay nano-composite material [ref. 3].

Montmorillonite Clay Characterization
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Figure 4 The FTIR spectral characteristics of a montmorillonite clay [ref. 4].
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Figure 7

Figure 8
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FIRE RESISTANCE OF
NANOCOMPOSITES
e e R e e ey
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Heat-Release Rate kw/M2
oo
o
[ ]

Cone-calorimeter tests by NIST show much lower peak heat-release rates from
PP nanocomposites than from neat PP [ref. 22].

NANO-CLAY BLOCKS
UV IN NYLON FILM

Nylon & i sas e

TRipbata

an

E 50 Tiny nano-clay particles
£40 Nylon + 2% enhance ov barrier at only
= 30 MG"O‘C[EY 2% iﬂﬂﬂil;lg while I"Emﬂil'liﬂg
i:-:ﬁ}-'i 0 transparent to visible light.
= ]{}E (Source: Ube)

UV barrier properties of nano-clay filled nylon film [ref. 14].
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; Nanocomposite harrier ;
Aligned clay piatelets I’ _~(Oxygen's path

Figure 9A  Nanocomposites are able to produce such strong barrier properties
because gas molecules must travel a tortuous path through clay platelets [ref. 97].

30

25
High-Barrier Nylon

Hsslon

20 1

15

Oxygen

5 anocomposite

—p——

0 1 2 3 4 5 ¢ 7 8 9 10 11 12 13 14 15
Vol % Barrier Layer

Figure 9B Plots of whole-bottle oxygen transmission rate versus vol % barrier layer
consisting of a high-barrier nylon and nylon nano-composites containing 1-3
wt% silicate (ash). The data were measured on 0.5L, 29g, three-layer bottles
comprising the barrier material in the centre layer [ref. 3].
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Figure 10 DSC test data of nylon 6 unfilled (blue) and nano-clay filled (pink) materials at

5°C/min, 20°C/min and 80°C/min cooling rates.
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Figure 11 Thermal Conductivity data of unfilled and nano-clay filled nylon 6 at

1 bar and 150 bar.
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Figure 12 Iso-baric PVT test data of unfilled and nano-size clay filled nylon 6 at 5°C/min
cooling rate at 150 bar and 800 bar.
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Figure 13 Iso-baric PVT test data of unfilled and nano-size clay filled nylon 6 at
20°C/min cooling rate at 150 and 800 bar.
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Figure 14 Rheological study of nylon 6/clay nano-composite at 240°C.
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Figure 15 Rheological study of unfilled nylon 6 at 240°C.
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Figure 16 Viscosity data of unfilled and nano-size clay filled nylon 6 at 240°C.
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